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Summary — Evidence suggests the existence of a signal from honey bee brood which activates
the protein synthesis of hypopharyngeal glands of nurse honey bees. An in vitro bioassay, modified
from Brouwers (1982), was used to measure protein synthesis in glands from bees reared under dif-
ferent treatments. By using colonies divided into brood-right and broodless portions with single or
double screens, it was found that the signal can only be obtained by worker bees if they have direct
access to the brood. Alternative hypotheses, such as the signal being a highly volatile chemical, or a
stimulus transferable through antennal signaling or through trophallaxis, were ruled out by the exper-
imental design. Regression analysis showed that there was a quadratic relationship between total
protein content and synthetic activity of hypopharyngeal glands, which indicated that both undevel-
oped and hypertrophied glands were less actively synthesizing protein than those glands of interme-
diate sizes.

Apis mellifera — hypopharyngeal gland — protein synthesis — brood

INTRODUCTION vae are fed by nurse bees 5 to 20 days-
old with fully developed HP glands which

show high rates of protein synthesis

Larvae of the honey bee (Apis mellifera L.)
depend completely on adult worker bees
for their food. An important component of
the larval food is a proteinaceous secretion
of the hypopharyngeal (HP) glands (Jung-
Hoffmann, 1966). During summer, the lar-

(Brouwers, 1982). In winter, when there is
no brood in the colony, the glands are ful-
ly developed (hypertrophied), yet demon-
strate low rates of protein synthesis. How-
ever, when the queen starts laying in the
spring, or when brood is introduced artifi-
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cially, protein synthesis of HP glands is ac-
tivated and increases to a maximum within
3 days (Brouwers, 1982, 1983).

The activation of HP glands appears to
be a complicated process. Juvenile hor-
mone (JH) has been shown to control the
development of this gland (Rutz et al,
1976; Fluri et al., 1982). Buhler et al.
(1983) indicated that the higher tempera-
ture and carbon dioxide concentration as-
sociated with brood rearing could induce a
pronounced increase in JH titre. It was
possible that the increased JH titre could
in turn activate protein synthesis in the HP
glands. However, JH alone does not stim-
ulate protein synthesis in winter bees (with
well-developed HP glands) in absence of
the brood (Brouwers, 1983). Accordingly,
even though JH may be controlling the de-
velopment of the HP glands, the devel-
oped glands are not necessarily actively
synthesizing protein. It was shown that
winter bees, although with hypertrophied
HP glands, show a low rate of protein syn-
thesis (Brouwers, 1982); as do broodless
bees in summer (Brouwers, 1982; Huang
& Otis, 1989). Huang (1988) hypothesized
that once the HP glands are well devel-
oped, possibly under the control of a rising
titre of JH, further production (or injection)
of JH would actually inhibit its develop-
ment. Furthermore, a signal(s) from the
brood appears to exist which initiates and
maintains the protein synthesizing process
in those already developed HP glands.
The study reported here is part of a series
of experiments carried out to investigate
the properties and mode of action of the
signal (Huang, 1988; Huang & Otis, 1989).
For simplification, “signal” will be used
throughout this paper, but it does not ex-
clude the possibility that there may in fact
be several signals acting in concert.

By using colonies divided into brood-
right and broodless portions with either
single or double-screens (Fig. 1A), and
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comparing the in vitro activity of the HP
glands of bees from the different colony
treatments, this study was conducted to
test if the signal from the brood fits one of
three alternative hypotheses concerning its
nature (Fig. 1B).

Determination of the total protein con-
tent for each pair of glands was used as
estimates of their sizes. Although the pro-
tein content of glands does not strictly
measure gland size, there is apparently a
positive relationship between the two (see
Fig. 2 of Brouwers, 1982). f there was a
correlation between gland size and rates of
protein synthesis, treatment effects could
be adjusted accordingly.

MATERIALS AND METHODS

Experiments were carried out between May and
August, 1984. Honey bees used throughout the
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Fig. 1. Hive designs used to investigate the na-
ture of the brood signal (A); and the three mutual-
ly exclusive hypotheses about the signal corres-
ponding to three possible results (B).

C: completely broodless control; S: Hive separ-
ated by a single wire screen. D : Hive separated
by a double-screen “0” : broodless, “1” : brood-
right.
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experiment were a mixture of European bee rac-
es (Apis mellifera L.), from the Apiculture Field
Laboratory, University of Guelph.

Hive design

A piece of 8-mm thick plywood cut in the shape
of a Langstroth frame (46.0 cm x 26.5 cm) was
used to divide a single standard Langstroth hive
into two parts. A rectangular hole (37.5 x 19 cm)
was cut in the center of the board and covered,
either with a single wire screen (aperture size 3
x 3 mm) on one side of the divider (single
screen), or a screen on each side of the divider
(double screen). Trophallaxis across the double
screen was deemed impossible, as the longest
proboscis of bees (in race A. m. caucasica) is
reported to be 7.2 mm (Ruttner, 1975). The sin-
gle-screen or double-screen divider board was
inserted into the hive 24 cm from one wall and
13 cm from the other (Fig. 1A), such that one
side contained 6 frames and the other 3 frames.
Therefore, each single hive body housed a colo-
ny divided into two isolated portions, each pro-
vided with an entrance. Five replicates of the fol-
lowing three designs were used for the
experiment.

Single-screen hive (S in Fig. 1)

A standard Langstroth hive was separated by a
single-screen board, one side with a queen and
6 frames (with 3 brood combs), the other having
3 frames with honey and pollen, but lacking a
queen and brood. This design would aliow high-
ly volatile chemicals from brood to pass to the
broodless side. Additionally, bees could commu-
nicate behaviourally and/or chemically across
the screen through either antennation or trophal-
laxis.

Double-screen hive (D in Fig. 1)

This was similar to the single-screen hive except
that the hive was separated by a double-screen
board. Highly volatile chemicals could pass to

the broodless portion of the hive, but physical
contact between bees in the two portions of the
hive was not possible.

Control hive (C in Fig. 1)

Similar to single-screen hive, except that the
queen was caged in the 6-frame side, while no
bees were put in the 3-frame side; furthermore,
the divider board between the two was solid
without a steel-screen. This design created com-
pletely broodless hives.

All the colonies were checked frequently to
be certain they had adequate supplies of pollen
and honey. If either were present in only small
amounts, pollen or honey combs were provided
immediately. Capped brood was removed from
brood-right sides of single- or double-screened
hives if they became too crowded. However, all
brood-right sides of colonies always had some
capped brood present.

For simplification, S, D, C will be used
throughout the following text to represent hive
types; 0 and 1 will be used respectively to indi-
cate the absence and presence of brood. Thus,
the three hive designs mentioned above include
five treatments as shown in Figure 1A.

Bee introduction and sampling

Newly emerged bees from one of two source
hives were colour-marked with Testor's paint
and introduced to S, D and C hives. Different
colours were used for different hives as well as
different hive portions of the same hive. The
marked bees were subsequently sampled on
the 8th day after introduction. Some drifting oc-
curred, but only bees which remained in the part
of the hive to which they were originally intro-
duced were sampled. The sampled bees were
immediately used for the following bioassays.

Measurement of HP gland activity and
protein determination

HP glands were removed from unanesthetized
workers in cold Apis-saline (Brouwers, 1982).
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Pairs of intact glands from an individual bee
were then put into disposable micro-centrifuge
tubes containing 0.2 ml of a simplified medium
(Apis-saline plus 0.2% Ficoll 70) and pre-
incubated in a shaking water bath at 34 °C for
1 h. After this, 0.2 ml of medium containing 0.5
uCi [U-14C] L-eucine (335 mCi/mMol, New
England Nuclear) was added to each tube.
Since a preliminary experiment showed a linear
relationship between incubation time and leu-
cine incorporation during the first 3 h, glands
were incubated for a further 3 h. Active incorpo-
ration of the leucine into HP glands for protein
synthesis could occur during this period. This
uptake of leucine was terminated by adding 0.5
ml cold 20% trichloroacetic acid (TCA). The mi-
cro-centrifuge tubes were placed in a sonicator
(maximum intensity for 15 m) to disrupt the
gland cells. These preparations were then
stored for at least 1 h at 4 °C to facilitate protein
precipitation. The TCA-precipitated protein was
filtered out with 1.5 cm-diameter glass micro fi-
ber filters (Whatman G/A), washed with 7%
TCA, and dried with 100% ethanol. The filters,
together with the filtered insoluble protein, were
then put into scintillation vials, to which 0.5 ml
1N NaOH had been added. After at least 1, the
digested protein solution was shaken, and 0.2
ml was withdrawn for protein determination. Ra-
dioactivity (disintegrations per minute : DPM) in
the remaining 0.3 ml of digested protein solution
was determined with a Packard Scintillation
Counter (Tricarb 460C) with a counting efficien-
cy of 92-95% for 14C.

The protein content was determined for each
sample using Hartree's (1972) modified Lowry
method. The results were expressed as micro-
gram equivalents to Bovine Serum Albumin.

Statistical analysis

Values in the results section are means of the
6-12 bees (mean = 8.6; total n = 215) sampled
from each replicate (n = 5) within each experi-
mental unit or hive treatment (C0, S0, S1, DO
and D1 in Table 1), except in the regression and
correlation analyses where the individual bee
data were used.

Residual analysis indicated that the original
DPM/bee data were not normally distributed.
The standard errors were found to be propor-
tional to the means of DPM/bee. Consequently,
data were transformed by taking the natural log-
arithm of DPM to stabilize the variance. Be-
cause the broodless and brood-right sides were
housed in the same hive body, the four ireat-
ments (excluding control hive) constitutes a
split-plot design. Consequently, the data were
first analyzed as a split-plot design; data from
hive C were not used. The data were then ana-
lyzed as a one-way ANOVA with 5 treatments to
include comparisons to the control treatment.
Regression analysis was also carried out to in-
vestigate the relationship between the gland
size and amount of protein synthesized.

All statistical analysis were performed using
the Statistical Analysis System (SAS version
5.16 ETS, 1985) accessed through the main-
frame computer (IBM 4381-3, VM/SP 4.11) at
the University of Guelph.

RESULTS

Results of the ANOVA utilizing a split-
plot design

The means and their 95% confidence inter-
vals of HP-gland activity and protein con-
tent are presented in Table I. A two-way
ANOVA showed that the single- or double-
screen design did not cause any significant
difference in HP-gland activity (MS=0.1,
F,g=0.41, P=0.54). This indicated that the
two whole-plot treatments were equal (i.e.,
S0 + S1=D0 + D1); in other words type of
screens (single or double) did not have
any effect on HP-gland activity. The pres-
ence or absence of brood had a very sig-
nificant effect (MS=4.57, F,4=64.77,
P=0.0001) upon the HP-gland activity; that
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is, when single- and double-screen hives
are considered together, bees from brood-
right sides generally had higher HP-gland
activity than those from broodless sides
(i.e, D1 + S1 < DO + S0).

No significant interaction between
screen and brood was detected (MS =
0.01, F, 4+0.13, P=0.73). The lack of inter-
action can be interpreted as follows : both
brood-right and broodless sides showed
no difference with regard to different
screens (S0=DO, S1=D1); similarly, for
both single- and double-screen hives, the
difference between brood-right and brood-
less sides is also maintained (S1 > SO, D1
> DO0). Therefore, the brood-right side had
a higher HP-gland activity in both single-
and double-screen hives.

When the protein content was subjected
to a similar analysis, an F test showed no
overall significance (MS=5614.70, F,,¢=
1.92, P=0.182). In other words, neither the
screen type nor the presence/absence of
brood caused any significant difference in
the protein contents of the tested bees.

Results of the one-way ANOVA

From the above analysis, we have not as
yet established whether the broodless
treatments (DO, SO) are different from the
control (CO) or not. Thus the control, to-
gether with the other four treatments (SO,
DO, S1 and D1) were subjected to a one-
way ANOVA. The F test showed a signifi-
cant effect among treatments for both vari-
ables (For HP gland-activity: Fj5,=8.90,
P=0.0003; for protein content : F, 54=3.02,
P=0.042). Subsequently, planned con-
trasts were constructed comparing the
broodless control over other treatments
(Table ll). It is clear that for HP-gland activ-
ity, the completely broodless control (CO)
is the same as the broodless sides (SO
and DO), but different from the broodright
sections (S1 and D1). However, the pro-
tein content of the broodless control is sig-
nificantly higher than either the broodless
or brood-right sections (Tables | and Ii).

Table 1. HP-gland activity and glandular protein content of bees separated from brood by various me-

thods.

Treatment” Hives In(DPM)/Bee Protein (ug)/bee
tested (mean + 95%Cl) (mean + 95%CI)

Cco 5 584 + 028 34084 + 8575

SO 5 535 £ 039 20747 + 99.08

DO 5 557 £ 0.36 21738 + 85.86

S1 5 637 = 031 229.06 + 93.25

D1 5 638 + 033 256.64 + 6296

." Legends for treatments : CO : complete broodless control; SO : broodless portion of single-screen hive; S1 : brood-
right portion of single-scree hive; DO :broodiess portion of double-screen hive; D1: brood-right portion of double-

scree hive.
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Regression of DPM/bee vs protein/bee

A quadratic relation between these two
variables was observed (F;g5=34.69,
P=0.0001; Figure 2). Even though this
overall regression was significant, this was
not the case for within-treatment regres-
sion. Therefore, covariance analysis, origi-
nally planned to remove variation in DPM/
bee caused by the covariable protein con-
tent/bee, could not be carried out.

DISCUSSION

Our results have shown that brood had a
significant effect on the HP-gland activity.
The fact that only worker bees in the
brood-right sides of hives had elevated
rates of protein synthesis indicates that
there is indeed a signal emitted by the
brood that activates protein synthesis of
HP glands, as suggested by Brouwers
(1983). This signal cannot be a highly vol-
atile chemical; otherwise, bees in the
broodless sides of both S and D hives
would have had their HP glands activated.

Z-Y. Huang et al.
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EQUATION : Y=5.382+0. 0064X-0.0000093X%

(WITH 95% CONFIDENCE LIMITS)
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Fig. 2. Scatter diagram of HP-gland activity (in
DPM per bee) against gland size (microgram of
protein content per bee). The quadratic equation
was fitted with a R-square of 0.27, df = 2,185, P =
0.0001.

Furthermore, the possibility that the signal
is either a chemical of low or no volatility,
but transferable through trophallaxis or a
behavioural signal (e.g., antennal con-

Tabile Il. Planned Contrasts Between Various Treatments.

Contrast Coefficients Sum of F Pr.
co So Do St Dt Squares Value
Gland Activity :
Control vs brood -2 0 0 1 1 1.11 8.9 <0.01
Control vsnobrood -2 1 1 0 0 0.48 3.8 ns
Protein content :
Control vs brood -2 0 0 1 1 54970.7 11.4 <0.01
Control vsnobrood -2 1 1 0 0 31033.1 6.4 <0.05
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tact), can also be ruled out. This is evident
because bees from the broodless side of S
hives, which could make food exchange
and mutual antennation with bees from the
brood-right side, did not show elevated
HP-gland activity compared with the brood-
less bees from D hives or C hives. Thus, it
can be concluded that adult bees must
contact the brood directly in order to have
their HP glands activated.

There is always the possibility that not
“enough” volatile chemical was passed, or
that not “enough” trophallaxis occurred, in
the single-screen hives to convey the sig-
nal. However, the asymmetrical design of
the hives, with six frames on the brood-
right side and only three frames on the
broodless side, was adopted in order to
prevent this type of effect. It was also ob-
served that significantly more bees stayed
on the single-screen than on the double-
screens, and many of them were observed
engaging in mutual antennation and tro-
phallaxis across the single scree. The fail-
ure to detect any brood effect when separ-
ated from the screens could also be
attributable to the insufficient number of
samples. However, in this case, one
should not have found the HP-gland activi-
ty from broodless sides of D and S hives to
be slightly lower than from bees in control
C. Therefore, it is believed that enough
samples were taken to detect any brood
effect.

Some similar studies have been con-
ducted previously to investigate other pos-
sible brood signals. Jay (1972), using a
similar single and double-screen method,
suggested there was a volatile brood (or
brood-related) scent which acted to inhibit
ovarian development in worker bees.
When investigating the signal which pro-
motes pollen collection by honey bee for-
agers, Free (1967) put single- or double-
walled wire-gauze cages containing brood
and nurse bees into test colonies. He

showed that foragers excluded from brood
by double-walled cages coliected less pol-
len than those excluded from brood by sin-
gle-walled cages, but that they collected
more than those with both brood and
brood odour absent. Therefore, the stimu-
lus for pollen collection could be transmit-
ted across a double screen, indicating the
presence of a volatile component. It seems
that the signal being investigated here is
neither the pheromone(s) nor factor(s) in-
vestigated in the above studies, since the
signal being investigated requires direct
contact.

Koeniger and Veith (1983) identified a
contact brood pheromone (glyceryl-1,2-
dioleate-3-palmitate) which induces warm-
ing behaviour by adult workers. The phero-
mone may also be important as a general
signal indicating the existence of brood
(Koeniger & Veith, 1984). While this phero-
mone could be used as a signal for HP
gland activation, it is unlikely for two rea-
sons. First, while the pupal stage was
found to contain the pheromone compo-
nent (Koeniger & Veith, 1983), it was inef-
fective in inducing HP gland protein pro-
duction (Huang & Otis, in press). And
second, olive oil, which was reported to
have similar effects as synthesized phero-
mone (Koeniger & Veith, 1983), also failed
to activate HP glands (Huang, 1988).

The fact that HP-gland activation re-
quires direct access of worker bees to
brood does not necessarily mean that a
surface pheromone is involved. Indeed,
there could be a pheromone with a small
active space from the brood, but physical
properties of the cubicle or even a behavi-
oural signal from the brood are other alter-
natives. Further experiments are required
in order to decide which of these factors is
operating.

All broodiess bees (bees from CO0, SO
and DO) had comparable low HP-gland ac-
tivity, yet bees from completely broodless
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hives (CO) had significantly higher protein
contents than either broodless bees separ-
ated from brood (SO, DO) or brood-right
bees (81, D1). Therefore, it appears that
some factor from the brood was influenc-
ing the development of the glands, but not
the ability of the gland to synthesize pro-
tein; and also this factor could travel
through both kinds of screen. In addition, it
is of interest to note that this factor actually
inhibited rather than stimulated HP-gland
development. It is therefore quite clear that
the brood factor influencing the gland de-
velopment is different from the one affect-
ing the activation of protein synthesis.

While Brouwers (1982) reported that
there was no “apparent correlation” be-
tween the gland size and gland activity, a
significant quadratic relationship was
found in our study between the two vari-
ables. This could be due to the larger sam-
ple sizes or different experimental condi-
tions used in this study. The curvilinear
relationship found is consistent with obser-
vations that undeveloped glands (small-
sized glands) have lower gland activity
(Huang, unpublished data), and that hy-
pertrophied glands (large-sized glands)
also have lower gland activity because
they are usually associated with broodless
conditions (Brouwers, 1982). Thus, medi-
um-sized glands are more likely to be ac-
tive and associated with brood rearing. It is
possible that when brood is absent, the
protein secretion is “un-used” and inhibits
further secretion (i.e. synthesis) by a nega-
tive feedback mechanism, as suggested
by Huang (1988). Since the relationship
between the gland size and activity is not
straightforward, using the morphology and/
or size of the gland as measures for esti-
mating the gland activity (Hassanein,
1952; Maurizio, 1954) may not be ade-
quate.
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Résumé — Nature du signal, émis par le
couvain, activant la synthése des pro-
téines dans les glandes hypopharyn-
giennes de ['abeille, Apis mellifica L.
(Hym. Apidae). Les données suggérent
I'existence d'un signal émis par le couvain
de I'abeille, qui active la synthése des pro-
téines dans les glandes hypopharyn-
giennes (HP) des abeilles nourrices. On a
étudié la nature du signal en mesurant l'ac-
tivité de synthése protéique dans les
glandes d'abeilles séparées du couvain de
diverses facons. L'activité glandulaire a été
mesurée par la méthode in vivo de Brou-
wers (1982) modifiée.

On a utilisé 3 structures différentes de
ruche (Fig. 1A) : une ruche totalement dé-
pourvue de couvain et des ruches avec
une partie sans couvain, séparée du cou-
vain, soit par un grillage simple, soit par un
grillage double. Les 3 résultats possibles
correspondent chacun & l'une des 3 hypo-
theses s'excluant mutuellement : le signal
est:

— un composé chimique volatil,

— un stimulus transmissible par la commu-
nication par antennes ou par trophallaxie,
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— recevable seulement par le contact di-
rect avec le couvain (Fig. 1B).

Alors que l'existence de grillage a l'inté-
rieur de la ruche n'a eu aucune influence
sur l'activité des glandes HP, la présence
ou l'absence de couvain a induit une diffé-
rence significative (Tableau ). Une ‘ana-
lyse plus poussée a montré que les por-
tions sans couvain, qu'elles soient
séparées du couvain par un grillage simple
ou double, avaient une activité glandulaire
HP aussi faible que le témoin totalement
dépourvu de couvain. Par contre, dans les
deux types de ruches avec grillage, les
portions avec couvain avaient une activité
glandulaire HP significativement plus éle-
vée (Tableau Il). On en conclut que les ou-
vriéres ne peuvent recevoir le signal que si
elles ont un contact direct avec le couvain.

L'analyse de la régression a montré qu'il
y avait une relation quadratique entre la te-
neur totale en protéines et I'activité glandu-
laire HP (Fig. 2), ce qui indique que les
glandes sous-développées comme les
glandes hypertrophiées sont moins sus-
ceptibles de synthétiser des protéines que
les glandes de taille intermédiaire.

Apis mellifica — glande hypopharyn-
gienne — synthése protéique — cou-
vain

Zusammentfassung — Art des Brutsi-
gnals fiir die Aktivierung der Protein-
synthese in den Hypopharynxdriisen
der Honigbiene. Es liegen Beweise fir die
Existenz eines von der Bienenbrut ausge-
henden Signals vor, das die Proteinsyn-
these in den Hypopharynxdriisen (HP) der
Pflegebienen aktiviert. Die Art dieses Sig-
nals wurde in dieser Studie durch Mes-
sung der Proteinsynthese-Aktivitat in
Drisen von Bienen gemessen, die in vers-
chiedener Weise von Brut getrennt wur-

den. Die Drisenaktivitidt wurde nach einer
abgeanderten in vivo Methode nach
Brouwers (1982) gemessen.

In diesem Experiment wurden drei ver-
schiedene Situationen des Bienenvolkes
verglichen (Fig. 1A) : Ein génzlich brutlo-
ses Volk und Vélker mit einem brutlosen
Abteil, das von der Brut entweder durch
ein einfaches Gitter oder durch ein Doppel-
gitter getrennt war. Von den drei
moglichen Resultaten wirde jedes fir sich
eindeutig je einer der drei méglichen, sich
gegenseitig ausschlieBenden Hypothesen
entsprechen : 1) ein sehr fliichtiges che-
misches Signal, 2) ein Signal Ubermittelt
durch Antennenkontakt oder durch Tro-
phallaxis (Futteraustausch) zwischen adul-
ten Bienen, oder 3) ein Signal, das nur
durch direkten Kontakt mit der Brut weiter-
gegeben wird (Fig. 1B).

Wabhrend alle Typen mit Gittern keinen
EinfluB auf die HP-Aktivitat zeigten, verur-
sachten Fehlen oder Vorhandensein von
Brut signifikante Unterschiede (Tabelle i).
Weitere Analysen zeigten, daB alle brutlo-
sen Abteile, gleichglltig ob durch einfache
oder Doppelgitter von der Brut getrennt,
dieselbe niedrige HP-Aktivitat zeigten wie
die vollig brutiosen Kontrollen; die Abteile
mit Brut in beiden mit Gittern versehenen
Volkstypen hatten dagegen signifikant
hdhere HP-Driisenaktivititen (Tabelle ).
Es wird daraus geschlossen, daB die Ar-
beiterinnen das Signal nur erhalten, wenn
sie direkten Zugang zur Brut haben.

Regressionsanalysen  zeigten eine
quadratische Beziehung zwischen Ge-
samtproteingehalt und HP-Drisenaktivitét
(Fig. 2). Das weist darauf hin, daB sowohl
unentwickelte und hypertrophierte Drisen
weniger wahrscheinlich Protein aufbauen
als Driisen von mittlerer GroBe.

Honigblene — Hypopharynxdrise —
Proteinsynthese — Brut
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