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SUMMARY
Major proteins of royal jelly (MRJP) are well
characterized in the honey bee, Apis mellifera.
They are secreted by hypopharyngeal glands
and provide major proteinaceous components
of the larval food. To date nothing is known
about royal jelly proteins in other bee species.
To fill this gap, we screened the genome of the
Asian giant honey bee, Apis dorsata, for the two
MRJP protein coding sequences MRJP3 and
MRJP5. With PCR primers originally designed
for A. mellifera we were able to amplify the pre-
sumably orthologous sequences in A. dorsata.
Sequence analyses revealed high similarity in the
two honey bees. As described in A. mellifera we
found an orthologous extensive repetitive
region in the MRJP3 sequence of A. dorsata. The
number of reiterated repetitive motifs is highly
variable in different A. dorsata individuals and is
therefore well suited as a marker in population
studies. The MRJP5 sequence region contains
another repetitive region at the orthologous
position as described for A. mellifera. These find-
ings confirm the presence and indicate the func-
tional equivalence of MRJP proteins in A. dorsa-
ta compared to A. mellifera. The origin of the
MRJP protein family can therefore be dated
back probably 22 million years ago to a com-
mon ancestor of A. mellifera and A. dorsata.
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INTRODUCTION
Royal jelly, a milky secretion of the hypopharyngeal
glands of nurse honey bees, plays a central role in
honey bee queen feeding and development (Rembold
& Hanser, 1964). Proteins constitute about 50% of the
dry weight of royal jelly. Major proteins of royal jelly
(MRJP) were characterized in A. mellifera (Albert et al.,
1999b; Hanes & Simuth, 1992; Klaudiny et al., 1994;
Schmitzova et al., 1998). They form a family of highly
related proteins and show similarity to the Drosophila
yellow protein and its homologues (Albert et al.,
1999a). Interestingly, while the yellow protein of
Drosophila is involved in larval pigmentation (Geyer et
al., 1986; Walter et al., 1991), MRJP proteins of honey
bees form major components of larval food. It has been
proposed that the MRJPs acquired a novel nutritive
function in the course of evolution when becoming
secreted by hypopharyngeal glands (Albert et al.,
1999a). This is supported by the fact that additional
members of the MRJP/yellow protein family were found
in salivary secretions of the sand flies Lutzomyia longi-
palpis (Charlab et al., 1999) and Phlebotomus papatasi
(Valenzuela et al., 2001). Their function however
remains unknown, and very little is known about the
function and expression of 13 additional homologues
of yellow genes found in the genome of Drosophila
melanogaster (Drapeau, 2001). It cannot be ruled out
that some of the yellow-like proteins are secreted by
salivary glands.

Two of the five MRJPs characterized (MRJP3 and
MRJP5) contain extensive but mutually unrelated repet-
itive regions, which were hypothesized to be connect-
ed with the nutritive function as storage of biological-
ly useable nitrogen-rich amino acids (Albert et al.,
1999a, 1999b). The repeat region of the honey bee
MRJP3 protein is highly polymorphic with as many as
five alleles found in 10 individuals from the same colony
(Albert et al., 1999b). Its alleles differ in the number of
basic repetitive units and can be distinguished easily by
agarose gel electrophoresis of PCR products and/or by
SDS-PAGE of proteins. On the other hand, the repet-
itive region of MRJP5 is located in a different part of
the protein sequence and differs in length, composi-
tion, and repetitive unit size (Albert et al., 1999a). The
consensus sequence represents a tripeptide motif
(aspartate-arginine-methionine; DRM in single-letter
code).

Apis dorsata, the giant Asian honey bee, is a relative of
A. mellifera. However, it is comparatively less well char-
acterized than its European, cavity nesting, domesti-
cated relatives due to its open nest building, seasonal
migration of colonies and aggressive behaviour. Genet-
ic studies done with these eusocial bees revealed a high
degree of polyandry (Moritz et al., 1995; Oldroyd et al.,
1996).

In this article we identify homologues of MRJP3 and
MRJP5 genes in A. dorsata termed adMRJP3 and adM-
RJP5, respectively. We describe the polymorphism of
the adMRJP3 repetitive region and provide unequivo-

cal evidence for the existence of the MRJP gene fami-
ly in A. dorsata.

MATERIALS AND METHODS

Biological samples

Two A. dorsata worker bees, originating from Borneo,
were provided by Per Kryger (University of Pretoria,
S Africa). Three further samples were obtained from
Samui Island, Thailand, provided by Duangporn Siha-
nuntavong, Chulalongkorn University, Thailand.

Preparation of genomic DNA

Genomic DNA was isolated from individual thoraces
by phenol/chloroform extraction according to Fondrk
et al. (1993) or on QIAQUICK columns (QIAGEN)
according to the manufacturer’s instructions.

PCR amplifications

PCR reactions were performed with genomic DNA
using the following primers. For the amplification of the
repetitive region of adMRJP3 (Albert et al., 1999b):

● primer #1: 5’-ATG TAA TTT TGA AGA ATG ATG
AAC TTG-3’

● primer #2: 5’-TGT AGA TGA CTT AAT GAG AAA
CAC-3’

For the amplification of the 280 bp region immediate-
ly upstream to the repeat of the adMRJP3:

● primer #3: 5’-GGC GTC CTT TTC TTG GGA C-
3’

● primer #4: 5’-CAT TCG CAC CCA AAA TTC GG-
3’

For the amplification of the DRM repeat region of adM-
RJP5:

● primer #5: 5’-AGA CTC TTC AAA CGG TCG
TTG C-3’

● primer #6: 5’-CTG TAA TTT CAT ACT TAA AGC
CAT C3’

Standard PCR analyses were performed in a 50 µl vol-
ume under the following conditions: an initial 2 min
denaturation and subsequent addition of DNA poly-
merase (AmpliTaq, Perkin Elmer) was followed by 30
cycles of 30 sec at 94°C, 30 sec at 54°C and 1 min at
72°C. The reaction was completed with 10 min at
72°C. PCR products were size-separated by agarose
gel electrophoresis (Small DNA or Metaphor Agarose,
FMC Bioproducts). For fine resolution of MRJP3 alle-
les of A. dorsata, 20 µl PCR aliquots were extracted
(QIAGEN) mixed with 5 units of BstEII (NEB) in appro-
priate buffer, incubated at 60°C for 1 hour and elec-
trophoresed as described above.
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Cloning and sequencing of MRJP
sequences

PCR products of the two Borneo bees were cloned
into the pCR2.1 vector (INVITROGEN) for further
characterization by DNA sequencing of individual alle-
les. One PCR product originating from the Samui bees
was also cloned and characterized. Plasmid inserts
were sequenced by the cycle sequencing method
(Prism Ready Reaction Dyedeoxy Terminator kit,
Perkin Elmer) on an ABI 373A sequencing device with
automatic data collection. DNA sequence analyses
were done using the GCG program package (Dev-
ereux et al., 1984) and the National Center for Biotech-
nology Information Internet Server (www.ncbi.nlm.
nih.gov). DNA sequences presented in this work are
deposited in the GenBank database under following
accession numbers: AY082887 (repetitive region of
adMRJP5), AY082888 (repetitive region of adMRJP3),
AY082889 (region upstream of adMRJP3 repeat).

RESULTS

The repetitive region of the MRJP3
gene is polymorphic in Apis dorsata

To test for the presence of A. mellifera MRJP3 homo-
logues in A. dorsata, genomic DNAs of A. dorsata work-
ers from Borneo and Samui Island have been isolated
and used in PCR reactions employing A. mellifera
primers (see Materials and Methods, primer #1 and
#2). The PCR yielded fragments larger than 550 bp, so
that these fragments are significantly larger than the
respective fragments in A. mellifera, which are about 450
bp long (fig. 1). The PCR fragments of A. dorsata exhib-

ited intraspecific length variation as do those of A. mel-
lifera (fig. 1, fig. 2A).

The four alleles originating from the two Borneo A. dor-
sata individuals were cloned and sequenced. Figure 3
shows the DNA sequence and translation of one
MRJP3 repeat region of A. mellifera (Albert et al., 1999b)
and A. dorsata. The translational reading frame was cho-
sen congruent to A. mellifera. The region upstream of
the repeat (not shown) shows clear homology with
that of A. mellifera MRJP3 and the repeat itself shares
all the properties described for A. mellifera MRJP3
repeats (Albert et al., 1999b):

● A. The basic repeat unit is 15 nucleotides long and
encodes a pentapeptide with the consensus
sequence (K/R/N)QN(A/D/G)(D/N).

● B. The repetitive region can be divided into two con-
tiguous segments differing slightly in their sequence
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FIG. 1. Products of amplification of the MRJP3
repetitive region. Genomic DNAs of two Apis
dorsata workers (lanes W1 and W2), a control
reaction without DNA (lane C) and two A.
mellifera workers (lanes W3 and W4) were
used as templates for PCR to amplify the
repetitive region of MRJP3. Reaction products
were separated by electrophoresis on 2% high-
resolution agarose (Metaphor) at high voltage
(8V/cm) to improve resolution. Lanes marked
M contain a 100 bp ladder and a lambda/BstEII
molecular weight marker respectively.

FIG. 2. Detection of adMRJP3 polymorphism
by agarose gel electrophoresis. (A) Repetitive
regions of MRJP3 of five Apis dorsata workers
were amplified by PCR and electrophoresed
on a 2% agarose gel. (B) aliquots of PCR
reactions were digested with BstEII restriction
endonuclease and electrophoresed on a 3%
agarose gel. Polymorphic alleles around 200
bp long are indicated by an arrow.
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FIG. 3. Comparison of nucleotide and inferred amino acid sequences of an MRJP3 repetitive
region of Apis dorsata and A. mellifera. A row length was chosen, which corresponds to the length
of the basic repeat unit (15 nucleotides). The boxes separate two segments differing in their
properties as described in the text. Bold characters indicate the recognition sequence of BstEII
restriction endonuclease, which occurs in A. dorsata but not in A. mellifera.



(see fig. 3). The N-terminal and more conserved seg-
ment encodes multiples of an NQNAX pentapep-
tide. Except for the initial three, each repeat unit of
this segment contains a recognition sequence for
BsmI restriction endonuclease. The second segment
has a more restricted consensus sequence
(K/R)QN(D/G)N. Each unit begins with a positively
charged amino acid. 

● C. Polymorphic alleles differ in size because of the
variable number of basic repeat units in their
sequence (33–38 fold).

In spite of the similarities described above, significant
differences have been detected between repeats of A.
mellifera and A. dorsata. The repeat regions of A. dorsa-
ta (fig. 3) are longer (34–38 units; 510–570 bp) than
those of A. mellifera (11–29 units; 165–435 bp). Their
sequence is less conserved: units #1, #2, #3 and #12
(NQNDN, TQNVN, NQNVN, NQNDN) differ from
the consensus sequence (NQNAX) in A. dorsata but
not in A. mellifera. Similarly, units #2 and #3 in the sec-
ond segment begin with glutamine instead of argi-
nine/lysine. There is one exception from the XQNXX
consensus found in all five A. dorsata alleles analysed,
where glutamine is replaced by arginine. No interrupt-
ed or incomplete repeats as described in A. mellifera
(Albert et al., 1999b) were found in A. dorsata (see also
fig. 3).

The genome of A. dorsata contains a
close orthologue to the A. mellifera

MRJP3 gene

To characterize the region 5’ upstream of the adMR-
JP3 repeat region, we used primers #3 and #4 (see
Materials and Methods) derived from A. mellifera
sequences. We amplified a specific fragment of about
900 bp whose orthologous fragment in A. mellifera

cDNA is about 280 bp. The DNA sequence of the 900
bp fragment, as well as the translation product, were
subjected to a BLAST search (Altschul et al., 1997) in
the GenBank non-redundant database. High similarity
with A. mellifera MRJP3 could be confirmed (fig. 4). The
homologous region was interrupted by a 595 bp
sequence different from all known MRJP cDNAs. A
detailed analysis of the flanking regions revealed poten-
tial splicing sites (GT-AG rule; Mount, 1982) suggesting
that the inserted sequence is intronic. The splicing
product is a continuous sequence coding for a protein
with high homology to MRJP3 (fig. 4). Finally, the intron
in the MRJP3 gene of A. dorsata is located at exactly the
same position as in A. mellifera genomic DNA (fig. 4,
our unpublished data).

In summary, our data strongly suggest that the genome
of A. dorsata contains a closely related orthologue to
the A. mellifera MRJP3 gene, which also contains a poly-
morphic repetitive region.

The adMRJP3 repeat is a highly
informative locus for population
studies of A. dorsata

The adMRJP3 repeat is polymorphic in A. dorsata (see
figs 1 and 2). Similar to that of A. mellifera, individual
alleles differ in the number of basic pentadecanu-
cleotide units. However, due to the larger size of the
PCR products it is more difficult to separate individual
alleles that differ by multiples of 15 bases (compare A.
dorsata and A. mellifera lanes in fig. 1). In order to make
the size differences in alleles more apparent, we used
the conserved singular BstEII restriction site (see fig. 3,
framed characters) that cuts inside the repeat region
of adMRJP3, resulting in two smaller, easily distinguish-
able fragments. PCR reactions were carried out using
genomic DNAs of a total of five A. dorsata individuals.
The PCR products were separated on a 2% agarose gel
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FIG. 4. Similarity between MRJP3 genes and proteins of Apis mellifera and A. dorsata. Regions
upstream of the repetitive motifs of MRJP3 were amplified by PCR, cloned and subsequently
sequenced. The upper part shows the BLASTA comparison of the A. dorsata gene product with
that of A. mellifera. In the lower part, regions of nucleotide sequences around the presumptive
introns are shown. Apart from high homology of nucleotide sequences and inferred proteins
(71% identity, 84% similarity, BLASTA), the introns are positioned at the same site and have the
same phase.
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FIG. 5. Molecular characterization of the regions around the DRM repeat of MRJP5. (A) Plasmid
bearing an MRJP5 cDNA (lane 1), genomic DNAs of two Apis mellifera (lanes 2 and 3), and
genomic DNA of A. dorsata (lane 4) were PCR amplified with primers #5 and #6 and
electrophoresed. The A. dorsata fragment was cloned and sequenced. Lanes marked M contain
lambda/BstEII and lambda/EcoRI+HindIII molecular weight markers respectively. (B)
Comparison of MRJP5 amino acid sequences of A. mellifera and A. dorsata. Note the length
polymorphism between the two MRJP5 repetitive regions (boxes).



(fig. 2A). An aliquot of the PCR reactions was digest-
ed with BstEII, electrophoresed in 3% agarose gel (fig.
2B). Polymorphic DNA fragments appear in the ranges
of 200 and 400 bp respectively. The resolution of the
cleaved PCR products is much higher than that of non-
cleaved ones (compare figs 2A and 2B). As an exam-
ple, the nearly identical banding pattern of bees 1 and
4 could be distinguished clearly after restriction with
BstEII. Overall, four different banding patterns of small
fragments were found after BstEII digestion in the sam-
ple of five randomly collected individual A. dorsata bees.
This indicates that the repeat of adMRJP3 is highly poly-
morphic and therefore highly suitable for population
studies.

A homologue of another MRJP exists in
A. dorsata

A phylogenetic comparison of MRJP proteins suggest-
ed that the MRJP proteins were created by nearly
simultaneous multiplication of an ancestral gene (Albert
et al., 1999a). Therefore, also genes homologous to
other A. mellifera MRJP genes are expected to be pre-
sent in A. dorsata. To test this hypothesis, primers #5
and #6 (Materials and Methods) designed originally to
amplify a region of the MRJP5 gene in A. mellifera con-
taining the DRM repeat (Albert et al., 1999a) were used
in A. dorsata. A specific product of about 300 bp was
obtained, which is about half the size of that of A. mel-
lifera (fig. 5A). A sequence analysis confirmed high
homology to A. mellifera MRJP5 cDNA. Moreover, a
repetitive region of the same properties is located at
the same position as that in A. mellifera (see fig. 5B). The
fragment size difference between A. mellifera and A. dor-
sata mentioned above is caused by reiterated basic
nonanucleotide repeat motifs, occurring 58 and 23
times, respectively. 

DISCUSSION

MRJP genes of Apis dorsata

This study shows that orthologues of A. mellifera MRJP3
and MRJP5 genes, both including repetitive sequence
motives, exist in the distinct honey bee species A. dor-
sata. The oldest fossil dorsata-type bees are dated back
to the early Miocene (22 million years ago, see Willis
et al., 1992). Consequently the common origin of the
MRJP family identified in A. mellifera and A. dorsata is at
least 22 million years old.

Repetitive regions of adMRJP3 and
adMRJP5

The repeat regions of five adMRJP3 alleles in A. dorsa-
ta show striking similarity to repeats of the A. mellifera
MRJP3 gene (for an example see fig. 3). Overall build-
up and high sequence homology indicate that the
repetitive region was present before A. mellifera and A.
dorsata diverged from their common ancestor. The
same holds true for the DRM repeat of the MRJP5

gene. An interesting finding is that like in A. mellifera,
the number of reiterated motifs is highly polymorphic
in adMRJP3. In the limited sample of bees investigated,
the size of repeat region in alleles of the A. dorsata ad-
MRJP3 was generally larger than that in A. mellifera. On
the one hand selection pressure appears to exist which
has maintained an exonic repetitive structure for prob-
ably more than 22 million years and across species
boundaries. On the other hand the intraspecific, high-
ly variable number of reiterated repetitive units seems
to evolve more neutrally. We suggest gene conversion
and replication slippage as possible mechanisms in gen-
erating new alleles.

Possible reasons for the high degree of polymorphism
of the repetitive region of MRJP3 have been discussed
previously (Albert et al. 1999a). However, easy detec-
tion and relatively easily discernible alleles — especial-
ly after digestion with BstEII restriction endonuclease
— render the adMRJP3 repetitive region a very attrac-
tive tool for easy and cost-effective genotyping of A.
dorsata individuals, requiring only a PCR thermocycler
and an agarose gel electrophoretic apparatus. In com-
parison, microsatellite methods employ denaturing
polyacrylamide sequencing gels to detect polymorphic
alleles (Moritz et al., 1995; Neumann et al., 2000). How-
ever, we are aware that for precise population genetic
studies, the information on several polymorphic alleles
need to be combined.

Polymorphic MRJP3 genes give rise to polymorphic
MRJP3 proteins in A. mellifera. Polymorphic MRJP3 pro-
teins can be detected by SDS polyacrylamide gel elec-
trophoresis of royal jelly, the hypopharyngeal glands, or
head extracts (Albert et al., 1999b; Kubo et al., 1996).
Whether MRJP genes are also components of A. dor-
sata royal jelly remains to be established. The close
relationship between MRJP proteins in A. mellifera and
A. dorsata reported here calls for further analysis of
royal jelly proteins within the genus Apis.
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