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Abstract—In the adult worker honey bee (4pis mellifera L.), increases in the haemolymph titre
of juvenile hormone underlie behavioural development, from nest duties to foraging. However,
the physiological basis of juvenile hormone titre regulation was unknown. Using a radiochemi-
cal assay for juvenile hormone biosynthesis in vitro, we demonstrate that differences in juvenile
hormone titres among bees performing different age-dependent tasks are a consequence of
changes in rates of hormone synthesis by the corpora allata. Rates of juvenile hormone
biosynthesis were low in newly emerged bees, 7-9-day-old nurse bees, and 14-15-day-old bees
collected from the nest periphery, and high in foragers. Rates of biosynthesis were highly
correlated with haemolymph titres of juvenile hormone measured in the same individuals.
Corpora allata contained mostly methyl farnesoate, the immediate precursor of juvenile
hormone, and released principally juvenile hormone II1 into the incubation medium, indicating
no appreciable hormone storage. We also report similarities and differences in parameters of
juvenile hormone biosynthesis between nurse bees and foragers that were found during the
course of a detailed characterization of the radiochemical assay for adult worker honey bees.
These results, coupled with the fact that it is possible to measure rates of juvenile hormone
biosynthesis from individual bees, indicate that the radiochemical assay will be useful in further
studies of hormonal regulation of bee behaviour.
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INTRODUCTION

Division of labour in honey bee colonies is based,
in part, on worker age. Bees change jobs as they
age, a form of behavioural development called *“age
polyethism” (reviewed by Winston, 1987). Juvenile
hormone is involved in the control of age polyethism
in adult worker honey bees (Jaycox et al., 1974;
Jaycox, 1976; Robinson, 1985, 1987a, b; reviewed by
Robinson, in press). Haemolymph titres of juvenile
hormone increase as the bee ages (Fluri ef al., 1982;
Robinson et al., 1987). Low titres are associated with
the performance of tasks in the nest such as brood
care during the first 1-3 weeks of the bee’s 4-7-week
adult life, whereas a higher titre at about 3 weeks
of age is associated with foraging. Treatment with
juvenile hormone (Jaycox, 1976), juvenile hormone
mimic (Jaycox et al., 1974), or juvenile hormone
analogue (Robinson, 1985, 1987a; Sasagawa ef al.,
1985) induces precocious foraging.
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The division of labour in honey bee colonies
is also flexible, because workers can respond to
changing colony needs by accelerating, retarding, or
reversing their behavioural development (e.g. Résch,
1930; Milojevic, 1940; Robinson et al., unpublished;
reviewed by Robinson, in press). Flexibility in age-
based division of labour in honey bee colonies is
also regulated by juvenile hormone, because the
titre of this hormone is modulated by changes in
environmental conditions (Robinson et al., 1989,
unpublished). These findings are consistent with the
well-supported belief that the corpora allata, the
glands that produce juvenile hormone, occupy a key
position in the neuroendocrine response of insects to
environmental factors (e.g. De Wilde er al., 1959;
Tobe and Stay, 1985).

It is not known how the juvenile hormone titre is
regulated in adult honey bees, and this information
is important for two reasons. First, the relationship
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between juvenile hormone titre and rate of biosyn-
thesis is not well understood in insects, because
measurements of both variables have been made for
relatively few species to date (Lanzrein et al., 1978;
De Kort et al., 1982; Tobe et al., 1985; Rachinsky and
Hartfelder, 1990). Second, if changes in juvenile
hormone titre are due to changes in rate of juvenile
hormone biosynthesis in honey bees, then analyses
of corpora allata activity may be useful in studies
of hormonal regulation of bee behaviour. For
example, an important question in the study of
division of labour is how colony needs are perceived
by workers. The recent discovery that plasticity
in honey bee age polyethism is mediated by juvenile
hormone (Robinson ef al., 1989, unpublished)
suggests that it may be possible to probe sensitively
for the effects of environmental stimuli on division of
labour by measuring juvenile hormone biosynthesis.
In other insects it is known that juvenile hormone
synthesis by the corpora allata is controlled by neuro-
hormones from the brain (reviewed by Tobe and
Stay, 1985; Feyereisen, 1985a; Khan, 1988).

Using a radiochemical assay of juvenile hormone
biosynthesis (Tobe and Pratt, 1974; Pratt and Tobe,

1974) that is widelv used in studies of insect neuro-
1774) thatl 18 widcely used 1n stugies of msect neuro

endocrinology (see Tobe and Stay, 1985), we report
that there is a strong correlation between rates of
juvenile hormone biosynthesis and haemolymph
titres of juvenile hormone in adult worker honey bees,
suggesting that titres are regulated primarily through
changes in biosynthesis. We also describe similarities
and differences in parameters of juvenile hormone
biosynthesis between bees displaying two different
age-dependent behaviours, brood care or foraging.
These findings are supported by the results of a
detailed characterization of the radiochemical assay
for adult worker honey bees, also presented here, that
is based on an established protocol for using this

assay on other species (Feyereisen, 1985b).

MATERIALS AND METHODS

Bees

Bees were obtained from colonies maintained
according to standard techniques at the University
of Tllinois Bee Research Facility, Urbana, Iil. They
were typical of North American populations of Apis
mellifera [a mix of predominantly European sub-
species (Phillips, 1915; Pellett, 1938)].

Bees of known age were obtained by removing
combs containing developing pupae from a colony
and placing them in an incubator (33°C). Emerging
adults (¥ =800) were marked on the abdominal
dorsum with a spot of paint (Testor’s PLA) and

introduced to a different colony with a population
of about 40,000 workers, occupying two Langstroth
hive bodies.

Individuals engaged in either brood care (“nurse”
bees) or foraging were sampied, as in previous studies
of hormonal regulation of division of labour

(Robinson et al., 1989). Focusing on these two tasks
simplifies physiological analyses of division of labour
because they are associated with easily detectable
differences in worker age, behaviour, and juvenile
hormone titre. A nurse bee was identified as a worker
with her head in a cell containing a larva (e.g.
Sakagami, 1953; Robinson, 1987a).
were obtained by temporarily obstructing the hive
entrance with a piece of 8-mesh hardware cloth. Only
returning bees with pollen loads in their corbiculae
were collected. In one experiment we also sampled
1-day-old bees upon emergence from combs in the
incubator and 14-15-day-old workers from the
nest periphery. Workers were collected and stored in
vials without food for 30—60 min at room tempera-
ture. They were then immobilized on ice for 5Smin
to 3 h until dissected.
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Incubation medium
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tissue maintenance and culture (Kaatz et al., 1985)
was modified as follows: methionine and bovine
serum albumin were omitted, and 1 mM leucine and

Ficoll (20 mg/ml) added. The pH of the medium was
adinstad to 7.0 (with a mivture of 1.5 NaOH-1 KOH
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v:v) and the osmolarity adjusted to 520 mOsmol/l
(with sucrose) to make it similar to honey bee haemo-
lymph (Florkin and Jeuniaux, 1974). The medium
was sterilized by filtration (Millipore, 0.22 pm). Pre-
liminary studies indicated that use of this medium
(“bee medium™) resulted in significantly higher rates
of juvenile hormone biosynthesis than either Grace’s
insect medium (Gibco), or bee medium with 5%
bovine serum albumin (F =7.77, P <0.01, N = 36).
Rachinsky and Hartfelder (1990) also reported that
their modified bee medium is superior to other media
for juvenile hormone biosynthesis in honey bee
ar meactimmal hanatige i+ haog o NJa ' K watin tha
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is more similar to that of honey bee haemolymph.

Dissection of corpora allata

After removing the head, an incision was made
nnst_enorlv and the corpora allnfa_onrnnm cardiaca
complex removed. The complex was then placed in
a disposable culture tube (Kimble 10 x 50 mm,
pre-baked for 3h at 500°C) containing 25 ul non-
radioactive bee medium. Corpora allata—corpora
cardiaca were incubated together in all experiments
reported here; a pilot study revealed that corpora
allata—corpora cardiaca complexes showed similar
rates of Juvcuuc hormone uwayul.ucbla 10 corpora
allata incubated without corpora cardiaca (t = 0.31,
P >03, N=12) (corpora allata—corpora cardiaca
complexes are henceforth referred to as “corpora
allata™). Dissections were conducted in a dissection
saline with a Na:K ratio similar to that of the
bee medium (55mM NaCl, 35mM KCl, 3mM
CaCl,-2H,0, 10mM MgCl,-6 H,0, 55.5mM glu-
cose, 55.5mM fructose, 14.6 mM sucrose). Rates of
juvenile hormone biosynthesis for glands dissected in



this saline were not significantly different than for
giands dissected with bee medium (z = 0.30, 2 > 0.3,
N = 12). The size of one corpus allatum per bee was
measured immediately after dissection with an ocular
micrometer. Corpus allatum volume was calculated
with the formula V =nr-(L x W?)/6, where L is
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measured when the corpora allata were oriented side
by side.

Radiochemical assay

The assay was mrfnrmprl according to established
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procedures (Pratt and Tobe, 1974; Tobe and Pratt,
1974; modified by Feyereisen and Tobe, 1981) and is
summarized as follows. Incubations began after all
dissections were complete (1-3 h) by adding to each
tube an additional 25 ul bee medium that contained
L-[>*H-methyllmethionine (NEN, specific activity
7.4 GBq/mmol). The optimal final concentration of
methionine was determined to be 100-150 uM (see
Results) and was used in all experiments reported in
this paper. Corpora allata were incubated for 3 h in
darkness at 35°C. Glands incubated at this tempera-
ture exhibited the highest rates of juvenile hormone
biosynthesis among the four temperatures tested (20,
30, 35 and 40°C). This temperature is also closest to
the temperature maintained in the centre of a honey
bee nest during the summer (see Seeley, 1985). Cor-

pora allata were not shaken during incubation
because we found that rates of juvenile hormone

biosynthesis were not significantly affected by shak-
ing (t =0.57, P > 0.3, N =12).

Juvenile hormone was extracted according to the
method of Feyereisen and Tobe (1981). Glands were
removed following the incubation period, and 250 ul
isooctane added to each tube of medium (isooctane
and all other solvents were HPLC grade, from Fisher
Scientific). A 200-ul-aliquot of isooctane extiract was
removed after thorough vortexing and centrifugation
(10 min, 1700 g), and radioactivity determined by
liquid scintillation spectrometry.

To determine the time course of juvenile hormone

hin tha
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(N =3 and 4, respectively) were incubated for 9h,
but were transferred to new medium after 1, 2, 4 and
6 h of incubation.

The effect of farnesoic acid (a juvenile hormone
precursor) on juvenile hormone biosynthesis was
determined by incubating corpora allata from for-
agers in medium that contained either 0, 20, 40, 80,
160, 320, 640 or 1000 uM farnesoic acid (N = 6 per
concentration).

Two experiments were performed to determine
the precise rates of juvenile hormone biosynthesis.
We measured the ratio of incorporation of the
S-methyl moiety of radiolabelled methionine into the
carbon skeleton of the juvenile hormone molecule.
In the first experiment, the medium was modified
by omitting fructose and glucose, and adding
[*Hlmethionine (36 4M, 7.4 GBg/mmol, NEN) and
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[2-*Clacetate (3.6 mM, 0.074 GBq/mmol, NEN).
In the second experiment, [**Cjmethionine (100 uM,
2.07 GBg/mmol, NEN) and [*H]farnesoic acid
(160 uM, 1.01 GBg/mmol, courtesy of G. D. Prest-
wich) was used in standard bee medium. Analyses
were performed by thin-layer chromatography (TLC)
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Identification of radiolabelled compounds synthesized
by the corpora aliaia

Two experiments were performed with high per-
formance liquid chromatography (HPLC). In Exper-
iment 1, 4-5 pairs of corpora allata from nurse bees
or foragers were incubated per incubation tube
(100 u1 medium) for 15 h (6 tubes each for nurse bees
and foragers). Each sample (N = §) was prepared by
pooling isooctane extracts of medium from either two
tubes (for foragers), or three tubes (for nurse bees).
In Experiment 2, corpora allata from individual bees
(N =46 nurse bees and 41 foragers) were incubated
separately for 3 h. Each sample (N = 6) was prepared
by pooling medium extracts from 10-22 individual
bees. In Experiment 1, juvenile hormone was ex-
tracted from the samples immediately, whereas in

Evnarimaant ) tha jcanstana_madinm mivtiiras urara
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stored at —70°C for 1-2 days before extraction.
Juvenile hormone was extracted according to
Weaver et al. (1980), except isooctane was used
instead of chloroform. Samples were each passed
through a Na,SO, loaded onto a
pre-washed silica cartridge (SepPak), rinsed with
n-pentane, and eluted with n-pentane:diethyl ether
(1:1). They were then evaporated under nitrogen
and redissolved in 10 ul hexane. HPLC analysis
was performed on a 5 um Brownlee Spheri-5 Silica
column (250 cm x 4.6 mm) with water-saturated re-
distilled ethyl ether (10%) in hexane as solvent. Flow
rate was 1 mi/min at a pressure of 16-18atm and
detector wavelength was set at 219 nm. Fractions
were collected at 12-s intervals and radioactivity
determined by liquid scintillation spectrometry. Syn-
thetic juvenile hormone III (Chemical Dynamics

Corp.) and methy! farnesoate fr\r\nrtncv of F. C.
Oorp.; angé meiny neseat Sy I

Baker, Sandoz Crop Protection Corp.) were used as
standards.

column and

Thin-layer chromatography

TLC was performed to provide independent
identification of radiolabelled products of the cor-
pora allata and to quantify the relationship between
the amount of juvenile hormone reieased into the
incubation medium (juvenile hormone “release’) and
the total amount of juvenile hormone biosynthesized.
This information is necessary to determine whether
measuring juvenile hormone release alone provides

anmirata actitmata Af tatal nvanila harmana hinag
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synthesis (Tobe and Stay, 1985). For this experiment
only, juvenile hormone biosynthesis is defined as the
amount of juvenile hormone in the medium plus
the amount present in the glands at the conclusion
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of the incubation period. Juvenile hormone was
extracted by first adding methanol and disodium
ethylene-diamine-tetraacetate, and then partitioning
against chloroform (Weaver et al., 1980). TLC was
performed with a solvent system of xylene/ethyl
acetate (3:1), with juvenile hormone III (Sigma) and
methyl farnesoate as internal markers.

Correlation between juvenile hormone titre and rate
of biosynthesis

Both variables were measured in the same individ-
uals: 1-day-old bees, 7-9-day-old nurses, 14—15-day-
old bees located on the periphery of the nest, and
21-24-day-old foragers (N =9 or 10 per age group).
Bees were chilled (0°C for 5min) and immobilized
with plasticine in a dissecting dish. Haemolymph
(2.5-15 ul) was removed from each bee, pooled
(21.9-41.7 ul for each age group), and placed in
150 ul methanol. The methanol-haemolymph mix-
ture was partitioned against hexane three times and
the hexane phase, containing the juvenile hormone,
removed. Samples were coded for blind analyses and
stored at —20°C. Immediately after haemolymph was
taken from a bee, its corpora allata were removed and
placed in incubation medium for the radiochemical
assay. Additional marked bees from the same
colony were collected for titre determinations only, to
yield a total of 5-8 measurements per age group of
workers.

Juvenile hormone titres were determined by radio-
immunoassay (RIA) (Strambi er al., 1984). This
technique provides consistent results that agree with
analyses made by gas chromatography/mass spec-
trometry (GC/MS) (De Kort et al, 1985). In
addition, juvenile hormone titre determinations
for honey bees with this RIA (Robinson et al,
1987, 1989, unpublished) agree with measurements
made with the Galleria bioassay (Fluri et al., 1982)
and a GC/MS assay (Hagenguth and Rembold,
1978).

Statistical analyses

Mean rates of biosynthesis (+SEM) were calcu-
lated based on measurements of individually incu-
bated corpora allata (i.e. a gland pair). Sample sizes
thus refer to the number of individual bees assayed,
unless otherwise indicated. Statistical tests used are
reported with the results.

RESULTS

Identification of radiolabelled products

HPLC analyses, performed on a total of 17 samples
of extracts of incubation medium or glands, demon-
strate that juvenile hormone III is the only detectable
juvenile hormone homologue produced by the cor-
pora allata of adult worker honey bees. In Exper-
iment 1, the major radioactive compound released
into the medium by the corpora allata of foragers
was juvenile hormone III (97.2% +0.7, N =3)
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Fig. 1. HPLC radiochromatograms of in vitro products from
honey bee corpora allata. (A) Compounds released from the
corpora allata of foragers. (B) Compounds present in the
corpora allata of foragers. Fractions were collected at 12-s

intervals. Arrows indicate retention times of synthetic juven-
ile hormone III and methyl farnesoate.

[Fig. 1(A)]. Traces of methyl farnesoate (1.5% + 0.7)
were also found [Fig. 1(A)]. Two other unknown
components (retention times 8 and 10 min, respect-
ively) were also detected that did not correspond to
juvenile hormone I or II; together they constituted on
average less than 2% of the total extracted radioac-
tivity [one of them is visible in Fig. 1(A)]. The major
radioactive compound released into the medium
by the corpora allata of nurse bees was also juvenile
hormone III (84.5% +5.35, N=2) and 9.44%
(+£5.89, N =2) of the radioactivity was associated
with methyl farnesoate.

In Experiment 2, juvenile hormone III also was
the major radioactive compound released into the
medium by the corpora allata of both foragers
and nurse bees, but the percentage of radioactivity
associated with juvenile hormone III was lower
(foragers: 65.0% + 8.2, N =4; nurse bees: 59.0% +
0.03, N =2). A peak of radioactivity (retention time
15.5min) was detected in medium extracts from
foragers (19.5%), but was not present in the extracts
from nurse bees (<1%). The compound was not
identified, but it was not a juvenile hormone homol-
ogue or any known precursor.

The cause of the discrepancy between the two
experiments may be related to sample degradation
in Experiment 2 (Tobe S. S., unpublished results),
because samples were not extracted immediately as in
Experiment 1. This contention is supported by the
results of TLC analyses, which were more consistent
with the results of the HPLC analyses in Experiment
1. They showed that 89% =+ 1.1 (N = 3) of the radio-
activity in isooctane extracts of incubation medium
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comigrated with the unlabelled juvenile hormone
III internal standard. Although the percentage of
Juvenile hormone IIl produced was lower in Exper-
iment 2 relative to Experiment 1, 87% of the radioac-
tivity in Experiment 2 was still associated with either
juvenile hormone or methyl farnesoate, a juvenile
hormone precursor. Thus both HPLC and TLC
analyses indicate that juvenile hormone III is the
principal product of synthesis and release in adult
worker honey bees.

HPLC analyses revealed that extracts of glands
from both foragers and nurse bees contained princi-
pally methyl farnesoate (89.3% +4.9, N =6), and
only 4.9% + 1.9 juvenile hormone III [Fig. 1(B)].
No other juvenile hormone homologues besides
juvenile hormone 111 were detected from either
medium or gland extracts.

Experiments performed with [2-'*Clacetate and
[H]methionine revealed that honey bee corpora
allata did not incorporate acetate into juvenile hor-
mone, either in the presence or absence of fructose
and glucose. When corpora allata from foragers were
incubated in the normal medium (i.e. with glucose
and fructose), “C from acetate accounted for only
0.81% + 0.31 (N = 4) of the total radioactivity in the
synthesized juvenile hormone. Similarly, when cor-
pora allata were incubated in a medium without
glucose and fructose, only 0.15% +0.11 (N =11) of
the radioactivity was from acetate. We thus failed
to observe the predicted molar ratio of 9:1 “C:*H
[which is based on the incorporation of nine acetate
units from [2-*Clacetate and one methyl group from
L-methionine into each juvenile hormone Il molecule
(see Feyereisen ez al., 1984; Smith et al., 1989)].

Experiments performed with L-[*C]methionine
and [*H]farnesoic acid showed that methionine, rela-
tive to farnesoic acid, is incorporated into juvenile
hormone in a 1:1 molar ratio (1:1.06 + 0.06 mol
L-methionine: farnesoic acid, N =22). A 1:1 molar
ratio is expected theoretically because one mol-
ecule of farnesoic acid and one methyl group from
L-methionine are incorporated into each juvenile
hormone III molecule (Tobe and Pratt, 1974; Pratt
and Tobe, 1974). This result demonstrates that honey
bee corpora allata use methionine as the exclusive
methyl donor to produce juvenile hormone III (Tobe
and Stay, 1985). Accordingly, we calculated rates of
juvenile hormone biosynthesis based on the specific
radioactivity of methionine throughout this paper.

Differences in juvenile hormone biosynthesis between
nurse bees and foragers

Rates of juvenile hormone biosynthesis for for-
agers were significantly higher than for nurse bees,
at all concentrations of methionine tested except
300 uM (Fig. 2) (s-test, P < 0.01, N =8 per concen-
tration). Rates of juvenile hormone biosynthesis for
corpora allata of foragers increased in a dose-depen-
dent manner up to 100-150 uM methionine, whereas
rates of juvenile hormone biosynthesis for nurses
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Fig. 2. Effect of methionine concentration on honey bee
juvenile hormone biosynthesis. Each point represents the
mean (+ SEM) rate of biosynthesis (N = 8). O, Nurse bees;
@, foragers.
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were constant over the range of methionine concen-
trations tested (Fig. 2). Based on these results, a
methionine concentration of 100-150 uM was used
in all experiments reported in this paper.

Similarities in juvenile hormone biosynthesis between
nurses and foragers

Rates of juvenile hormone biosynthesis over a 9-h
incubation period were constant for both nurse bees
and foragers (linear correlation: r =0.992, P <0.01,
N =20; and r =0.997, P <0.01, N =15, respect-
ively) (Fig. 3). These results demonstrate that the
incubation medium is sufficient to support juvenile
hormone biosynthesis for at least 9 h. The incubation
period for all other experiments reported in this paper
was 3 h.

Rates of juvenile hormone biosynthesis for
foragers were stimulated by farnesoic acid in a
dose-dependent manner, from concentrations of
20-160 uM (ANOVA, F=4.2, P <0.005, N =30)
(Fig. 4). Maximum stimulation (3.2 times the control
rate) occurred with 160 uM farnesoic acid for the
corpora allata of foragers. A similar stimulatory

8

8

CUMULATIVE JH RELEASE (pmol /CA)

T T T 1
2 4 6 9

TIME OF INCUBATION (H)

Fig. 3. Time course of honey bee juvenile hormone biosyn-
thesis. Each point represents the mean (+SEM) rate of
cumulative biosynthesis from either nurse bees or foragers
(N =3 and 4, respectively). Total incubation time was 9 h,
but corpora allata were transferred to new medium after 1,
2, 4 and 6 h of incubation. O, Nurse bees; @, foragers.
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Fig. 4. Effect of farnesoic acid on juvenile hormone biosyn-
thesis by corpora allata of foraging honey bees. Each point
represents the mean (+ SEM) rate of biosynthesis (N = 6).

effect occurred for the corpora allata of nurse bees
at a farnesoic acid concentration of 160 uM (3.4 vs
1.2pmol h~!/corpora allata, N =12, data not
shown). Corpora allata of nurse bees and foragers
thus showed similar responses to farnesoic acid de-
spite the previously mentioned differences in rates of
juvenile hormone biosynthesis.

There is a linear relationship between juvenile
hormone release and juvenile hormone biosynthesis
for both nurse bees and foragers (r = 0.99, P <0.001,
N =15; and r =0.997, P <0.001, N = 32, respect-
ively) (Fig. 5). Regression analysis of the combined
data yielded a slope of 0.95 + 0.01 (N = 47), indicat-
ing that 95% of the biosynthesized juvenile hormone
was released into the medium. These results are
consistent with the results of HPLC analyses pre-
sented above. Isooctane extraction of the medium
thus provides an accurate estimate of juvenile hor-
mone biosynthesis in adult worker honey bees.
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Fig. 5. Relationship between honey bee juvenile hormone
biosynthesis and release. For this experiment only, biosyn-
thesis is defined as the total amount of juvenile hormone
released into the medium and that present in the corpora
allata. A, Nurse bees (N =15); A, foragers (N = 32).
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Fig. 6. Correlation between rate of juvenile hormone biosyn-

thesis and haemolymph titre in honey bees. (A) Mean rate

of biosynthesis (+SEM; ¥ = 10); (B) [J, titre determined

from pooled haemolymph from the same bees for which

rates of biosynthesis were measured; @, mean (+SEM)

titres from 5-8 groups of bees (5-9 bees per group),
including those depicted with [J.

Correlation between juvenile hormone biosynthesis and
Jjuvenile hormone titre

There is a significant correlation between juvenile
hormone biosynthesis and juvenile hormone titre,
based on measurements of both variables in the same
individuals (r = 0.96, P < 0.05) (Fig. 6). In foragers,
juvenile hormone biosynthesis rates and haemolymph
titre were significantly higher than 1-day old bees,
7-9-day-old nurse bees and 14-15-day-old nest
periphery bees (ANOVA: biosynthesis: P < 0.001,
N = 38; titre: P <0.001, N = 26).

Juvenile hormone biosynthesis and corpora allatum
volume

Corpora allatum volumes ranged from 0.27
to 1.16-10° um® There is a significant correlation
between juvenile hormone biosynthesis and corpora
allata volume (Fig. 7). However, only 13% of the
variation in juvenile hormone biosynthesis can be
explained on the basis of volume alone (r2=0.13).
Separate analyses of the data for nurse bees and
foragers revealed that a significant correlation exists
only for the former, but not for the latter. In addition,
the range of corpora allatum volumes is smaller
than the range of rates of juvenile hormone biosyn-
thesis. Mean volumes for nurse bees and foragers
were 0.62 and 0.82-10° um3, respectively, whereas
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Fig. 7. Relationship between rates of juvenile hormone
biosynthesis and corpus allatum volume in honey bees
v =170).

mean rates of juvenile hormone biosynthesis were
1.23 and 4.37 pmol h~!/corpora allata, respectively
(N =170).

DISCUSSION

Differences in juvenile hormone titres between
adult worker honey bees performing different age-
dependent tasks appear to be regulated primarily
by changes in rates of biosynthesis rather than by
changes in rates of hormone release or degradation.
This conclusion is supported by two lines of evidence.
First, almost all juvenile hormone in the corpora
allata is released upon synthesis. Second, there is a
high correlation between juvenile hormone biosyn-
thesis and juvenile hormone titre. There are only two
previous studies in which measurements were made of
both juvenile hormone titres and rates of biosynthesis
from the same individuals, and in both the two were
highly correlated (see Tobe er al., 1985), as in our
study. Our results are consistent with an apparent
absence of juvenile hormone-specific esterases in
the haemolymph of adult worker bees (Strambi C.
et al., unpublished results). Rachinsky and Hartfelder
(1990) reported that juvenile hormone titres in honey
bee queen and worker larvae also are regulated by
changes in rates of juvenile hormone biosynthesis (see
also Tobe ez al., 1985). Only very small amounts of
juvenile hormone III esterase are found in honey
bee larvae, about 1000-fold less than in Colorado
potato beetle (De Kort ez al., 1977), and its specificity
is uncertain. Degradation of juvenile hormone never-
theless is probably important in regulating the
haemolymph titre in worker honey bees, because
the rate of biosynthesis in vitro is relatively high
compared with the haemolymph titre. However, the
high correlation of titre and rate of biosynthesis in
both nurses and foragers suggests that degradation
does not appear to play a major role in regulating
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differences in titres that are associated with different
age-dependent behavioural states.

The in vitro rates of juvenile hormone biosynthesis
reported here are similar to those reported by
Hildebrandt and Kaatz (1990) for adult worker bees.
They are much higher than those reported by Biihler
et al. (1983) (< 0.5 pmol h~'/corpora allata) perhaps
because in that study glands were incubated in a
suboptimal medium, as a medium formulated specifi-
cally for honey bees (Kaatz ez al., 1985) was not yet
available. Our detection of only juvenile hormone III
and our measurements of juvenile hormone titres
are consistent with previous analyses, using the
Galleria bioassay (Fluri et al., 1982), a GC/MS
assay (Hagenguth and Rembold, 1978), and RIA
(Robinson et al., 1987, 1989). High titres in foragers
and low titres in nurse bees also agree with exper-
iments demonstrating that foraging behaviour can
be introduced by treatment with juvenile hormone
(Jaycox, 1976), juvenile hormone mimic (Jaycox et
al., 1974), or juvenile hormone analogue (Robinson,
1985, 1987a; Sasagawa et al., 1985).

Juvenile hormone titres and rates of juvenile hor-
mone biosynthesis for 14-15-day-old bees from the
nest periphery were similar to those for 7-9-day-old
nurse bees. Bees from the nest periphery are in a
behavioural phase that is in transition from nursing
to foraging, and they are involved in nest mainten-
ance and food storage tasks (see Seeley, 1982; and
Winston, 1987). Our results suggest that there are
discrete states of corpora allata activity associated
with nursing and foraging, but not with the interven-
ing behavioural phase(s). Robinson er al. (1987)
reported no differences in juvenile hormone titres
between bees aged 5, 10 or 15 days in one experiment,
which is consistent with our findings. They did,
however, detect an age-dependent increase in juvenile
hormone titres in a second experiment, which
suggests continuous changes in corpora allata activity
throughout behavioural development. It is clear that
low rates of juvenile hormone biosynthesis and low
juvenile hormone titres are associated with nursing
behaviour and high rates and titres with foraging,
but additional studies are needed to determine the
relationship between juvenile hormone and other
worker behaviours.

Measurements of corpus allatum volumes, which
agreed with those in previous studies (Gast, 1967;
Breed, 1983; Biihler er al., 1983), indicate that it is not
possible to use such measurements to estimate accu-
rately levels of corpora allata activity in honey bees.
Similar results have been obtained for other insect
species (see Tobe and Pratt, 1975). For example, the
volume of a corpus allatum in the wasp Polistes
gallicus was correlated with juvenile hormone bio-
synthesis in females undergoing egg maturation, but
not in overwintering or parasitized females (Roseler
et al., 1980).

Our results reveal two intriguing differences in
parameters of juvenile hormone biosynthesis between
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nurse bees and foragers, aside from the large differ-
ences in rates. Rates of juvenile hormone biosynihesis
apparently reached maximal levels in nurse bees at
a concentration <10 uM methionine, but increased
steadily in foragers up to a concentration of 100 uM.
This difference may reflect differences between nurse

hone amd faracare in trananart Af mathianina inta tha
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corpora allata and/or differences in the formation
of S-adenosyl methionine. Insect species show a
wide range of optimal L-methionine concentrations
for juvenile hormone biosynthesis, from as low as
5uM in termites (Greenberg and Tobe, 1985) to
200-300 M in locusts (Tobe and Pratt, 1974).

The second difference between nurse bees and
foragers is that the rate of juveniie hormone biosyn-
thesis, when stimulated with farnesoic acid, is much
lower for nurse bees than for foragers. This suggests
that there also may be differences between nurse bees
and foragers in the activity of some rate-limiting
enzyme(s) prior to the formation of farnesoic acid
(see Tobe and Stay, 1985). For both nurse bees and
foragers, the degree of stimulation by farnesoic acid
we observed (three times the spontaneous rate) is near
the lower end of the range reported for other species

1 210 timac the enantananiic rate {cea Taohe and
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Stay, 1985)]. Relatively low stimulation by farnesoic
acid in our results suggests that corpora allata were
maintained in relatively optimal conditions for juven-
ile hormone biosynthesis in our experiments (Tobe
and Stay, 1985). Alternatively, low stimulation by
farnesoic acid may be a consequence of the inacti-
vation or saturation of o-methyl transferase, the
enzyme responsible for formation of methyi farne-
soate from farnesoic acid, as in last instar Diploptera
(Yagi et al., in press).

Our results also suggest one difference in juvenile
hormone biosynthesis between honey bees and other
speam \,Grpora allata from uOi‘u‘:‘y‘ bees appareﬁuy
do not use acetate as a substrate for juvenile hormone
biosynthesis, in contrast to all other insects studied to
date (see Tobe and Stay, 1985). Incorporation of

[**Clacetate and [*H]methionine into adult bee cor-
pora allata did not exhibit the e pvnpr\tpd 9:1 ‘4f‘ 3”
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incorporation ratio. Corpora allata from honey bee
larvae also fail to show the expected ratio (Rachinsky
A. and Tobe S. S., unpublished results). Alterna-
tively, perhaps corpora allata from honey bees do
use acetate as a substrate for juvenile hormone
biosynthesis, but the sucrose present in the incu-
bation medium may have been broken down to
simple sugars and used as a carbon source instead
of acetate.

The strong correlation between juvenile hormone
biosynthesis and titre for nurse bees and foragers
indicates that changes in biosynthetic rates appear

to accuratelvy presage r-hqngpe in haemolvmnh titres
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that have been determined to mediate behavioural
ontogeny in worker honey bees (Robinson er al.,
1989, unpublished). The radiochemical assay of
Jjuvenile hormone biosynthesis provides a reliable and

G HUANG et al.

sensitive method for the study of hormonal regu-
lation of honey bee behavioural developmeni. It is
possible to measure rates of juvenile hormone biosyn-
thesis in individual bees, whereas measurements of
juvenile hormone titres (Robinson et al., 1987, 1989)
require pooled samples from at least several individ-

nale Tha ahility ta masenrs ratas af invanile harmane
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biosynthesis for individual bees will increase the
precision of studies relating juvenile hormone and
behaviour.
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