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Mushroom bodies (MBs), which are
thought to represent centres of multi-
modal processing and integration in
arthropod brains, are most evolved in
social Hymenoptera. Experimental
evidence suggests that they are in-
volved in learning and the formation
and storage of memory. In the honey
bee (Apis mellifera) the MBs undergo
an internal structural reorganisation
associated with behavioural develop-
ment. We here show that the expres-
sion of a recently discovered, highly
conserved royal jelly protein (RJP-3)
is concentrated in a defined popula-
tion of the Kenyon cells (intrinsic
neurons) in honey bee MB. Thus, in
addition to their poorly understood
role via the digestive system, RJPs
may have a novel, previously unsus-
pected function in the brain. The re-
stricted distribution of RJP-3 message
within the MBs supports the view that
the Kenyon cells, despite their iso-
morphic appearance, are divided into
functionally distinct sub-compart-
ments.

In arthropods, phylogenetically con-
served brain centres, known as mu-
shroom bodies (MBs), have been im-
plicated in higher sensory integration
and other complex brain functions
and are thought to correspond func-
tionally to a vertebrate centre of
learning, the hippocampus (Davis and
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Han 1996; Strausfeld et al. 1995).
These symmetrically paired neuropils,
two on each side of the brain, are
highly ordered and are connected by
neuronal pathways, both afferent and
efferent, to other neuropils of the
central nervous system (Withers et al.
1993; Fahrbach and Robinson 1995;
Rybak and Menzel 1993; Ito et al.
1997). Experimental evidence sug-
gests that the fundamental computa-
tional properties of MBs are provided
by their intrinsic neurons, known as
Kenyon cells, that range in numbers
from 5000 in Drosophila to approxi-
mately 350-400,000 in the honey bee,
Apis mellifera, and the cockroach,
Periplaneta americana (Yang et al.
1995; Davis and Han 1996). Kenyon
cell dendrites are localised within the
calyces that form cup-like structures
densely packed with cell bodies. Be-
neath each calyx the Kenyon cell ax-
ons project into the bipartite pedun-
culus (Rybak and Menzel 1993). Con-
trary to some ideas portraying Ke-
nyon cells as isomorphic arrays of
functionally equivalent intrinsic neu-
rons (Laurent and Davidowitz 1994),
a growing body of evidence suggests
that MBs are not entirely isomorphic
(Menzel et al. 1994; Yang et al. 1995).
In particular, recent studies in Droso-
phila revealed a previously unsus-
pected structural complexity within
the MBs, each of which appears to be
subdivided longitudinally into con-
centric rings (Yang et al. 1995).

MBs are particularly well developed
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in social hymenopteran insects, such
as the honey bee. Anatomical studies
have shown that MBs in the honey
bee undergo striking structural altera-
tions that may be correlated with be-
havioural maturation, specifically
with the transition from within-hive
to foraging tasks (Withers et al. 1993;
Fahrbach and Robinson 1995). The
most notable is an increase in the vol-
ume of the neuropil of the MBs in
foraging bees. Some authors empha-
sise that both age and experience are
important factors in the structural de-
velopment of different sub-compart-
ments of MBs (Durst et al. 1994). A
link between the changes of the neu-
ropil volume of MBs and orientation
flights (learning the location of the
nest, or place memory) has also been
proposed (Fahrbach and Robinson
1995). Since there is no evidence for
neurogenesis in the adult bee brain
(Fahrbach et al. 1995), volumetric re-
modelling of the MB neuropile is con-
sistent with the addition of new syn-
apses (Withers et al. 1993; Fahrbach
and Robinson 1995).

We were curious to determine wheth-
er molecular signals that link behav-
ioural development with the anatomi-
cal remodelling of MBs could be de-
tected by comparing patterns of gene
expression in brains of bees repre-
senting various developmental stages
such as young, newly emerged indi-
viduals, and adult foragers. We have
employed the differential-display re-
verse transcriptase— polymerase chain
reaction (DD-RT-PCR) technology
(Liang and Pardee 1992) to visualise
gene expression in the bee brain. DD-
RT-PCR is a gel-based approach that
combines parallel analysis of many
samples with the sensitivity of PCR
and is best described as an mRNA
finger-printing technique that allows
for an identification of differentially
expressed genes by comparative dis-
play of arbitrarily amplified cDNA
subsets.

Here we report that one of the differ-
entially expressed MB transcripts en-
codes a recently described royal jelly
protein (RJP). This clone, referred to
as RJP-3, encodes a 432 amino acid
polypeptide that is almost identical
(see legend to Fig. 1) to a recently re-
ported 56-kDa protein expressed in
the hypopharyngeal gland of the
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Fig. 1. Alignment of the predicted polypeptides of the honey bee RJPs and the yellow protein
from Drosophila. Black boxes, identical amino acids in at least three sequences; grey boxes,
conservative changes. The most likely cleavage sites for signal peptides are: RJP-1:21/22 (TSA-
AV), RJP-2:20/21 (IRG-GV), RJP-3:19/20 (TTG-NI) and yellow protein: 21/22 (SWA-AY).
Note: the RJP-3 sequence used in this alignment represents a conceptual translation of our own
clone, and it differs in position 9 from the published one (C instead of R). The alignment was
generated with CLUSTAL W (Thompson et al. 1994). Database searches were performed at
the National Center for Biotechnology Information using the BLAST server. The presence of
signal peptides and the most likely cleavage sites were predicted with SignalP VLI (Nielsen et
al. 1997). Other bioinformatics and molecular methods are described elsewhere (Maleszka and
Stange 1997; Kucharski and Maleszka 1998). GenBank accession numbers are: RJP-1:726318;
RIJP-2:726319; RIP-3:D79207, yellow protein: P09957

worker bee (Ohashi et al. 1997; Gen-
Bank, D79207). RJP-3 shows a high
level of identity to the previously
published major RJPs, RJP-1 and
RIJP-2 (63% and 56% identity, re-
spectively; Fig. 1). Thus, these three
proteins are clearly paralogs and be-
long to a multiple protein family that
evolved by gene duplication. RJP-3
also exhibits 28% amino acid identity
with the Drosophila yellow protein
(Fig. 1). Although the yellow protein
may represent a structural ortholog of
RIJPs, its involvement in cuticle pig-
mentation (Geyer et al. 1986, Korne-
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zos and Chia 1992) implies a distinct
function. Hence, RJPs may be unique
to Hymenoptera.

All RJP paralogs have a predicted N-
terminal signal peptide (Fig. 1), indi-
cating that these proteins are se-
creted. In addition, RJPs contain con-
sensus target sites for N-glyocosyla-
tion, as well as consensus phosphory-
lation sites recognised by protein ki-
nase C, Ca-calmodulin dependent
protein kinase II and tyrosine-protein
kinase (Klaudiny et al. 1994). South-
ern blots indicate that in addition to
the three already sequenced genes

encoding RJ proteins the honey bee
genome contains other, unknown
RJP-related genes that are likely to
encode proteins belonging to the
royal jelly family (not shown). Devel-
opmental northern blots spanning the
interval from late pupae to older fo-
ragers show that RJP-3 transcription
begins shortly after emergence, and
reaches a high level approximately
48 h later (Fig. 2A). The elevated lev-
el of RJP-3 expression continues for
at least 2-3 weeks, and the message is
still detectable in bees 22 days old
(Fig. 2B).

All RJP transcripts are abundant in
the cephalic, hypopharyngeal gland
(Ohashi et al. 1997, Kucharski and
Maleszka unpublished), but the RJP-
3 transcript is also detectable in the
brain. In order to corroborate our
northern blots and PCR results we
have investigated the pattern of RJP-
3 expression in the brain by using in
situ hybridisation. The distribution of
RJP-3 mRNA in the mushroom bod-
ies, shown in Fig. 3, not only confirms
its presence in the brain but also re-
veals that the expression of the RJP-3
message is concentrated in a defined
population of Kenyon cells (intrinsic
neurons of MBs). This result suggests
a novel, previously unsuspected brain
function for the RJP(s).

The RIJPs are components of the
mandibular secretion of worker bees
that is used to feed the larvae. The
food of the larval queen, the so-called
royal jelly, is believed to act as a pha-
gostimulant which triggers a neuroen-
docrine cascade resulting in queen
development (Moritz and Southwick
1992). However, little is known about
the mode of action of royal jelly, in
particular the functional significance
of the various RJP paralogs. Unlike
stingless bees (Meliponinae) which
utilise two genetic loci to determine
the development of queens, honey-
bees (Apinae) can rear queens from
any female larva by feeding it exclu-
sively with royal jelly (Moritz and
Southwick 1992). The honeybee
queens are not only morphologically
and anatomically distinct but also live
20-30 times longer than workers or
drones. It is generally accepted that
large quantities of royal jelly con-
sumed by the larval queen accelerate
feeding and/or metabolic rates and
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Fig. 2a,b. Northern blot hybridisation, generated using Imagequant software on a Molecular
Dynamics PhosphorImager, showing expression of RJP-3 message in the heads of honey bees
of various ages. a) Illustration of the pattern of expression in late pupae and in newly emerged
bees. b) Later stages of expression during adult life. The amount of RNA loaded per lane in a)
and b) corresponds to 3 and 1 heads, respectively. To standardise the amount of RNA loaded
per lane all samples were stained with the RNA dye, SybrGreen II (FMC Bioproducts) and
quantified with a Vistra FluorImager SI. We estimate the loading accuracy to be 10-15%. RNA
ladder from NEN BioLabs was used as a size marker. Other experimental details are described
by Kucharski and Maleszka (1998)

Fig. 3a,b. In situ hybridisation (Broadus and Doe 1995) with an anti-sense riboprobe corre-
sponding to the 3’ region of the RJP-3 message reveals that the transcript is localised within the
brain of worker bees. a) Thick section of the medial portion of a bee brain reveals message in
the Kenyon cells within and surrounding the mushroom bodies (black arrows). o.l., Lateral
position of the optic lobes; white arrow, vertical midline of b). b) Differential distribution of the
message within the mushroom body. White dots, limits of the Kenyon cells. Lateral Kenyon
cells contain little message (black arrows), while medial Kenyon cells contain high levels. Thick
freehand sections were cut of the brains of 15 bees (three bees per probe, two anti-sense probes
and three sense controls) which were then treated as whole mount in situ preparations
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lead to the induction of midgut recep-
tors. These receptors are thought to
stimulate the corpora allata-mediated
secretion of juvenile hormone, a ma-
jor factor controlling the queen’s de-
velopment (Robinson and Vargo
1997). This cascade leads to the syn-
thesis of largely unknown, “queen-
specific” proteins (Winston 1987, and
references therein).

Our results indicate a possible dual
role for RJPs. In addition to their
poorly understood role via the diges-
tive system the expression of RJP-3 in
a sub-population of Kenyon cells
leads to the suggestion that RJP-3
may have a role in the central brain.
One alternative is that RJPs regulate
the experience- and/or age-related
structural plasticity of the MB in con-
junction with, or under the control of,
juvenile hormone, which has been im-
plicated as an organiser of the MB
(Fahrbach and Robinson 1995, 1996;
Robinson and Vargo 1997). It is con-
ceivable that RJP in the brain is part
of a complex regulatory network that
combines inputs from a number of
body compartments.

The sharp cut-off of RJP-3 message
corresponding to the straight line of
cells along the axis of the large white
arrow in Fig. 3 appears to indicate a
physical or developmental compart-
ment within the MB. Thus, our find-
ing is consistent with the model for
MB function recently proposed in
Drosophila whereby parallel sub-
compartments exhibit discrete pat-
terns of gene expression (de Belle
1995; Yang et al. 1995) rather than
being isomorphic arrays of functional-
ly equivalent Kenyon cells. Recent
studies in Drosophila have shown
that genes whose expression is re-
stricted to MBs, or MB compart-
ments, are rare. An extensive survey
of 6000 enhancer detector lines re-
vealed only 15% of transcripts to be
preferentially expressed in one brain
region, including those with enhanced
expression in the MBs, antennal lobes
and optic lobes (Han et al. 1996). Un-
til now MB-specific markers have not
been reported in the honey bee. Al-
though the neuronal, type II cAMP-
dependent protein kinase has been
found to be concentrated largely in
the MBs, it is also detectable, to a
lesser extent, in other regions of the
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brain that are likely to utilise the
cAMP second messenger pathway
(Muller 1997). In this context our
finding that the RJP-3 message is con-
centrated in a defined area of Kenyon
cells is particularly exciting. RJP-3
may therefore prove to be useful as a
unique resource for the future corre-
lation of brain structure and function,
specifically to study changes occur-
ring in the bee brain during behaviou-
ral development, learning and memo-
ry formation.
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