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Juvenile Hormone in Adult Eusocial
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Studies on the role of juvenile hormone (JH) in adult social Hymenoptera have
focused on the regulation of two fundamental aspects of colony organization:
reproductive division of labor between queens and workers and age-related
division of labor among workers. JH acts as a gonadotropin in the primitively
eusocial wasp and bumble bee species studied, and may also play this role in
the advanced eusocial fire ants. However, there is no evidence that JH acts as
a traditional gonadotropin in the advanced eusocial honey bee or in the few
other ant species that have recently begun to be studied. The role of JH in age-
related division of labor has been most thoroughly examined in honey bees.
Results of these studies demonstrate that JH acts as a “behavioral pacemaker,”
influencing how fast a worker grows up and makes the transition from nest
activities to foraging. Hypotheses concerning the evolutionary relationship be-
tween the two functions of JH in adult eusocial Hymenoptera are discussed.
Arch. Insect Biochem. Physiol. 35:559-583, 1997.  © 1997 Wiley-Liss, Inc.
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INTRODUCTION

The eusocial Hymenoptera live in some of the most complex animal soci-
eties on earth. At the heart of this social organization is a reproductive divi-
sion of labor. One or a few individuals (queens) in a colony specialize in
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reproduction while the masses (workers) engage in little, if any, personal re-
production and perform all the tasks related to colony growth, development,
and defense (reviewed by Wilson, 1971). A second key feature of many hy-
menopteran societies is an age-related division of labor among the workers,
in which workers perform different tasks at different ages (reviewed by Rob-
inson, 1992). Here we review how juvenile hormone (JH) regulates repro-
ductive division of labor between queens and workers and age-related
division of labor among workers in adult eusocial Hymenoptera. We con-
clude with a brief section speculating on the evolutionary relationship be-
tween these two functions. JH is also known to influence the development of
individuals into either queens or workers in bees and ants, and into morpho-
logically distinct castes of workers in ants. Hormonal control of caste deter-
mination has been covered in excellent reviews of insect polyphenism (Nijhout
and Wheeler, 1982; Wheeler, 1986, 1991; Nijhout, 1994) and is beyond the
scope of this paper.

REPRODUCTIVE DIVISION OF LABOR

There is tremendous variation in the complexity of social organization
within the eusocial Hymenoptera. This variation forms a continuum, but it is
often useful to classify eusocial species into one of two groups based on de-
gree of social complexity (Michener, 1974; Fletcher and Ross, 1985). In primi-
tively eusocial species, there are little or no morphological differences between
gueens and workers, colony size is small (typically 20-100 individuals), and
colonies have annual life cycles. Included in this group are the eusocial
halictids, eusocial carpenter bees, bumble bees, polistine wasp species that
initiate new colonies as solitary individuals, eusocial stenogastrine wasps,
and Microstigmus comes, the only known eusocial sphecid wasp. In advanced
eusocial species, there are pronounced morphological differences between
gueens and workers, colony size is larger (from hundreds to tens of thou-
sands of individuals), and colonies have perennial life cycles. Advanced
eusocial Hymenoptera include the ants, honey bees, stingless bees, vespine
wasps, and some polistine wasp species that initiate new colonies as swarmes.

Primitively and advanced eusocial species also differ markedly in the
mechanisms by which reproductive division of labor is established and main-
tained. Primitively eusocial species, with their small colony size, employ pri-
marily behavioral mechanisms, including pushing, biting, and prevention of
egg-laying. Dominant individuals inhibit ovary development and egg-laying
behavior in subordinates via overt behavioral interactions. Because any adult
member of a colony of a primitively eusocial species apparently is physically
capable of reproducing, behavioral domination is an ongoing process. As a
consequence, life in primitively eusocial colonies is characterized by a rela-
tively high degree of aggression.

Direct physical aggression among nestmates in colonies of advanced
eusocial species is rare. The major proximate mechanisms underlying repro-
ductive division of labor in this group appear to be primer pheromones pro-
duced by queens that inhibit ovary development and egg-laying behavior in
workers. These pheromones traditionally have been thought to act directly
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on workers, as chemical analogs of the physical aggression found in primi-
tively eusocial species. Recently, Keller and Nonacs (1993) suggested that
gueen pheromones instead signal to workers the presence of a reproductively
dominant queen, which then leads them to delay or forego reproductive de-
velopment. Evidence in favor of either perspective is lacking, in part because
only one queen primer pheromone has been identified to date, that of the
queen honey bee (reviewed by Winston and Slessor, 1992).

REPRODUCTIVE DIVISION OF LABOR AND JH

JH is the major gonadotropin in female insects, but the magnitude and
mechanism of JH action varies tremendously from species to species (reviewed
by Koeppe et al., 1985; Nijhout, 1994). The most widespread roles of JH are
the regulation of vitellogenin synthesis in the fat body and the incorporation
of vitellogenin into developing oocytes in the ovary. In addition, JH influ-
ences oviposition behavior, mating behavior, and pheromone production in
several species (Nijhout, 1994). Because of the pervasive role of JH in insect
reproduction, social insect biologists have looked to this hormone to provide
clues to the physiology of reproductive division of labor. Rather than trying
to elucidate hormone regulation in social insects for its own sake, the pri-
mary goal of this research has been to use endocrine approaches to gain in-
sight into the behavioral and/or pheromonal mechanisms by which the
gueen'‘s status as dominant reproductive is established and maintained. Oth-
erwise, the methods used to study the gonadotropic role of JH in the social
Hymenoptera are the same as those used to study endocrine regulation of
reproduction in other insect orders: studies correlating ovary development
with either JH titers or rates of biosynthesis, and studies showing the effect
of exogenous hormonal treatment on ovary development and egg-laying
behavior.

The regulation of reproductive division of labor by JH has thus far been
studied most intensively in four taxa, ranging from primitively eusocial to
advanced eusocial: Polistes wasps, the bumble bee, Bombus terrestris, the fire
ant, Solenopsis invicta, and the honey bee, Apis mellifera. As we will point out,
the data are not parallel so that only limited comparisons can be made. JH
acts as a gonadotropin in the primitively eusocial wasp and bumble bee
species studied, and may also play this role in the advanced eusocial fire
ants. However, there is no evidence that JH acts as a traditional gonadot-
ropin in the advanced eusocial honey bee or in the few other ant species
that recently have begun to be studied.

Polistes Wasps

As a primitively eusocial genus, queens of Polistes (subfamily Polistinae)
employ various behavioral means to inhibit the ovary development and egg-
laying behavior of nestmates (reviewed by Reeve, 1991; Roseler, 1991); phero-
mones are not known to be involved. There are two contexts in which Polistes
gueens dominate their nestmates. First, during colony foundation, when fe-
male foundresses join together to initiate a new nest, one foundress becomes
dominant and monopolizes egg-laying. Later, after the nest is established and
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worker offspring emerge, the queen dominates the workers, preventing them
from developing their ovaries and laying eggs.

Female Polistes often jointly establish new colonies (reviewed by Reeve,
1991). These “co-foundresses” engage in aggressive social interactions lead-
ing to the establishment of a dominance hierarchy. The first experimental
evidence for a gonadotropic role for JH in Polistes came from Bohm's (1972)
study in which Ayerst JH (a synthetic mixture of eight isomers of Cecropia
JH) was applied topically to diapausing females of P. metricus. The result
was increased ovary development. Subsequently, most endocrinological work
on Polistes used the European species, P. dominulus (formerly P. gallicus), fo-
cusing on the dominance hierarchy established among co-foundresses dur-
ing colony initiation. Roseler et al. (1980) found that the dominant female in
foundress associations of P. dominulus typically has larger corpora allata with
higher rates of JH biosynthesis than those of subordinate females. Consistent
with a gonadotropic function in this wasp, Réseler et al. (1980) also showed
a positive correlation between ovary development and JH titer (using the
semi-quantitative Galleria assay). In a later study, Roseler et al. (1984) dem-
onstrated that after a dominance hierarchy has been established endocrine
activity in subordinate foundresses (as reflected by corpora allata volume) is
inhibited by the dominant foundress.

JH, and ecdysteroids, are also implicated in the regulation of dominance
behavior in P. dominulus. Roseler et al. (1984) reported that injection of JH-I
and 20-hydroxyecdysone, together or separately, significantly increased the
chance of females becoming dominant. Roseler et al. (1985) found that domi-
nance in ovariectomized females was closely correlated with corpora allata
volume, whereas intact individuals showed no such correlation. Based on
the assumption that ecdysteroids are produced by the ovary in adults, as
they are in other insect orders (Nijhout, 1994), Roseler et al. (1985) suggested
that JH and ecdysteroids normally interact to determine dominance, but in
the absence of ecdysteroids only those individuals with relatively high JH
titers can achieve dominance.

Individuals in established colonies of some species of Polistes form domi-
nance hierarchies; the queen occupies the a-position as the principal aggres-
sor and egg-layer (reviewed by Reeve, 1991). Little work has been done on
the endocrine correlates of queen dominance over workers in Polistes. In the
one study published to date, Barth et al. (1975) found that topical treatment
of P. annularis workers with JH-111 resulted in increased ovary development
in workers and elevated levels of dominance behavior.

These results are consistent with the notion of JH as a gonadotropin, and
also suggest a role for this hormone in the control of aggressive behavior. In
addition to regulating ovary development, JH interacts with ecdysteroids to
influence dominance behavior. The connection between endocrine regulation
of ovary development and behavior serves to coordinate reproductive status
with behavioral status (Réseler, 1991), which is a common theme in behav-
ioral endocrinology. The wasp with the highest endocrine activity in the colony
can achieve both behavioral and reproductive dominance. JH titers in Polistes
must be sensitive to the effects of social interactions, but precisely how behav-
ioral dominance inhibits the endocrine system of subordinates is hot known.
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Bumble bees

Bumble bees (Apidae) appear to use both primitive (behavioral) and ad-
vanced (pheromonal) means of regulating reproductive division of labor
(Michener, 1974; Fletcher and Ross, 1985). Bumble bees are primarily adapted
to the temperate zone, where individual queens initiate annual colonies that
break up in the fall. The following generalized account of reproductive divi-
sion of labor in bumble bees comes primarily from studies on the European
species, Bombus terrestris.

In young colonies of B. terrestris, aggressive interactions are rare, suggest-
ing that early in colony ontogeny the queen is able to suppress ovary devel-
opment in workers, presumably by means of pheromones (van Honk et al.,
1981; van Doorn and Heringa, 1986). As colony size increases, the ovaries of
some workers develop to an increasing extent and they begin to lay eggs.
The onset of worker reproduction is not solely a function of changes in queen
control (Bloch et al., 1996). The onset of worker reproduction may also be
related to a decrease in the inhibition of young workers by older workers,
either by behavioral and/or chemical means (Bloch et al., 1996). When work-
ers begin to lay eggs, the queen becomes overtly hostile toward them. But
eventually the queen is driven from the nest or killed (van Honk and
Hogeweg, 1981; van Honk et al., 1981) and dominant workers produce large
numbers of males (Michener, 1974; van Honk et al., 1981; Owen and Plowright,
1982). A dominance hierarchy of workers also develops when the queen is
experimentally removed; workers rapidly develop their ovaries, become ag-
gressive toward one another, and eventually a single dominant worker lays
most of the eggs (van Doorn, 1989).

Nearly all endocrine work on bumble bees to date has been done on B.
terrestris, centering on queen regulation of JH and reproduction in workers.
Rdéseler (1977) and van Doorn (1989) found that injection of JH-I increased
ovary development in workers. In addition, the degree of ovary develop-
ment in queenless workers has been shown to be associated with JH titer, as
measured by the Galleria assay (Roseler, 1977). This is consistent with the
report of a strong positive correlation between ovary development and the
rate of JH biosynthesis in queenless workers (Larrere and Couillaud, 1993).
Bloch et al. (1996) confirmed this correlation, after validating for the first time
for this species the radiochemical assay for JH biosynthesis in vitro (Pratt
and Tobe, 1974; Tobe and Pratt, 1974). Moreover, Bloch et al. (1996) reported
a sharp rise in rates of JH biosynthesis three days before the increase in ovary
development (Fig. 1). These results suggest that the rapid ovary development
observed in queenless workers is stimulated by an increase in JH.

Some workers living with a queen begin developing their ovaries early in
the colony cycle, but much more slowly than do queenless workers (Rdseler,
1974, 1977). That ovary development occurs at all in queenright workers, de-
spite their low rates of JH biosynthesis (Larrere and Couillaud, 1993), indi-
cates that other factors besides JH are involved. But a role for this hormone
under queenright conditions is nevertheless suggested by results showing
that workers in the presence of their queen also undergo rapid ovary devel-
opment when injected with relatively high doses (~50 pg) of synthetic JH-I
(Roseler, 1977).
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Fig. 1. Rates of JH biosynthesis (a) and ovary development (b) in the bumblebee, Bombus
terrestris (n = 8-24 individuals for each data point). Asterisks denote significant differences be-
tween queenless and queenright workers. (From Bloch et al., 1996).

Ovary development and egg-laying are not necessarily regulated in tan-
dem in B. terrestris. As stated above, some workers can develop their ovaries
in the presence of the queen, but the queen can still prevent workers with
mature oocytes from ovipositing (Larrere and Couillaud, 1993). It is not known
whether JH also plays a role in the regulation of egg-laying behavior in B.
terrestris. Larrere and Couillaud (1993) showed that queens emerging from
diapause lay eggs despite exhibiting low rates of JH biosynthesis, suggesting
that other factors also influence oviposition, such as nutritional status (West-
Eberhard, 1996) .

JH has also been implicated in the control of dominance behavior in B.
terrestris, as in Polistes. Larrere and Couillaud (1993) reported that dominant
workers have higher rates of JH biosynthesis than do subordinate workers.
In addition, workers in queenless groups injected with synthetic JH-1 were
more likely to become dominant (van Doorn, 1989).

There is suggestive evidence of a queen pheromone in B. terrestris. Van
Honk et al. (1980) showed that B. terrestris workers exhibited greater ovary
development in the presence of queens whose mandibular glands had been
removed than in the presence of queens with intact glands. Réseler et al.
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(1981) reported that extracts of queen mandibular glands suppressed rates of
JH biosynthesis in young workers. But the values reported for control work-
ers were far lower than those of Bloch et al. (1996), suggesting atypical cor-
pora allata function due to suboptimal culturing conditions. No active
components of this pheromone have yet been isolated or identified.

In summary, results from B. terrestris are consistent with those from Polistes
and again provide evidence for JH as a gonadotropin that mediates repro-
ductive division of labor. Though JH plays a role in ovary development in
bumble bees, it is not yet clear what, if any, effect JH has on egg-laying be-
havior in either workers or queens.

Fire Ants

Reproductive division of labor in ants has been intensively studied from
behavioral and evolutionary perspectives (Holldobler and Wilson, 1990), but
surprisingly little is known about endocrine control of reproduction in this
group. Workers of the fire ant Solenopsis invicta (subfamily Myrmicinae) lack
functional ovaries and are completely sterile (Holldobler and Wilson, 1990).
However, winged virgin queens, which normally fly from the mound on mat-
ing flights before laying eggs, can shed their wings (dealate), develop their
ovaries, and lay eggs in the nest in the absence of a functional queen (Fletcher
and Blum, 1981a). These reproductive virgins do not mate in the nest, and
therefore produce only male-destined, haploid eggs.

Results of several studies indicate that dealation and ovary development
in fire ants are controlled by JH. Kearny et al. (1977) found that treatment
with synthetic JH-I, -1I, or -lll induced both wing-shedding and egg-laying
in virgin queens isolated from their queen. In addition, removal of the cor-
pora allata (allatectomy) prevented dealation and egg-laying in isolated vir-
gin queens, and topical treatment of Ayerst JH restored these responses
(Barker, 1978, 1979).

As expected in a highly eusocial species, the proximate mechanism that
normally prevents virgin queens from dealating and initiating reproductive
maturation in fire ants appears to be a primer pheromone produced by the
reigning queen. Indirect evidence for such a pheromone was obtained by
Fletcher and Blum (1981a,b), who developed a bioassay based on their dis-
covery that corpses of functional queens were effective in inhibiting virgin
queen dealation and ovary development. Recent studies employing glandu-
lar extracts in this bioassay suggest that the pheromone is produced by the
poison gland (Vargo and Slessor, unpublished data). Efforts are currently un-
derway to isolate and identify the active components.

The putative fire ant queen pheromone seems to act by suppressing JH
titers (Vargo and Laurel, 1994), as in B. terrestris. Topical treatment with the
JH analog methoprene induced virgin fire ant queens to develop their ova-
ries, even in the presence of a fully functional (i.e., pheromone-producing)
queen (Fig. 2). Results of other experiments by Vargo and Laurel (1994) fur-
ther suggest that the pheromone prevents ovary development by blocking
vitellogenin uptake by the ovaries rather than preventing vitellogenin syn-
thesis; high levels of vitellogenin are present, yet the ovaries remain unde-
veloped. One hypothesis to explain the action of the putative fire ant queen
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Fig. 2. Effect of the JH analog methoprene on wing shedding (dealation) and number of chori-
onated eggs (mean = SE) in fire ants, in the presence of a queen (dose: 0.5 pg racemic methop-
rene in 0.5 Wl acetone, applied topically; n = 50; controls, n = 45, were treated with acetone
alone). (From Vargo and Laurel 1994).

pheromone is that it depresses JH production so that JH titers are below the
threshold needed to stimulate vitellogenin uptake by the ovaries, but still
above the level required to induce vitellogenin synthesis by the fat body.
Alternatively, different hormones may control vitellogenin synthesis and vi-
tellogenesis (see Nijhout, 1994). Oviposition activity is highly correlated with
ovary development in virgin queens (Fletcher and Blum, 1983; Vargo and
Fletcher, 1989), indicating that egg-laying behavior occurs once mature eggs
are present in the ovarioles.

The regulation of egg production and oviposition activity in mature, mated
fire ant queens may also be subject to pheromonal control. Whereas in most
populations of this species colonies are monogynous, with a single laying
gueen, some populations have colonies with many laying queens (reviewed
by Ross and Keller, 1995). Queens in such “polygynous” colonies produce
fewer eggs, on a per capita basis, than do single queens in monogynous colo-
nies (Vargo and Fletcher, 1989). Using an assay based on the inhibitory po-
tency of queen corpses, Vargo (1992) obtained evidence suggesting that the
reduced fecundity of polygynous queens results, at least in part, from mu-
tual pheromonal inhibition. He hypothesized that the pheromone acts by sup-
pressing titers of endogenous JH, but the mode of action of the pheromone
remains to be elucidated.

Vargo and Laurel (1994) demonstrated that topical application with me-
thoprene also induced virgin fire ant queens to dealate (Fig. 2). The mecha-
nism linking JH with dealation is not known, but Vargo and Laurel (1994)
proposed that JH may act directly on the nervous system to elicit this behav-
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ior. Evidence for direct JH action on the nervous system is exceedingly rare,
as discussed later in this paper (see “age-related division of labor and JH”).

JH thus acts as a gonadotropin in fire ants, with evidence for involvement
in ovary development, dealation, and egg-laying behavior. But recent stud-
ies suggest that JH does not act as a gonadotropin in all ant species. Sommer
et al. (1993) investigated the relationship between JH titers and reproductive
dominance in Diacamma sp. (subfamily Ponerinae), measuring JH with the
gas chromatography/mass spectroscopy (GC/MS) method of Rembold and
Lackner (1985). This ant lacks a true queen caste; colonies are headed instead
by a mated, reproductively active, worker “gamergate.” In the absence of a
gamergate, other workers engage in aggressive interactions leading to the
establishment of a dominance hierarchy. Sommer et al. (1993) found that nei-
ther gamergates nor a-workers had detectable levels of JH-III. In contrast, JH
titers were positively correlated with age in nonreproductive workers, a situ-
ation very similar to that found in worker honey bees (see “Age-related divi-
sion of labor and honey bees”, below). In another study, Sommer and
Holldobler (1995) reported that topical application of JH-III to founding
gueens of Lasius niger (subfamily Formicinae) reduced egg production, which
is contrary to what has been found for Polistes, B. terrestris, and fire ants.
More species need to be studied to gain a better understanding of the hor-
monal basis of reproductive division of labor in ants.

Honey bees

The European honey bee, Apis mellifera (Apidae), is one of the best-studied
insects. Despite a vast literature on its ecology, social behavior, and social physi-
ology (see Winston, 1987; Moritz and Southwick, 1992; Seeley, 1995), the endo-
crinology of reproduction in this species is not well understood.

Studies published 20 years ago already cast doubt on the assumed gona-
dotropic role of JH in honey bees. Vitellogenin synthesis and vitellogenesis
in honey bee queens are only slightly reduced by allatectomy, even when
performed as early as the pupal stage (Engels and Ramamurty, 1976;
Ramamurty and Engels, 1977; Daerr, 1978; see Engels and Imperatriz-Fonseca,
1990). In addition, Ramamurty and Engels (1977) reported that topical appli-
cation of JH-1 only weakly stimulated ovary development in allatectomized
laying queens. Engels (1978) found that JH-I, -11, or -11l applied topically to
unoperated queens failed to stimulate vitellogenesis or ovary development.
More recent work also has failed to establish a role for JH in queen honey
bee reproductive development. For example, mated laying queens, with well-
developed ovaries, have JH titers much lower than young virgin queens,
whose ovaries are far less developed (Fluri et al., 1981; Robinson et al., 1991,
Fahrbach et al., 1995).

There also is no solid evidence implicating JH in the reproductive devel-
opment of worker honey bees. Inconsistent with a gonadotropic role for JH,
workers in queenright colonies show an inverse relationship between vitel-
logenin titer and JH titer. Although JH titers increase with worker age (Fluri
et al., 1982; Robinson et al., 1987; Huang et al., 1991), vitellogenin titers reach
a peak within the first few days of adult life and then gradually decrease; by
20 days of age there is little if any detectable vitellogenin (Engels, 1974). The
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relevance of these results can be questioned because in the presence of a queen,
honey bee workers only infrequently lay eggs in the nest (Page and Erickson,
1988; Visscher, 1989, 1996; Ratnieks, 1993). However, results consistent with
these have also been obtained for workers that do engage in reproduction.
Some workers develop their ovaries and lay (haploid) male eggs if a colony
loses its queen and does not have young larvae from which to rear a replace-
ment queen (reviewed by Bourke, 1988). Laying workers have low JH titers
and low rates of JH biosynthesis (Robinson et al., 1992), as do queens. Fur-
thermore, methoprene treatment did not cause increased ovary development
in workers in queenless, broodless colonies (Robinson et al., 1992).

Recent results suggest that it is premature to conclude that JH does not
play some role in regulating reproductive development in honey bees. Kaatz
et al. (1992) demonstrated that queens inhibit JH biosynthesis in workers.
They also showed that this effect is mediated by one of the major compo-
nents of the queen mandibular pheromone, 9-keto-2(E)-decenoic acid. Queen
suppression of JH in young workers has recently been shown in the field
(Pankiw et al., submitted).

The significance of pheromonal suppression of JH production in honey bees
is unclear. But given that honey bee queen mandibular pheromone is known
to be involved in the maintenance of reproductive division of labor (reviewed
by Winston and Slessor, 1992; Robinson, 1996), these results point to a still
undiscovered role of JH in honey bee reproduction. Robinson et al. (1992)
suggested that JH may play more of a primer role in stimulating ovary de-
velopment, at least in worker honey bees. These authors hypothesized that
removal of the queen and her pheromonal sighals may cause a brief “com-
mitment peak” of JH activity that primes the fat body and/or ovaries of young
workers to develop in response to some other factors. This is analogous to
hormonal control of egg development in young previtellogenic females of
the yellow fever mosquito, Aedes aegypti (Diptera: Culicidae). Post-eclosion
exposure to JH makes the ovaries and fat body of this mosquito responsive
to other hormones that act on these organs later during ovary development
(reviewed by Hagedorn, 1985). If a similar situation exists in honey bees,
then high hemolymph titers of JH would not be necessary for vitellogenin
synthesis, vitellogenin uptake, or egg-laying behavior, after a brief earlier
exposure to the hormone. This hypothesis remains to be tested in honey bees,
but there is some evidence against it. As mentioned above, allatectomy of
gueen pupae (Engels and Imperatriz-Fonseca, 1990) or newly emerged adult
gueens (Daerr, 1978) does not prevent ovary development in adults, suggest-
ing that, at least in queens, a commitment peak of JH early in adulthood is
not necessary for the ovaries to develop.

Much work remains to be done on the hormonal basis of reproduction in
honey bees. In addition to elucidating what role, if any, JH plays in ovary
development, it is important to identify other agents. There is preliminary
evidence for the involvement of a neuroendocrine factor (Kaatz, 1988). In
addition, the highest titers of ecdysteroids, primarily 20-hydroxyecdysone
and makisterone A, are found in laying workers and queens (Kaatz, 1987;
Robinson et al., 1991), suggesting that studies probing the role of ecdysteroids
in the regulation of honey bee reproduction would be fruitful.
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JH AS A GONDATROPIN IN THE EUSOCIAL HYMENOPTERA

JH does not appear to play a typical role in the regulation of reproduction
in all species of eusocial Hymenoptera studied to date. However, as West-
Eberhard (1996) points out, most studies on the role of JH in social insects
have not adequately controlled for age and nutritional status, and these fac-
tors, known to influence reproductive development, may also mediate the
action of JH. Similarly, Wheeler (1996) suggested that after the onset of endo-
crine-mediated oogenesis, subsequent reproductive activity may be regulated
by the flow of nourishment from the workers, and not by hormones. If so,
there could be very different mechanisms controlling ovary development
in young and old individuals. In future work, it will be important to dis-
tinguish between the initiation of ovary development in young individu-
als and the regulation of ovary development in mature, reproductively
active individuals.

AGE-RELATED DIVISION OF LABOR AMONG WORKERS

In addition to a division of labor between queens and workers, there is a
pronounced division of labor among workers in many species of advanced
eusocial Hymenoptera. This is not as evident in primitively eusocial species,
although only a few species have been thoroughly studied. Division of labor
among workers is associated with differences in worker age and/or mor-
phology. Age-related division of labor is nearly universal, while size-related
division of labor is limited to approximately 10% of the known ant genera
(Holldobler and Wilson, 1990) and the non-hymenopteran termites. The evo-
lution of a highly structured worker force is generally seen as an evolution-
ary consequence of the developmental divergence between queens and
workers. According to this scenario, once workers were limited to serve as
helpers their characteristics were shaped further by natural selection to in-
crease colony fitness (West-Eberhard, 1975; Oster and Wilson, 1978).

Age-related division of labor in insect societies is based on a form of be-
havioral development by workers known as age polyethism. The basic pat-
tern of age polyethism is strikingly similar from species to species (Holldobler
and Wilson, 1990). Young workers perform tasks in the nest such as brood
care and nest maintenance, and then venture outside to collect food and de-
fend the nest when they get older.

AGE-RELATED DIVISION OF LABOR AND JH

The role of JH in age-related division of labor has been best studied in
honey bees. Results of these studies demonstrate that JH acts as a “behav-
ioral pacemaker,” influencing how fast a worker grows up and makes the
transition from nest activities to foraging.

Worker honey bees show typical age polyethism (reviewed by Winston,
1987; Robinson, 1992; Moritz and Southwick, 1992). They spend the first two
to three weeks of adult life working in the hive and the remaining one to
three weeks of life as foragers. The first experiments on the role of JH in the
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regulation of age polyethism were performed by Jaycox et al. (1974) and Jaycox
(1976) more than 20 years ago. Results of these studies suggested that treat-
ment with either JH | or the Law-Williams JH mimic (Law et al., 1966) on the
first day of adult life can induce a worker bee to forage precociously. More
detailed studies confirmed this result (Robinson, 1985, 1987a; Robinson and
Ratnieks, 1987; Sasagawa et al., 1986, 1989), demonstrating that application
of methoprene accelerated behavioral development.

Early studies with the Galleria assay suggested that older bees had higher
levels of JH compared with younger individuals (Rutz et al., 1976; Fluri et
al., 1982). More recently, it has been demonstrated that there is a striking
correlation between behavioral status and JH titer in honey bees. Radioim-
munoassay (RIA) has shown that JH titers are low in bees that work in the
hive performing brood care (“nursing”) and other activities, and high in for-
agers (Robinson et al., 1987, 1989; Huang et al., 1991, 1994; Huang and Rob-
inson, 1995). Comparable results have been obtained by analyses of JH titers
with GC/MS (Hagenguth and Rembold, 1978). The most recent RIA results
(Huang et al., 1994; Huang and Robinson, 1995) were obtained by analyzing
hemolymph samples taken from individual bees, thanks to the development
of a highly sensitive assay (Hunnicutt et al., 1989) specifically validated for
adult worker honey bees (Huang et al., 1994). Measurements of JH biosyn-
thesis in vitro using the radiochemical assay (Pratt and Tobe, 1974; Tobe and
Pratt, 1974) validated for adult worker honey bees (Huang et al., 1991) have
shown that differences in JH titer between hive bees and foragers are corre-
lated with differences in corpora allata activity (Fig. 3).
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Fig. 3. Rates of JH biosynthesis and hemolymph titers of JH in worker honeybees (n = 10 individu-
als for each biosynthesis data point and 6-9 groups of bees for each titer data point, 5-9 bees per
group, including the same bees for which rates of biosynthesis were measured). It is now possible to
measure JH titers from individual bees (Huang et al., 1994). (From Huang et al., 1991.)
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Age polyethism in honey bees is associated with marked changes in exo-
crine gland activity (reviewed by Winston, 1987). These changes are also in-
fluenced by JH. For example, when workers are young and in the nursing
phase of life, their hypopharyngeal glands are largest and produce some of
the material that they feed to the brood; these glands degenerate in foragers
and shift to produce a-glucosidase, an enzyme involved in the conversion of
nectar into honey. Low titers of JH or low rates of JH biosynthesis are typi-
cally associated with well-developed hypopharyngeal glands, while JH treat-
ment induces premature hypopharyngeal gland degeneration (Rutz et al.,
1974; Beetsma and Ten Houten, 1974; Jaycox et al., 1974; Jaycox, 1976;
Sasagawa et al., 1989; Huang et al., 1994). Methoprene treatment similarly
induces premature production of the alarm pheromones 2-heptanone and iso-
amyl acetate, which are also age-related processes (Robinson, 1985). How-
ever, results from “soldier” bees indicate that hypopharyngeal gland
development is not always associated with age-related behavior and endo-
crine development; Huang et al. (1994) found that soldiers had larger
hypopharyngeal glands than did foragers, despite their similar age and JH
level. Nevertheless, it is clear that JH is a major factor in the tight linkage
that generally exists between behavior and exocrine gland development in
honey bees.

Age-related division of labor in many insect societies is very flexible (re-
viewed by Robinson, 1992). Worker honey bees are able to respond to chang-
ing colony needs by altering their typical patterns of age polyethism. Honey
bee behavioral development is highly responsive to environmental and so-
cial cues, such as weather, season of the year, colony nutritional status, and
especially colony age demography (Robinson, 1992; Huang and Robinson,
1992, 1996). These factors appear to influence behavioral development, at least
in part, via their effect on the endocrine system. For example, young bees
show precocious foraging in colonies that lack a normal complement of for-
agers, and precocious foragers have JH titers that are comparable to those of
normal-age foragers (Robinson et al., 1989; Huang and Robinson, 1992). Simi-
larly, young bees in colonies lacking a normal-sized force of nurses will con-
tinue to tend brood despite their advancing chronological age; these overage
nurses continue to have low JH titers, as do normal-age nurses (Robinson et
al., 1989). Behavioral reversion, from foraging to nursing, may also occur if
there are no other nurses in the colony (Page et al., 1992; Robinson et al.,
1992, and references therein), and “reverted nurses” show correspondingly
lower JH titers (Robinson et al., 1992; Huang and Robinson, 1996). JH thus
appears to act as a behavioral pacemaker, but how colony age demography
acts on the endocrine system of the bee is not known (Huang and Robinson,
1992, 1996). Huang and Robinson (1992) have hypothesized that a worker-
produced “inhibitor” circulates through the colony, and that older bees ei-
ther produce more or transfer more of this inhibitor than do younger bees.
The inhibitor is hypothesized to depress JH biosynthesis and behavioral de-
velopment. This inhibitor has not yet been identified, but results consistent
with this hypothesis have recently been obtained (Huang and Robinson, 1996).
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JH AND AGE-RELATED DIVISION OF LABOR: CURRENT ISSUES

The role of JH in age-related division of labor is better understood than for
reproductive division of labor in honey bees, but there are critical gaps in the
former as well. The most important unresolved issue is exactly how JH acts
to regulate worker honey bee behavioral development. It is hypothesized
that JH affects the central nervous system to modulate response thresholds to
the stimuli that elicit task performance (Robinson, 1987a,b). This is analogous to
the regulation of behavior by steroid hormones in birds and mammals (e.g., Ar-
nold and Breedlove, 1985, and references therein). However, it is not known
whether, or how, JH influences the central nervous system of the honey bee.

JH may influence changes in brain structure that are associated with honey
bee behavioral development. Withers et al. (1993) found that foragers have a
larger neuropil volume in the mushroom bodies than do younger bees. For-
aging is probably the most cognitively demanding task performed by honey
bees and the mushroom bodies comprise the region of the insect brain most
closely associated with learning and memory (see Fahrbach and Robinson,
1996). Withers et al. (1995) showed that bees that were prevented from forag-
ing and treated with methoprene still showed mushroom body neuropil ex-
pansion, thus implicating JH as a causal factor in this structural plasticity.
Similarly, JH has been shown to regulate neurogenesis in the brain of the
cricket, Acheta domesticus (Orthoptera: Gryllidae; Cayre et al., 1994). JH may
also influence other aspects of brain function, such as the electrophysiologi-
cal properties of some neurons (Stout et al., 1991) or levels of peptide and
biogenic amine neuromodulators. Progress in determining the relationship
between JH and the central nervous system is hampered by a poor under-
standing of JH receptors. It is likely that tissues other than the nervous sys-
tem (Riddiford et al., 1987; Shemshedini and Wilson, 1993; Engelmann, 1995)
will provide the first definitive characterization of a cellular JH receptor (but
see King et al., 1994, for evidence of specific binding of radiolabeled JH to
cockroach nervous tissue).

It also is not clear whether the effects of JH on behavioral development in
honey bees are “activational” or “organizational” (Arnold and Breedlove,
1985). Because foragers were always shown to have high titers of JH, it was
assumed that bees require continuous exposure to high levels of the hor-
mone to forage, which would suggest an activational effect. However, forag-
ers with low JH titers have been observed on rare warm days in the winter
(Huang and Robinson, 1995), indicating that high titers of JH are not always
necessary for foraging. These results, coupled with possible effects of JH on
brain structure (Withers et al., 1995), suggest that JH has organizational ef-
fects, i.e., effects on brain structure earlier in life that then permit foraging to
occur later. This perspective is consistent with the observation that queens
(Fahrbach et al., 1995) and drones (Giray and Robinson, 1996) have the high-
est JH titers early in adult life but are still able to fly later in life with lower
titers. But these results then raise the question of the functional significance
of the pervasive correlation between high hemolymph JH titers and foraging
behavior in the summer (Huang and Robinson, 1995).

The functional significance of the correlation between JH titer and behav-
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ior in worker honey bees in general has been questioned by Muller and
Hepburn (1994). They reported that allatectomy, corpora allata implantation,
or JH-11I treatment did not affect the age at which worker honey bees began
producing wax or the amount of wax produced. Methoprene treatment af-
fected wax quantity but did not affect the timing of this process. On the basis
of these results, Muller and Hepburn (1994) suggested that methoprene treat-
ments caused artifactual results and then questioned whether JH plays any
role in the regulation of honey bee division of labor. While distinguishing
between physiological and pharmacological effects can be a vexing issue in
behavioral endocrinology, the suggestion by Muller and Hepburn (1994) that
JH is not involved in honey bee division of labor is not compelling for the
following reasons. 1) The experimental results of Muller and Hepburn (1994)
are difficult to interpret because measurements of JH were not made to verify
the effects of allatectomy and corpora allata implantation. 2) It already has
been shown that effects of methoprene treatment on behavior are only evi-
dent for tasks that are performed in a strongly age-related manner (Robin-
son, 1987a), and wax production is a task that is not always as strongly
age-related as are others. Although wax production and comb building are
generally performed by middle age bees (Seeley, 1995), Muller and Hepburn
(1992) themselves showed that bees of a relatively broad age range (3-21
days old) can be involved in wax production, and similarly broad age curves
for this task are evident for control bees in Muller and Hepburn (1994). The
hypothesis that JH influences age-related division of labor would predict treat-
ment effects on only the more strongly age-related tasks. 3) Whereas in Muller
and Hepburn (1994) methoprene affected wax quantity, but not the timing of
this process, Robinson (1985) reported that methoprene affected the timing
of the production of the alarm pheromones 2-heptanone and iso-amyl ac-
etate, but did not affect the amounts produced. Both pheromones were pro-
duced earlier in life, but this did not result in abnormally high amounts. Both
pheromones were previously shown to be produced in a strongly age-related
manner (reviewed by Winston, 1987). 4) In an attempt to address the issue of
whether methoprene is causing physiological or pharmacological effects,
Robinson (1987a) compared the effect of methoprene with that of ZR-371, a
compound that is structurally very similar to methoprene but has no known
hormonal activity. ZR-371 was found to have no effect on honey bee behav-
ioral development when administered at the same dosage as methoprene.
And methoprene treatment had no effect on the timing of foraging in Bombus
impatiens and B. pennsylvanica (Cameron and Robinson, 1990), indicating that
the material does not always cause individuals to age. 5) The evidence that
JH is involved in the regulation of honey bee division of labor is not limited
to results of methoprene treatments, but also includes results of treatment
with JH-1 (Jaycox, 1976), JH-I11 (Sasagawa et al., 1986, 1989), and hydroprene
(Robinson and Ratnieks, 1987), and extensive correlations between behavior,
JH titer, and rates of JH biosynthesis (cited above). 6) Recent results provide
stronger evidence for a link between JH and the timing of behavioral matu-
ration; workers allatectomized within 24 hours of adult emergence initiate
foraging at an older age relative to control and sham-operated bees, and this
delay is eliminated with methoprene (Sullivan et al., 1996).
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A more complete understanding of the role of JH in age-related division of
labor would be possible if it was known how the production of this hormone
is controlled in honey bees. The brain is an important source of allatostatins
and allatotropins in other insects (e.g., Woodhead et al., 1989; Donly et al.,
1993; Stay et al., 1994), and it is likely that similar mechanisms operate in
honey bees, but this has not yet been demonstrated.

Finally, it is of interest to know whether JH is also involved in the regula-
tion of age-related division of labor in other social insect species, particularly
in other taxa besides bees. O’Donnell and Jeanne (1993) have recently re-
ported that methoprene treatments affect workers of the tropical wasp, Polybia
occindentalis (subfamily Polistinae), in the same way they affect honey bee
workers. Wasps treated with methoprene on day 1 of adulthood began for-
aging at younger ages. In contrast, as mentioned above, methoprene treat-
ment did not influence foraging ontogeny in two species of bumble bees,
Bombus impatiens and B. pennsylvanica (Cameron and Robinson, 1990). Per-
haps this is because age polyethism in these species of bumble bees is much
weaker than in honey bees and P. occindentalis, or because other factors are
involved besides JH. Studies of other species with strong age polyethism are
required to resolve this issue.

FROM GONADOTROPIN TO PACEMAKER: EVOLUTIONARY
SCENARIOS

JH plays two distinct and important roles in the regulation of life in a hy-
menopteran society, gonadotropin and behavioral pacemaker. How can we
account for these two functions of this hormone? Because the regulation of
reproduction is the main role of JH in adult insects in general (Nijhout, 1994),
it is reasonable to assume that this was an ancestral function of this hormone
in the social Hymenoptera. Given this assumption, the question is: What is
the evolutionary relationship between hormonal regulation of reproduction
and hormonal regulation of age-related division of labor?

Two hypotheses have been advanced to explain the evolutionary relation-
ship between the two functions of JH in adult eusocial Hymenoptera. Based
on studies of bumble bees and honey bees, Robinson et al. (1992) proposed
that regulation of age polyethism in honey bees is a new function of JH that
was made possible only after it lost its gonadotropic role. According to this
scenario, the role of JH changed in honey bees from regulating reproduction
to modulating behavioral development. This hypothesis, which has been
termed the “novel-function” hypothesis by West-Eberhard (1996), predicts
that one or the other role of JH, but not both, will be found in any given
highly social insect species.

West-Eberhard (1996) presented an alternative hypothesis, the “split-func-
tion” hypothesis, which proposes that the ancestral functions of JH included
not only physiological maturation, but also behavioral development associ-
ated with nest construction, brood care, aggressive defense of young, and
foraging. These behavior patterns are also exhibited by solitary species of
the aculeate Hymenoptera, which include lineages thought to be ancestral to
the eusocial Hymenoptera. West-Eberhard (1996) suggests that in solitary spe-
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cies that progressively provision the brood, relatively high JH titers may be
associated with foraging and brood care, if: 1) these activities are performed
by females that have relatively depleted ovaries, having recently laid an egg,
and 2) ovaries with mature eggs inhibit the production of JH. According to
this hypothesis, the hormonal mechanism regulating age polyethism is rooted
in the mechanism that regulates the physiological and behavioral maturation
of solitary ancestors, and the two functions became decoupled in workers
and queens of the same species. Thus, rather than constituting a new func-
tion, regulation of age polyethism in workers of honey bees and perhaps
other species (such as P. occidentalis) is seen as a modification of the JH regu-
latory process underlying maturation.

The split-function hypothesis also suggests that JH has different roles in
different members of the colony, according to their nutritional status. According
to this hypothesis, queens are relatively well-nourished during larval develop-
ment and adulthood, which allows for complete ovary development; ovaries in
this state would be responsive to JH, allowing for the regulation of oogenesis
and egg-laying. In contrast, workers are relatively poorly nourished during lar-
val development and adulthood, which results in less developed ovaries; ova-
ries in this state are not competent to respond to JH (but JH may still mediate
behavioral maturation). Once the functions of JH became decoupled in the
two castes, disruptive selection could result in the hormone becoming in-
creasingly important in modulating behavioral development in workers.

The two hypotheses yield different predictions regarding the occurrence of
the two functions within a single species. The novel-function hypothesis pre-
dicts that in a species where JH regulates age polyethism, it does not regu-
late ovary development. The split-function hypothesis predicts that both
functions of JH can exist in the same species, with regulation of ovary devel-
opment being the main role in queens and modulation of behavioral devel-
opment (e.g., age polyethism) the main role in workers. Existing data are too
sparse to permit a clear choice between the two hypotheses.

Supporting the split-function hypothesis, JH does have a number of be-
havioral effects in Polistes, Bombus, and fire ant reproductives—all species in
which JH also regulates ovary development. But the split-function hypoth-
esis predicts that JH acts primarily as a gonadotropin in queens and as a
behavioral modifier in workers in the same species, and this has not yet been
found. Important caveats are that only a few species have been studied and
little attention has been paid to the age or nutritional state of individuals.

Supporting the novel-function hypothesis, JH in honey bees plays a key
role in age polyethism but no gonadotropic role of JH has been found, either
in queens or laying workers. In the two Bombus species that have been stud-
ied, JH acts like a gonadotropin but does not influence behavioral develop-
ment (Cameron and Robinson, 1990). In the primitive ant, Diacamma sp., JH
titers in workers are positively correlated with age but not with reproductive
activity (Sommer et al., 1993).

Recent results provide indirect support for the split-function hypothesis.
Giray and Robinson (1996) found that behavioral development in male (drone)
honey bees is regulated by mechanisms common to workers, even though
drones do not participate in colony division of labor and their only known
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function is to mate. In one experiment, drones treated with methoprene started
flying at significantly younger ages than did control drones, as is the case for
workers (Fig. 4). In a second experiment, there was an age-related increase in
JH associated with the onset of drone flight, as in workers. A similar pattern
of change in rates of JH biosynthesis by drones has been reported by Tozetto
et al. (1995). In a third experiment, drones were derived from egg-laying work-
ers from genotypes that result in either fast or slow worker behavioral devel-
opment. Sons of rapidly maturing workers started flying at younger ages
than sons of slower maturing workers. The occurrence of common mecha-
nisms in the two honey bee sexes with different functions is consistent with
the split-function hypothesis. However, the connection between the onset of flight
behavior and reproductive maturation in drones has not been examined.

More direct tests of the split-function hypothesis involve determining
whether solitary species of Hymenoptera possess endocrine mechanisms regu-
lating behavioral and reproductive development that are similar to what is
found in eusocial species. Finding common mechanisms regulating behav-
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Fig. 4. Effect of the JH analog methoprene on rate of behavioral development in drone honey-
bees (dose: 500 pg racemic methoprene in 5 pl acetone, applied topically). P values based on
results of Mann-Whitney U-tests. In trial 1, 21 out of 50 and 18 out of 50 drones were observed
flying in the treatment and control groups, respectively; in trial 2, 54 out of 100 and 58 out of
100, respectively. (From Giray and Robinson, 1996.)
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ioral development in solitary and eusocial species of Hymenoptera would
provide powerful tools to study how reproductive division of labor and age
polyethism evolved.

CONCLUSIONS

Studying the role of JH in reproductive division of labor in social insects
provides a focal point for blending endocrinology, pheromone biology, and
behavior. This synthesis is still in a formative stage but promises to yield
important, paradigmatic, results. Studying JH as a behavioral pacemaker in
division of labor among workers offers an opportunity to study hormone
regulation of brain and behavior. Since division of labor defines the essence
of insect sociality, further exploring JH function in the social Hymenoptera will
provide new insights into the evolution and functioning of insect colonies.

LITERATURE CITED

Arnold AP, Breedlove SM (1985): Organizational and activational effects of sex steroids on
brain and behavior: A reanalysis. Hormones and Behavior19:469-498.

Barker JF (1978): Neuroendocrine regulation of oocyte maturation in the imported fire ant
Solenopsis invicta. Gen Comp Endocrinol 35:234-237.

Barker JF (1979): Endocrine basis of wing casting and flight muscle histolysis in the fire ant
Solenopsis invicta. Experientia 35:552-554.

Barth RH, Lester LJ, Sroka P, Kessler T, Hearn R (1975): Juvenile hormone promotes domi-
nance behavior and ovarian development in social wasps (Polistes annularis). Experientia
31:691-692.

Beetsma J, Ten Houten A (1974): Effects of juvenile hormone analogues in the food of honey
bee colonies. Z Angew Entomol 77:292-300.

Bloch G, Borst DW, Huang Z-Y, Robinson GE, Hefetz A (1996): Effects of social conditions on JH-
mediated reproductive development in Bombus terrestris workers. Physiol Ent 21:257-267.

Bohm MK (1972): Effects of environment and juvenile hormone on ovaries of the wasp, Polistes
metricus. J Insect Physiol 18:1875-1883.

Bourke AFG (1988): Worker reproduction in the higher eusocial Hymenoptera. Quart Rev Biol
63:291-311.

Cameron SA, Robinson GE (1990): Juvenile hormone does not affect division of labor in bumble
bee colonies (Hymenoptera: Apidae). Ann Entomol Soc Am 83:626-631.

Cayre M, Strambi C, Strambi A (1994): Neurogenesis in an adult insect brain and its hormonal
control. Nature 368:57-59.

Daerr E (1978): Effekte einer Allatektomie frischgeschliipfter Bienenkoniginnen auf Hochzeitsflug
und Eiablage. Mitt Dtsch Ges Allg Angew Entomol 1:317-319.

Donly BC, Ding Q, Tobe SS, Bendena WG (1993): Molecular cloning of the gene for the alla-
tostatin family of neuropeptides from the cockroach Diploptera punctata. Proc Natl Acad Sci
USA 90:8807-8811.



578 Robinson and Vargo

Engelmann F (1995): The juvenile hormone receptor of the cockroach Leuophaea maderae. In-
sect Biochem Molec Biol 25:721-726

Engels W (1974): Occurrence and significance of vitellogenins in female castes of social Hy-
menoptera. Amer Zool 14:1229-1237.

Engels W (1978): Der EinfluB verschiedener Juvenilhormone und Dosierungen auf den Vitel-
logenin-Stoffwechsel eierlegender Bienenkéniginnen (Apis mellifica). Mitt Dtsch Ges Allg
Angew Entomol 1:308-312.

Engels W, Imperatriz-Fonseca VL (1990): Caste development, reproductive strategies, and con-
trol of fertility in honey bees and stingless bees. In Engels W (ed): Social Insects: An Evolu-
tionary Approach to Castes and Reproduction. Berlin: Springer-Verlag, pp 167-230.

Engels W, Ramamurty PS (1976): Initiation of oogenesis in allotectomised virgin honey bee
queens by carbon dioxide treatment. J Insect Physiol 22:1427-1432.

Fahrbach SE, Robinson GE (1996): Juvenile hormone, behavioral maturation, and brain struc-
ture in the honey bee. Dev Neurosci 18:102-114.

Fahrbach SE, Giray T, Robinson GE (1995): Volume changes in the mushroom bodies of adult
honey bee queens. Neurobiol Learn Mem 63:181-191

Fletcher DJC, Blum MS (1981a): Pheromonal control of dealation and oogenesis in virgin queen
fire ants. Science 212:73-75.

Fletcher DIC, Blum MS (1981b): A bioassay technique for an inhibitory primer pheromone of
the fire ant, Solenopsis invicta Buren. J Georgia Entomol Soc 16:352-356.

Fletcher DJC, Blum MS (1983): The inhibitory pheromone of queen fire ants: Effects of disinhi-
bition on dealation and oviposition by virgin queens. J Comp Physiol A 153:467-475.

Fletcher DJC, Ross KG (1985): Regulation of reproduction in eusocial Hymenoptera. Annu
Rev Entomol 30:319-343.

Fluri P, Sabatini AG, Vecchi MA, Wille H (1981): Blood juvenile hormone, protein, and vitello-
genin titres in laying and non-laying queen honey bees. J Apic Res 20:221-225

Fluri P, Lascher M, Wille H, Gerig L (1982): Changes in weight of the pharyngeal gland and
haemolymph titres of juvenile hormone, protein and vitellogenin in worker honey bees. J
Insect Physiol 28:61-68.

Giray T, Robinson GE (1996): Common endocrine and genetic mechanisms of behavioral de-
velopment in male and worker honey bees and the evolution of division of labor. Proc Natl
Acad Sci USA 93:11718-11722.

Hagedorn, HH (1985): The role of ecdysteroids in reproduction. In Kerkut GA, Gilbert LI
(eds): Comprehensive Insect Physiology, Biochemistry and Pharmacology,Vol. 8: Endocri-
nology Il. Oxford: Pergamon Press, pp 205-262.

Hagenguth H, Rembold H (1978): Identification of juvenile hormone 3 as the only JH ho-
molog in all developmental stages of the honey bee. Z Naturforsch 33c:847-850.

Hélldobler B, Wilson EO (1990): The Ants. Cambridge, MA: Belknap Press.

Huang Z-Y, Robinson GE (1992): Honey bee colony integration: Worker-worker interactions
mediate hormonally regulated plasticity in division of labor. Proc Natl Acad Sci USA
89:11726-11729.



JH in Adult Eusocial Hymenoptera 579

Huang Z-Y, Robinson GE (1995): Seasonal changes in juvenile hormone titers and rates of
biosynthesis in honey bees. ] Comp Physiol B 165:18-28.

Huang Z-Y, Robinson GE (1996): Regulation of honey bee division of labor by colony age
demography. Behav Ecol Sociobiol 39:147-158.

Huang Z-Y, Robinson GE, Borst, DW (1994): Physiological correlates of division of labor among
similarly aged honey bees. ) Comp Physiol A 174:731-739.

Huang Z-Y, Robinson GE, Tobe SS, Yagi KJ, Strambi C, Strambi A, Stay B (1991): Hormonal
regulation of behavioural development in the honey bee is based on changes in the rate of
juvenile hormone biosynthesis. J Insect Physiol 37:733-741.

Hunnicutt D, Toong YC, Borst DW (1989): A chiral specific serum for juvenile hormone. Am
Zool 29:48a.

Jaycox ER (1976): Behavioral changes in worker honey bees (Apis mellifera L.) after injection
with synthetic juvenile hormone (Hymenoptera: Apidae). J Kansas Entomol Soc 49:165-170.

Jaycox ER, Skowronek W, Gwynn G (1974): Behavioral changes in worker honey bees (Apis mel-
lifera) induced by injections of a juvenile hormone mimic. Ann Entomol Soc Am 67:529-534.

Kaatz H-H (1987): Changes in ecdysteroid and juvenile hormone titers of honey bee queens
during pupal and adult development. In Eder J, Rembold H (eds): Chemistry and Biology
of Social Insects. Munich: Peperny, p 312.

Kaatz H-H (1988): Juvenile hormone independent initiation and regulation of vitellogenin
synthesis in the honey bee (Apis mellifera L.). Verh Dtsch Zool Ges 81:272-273.

Kaatz H-H, Hildebrandt H, Engels W (1992): Primer effect of queen pheromone on juvenile
hormone biosynthesis in adult worker honey bees. J Comp Physiol B 162:588-592.

Kearney GP, Toom PM, Blomquist GL (1977): Induction of de-alation in virgin female Solenopsis
invicta with juvenile hormones. Ann Entomol Soc Am 70:699-701.

Keller L, Nonacs P (1993): The role of queen pheromones in social insects: Queen control or
queen signal? Anim Behav 45:787-794.

King LE, Zheng J, Tobe SS (1994): Cytosolic and nuclear juvenile hormone binding proteins
from the brains of Diploptera punctata. Gen Comp Endocrinol 94:11-22.

Koeppe JK, Fuchs M, Chen TT, Hunt L-M, Kovalick GE, Briers T (1985): The role of juvenile
hormone in reproduction. In Kerkut GA, Gilbert LI (eds): Comprehensive Insect Physiol-
ogy, Biochemistry, and Pharmacology, Vol. 8: Endocrinology Il. Oxford: Pergamon Press, pp
165-203.

Larrere M, Couillaud F (1993): Role of juvenile hormone biosynthesis in dominance and re-
production of the bumble bee, Bombus terrestris. Behav Ecol Sociobiol 33:335-338.

Law JH, Yuan C, Williams CM (1966): Synthesis of a material with high juvenile hormone
activity. Proc Natl Acad Sci USA 55:576-578.

Michener CD (1974): The Social Behavior of the Bees: A Comparative Study. Cambridge, MA:
Belknap Press.

Moritz RFA, Southwick EE (1992): Bees as Superorganisms: An Evolutionary Reality. Berlin:
Springer-Verlag.



580 Robinson and Vargo

Muller WJ, Hepburn HR (1992): Temporal and spatial patterns of wax secretion and related
behaviour in the division of labour of the honey bee (Apis mellifera capensis). ] Comp Physiol
A171:111-115

Muller WJ, Hepburn HR (1994): Juvenile hormone Il and wax secretion in honey beess (Apis
mellifera capensis). J Insect Physiol 40:873-881.

Nijhout HF (1994): Insect hormones. Princeton: Princeton University Press.

Nijhout HF, Wheeler DE (1982): Juvenile hormone and the physiological basis of insect poly-
morphisms. Q Rev Biol 57:109-133.

O‘'Donnell S, Jeanne RL (1993): Methoprene accelerates age polyethism in workers of a social
wasp (Polybia occidentalis). Physiol Entomol 18:189-194.

Oster GF, Wilson EO (1978): Caste and Ecology in the Social Insects. Princeton:Princeton Uni-
versity Press.

Owen RE, Plowright RC (1982): Worker-queen conflict and male parentage in bumble bees.
Behav Ecol Sociobiol 11:91-99.

Page RE Jr, Erickson EH Jr (1988): Reproduction by worker honey bees (Apis mellifera L.).
Behav Ecol Sociobiol 23:117-126.

Page RE Jr, Robinson GE, Britton DS, Fondrk MK (1992): Genotypic variability for rates of
behavioral development in worker honey bees (Apis mellifera L.). Behav Ecol 3:173-180.

Pratt GE, Tobe SS (1974): Juvenile hormones radiobiosynthesized by corpora allata of adult
female locusts in vitro. Life Sci 14:575-586.

Ramamurty PS, Engels W (1977): Allatektomie- und Juvenilhormon-Wirkungen auf Synthese
und Einlagerung von Vitellogenin bei der Bienenkonigin (Apis mellifica). Zool Jb Physiol Bd
81:165-176.

Ratnieks FLW (1993): Egg laying, egg removal, and ovary development by workers in
queenright honey bee colonies. Behav Ecol Sociobiol 32:191-198.

Reeve HK (1991): Polistes. In Ross KG, Matthews RW (eds): The Social Biology of Wasps. Ith-
aca, NY: Cornell University Press, pp 99-148.

Rembold H, Lackner B (1985): Convenient method for the determination of picomole amounts
of juvenile hormone. ] Chromatography 323:355-361.

Riddiford LM (1978): Ecdysone-induced change in cellular commitment of the epidermis of
the tobacco hornworm, Manduca sexta, at the onset of metamorphosis. Gen Comp Endo-
crinol 34:438-446.

Riddiford LM, Osir EO, Fittinghoff CM, Green JM (1987): Juvenile hormone analog binding in
Manduca epidermis. Insect Biochem 17:1039-1043.

Robinson GE (1985): Effects of a juvenile hormone analogue on honey bee foraging behaviour
and alarm pheromone production. J Insect Physiol 31:277-282.

Robinson GE (1987a): Regulation of honey bee age polyethism by juvenile hormone. Behav
Ecol Sociobiol 20:329-338.

Robinson GE (1987b): Modulation of alarm pheromone perception in the honey bee: Evidence



JH in Adult Eusocial Hymenoptera 581

for division of labor based on hormonally regulated response thresholds. ] Comp Physiol A
160:613-619.

Robinson GE (1992): Regulation of division of labor in insect societies. Annu Rev Entomol
37:637-665.

Robinson GE (1996): Chemical communication in honey bees. Science 271:1824-1825.

Robinson GE, Ratnieks F (1987): Induction of premature honey bee (Hymenoptera: Apidae)
flight by juvenile hormone analogs administered orally or topically. J Econ Entomol
80:784-787.

Robinson GE, Page RE Jr, Strambi C, Strambi A (1989): Hormonal and genetic control of be-
havioral integration in honey bee colonies. Science 246:109-112.

Robinson GE, Strambi A, Strambi C, Paulino-Simdes ZL, Tozeto SO, Barbosa JMN (1987): Ju-
venile hormone titers in European and Africanized honey bees in Brazil. Gen Comp Endo-
crinol 66:457-459.

Robinson GE, Strambi C, Strambi A, Feldlaufer MF (1991): Comparison of juvenile hormone
and ecdysteroid haemolymph titres in adult worker and queen honey bees (Apis mellifera). J
Insect Physiol 37:929-935.

Robinson GE, Strambi C, Strambi A, Huang Z-Y, (1992): Reproduction in worker honey bees
is associated with low juvenile hormone titers and rates of biosynthesis. Gen Comp Endo-
crinol 87:471-480.

Roseler P-F (1974): Vergleichende Untersuchungen zur Oogenese bei weiselrichtigen und
weisellosen Arbeiterinnen der Hummelart Bombus terrestris (L.). Insectes Soc 21:249-274.

Roseler P-F (1977): Juvenile hormone control of odgenesis in bumble bee workers, Bombus
terrestris. J Insect Physiol 23:985-992.

Raseler P-F (1991): Reproductive competition during colony establishment. In Ross KG, Matthews
RW (eds): The Social Biology of Wasps. Ithaca, NY: Cornell University Press, pp 309-335.

Roseler P-F, Roseler I, Strambi A (1980): The activities of corpora allata in dominant and sub-
ordinated females of the wasp Polistes gallicus. Insectes Soc 27:97-107.

Roseler P-F, Roseler I, van Honk CGJ (1981): Evidence for inhibition of corpora allata activity
in workers of Bombus terrestris by a pheromone from the queen‘s mandibular glands. Expe-
rientia 37:348-351.

Roseler P-F, Roseler I, Strambi A, Augier R (1984): Influence of insect hormones on the estab-
lishment of dominance hierarchies among foundresses of the paper wasp, Polistes gallicus.
Behav Ecol Sociobiol 15:133-142.

Roseler PF, Roseler I, Strambi A (1985): Role of ovaries and ecdysteroids in dominance hierar-
chy establishment among foundresses of the primitively social wasp, Polistes gallicus. Behav
Ecol Sociobiol 18:9-13.

Ross KG, Keller L (1995): Ecology and evolution of social organization: Insights from fire ants
and other highly eusocial insects. Annu Rev Entomol 26:631-656.

Rutz W, Gerig L, Wille H, Lischer M (1974): A bioassay for juvenile hormone (JH) effects
of insect growth regulators (IGR) on adult worker honey bees. Mitt Schweiz Entomol
Ges 47:307-313.



582 Robinson and Vargo

Rutz W, Gerig L, Wille H, Lischer M (1976): The function of juvenile hormone in adult worker
honey bees, Apis mellifera. J Insect Physiol 22:1485-1491.

Sasagawa H, Sasaki M, Okada | (1986): Experimental induction of the division of labor in
worker Apis mellifera L. by juvenile hormone (JH) and its analog. In 30th Int Cong Apimondia,
Nagoya, Japan, pp 140-143.

Sasagawa H, Sasaki M, Okada | (1989): Hormonal control of the division of labor in adult
honey bees (Apis mellifera L.). I. Effect of methoprene on corpora allata and hypopharyngeal
gland, and its alpha-glucosidase activity. Appl Entomol Zool 24:66-77.

Seeley TD (1995): The Wisdom of the Hive. The Social Physiology of Honey Bee Colonies.
Cambridge, MA: Harvard University Press.

Shemshedini L, Wilson TG (1993): Juvenile hormone binding proteins in larval fat body nuclei
of Drosophila melanogaster. J Insect Physiol 39:563-569.

Stay B, Sereg Bachmann JA, Stoltzman CA, Fairbairn SE, Yu CG, Tobe SS (1994): Factors af-
fecting allatostatin release in a cockroach (Diploptera punctata): Nerve section, juvenile hor-
mone analog and ovary. J Insect Physiol 40:365-372.

Stout J, Atkins G, Zacharias D (1991): Regulation of cricket phonotaxis through hormonal
control of the threshold of an identified auditory neuron. J Comp Physiol A 169:765-772.

Sommer K, Hélldobler B (1995): Colony founding by queen association and determinants of
reduction in queen number in the ant Lasius niger. Anim Behav 50:287-294.

Sommer K, Holldobler B, Rembold H (1993): Behavioral and physiological aspects of repro-
ductive control in a Diacamma species from Malaysia (Formicidae, Ponerinae). Ethology
94:162-170.

Sullivan, JP, Jassim O, Robinson GE, Fahrbach SE (1996): Foraging behavior and mushroom
bodies in allatectomized honey bees. Soc Neuro Abst 22: 1144.

Tobe SS, Pratt GE (1974): The influence of substrate concentrations on the rate of insect
juvenile hormone biosynthesis by corpora allata of the desert locus in vitro. Biochem J
144:107-133.

Tozetto S de O, Rachinsky A, Engels W (1995): Reactivation of juvenile hormone synthesis in
adult drones of the honey bee, Apis mellifera carnica. Experientia 51:945-946.

van Doorn A (1989): Factors influencing dominance behaviour in queenless bumble bee work-
ers (Bombus terrestris). Physiol Entomol 14:211-221.

van Doorn A, Heringa J (1986): The ontogeny of a dominance hierarchy in colonies of the
bumble bee Bombus terrestris (Hymenoptera, Apidae). Insectes Soc 33:3-25.

van Honk C, Hogeweg P (1981): The ontogeny of the social structure in a captive Bombus
terrestris colony. Behav Ecol Sociobiol 9:111-119.

van Honk CGJ, Roseler P-F, Velthuis HHW, Hoogeveen JC (1981): Factors influencing the egg
laying of workers in a captive Bombus terrestris colony. Behav Ecol Sociobiol 9:9-14.

van Honk CGJ, Velthuis HHW, Rdéseler P-F, Malotaux ME (1980): The mandibular glands of
Bombus terrestris queens as a source of queen pheromones. Ent Exp Appl 28:191-198.

Vargo EL (1992): Mutual pheromonal inhibition among queens in polygynous colonies of the
fire ant Solenopsis invicta. Behav Ecol Sociobiol 31:205-210.



JH in Adult Eusocial Hymenoptera 583

Vargo EL, Fletcher DJC (1989): On the relationship between queen number and fecundity in
polygyne colonies of the fire ant Solenopsis invicta. Physiol Entomol 14:223-232.

Vargo EL, Laurel M (1994): Studies on the mode of action of a queen primer pheromone of the
fire ant Solenopsis invicta. J Insect Physiol 40:601-610.

Visscher PK (1989): A quantitative study of worker reproduction in honey bee colonies. Behav
Ecol Sociobiol 25:247-254.

Visscher PK (1996): Reproductive conflict in honey bees: A “stalemate” of egg-laying and po-
licing. Behav Ecol Sociobiol 39:223-244,

West-Eberhard MJ (1975): The evolution of social behavior by kin selection. Q RevBiol 50:1-33.
West-Eberhard MJ (1996): Wasp societies as microcosms for the study of development and
evolution. In Turillazzi S, West-Eberhard MJ (eds): Natural History and Evolution of Paper-

Wasps. Oxford: Oxford University Press, pp 290-317.

Wheeler DE (1986): Developmental and physiological determinants of caste in social Hy-
menoptera: Evolutionary implications. Am Nat 128:13-43.

Wheeler DE (1991): The developmental basis of worker caste polymorphism in ants. Am Nat
138:1218-1238.

Wheeler DE (1996): The role of nutrition in oogenesis. Annu Rev Entomol 41:407-431.
Wilson EO (1971): The Insect Societies. Cambridge, MA: Belknap Press.
Winston ML (1987): The Biology of the Honey Bee. Cambridge, MA: Harvard University Press.

Winston ML, Slessor KN (1992): The essence of royalty: Honey bee queen pheromone. Sci Am
80:374-385.

Withers GS, Fahrbach SE, Robinson GE (1993): Selective neuroanatomical plasticity and divi-
sion of labour in the honey bee. Nature 364:238-240.

Withers GS, Fahrbach SE, Robinson GE (1995): Effects of experience and juvenile hormone on
the organization of the mushroom bodies of honey bees. J Neurobiol 26:130-144.

Woodhead AP, Stay B, Seidel SL, Khan MA, Tobe SS (1989): Primary structure of four
allatostatins: Neuropeptide inhibitors of juvenile hormone synthesis. Proc Natl Acad Sci
USA 86: 5997-6001.



