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Royal jelly is a nutritious secretion produced by nurse honeybees to provision queens and growing
larvae. Major proteins of royal jelly are mutually similar, and they all belong to the MRJP/yellow protein
family (pfam03022). The mrjp3 loci in four traditional honeybee species (Apis mellifera, Apis cerana,
Apis dorsata, and Apis florea) were sequenced and found to share high sequence and structural
similarities. PCR analyses confirmed the presence of an extensive repetitive region, which showed
size and sequence polymorphisms in all species. The evolutionary history of mrjp genes and their
repetitive regions was reconstructed from their nucleotide sequences. The analyses proved that the
repeat region appeared early in the evolution of the mrjp gene family and that the extreme elongation
of the repeat is mrjp3 specific. In the MRJPs was documented a correlation between nitrogen content
and repeat length. Therefore, it is argued that the repeat occurred due to a selection for an increase
in nitrogen storage for a more efficient nutrition of queens and larvae.
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INTRODUCTION

Royal jelly (RJ) is a milky secretion that nurse honeybees
provide as larval food, and it plays a central role in the
reproductive caste determination. Queens are produced by
feeding chosen larvae a surplus of royal jelly throughout their
larval development. RJ is a complex mixture of water, fats,
sugars, low molecular mass compounds, and proteins produced
by nurse bees. Proteins make up∼50% of the RJ dry weight,
and ∼90% of the total protein content are major royal jelly
proteins (MRJPs) (1,2). These MRJPs are closely related to
each other and share sequence homologies withyellowproteins
of Drosophila (3). MRJPs,yellow proteins ofDrosophilaand
other insects, together with several bacterial proteins constitute
a protein family termed MRJP (pfam03022). Hereafter, we will
refer to the MRJP subfamily or MRJP/yellow protein family if
we mean the closely related MRJP proteins only or the whole
protein family, respectively. The majority of spots of two-
dimensional fractionated royal jelly (4,5) or hypopharyngeal
glands extract (6) were identified as MRJP proteins.

In the Drosophila genome 14 genes (termedyellow-b to
yellow-k) were found, which encodeyellow-like proteins (7, 8).

The originalyellowprotein has a function in cuticle melanization
and male courtship behavior (9, 10).yellow-fandyellow-f2were
identified as dopachrome conversion enzymes (11);yellow-g
andyellow-g2were shown to be essential for follicle function
in eggshell development (12).

Among all MRJP proteins, MRJP3 holds a distinct position
due to its antiallergic and anti-inflammatory activities (13,14).
It is also the only major protein of RJ showing size polymor-
phism among individual honeybees (4, 15). This size polymor-
phism is caused by a variable number of recurring 15-mer units
found within the coding part of differentmrjp3 alleles (15).
Due to the relatively large basic repetitive unit, PCR-amplified
polymorphic alleles can easily be distinguished by agarose gel
electrophoresis.mrjp3 can thus also be used as a marker to
genotype individual honeybees.

Very little is known about RJ proteins in other honeybee
species. Only recently have three MRJP proteins and one MRJP1
cDNA of Apis ceranabeen partially characterized and shown
to share high homologies with MRJPs ofApis mellifera(16).
We set out to characterize themrjp3 loci of four Apisspecies,
to determine the similarities/differences among honeybee species
and the evolutionary implications of these differences in the
MRJP proteins and their repeats. For that purpose we sequenced
themrjp3 loci of four honeybee species (A. cerana,A. dorsata,
A. florea, andA. mellifera) using specifically developed primers.
We found that in all four species themrjp3 repetitive region is
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polymorphic but the number of alleles and allele size differences
varied considerably between species. We discuss the role of
the repetitive region in nutrition and implications of our findings
for the evolution of the MRJPs.

MATERIALS AND METHODS

Biological Samples.A. dorsata,A. cerana, andA. florea workers
were collected from multiple feral colonies at the campus of the Indian
Institute of Science, Bangalore, and at the campus of the University of
Agricultural Sciences, GKVK, Bangalore. For studies of themrjp3
polymorphism inA. florea, additional workers were collected from six
different locations of Guangxii province, in southern China. European
honeybees,Apis mellifera carnica, were collected in Germany from
the apiary of the University of Würzburg and from a private apiary in
Göttingen. Individual honeybees were first anesthetized on ice, then
stored and transported in 100% ethanol.

Experimental Procedures.Honeybee genomic DNA was isolated
according to a standard phenol/chloroform extraction (17) or the QIAmp
DNA extraction kit (QIAGEN).

Long-distance Polymerase Chain Reactions (PCR) were done in 50
µL volumes as follows: after an initial 2 min denaturation step and
the subsequent addition of a DNA polymerase mix (Taq:DeepVent)
5:1; AmpliTaq, Perkin-Elmer and New England Biolabs), 35 cycles of
30 s at 94 °C, 30 s at 52 and 72°C (2 min/1000 bp) were run. The
reactions were completed by a final elongation step at 72°C for 10
minutes. PCR products were separated by agarose gel electrophoresis
using appropriate agarose concentrations (0.8-2%) and directly
sequenced or cloned into the multiple cloning site of the PCR 2.1 TA
vector (Invitrogen).

PCR amplifications of the repetitive region with Taq polymerase
(Perkin-Elmer) were performed as described previously (15).

DNA sequencing was performed by the cycle sequencing method
using the Prism Ready Reaction Dyedeoxy Terminator kit (Perkin-
Elmer) on an ABI 373A sequencing device.

Sequences were assembled and analyzed using the Wisconsin GCG
program package (18). Further analyses were done using the honeybee
genome server (http://www.hgsc.bcm.tmc.edu/projects/honeybee/).

Assembled sequences were deposited in GenBank under following
accession numbers:am-mrjp3, AY663104;ac-mrjp3, AY663105;ad-
mrjp3, AY663106;af-mrjp3, AY663107.

Phylogenetic Analyses.DNA sequences were unambiguously
aligned using ClustalX and translated into protein sequences using
MEGA v 2.1 (19). Only the coding sequences were used for phylo-
genetic analysis in PAUP*4.0b10 (20). Additionally, all repeat se-
quences were excluded, and gaps were treated as missing characters.
We performed phylogenetic analyses following the principles of
maximum parsimony, maximum likelihood, and distance analysis.
Bootstrap analyses were done with 1000 replications under the
parsimony and distance settings.

Nitrogen Content Calculations with the Program NITCONT. The
computer program NITCONT was written in FORTRAN-77 to calculate
variations in the average N content along the sequences of proteins
(the program is available on request from the corresponding author).
We used a sliding window approach similar to that used by Kyte and
Doolittle (21) to calculate the hydropathic character of proteins. Briefly,
the program continuously determines the average N content (either as
percentage molecular mass/amino acid or as nitrogen atoms/amino acid)
within a protein segment of a given length as it advances through the
sequence. All calculations in this study were performed using a window
size of 23 amino acids. The calculated results from the NITCONT
program were plotted using the program KALEIDAGRAPH (Synergy
Software, Reading, PA).

RESULTS

Sequencing of themrjp3 Loci of Four Apis Species.Our
previous data showed that PCR primers designed for twomrjp
genes ofA. melliferaproduced specific fragments with genomic
DNA of A. dorsata. Moreover, the sequences of the amplified
fragments ofA. dorsatawere similar to these ofA. mellifera

(22). Therefore, we employed a PCR-based approach for the
isolation and characterization of themrjp3 loci in A. mellifera,
A. dorsata, A cerana, andA. florea. High-accuracy PCR
reactions were used for amplification of overlapping fragments,
which were sequenced and used for assembly of the loci. Primers
derived from the known cDNA sequence ofA. melliferaMRJP3
are listed in the Supporting Information. Several primer
combinations did not yield any PCR fragments with non-
melliferaDNAs. In one case (primer combination P57-P84), a
specific fragment was amplified fromA. dorsataandA. cerana
that did not assemble with the correspondingmrjp3 gene.
Interestingly, the amplified fragments from both species are
highly homologous to each other (95% identity), and their
closest homologue ismrjp6 of A. mellifera(23). We conclude
that the P57-P84-amplified DNA fragments representmrjp6
orthologues ofA. dorsataandA. cerana(GenBank accession
numbers AY082889 and AY732221, respectively). Developing
new primers derived from the previously obtained sequences
of mrjp3 genes, we could assemble complete DNA sequences
of mrjp3 for all four species. As primers derived from the
noncoding regions of the MRJP3 cDNA did not work with non-
melliferaDNAs, the assembled loci ofA. floreaandA. dorsata
mrjp3 (termedaf-mrjp3 andad-mrjp3, respectively) are trun-
cated at their termini. Nevertheless, the obtained sequences cover
the gene portions coding for complete mature MRJP3 proteins.

Comparison of mrjp3 Genes of Four Honeybees.Introns
of am-mrjp3 were identified by comparing the genomic
sequence with the corresponding cDNA. Introns in non-mellifera
species were determined by comparison witham-mrjp3con-
sidering the GT-AG rule for the intron borders. The accuracy
of intron positions determined in this way was confirmed by
sequencing of MRJP3 cDNA fromA. cerana(24).

Overall, the intron-exon organizations of honeybeemrjp3s
were identical (Figure 1 andTable 1). All mrjp3genes contain
five introns located at the same positions, have the same
translational phase, and are of similar sizes. A notable exception
is the significantly shorter size (175 versus 409-420 bp) of
the fourth intron inA. mellifera(Figure 1; Table 1). We found
a segment duplication in the fourth intron ofA. ceranaandA.
dorsata(larger size of the fourth intron) as compared to that of
A. mellifera(smallest fourth intron). Significant size differences
were also observed in the size of the sixth and largest exon,
which contains recurring 15-mer sequences. The size differences
between species are caused exclusively by a different number
of repetitive units. It should be noted that the size of the sixth
exon may vary also among individuals of the same species (see
below).

The sequence of themrjp1 locus of A. melliferapublished
recently (25) shows the same organization (seeTable 1).

A genomic contig containing themrjp3 locus was found in
the recent release ofA. melliferagenome assembly (Amel_3.0)
in the linkage Group 11.23 (GenBank accession number
NW_059510).

Comparison of MRJP3 Proteins and Their Repetitive
Regions.The proteins encoded by the honeybeemrjp3 genes
are extremely similar, as expected for orthologues of closely
related species (Figure 2). A protein with an N-terminal
sequence identical to that of acMRJP3 was recently identified
by peptide sequencing of fractionated proteins ofA. ceranaRJ
(16), which strongly supports the notion of the functional
homology of themrjp3genes presented here. However, MRJP3
proteins can differ by as much as 115 amino acids in length
(504 versus 619 amino acids;Figure 2 and see below).
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In each species, at least three different alleles of themrjp3
repetitive region were characterized by DNA sequencing.
Overall, the repetitive regions of all species have very similar
makeups. Namely, the core repetitive units have the same size
[15 bp encoding 5 amino acids (aa)] and the same consensus
sequence. Repetitive regions of each of the species contain some
unique characteristics not found in other honeybees. For
example, the repetitive region ofA. dorsataalways contains a
single recognition sequence forBstEII restriction enzyme. In
A. ceranathe repeat contains a truncated glycine-asparagine-
asparagine (GNN) repeat unit at the boundary between the
asparagine-starting and arginine/lysine-starting segments. For
A. melliferaandA. floreaan incomplete repeat is found close
to the end of the repeat sequence. Finally, we found several
species-specific perturbations of the otherwise well-conserved
amino acid sequences (see the Supporting Information, Figure
S1). Taken together, although of common origin, the MRJP3
proteins of each species show signs of independent evolution
particularly visible in the rapidly evolving repeats.

Studies of the Polymorphicmrjp3 Repetitive Region of
Four ApisSpecies.To get a consistent and species-independent
amplification, we synthesized another primer (termed P23)
shifted 23 bases in the 5′direction from the primer P77. This
region is conserved amongmrjp3 of all four honeybee species
(Supporting Information, Figure S2).

To document the inter- and intracolonial polymorphisms in
different species, genomic DNAs were isolated from individual
bees of different colonies and subjected to PCR using primers
P23 and P76.Figure 3 documents that by using this primer
combination, we could distinguish polymorphic fragments in
all four Apisspecies tested. The allele sizes differ substantially
among species (Figure 3). Length polymorphism seems to be

less pronounced amongA. florea workers. In a colony from
India, all amplified fragments had the same DNA sequence with
24 repetitions. Therefore, we additionally genotyped sixA. florea
workers from different locations of the Guangxi province of
China. Of these, only one worker yielded two fragments of
different size (Figure 3). Both alleles of this bee were cloned
and sequenced. Sequence comparison revealed that the larger
fragment contains two repetitive units more than the smaller
fragment (26 vs 24 units). Interestingly, when we compared
the sequence of the smaller fragment from China with the Indian
allele, we found nine base substitutions (7xG-A plus 1xT-C
transitions and 1xT-A transversion) despite an identical overall
size (Figure 3). All nucleotide changes occurred in the central
part of the repetitive regions (Supporting Information, Figure
S3, bold characters).

Possible Role of the Repetitive Region in Nitrogen Storage.
It is generally accepted that nitrogen, which is an essential
component of biogenic polymers (proteins, nucleic acids), is a
bottleneck component of the eukaryotic diet. Because animals
are not able to fixate atmospheric nitrogen, they all depend on
exogenous nitrogen sources. However, low molecular weight
nitrogen-rich compounds such as urea, uric acid, or ammonium
are toxic at higher concentrations and therefore not suitable for
storage or transport of nitrogen. Amino acids are suitable for
nitrogen delivery but have on average a lower nitrogen content
than the previously mentioned molecules. However, some amino
acids have more nitrogen than others, for example, asparagine
and glutamine, which are used as shuttles to deliver the nitrogen
for biosynthetic reactions by transamidation. Due to the osmotic
pressure of concentrated free amino acids (a situation similar
to that of mono- and polysaccharides), the polymers (peptides,
proteins) are supposed to be the principal nitrogen suppliers
for growing organisms.

Haydak (26) calculated that between 4 and 6 mg of nitrogen
is required to rear one bee larva. If the nurses (producing RJ to
feed the brood) are deprived of protein food, they continue to
nourish the brood for∼1 week. During this period, the nitrogen
content of their tissues decreases due to the use of their own
tissue to rear larvae (reviewed in ref27). In summary, RJ is the
principal source of nitrogen for all bee larvae and the queen,
and the MRJPs of RJ are the major nitrogen storage (hereafter
N storage) component.

Because MRJPs are dominant components of total RJ protein
[82-90%, (2)] we hypothesized previously that some MRJPs

Figure 1. Schematic representation of the mrjp3 gene organization in four honeybees. Black and white boxes represent exons and introns, respectively.
The scale indicates the size in base pairs. The 5′-terminal extensions of am-mrjp3 and ac-mrjp3 were obtained by sequencing the respective cDNAs.
These sequences are missing in the two other species because no cDNAs were available for A. dorsata (ad-mrjp3) and A. florea (af-mrjp3).

Table 1. Comparison of Introns Found in mrjp3 of Four Honeybee
Species and in mrjp1 of A. mellifera

intron length (bp) [translational phase]

intron am-mrjp3 ad-mrjp3 ac-mrjp3 af-mrjp3 am-mrjp1 a

1 152 [+1] 153 [+1] 155 [+1] 146 [+1] 113 [+1]
2 89 [0] 98 [0] 85 [0] 88 [0] 82 [0]
3 580 [0] 592 [0] 606 [0] 641 [0] 653 [0]
4 175 [−1] 420 [−1] 409 [−1] 317 [−1] 322 [−1]
5 590 [0] 739 [0] 672 [0] 711 [0] 570 [0]

a Data from Malecova et al. (25).
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might have gained a novel N-storage function during their
evolution (15,28). To test this hypothesis, we first attempted
to understand the dependence of N content on the nutritional
function of a protein. The program NITCONT was written and
used to measure both the local average “concentration” of
nitrogen and the total average N content expressed as the number
of nitrogen atoms per amino acid (N/aa). We used several
randomly chosen protein sequences and calculated their N
contents (see Supporting Information, Table 1). To have a
“benchmark” we needed to calculate a grand average value. We
applied the program on all open reading frames found in the
Haemophilus influenzaeRd and D. melanogastergenome
sequences. The average N contents of the average “Haemophilus
andDrosophilaproteins” were nearly identical. Therefore, we
used theHaemophilusgrand average N content (1.357 N/aa)
as a “baseline”. We further tested several proteins that have
been described as having a storage or nutrition function
(Supporting Information, Table 1). Briefly, all tested plant seed

storage proteins and egg yolk vitellogenins, including bee
vitellogenin, were above the grand average. Of note, bee
vitellogenin binds to hypopharyngeal glands of nurse bees and
possibly serves as a precursor of royal jelly (29). The analyses
with NITCONT supported our hypothesis of a correlation
between increased N content and the nutritional function of a
protein. Therefore, we analyzed the N content of the different
members of the MRJP family. These analyses showed that all
members of the MRJP family in the honeybee, except MRJP1and
MRJP8 (that completely lack the N-rich repeat region, discussed
later), have greater N contents than the grand average (Figure
4) and that the N content correlates with the length of the
repetitive region. The inspection of local N-content profiles
reveals a significant peak at the C termini of most MRJP proteins
(Figure 4). This peak is particularly extended in MRJP3 due
to the presence of the longest N-rich repeat at the C terminus.
A similar peak can also be observed in the repeat region of
MRJP5, although these two repeat regions do not share sequence
similarity and are of different origin (28).

Figure 2. Multiple alignment of MRJP3 protein sequences of four honeybee species. Identical amino acid residues are shaded black, and substitutions
with amino acids of similar physical properties are shaded gray. A horizontal arrow indicates the amino termini of the mature protein sequence as
determined by Edman sequencing of the MRJP3 of A. mellifera (2) and A. cerana (16). Vertical arrows point to the amino acids that were found to be
polymorphic in A. mellifera. The letters below the arrows indicate the amino acid (in single-letter code) found in alternative alleles.
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Phylogenetic Analyses.A total of 1120 bp of genomic
sequences were used for the phylogenetic analyses. Of these,
445 were constant and 357 parsimony-informative. The Ti/Tv
ratio is 1.46, and the mean AT content for allmrjp3 genes is
61%. All MRJPs form a monophyletic group with a bootstrap
value of 100 (Figure 5). Within this group MRJP1 and MRJP8
are basal and most likely represent the ancestral MRJP proteins.
The remaining MRJP proteins form a monophyletic group.
Therefore, we can conclude that the N repeat has evolved only
once in the common ancestor molecule of MRJP2-7. All
MRJP3 molecules form a terminal clade in our tree, demonstrat-
ing a single origin of this MRJP variant with the long N repeat
(Figure 5, bold).

DISCUSSION

Our results demonstrated that the genes encoding the MRJP3
protein, a major component of the honeybee royal jelly, are
highly similar among four honeybee species. Allmrjp3s contain

a similar repetitive region with a 15 bp long core unit that shows
considerable inter- and intraspecific polymorphisms. Themrjp3
loci of the four honeybee species share high sequence similarity
and have the same intron-exon structure. The gene structure
of mrjp3 is very similar to that ofmrjp1 (25) and othermrjp
genes (unpublished results). The phylogenetic analyses also
demonstrated that the honeybeemrjp genes constitute a distinct
cluster within the MRJP/yellow protein family (23) and,
furthermore, thatmrjp3genes of the four investigated honeybee
species also form a significantly distinct cluster (bootstrap value
of 100%) separated from all othermrjp genes (Figure 5).

This indicates that the genes coding for major proteins of RJ
evolved by duplications of a pre-existing genomic segment,
rather than by retrotransposition of mRNAs, and that the
ancestor of current honeybee species already had multiplemrjp
genes. Further support for gene duplication comes from the
current release of the honeybee genome Amel_3.0 (http://
www.hgs.bcm.edu/projects/honeybee), where severalmrjp genes
occur in tandem.

On the basis of the similarity of themrjp3 genes it can be
presumed that theA. mellifera genome, which is just being

Figure 3. Variability and intraspecific length polymorphism of the MRJP3 repeat by PCR. MRJP3 repeats of individual bees (from two colonies, four
animals each) were PCR-amplified and size-separated by electrophoresis in 1.6% agarose gel. The arrows to the left show the position of the 500 bp
marker band. High polymorphism is seen in all species except A. florea, where only one sample showed a different banding profile. The longest repeats
were found in A. dorsata and A. cerana (600−700 bp), and the shortest repeat was found in A. florea (∼450 bp).

Figure 4. Nitrogen content profiles of the five abundant MRJP proteins.
The average values of N contents (y-axes) were calculated along the
protein sequence (x-axes) with the program NITCONT. Profiles are similar
throughout the MRJP sequences except for the N-rich regions, where
these values increase dramatically. Repeats are located in the N-rich
regions, that is, at the C termini of MRJP2,3,4. A reference line on each
plot shows the baseline of Haemophilus total protein (N ) 1.357) as
calculated in the text. Calculated N contents for a given protein are shown
to the right.

Figure 5. Bootstrap consensus tree (1000 repeats, parsimony) of mrjp
genes based on analysis of 1120 bp of genomic sequences of mrjps loci.
Bootstrap values >50 are shown above branches. Tree topology was
identical for all analyses independent from the method used (parsimony,
maximum likelihood, neighbor joining). The tree was rooted using the
yellow gene of Drosophila.
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completed, will also accelerate the genetic analyses of other
honeybee species.

Evolution of mrjp Genes in Honeybees Inferred from the
Repetitive Regions.The sequences ofmrjp3genes and inferred
proteins document that amrjp3 gene containing a polymorphic
repeat must have existed in the ancestor of modern honeybees.
Six of the eight MRJPs contain shorter and often degenerated
repeats near the C termini (Figure S4), supporting a common
single origin of the 15-mer repetitive region.

The presence of multiple alleles differing only in repeat
numbers in the populations of all analyzed honeybee species
suggests that the repetitive region of at leastmrjp3continuously
undergoes expansions and/or deletions. We found multiple
nucleotide substitutions (often resulting in amino acid exchange)
in the repetitive regions of the same taxon (seeA. florea from
India and China, Figure S3, as an example). Truncated units
and numerous substitutions were also found at different positions
of repeats ofA. mellifera,A. cerana, andA. florea(Figure S1).
Apparently, the repetitive regions represent a rapidly evolving
part of the MRJP3 proteins. The species-specific differences in
allele length of themrjp3homologues might reflect differences
in nutritional requirements of the different species (size, growth
rates, etc.).

MRJPs as a major component of RJ are clearly a central
component of honeybee nutrition. However, they do not share
any homology with established nutritive insect proteins, such
as vitellogenins. Rather, they seem to share a common origin
with the proteins found in insect cuticle, brains, and saliva. We
have hypothesized that the evolution of feeding by sterile nurse
siblings was accompanied by gene multiplication of former
saliva components, which gained a novel nutritive function (23).
On the basis of the N-content analyses, it is tempting to speculate
that the presence of the repeat increasing the N-storage capacity
or the protein is the consequence of the selection for an increase
in nutritive efficiency of these proteins.

Controversially, MRJP1, the most abundant RJ protein, does
not contain any repeats. However, MRJP1 is not RJ-specific, it
is expressed also in the honeybee brain (30). Recent identifica-
tion of jelleines, antimicrobial peptides found in RJ as tryptic
digests of the C terminus of MRJP1 (31), suggest that one of
the physiological functions of MRJP1 might be to serve as a
precursor of jelleines, protecting the RJ against bacterial
infections. This function is incompatible with the presence of
the repeat found in other MRJPs, because it disrupts the region
coding for jelleine peptides (Figure S4).

But is nitrogen storage the only function of the MRJP repeats?
Several authors suggested signaling and/or regulatory functions
for MRJP/yellowproteins (8, 10). In fact, nutritive and signaling
functions are not necessarily mutually exclusive. Repetitive
regions of many proteins often form extended surface-exposed
areas that commonly participate in protein-protein interactions
(32). Notably, despite many amino acid substitutions and
deletions, the translational reading frame ofmrjp3 repeat never
shifts; no frameshift or precocious STOP codon could be
detected among 20 sequenced alleles of fourApisspecies. This
indicates that despite an increased mutation rate of the repetitive
region, there is a selection pressure that eliminates frameshift
or termination mutations.

MRJP3 has recently been shown to possess several valuable
pharmacological activities such as inhibition of IL-4 production
by spleen cells, and it functions as an anti-inflammatory agent
(13, 33). It would be interesting to map the sites of these
activities on the MRJP3 polypeptide. The repetitive region,
although present in shorter and degenerated forms in some other

MRJPs, is a distinct feature of MRJP3. Therefore, we think that
it would be interesting to see in the future whether the repetitive
region of MRJP3 has any functional role concerning its
demonstrated pharmacological effects.

ABBREVIATIONS USED

MRJP, major royal jelly protein; RJ, royal jelly; N content,
nitrogen content; aa, amino acid; PCR, Polymerase Chain
Reaction; bp, base pairs.
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