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Abstract – We investigated the protein complement of the hypopharyngeal gland (HG) of winter worker
bees from a strain of Apis mellifera artificially selected for increased royal jelly yield and A. m. carnica
winter worker bees. Proteins were partially identified using two-dimensional gel electrophoresis (2-DE).
MALDI-TOF MS and protein engine identification tools that were utilized for the honeybee genome. Most
identified proteins in the two bees strains were assigned to major royal jelly (RJ) proteins (MRJPs). Marked
diﬀerences were found in the heterogeneity of the MRJPs, in particular MRJP3. Two of the proteins, αglucosidase and glucose oxidase, were related to carbohydrate metabolism and energy. For the first time
in the HG of honeybees, two proteins, peroxiredoxin and thioredoxin peroxidase, which are related to
antioxidation functions, and actin 5C, a major cytoskeletal actin protein which may supply enough actin
for normal function of cells, have been identified. Results suggest that the HGs serve a storage function in
winter and that during the winter period the HG of high RJ producing bees store more proteins than those
of Carnica bees.
Apis mellifera / winter bees / hypopharyngeal gland / proteome

1. INTRODUCTION
The hypopharyngeal gland (HG) is situated
in an anterior position in the worker honeybees’ head. It consists of many acini attached
to a central duct which synthesize and secret a
proteinaceous substance which is fed to larvae,
queens and drones (Painter and Biesele, 1966;
Huang et al., 1989). The age-dependent role
of this secretion in workers is one of the most
striking features in bee colonies (Ohashi et al.,
1999). Nurse bees (young workers usually not
more than 13 days past eclosion) feed and take
care of the brood by synthesizing and secreting RJ. Middle-aged workers maintain the hive
and store food, while old workers (foragers,
Corresponding author: Y. Pan, apislijk@126.com
* Manuscript editor: Klaus Hartfelder

older than 18 days) forage outside the hive and
process the nectar into honey (Ohashi et al.,
2000).
In parallel with this age-dependent shift in
behavior, physiological changes occur in certain organs of the workers. The HG, which
is fully developed and shows high rates of
protein synthesis in nursing bees, regresses in
foraging bees (Sasagawa et al., 1989; Ohashi
et al., 2000). Although the HG is hypertrophied in the winter bees, it still has low
secretion activities (Huang et al., 1989). Undeveloped or hypertrophied cells have less activity than glands of medium size (Deseyn and
Billien, 2005).
Because of functions that are agedependent, changes in the morphology of
the worker HG can be expected. Acini size
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radically changes with age (Deseyn and
Billien, 2005). Peak size is found around
6 days in summer bees when workers are
known to feed the larvae with RJ (Hrassnigg
and Crailsheim, 1998). Acini size begins to
decrease after 15 days. The volume of the
acini, as well as the number of secretory
vesicles, decreases, and no vesicles are visible
after 3 weeks of age. Gland size is positively
correlated with gland activity (Deseyn and
Billien, 2005). Amount of secretion in the
secretory cells is also positively correlated
with acini size. Secretory activity may be
prolonged because secretory cell development
is not synchronous within an individual bee
or even within an acinus (Deseyn and Billien,
2005). There is no histological or cytochemical evidence for cell death occurring in the
HG of young nursing bees. However, necrosis
and apoptosis predominate in older foraging
bees (Silva de Moraes and Bowen, 2000).
It is inferred that the HG exists in two
distinct diﬀerentiation states, first producing
RJ for nursing the brood followed by enzyme production (Ohashi et al., 1997). The
HG can produce α-glucosidase (Kubo et al.,
1996; Santos et al., 2005), glucose oxidase
(Ohashi et al., 1999) and other enzymes such
as galactosidase, esterase, lipase and leucine
arilamidase (Deseyn and Billien, 2005). This
would indicate that the gene for the 64 kDa
protein/RJP57-1 is expressed specifically in
the nurse bee glands while the gene for aglucosidase is expressed in the forager bee
glands only (Ohashi et al., 1996). In contrast,
the gene coding for a 56 kDa protein is expressed in both the nurse bee and forager bee
glands (Ohashi et al., 1997). The production of
a-glucosidase increases with the age of workers (Deseyn and Billien, 2005). Expression of
carbohydrate-metabolizing enzymes in the HG
is age-dependent in worker honeybees (Ohashi
et al., 1997). Dramatic changes of gene expression associated with age occur in bee brains
between newly emerged bees and old foragers
(Ohashi et al., 1999). Santos et al. (2005) investigated the protein composition of HG of
Africanized nurse bees (Apis mellifera L.).
The proteins identified were almost all related
to the MRJP family and to the metabolism of
carbohydrates and energy. This supports the

hypothesis that most of the proteins in RJ are
produced in the HG.
In dequeened colonies older workers began
to synthesize brood food as nurse bees do. In
other words, the HG of the foragers can be regenerated if not enough young bees are present
(Huang and Robinson, 1996). This makes it
clear that the function of the HG cells of the
workers is flexible and depends on colony conditions (Ohashi et al., 2000).
Bees becoming wintering bees are aﬀected
by temperature conditions in the autumn and
the size of the colony’s pollen store (Amdam
and Omholt, 2002). Previous life histories do
not prohibit workers from becoming wintering bees so long as they get plentiful food
and time to build up their protein reserves before they enter winter cluster conditions. Studies on the development of winter bees reveals
that vitellogenin and arylphorin act as storage
proteins, which may allow colonies to continue brood rearing in extremely cold periods
(Otis et al., 2004). Research on the morphology and ultrastructure of the HG of wintering bees shows that secretions still occur, but
production of RJ probably stops. The secretions are probably stored for brood rearing in
early spring. These glands loaded with accumulated secretions can directly discharge their
contents when circumstances change in the
spring. (Deseyn and Billien, 2005).
The recent availability of the honeybee Apis
mellifera genome and transcriptome of both
female castes has provided new insights into
the genetics of honeybees as well as comparisons with other species (The Honeybee
Genome Sequencing Consortium, 2006). This
has stimulated new eﬀorts in investigating the
proteome profile of the HG of the winter bees
by proteomic approach. Due to lack of information about proteins of the HG, the aim of
the present study is to do a large scale survey
to obtain more information about the HG proteome profile.
2. MATERIALS AND METHODS
2.1. Chemical reagents
The immobilized pH gradient (IPG) strip
(pH 3–10, Linear), the two-dimensional gel
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electrophoresis (2-DE) marker, Bio-lyte (pH
3–10), and mineral oil were purchased from
Bio-Rad Laboratories Ltd. Tris-base, ammonium
persulfate (AP), sodium dodecyl sulfate (SDS),
N,N,N’,N’-tetramethylethylene diamine (TEMED)
and glycin were from Sigma. Acrylamide, N,
N’-methylenebisacrylamide, Bromophenol Blue,
Coomassie Brilliant Blue (CBB) G-250, thiourea,
3-[(3-cholamidopropyl)-dimethylammonio]-1-propane sulfonate (CHAPS), glycerol, bovine serum
albumin (BSA) were purchased from Amresco.
Agarose and urea were from Solarbio. Dithiothreitol (DTT) and iodoacetamide were from Merck.
Trypsin was from Roche; trifluoroacetic acid (TFA)
and acetonitrile were from J.T. Baker.

2.2. HG samples
High RJ producing bees and Apis mellifera. carnica honeybees (further referred as Carnica bees)
were maintained at the Institute of Apicultural Research, Chinese Academy of Agricultural Science.
Sixty worker bees were collected from each strain
in January, 2007, anesthetized on ice and the HG
dissected using a binocular microscope.

2.3. Preparation of protein samples
Protein extraction was according to Li et al.
(2007). Hypopharyngeal glands (1 mg HG/10 μL
buﬀer) were added to phosphate buﬀer (PB) pH
7.6, containing 32.5 mMol/L K2 HPO4 , 2.6 mMol/L
KH2 PO4 , 400 mMol/L NaCl. The glands were homogenized for 20 minutes on ice and sonicated for
2 minutes, then centrifuged at 12 000 g and 4 ◦ C
for 10 minutes, then further centrifuged at 15 000 g
and 4 ◦ C for 10 minutes. The supernatant was transferred to another tube for further use. The pellets
(1 mg HG/2 μL buﬀer) were resuspended in PB and
then centrifuged at 15 000 g and 4 ◦ C for 10 minutes. The supernatant was removed and added to
the tube containing supernatant as a PB-soluble proteins extract while the pellets (1 mg HG/10 μL
buﬀer) of PB-insoluble proteins were mixed in lysis
buﬀer (LB) (8 M urea, 2 M thiourea, 4% CHAPS,
20 mM Tris-base, 30 mM DTT, 2% Bio-lyte pH
3–10). The mixture was homogenized for 10 minutes on ice and sonicated for 2 minutes, centrifuged
at 15 000 g and 4 ◦ C for 10 minutes. The supernatant was removed and added to the tube containing PB-soluble protein extract, and the debris
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was discarded. Trichloroacetic (TCA) was added to
the collected supernatants at a final concentration
of 10%, and then the mixture was kept on ice for
10 minutes for protein precipitation and desalting.
Subsequently, the mixture was centrifuged twice
at 15 000 g and 4 ◦ C for 10 minutes. The supernatant was discarded and the pellets (1 mg HG/4 μL
buﬀer) were dissolved in LB. Then the mixture was
homogenized for 5 minutes on ice, sonicated for
2 minutes and subsequently adjusted to pH 7.0 with
2 M NaOH. The HG protein extract mixture was
stored at –70 ◦ C for further use.

2.4. Protein determination
Protein concentration was determined according
to the method developed by Bradford (1976) using
BSA as the standard. The absorption was measured
at 595 nm (Beckman, spectrophotometer DU800).

2.5. Two-dimensional gel
electrophoresis (2-DE)
A 300 μg protein sample was suspended in
LB and then mixed with rehydration buﬀer (8 M
urea, 2% CHAPS, 0.001% bromophenol blue,
45 mMol/L DTT, 0.2% Bio-lyte pH 3–10). The
mixture was loaded on a 17 cm IPG strip (pH 3–10,
linear, Bio-Rad Hercules, CA, USA). IEF was performed at 18 ◦ C (Protean IEF Cell. Bio-Rad Hercules, CA, USA) according to the following program: 14 h at 50 V, 250 V for 30 min × 4, 1000 V
for 60 min, 9000 V for 5 h, and continuing at
9000 V until completing a total of 60 000 V·h. Before SDS-PAGE, the IPG strips were first equilibrated for 15 minutes in equilibration buﬀer 1 (6 M
urea, 0.375 M Tris-HCl (pH 8.8), 20% glycerol,
2% SDS, 2% DTT) and then placed in equilibration buﬀer 2 (6 M urea, 0.375 M Tris-HCl (pH 8.8),
20% glycerol, 2% SDS, 2.5% iodoacetoamide) for
15 minutes. After equilibration, the strip was overlayed onto the SDS-PAGE gel, 12% T separating
gel (1.00 mm). Meanwhile, 10 μL of 2-DE marker
was placed on a piece of filter paper and then transferred adjacently to the acidic end of the strip when
the filter paper was nearly dry. The second dimension electrophoresis, SDS-PAGE, was performed in
a Protean II Xi Cell (Bio-Rad Hercules, CA, USA)
at 25 mA/gel for 6.5 h. The gel was stained with
CBB G-250. Each sample was replicated five times
and the best three runs with good reproducibility
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were subjected to analysis. To accurately compare
samples with variations in spot size and intensity
not due to diﬀerential protein expression, normalization was done by defining a quantity of a Carnica
bee sample as the protein standard. Significance of
the normalized volume in total density of identified proteins in all gels was tested by ANOVA (Version 6.12, SAS Institute, Cary, N.C., USA) using
a Duncans parametric test. An error probability of
P < 0.05 was considered to be statistically significant.

2.6. Image acquisition
Gels were scanned using a transparency mode
scanner, connected to a PC system, at 32-bit redgreen-blue colors and 300 dpi resolution for documentation. Images were analyzed using PDQuest V
7.3.0 (Bio-Rad Hercules, CA, USA).

2.7. Tryptic digestion
CBB stained spots were excised and destained
for 30 minutes using 100 mL acetonitrile (50%) and
25 mM (NH4 )HCO3 pH 8 (50%) until the gels were
transparent. They were dried for 10 minutes with
acetonitrile (100%) and then for 30 minutes using a
Speed-Vac system. At this point 2.5 mL of 25 mM
(NH4 )HCO3 was added to 25 μg trypsin (final concentration 10 ng/μL); 10 μL of this solution was
pipetted on each dried protein spot and incubated
for 60 min at 4 ◦ C. The supernatant was discarded to
minimize auto digestion of trypsin. The Eppendorf
tube was then turned upside down and the sample
was incubated for 14 h at 37 ◦ C. To extract the peptide fragments from the tryptic digests, 20 μL of 5%
(v/v) TFA were added and incubated for 60 min at
37 ◦ C. Then 20 μL of 50% (v/v) acetonitrile (containing 2.5% (v/v) TFA) was added to the gel and
incubated for 60 min at 30 ◦ C. After each step the
supernatants were pooled and dried using a SpeedVac system.

2.8. MALDI-TOF MS analysis and
database search
Before obtaining the mass spectra of the peptide
mixture, the digested peptides were desalted and
cleaned with ZipTip C18 pipette tips (Millipore
Corp., Bedford, MA, USA) according to the manufacturer’s instructions. All analyses were performed

using a Bruker Daltonics Autoflex system (Bruker
Daltonics Billerica, Mass. USA) operated in the
delayed extraction (190 ns) and reflector mode with
an accelerating voltage of 20 KV. Peptide mixtures were analyzed using a saturated solution of
α-cyano-4-hydroxycinnamic acid (CHCA, Bruker
Daltonics Billerica, Mass. USA) in 50% acetonitrile/0.1% TFA. External calibration was performed
using a peptide calibration standard (Bruker
Daltonics Billerica, Mass. USA, Part No. 206195)
and internal calibration with trypsin autoproteolytic
fragments. Masses of proteolytic peptide fragments
were determined by peptide mass fingerprinting
(PMF), which is a mass spectrometry based protein
identification technique. To interpret the mass
spectra of protein digests, the generated peak
lists of the tryptic peptide masses were searched
against MASCOT (http://www.matrixscience.com/
search_form_select.html) and Xproteo (http://
xproteo.com:2698).

3. RESULTS
Figure 1 is a representative 2-DE pattern from the HG of Carnica winter worker
bees (Fig. 1A) and high RJ producing winter worker bees (Fig. 1B), respectively. The
results showed that the amount of 157 protein spots detected in high RJ producing bees
(Fig. 1B) were significantly higher than the
112 found in Carnica bees (Fig. 1A) (P <
0.05). Proteins of high abundance were subjected to MALDI-TOF MS analysis. Twentysix diﬀerent forms of proteins were identified in the HG of Carnica winter worker bees
(Fig. 1A; Tab. I) and thirty-four in high RJ producing winter worker bees (Fig. 1B; Tab. II).
Twenty (Carnica) and twenty-eight (high RJ
bees) proteins were assigned as MRJPs, with
MRJP 3 representing the largest group within
the MRJP family (Fig. 1; Tabs. I and II).
Three proteins, two glucose oxidases and one
α-glucosidase, are related to the metabolism
of carbohydrates. Three proteins were identified for the first time in this study: two
proteins, peroxiredoxin and thioredoxin peroxidase, that are related to antioxidation functions, and an actin isoform, act5C isoform 1.
The number of most frequently identified proteins in high RJ producing bees (Fig. 2) was
significantly higher than those of Carnica bees,
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Figure 1. Representative 2-DE protein gel of hypopharyngeal gland proteome. Each sample (300 μg) was
subjected to 2-DE and stained by CCB G-250. A and B represent 2-DE profiles of Carnica winter bees
and RJ high-yield winter bees, respectively. Number-labeled spots were cut out and subjected to tryptic
digestion for mass spectrometry analysis.

particularly in MRJPs. In contrast, three proteins involved in the metabolism of carbohydrates and three newly found proteins showed
no significant diﬀerences between the two bee
strains (Fig. 2B) (P < 0.05).

3.1. MRJPs identified in the HG of
Carnica winter bees
The largest group of identified proteins
was assigned as MRJPs. One protein (spot 1,
Fig. 1A) was identified as MRJP1 with MW
48.86 kDa and pI 5.10 (Tab. I). Four diﬀerent
proteins (spots 2–5, Fig. 1A), presenting MW
values 51.04 kDa and pI values 6.83, were
identified as MRJP2 (Tab. I). Fourteen diﬀerent forms of MRJP3 (spots 6–19, Fig. 1A)
were identified with MW values varying from
61.62 to 65.66 kDa and pI values from 6.47
to 6.87 (Tab. I). No MRJP4 was identified in
the HG of Carnica winter bees. One protein

(spot 20, Fig. 1A) was identified as MRJP5
with MW 70.24 kDa and pI 5.90 (Tab. I).

3.2. MRJPs identified in the HG of high
RJ producing winter bees
As in the Carnica bees, the largest group
of identified proteins was classified as MRJPs. Spots 1 and 2 were identified to be
MRJP1 with MW and pI values 48.86 kDa
and 5.10 (Fig. 1B; Tab. II). Four diﬀerent proteins (spots 3–6, Fig. 1B), with the MW values
51.04 kDa and pI values 6.83, were identified to be MRJP2 (Tab. II). Nineteen diﬀerent forms of MRJP3 (spots 7–25, Fig. 1B)
were identified with MW values from 61.62
to 65.70 kDa and with pI values ranging from
6.47 to 6.90 (Tab. II). Two diﬀerent forms of
MRJP4 (spots 26, 27, Fig. 1B) were identified
with MW and pI values 52.88 kDa and 5.89
(Tab. II). Spot 28 (Fig. 1B) was identified to
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d’ = 4.9
d’ = 4.0
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109

99
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Score

Protein name

Major royal jelly protein 1 precursor
(MRJP-1) [Apis mellifera]
Major royal jelly protein 2
precursor (MRJP-2) [Apis mellifera]
Major royal jelly protein 2 precursor
(MRJP-2) [Apis mellifera]
Major royal jelly protein 2 Precursor
(MRJP-2)[Apis mellifera]
Major royal jelly protein 2 precursor
(MRJP-2) [Apis mellifera]
Major royal jelly protein 3 precursor
(MRJP-3) [Apis mellifera]
Major royal jelly protein 3
[Apis mellifera]
Major royal jelly protein 3 precursor
(MRJP-3) [Apis mellifera]
Major royal jelly protein 3 precursor
(MRJP-3) [Apis mellifera]
Major royal jelly protein 3 precursor
(MRJP-3) [Apis mellifera]
Major royal jelly protein 3 precursor
(MRJP-3) [Apis mellifera]
Major royal jelly protein 3 precursor
(MRJP-3) [Apis mellifera]
Major royal jelly protein 3 [Apis mellifera carnica]
Major royal jelly protein 3 [Apis mellifera]
Major royal jelly protein 3 [Apis mellifera]

Table I. Proteins identified in the HG of the Carnica winter bees (Apis mellifera carnica).

MRJP3_APIME
gi|56422035
gi|58585142|
gi|58585142|
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MRJP3_APIME

MRJP3_APIME

gi|58585142

MRJP3_APIME
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Number
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6.47

6.47

5.90
6.48
6.48
5.06

5.88

5.65
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18
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21
22
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41.77
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70.24
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(kDa)
61.66
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MW

43.00%

34.00%

46.00%

26.40%
23.00%
32.00%
34.00%

29.00%

21.00%

coverage
18.70%
19.00%

Sequence

17/54

6/16

9/36

16/36
13/37
16/34
20/82

14/29

11/56

(Total signals)
14/30
12/26

Matched peptides

PMF

113

81

84

d’ = 6.9
83
120
87

129

73

d’ = 11.2
101

Score
Major royal jelly protein 3 [Apis mellifera]
Major royal jelly protein 3 precursor
(MRJP-3) [Apis mellifera]
Major royal jelly protein 3 precursor
(MRJP-3)[Apis mellifera]
Major royal jelly protein 3 precursor
(MRJP-3) [Apis mellifera]
Major royal jelly protein 5 [Apis mellifera]
Glucose oxidase [Apis mellifera]
Glucose oxidase [Apis mellifera]
Alpha-glucosidase precursor (EC
3.2.1.20) (Maltase) - [Apis mellifera]
Peroxiredoxin 2540 CG11765-PA
[Apis mellifera]
Thioredoxin peroxidase 1
CG1633-PA, isoform A isoform 1
[Apis mellifera]
Actin-5C isoform 1 [Apis mellifera]

Protein name

gi|66548188
gi|48137684

gi|66535082

MAL1_APIME

MRJP3_APIME
gi|58585108
gi|58585090
gi|58585090

MRJP3_APIME

MRJP3_APIME

gi|58585142

Number

Accession

Note: Protein scores greater than 67, 79 and d’  4 are significant (P < 0.05) in Swissprot, NCBInr and Xproteo database, respectively. Spot Number corresponds
to the number of a protein spot in Figure 2A. PMF represents the peptide mass fingerprinting result, a protein identification technique in which MS is used to
measure the masses of proteolytic peptide fragments. MW (molecular weight) and pI (isoelectric point) in PMF are the theoretical results identified in Genbank
or MSDB. Sequence coverage is the ratio of the number of amino acid in every peptide that matches with the mass spectrum divided by the total number of amino
acid in the protein sequence. Matched peptide is the score of pairing of an experimental fragmentation spectrum to a theoretical segment of protein. Accession
Number is the unique number given to mark the entry of a protein sequence to a primary or secondary database (i.e. GenBank).
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Table I. Continued.
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9/13

Matched peptides
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d’ = 4.1
d’ = 4.9
d’ = 4.0

103

76

84
101
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78
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93

78

109

99

101

119

Score

Protein name

Major royal jelly protein 1 precursor (MRJP-1)
[Apis mellifera]
Major royal jelly protein 1 precursor (MRJP-1)
[Apis mellifera]
Major royal jelly protein 2 precursor (MRJP-2)
[Apis mellifera]
Major royal jelly protein 2 precursor (MRJP-2)
[Apis mellifera]
Major royal jelly protein 2 Precursor (MRJP-2)
[Apis mellifera]
Major royal jelly protein 2 precursor (MRJP-2)
[Apis mellifera]
Major royal jelly protein 3 precursor
(MRJP-3)[Apis mellifera]
Major royal jelly protein 3 [Apis mellifera]
Major royal jelly protein 3 precursor (MRJP-3)
[Apis mellifera]
Major royal jelly protein 3 [Apis mellifera]
Major royal jelly protein 3 precursor (MRJP-3)
[Apis mellifera]
Major royal jelly protein 3 precursor (MRJP-3)
[Apis mellifera]
Major royal jelly protein 3 precursor (MRJP-3)
[Apis mellifera]
Major royal jelly protein 3 [Apis mellifera carnica]
Major royal jelly protein 3 [Apis mellifera]
Major royal jelly protein 3 [Apis mellifera]

Table II. Proteins identified in the HG of the high RJ producing winter bees (Apis mellifera L.).
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22.00%

20.00%

14.00%

29.00%

21.00%

29.00%

20.00%
42.00%

16.00%

coverage
18.70%
19.00%

Sequence

17/54
9/36
6/16

16/36
13/37
16/34
20/82

10/28

9/23

8/23

14/29

11/56
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d’ = 6.9
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d’ = 11.2
101

Score
Major royal jelly protein 3 [Apis mellifera]
Major royal jelly protein 3 precursor (MRJP-3)
[Apis mellifera]
Major royal jelly protein 3 precursor (MRJP-3)
[Apis mellifera]
Major royal jelly protein 3 [Apis mellifera]
Major royal jelly protein 3 precursor (MRJP-3)
[Apis mellifera]
Major royal jelly protein 3 precursor (MRJP-3)
[Apis mellifera]
Major royal jelly protein 3 precursor (MRJP-3)
[Apis mellifera]
Major royal jelly protein 3 precursor (MRJP-3)
[Apis mellifera]
Major royal jelly protein 3 precursor (mrjp-3)
[Apis mellifera]
Major royal jelly protein 4 precursor (MRJP-4)
[Apis mellifera]
Major royal jelly protein 4 precursor (MRJP-4)
[Apis mellifera]
Major royal jelly protein 5 [Apis mellifera]
Glucose oxidase [Apis mellifera]
Glucose oxidase [Apis mellifera]
Alpha-glucosidase precursor (EC 3.2.1.20)
(Maltase) [Apis mellifera]
Actin-5C isoform 1 [Apis mellifera]
Peroxiredoxin 2540 CG11765-PA [Apis mellifera]
Thioredoxin peroxidase 1 CG1633-PA, isoform A
isoform 1 [Apis mellifera]

Protein name

gi|66548188

MAL1_APIME
gi|48137684
gi|66535082

MRJP4_APIME
gi|58585108
gi|58585090
gi|58585090

MRJP4_APIME

MRJP3_APIME

MRJP3_APIME

MRJP3_APIME

MRJP3_APIME

MRJP3_APIME

MRJP3_APIME
gi|58585142

MRJP3_APIME

gi|58585142

Number

Accession

Note: Protein scores greater than 67, 79 and d’  4 are significant (P < 0.05) in Swissprot, NCBInr and Xproteo database, respectively. Spot Number corresponds
to the number of a protein spot in Figure 2B. PMF represents the peptide mass fingerprinting result, a protein identification technique in which MS is used to
measure the masses of proteolytic peptide fragments. MW (molecular weight) and pI (isoelectric point) in PMF are the theoretical results identified in Genbank
or MSDB. Sequence coverage is the ratio of the number of amino acid in every peptide that matches with the mass spectrum divided by the total number of amino
acid in the protein sequence. Matched peptide is the score of pairing an experimental fragmentation spectrum to a theoretical segment of protein. Accession
Number is the unique number given to mark the entry of a protein sequence to a primary or secondary database (i.e. GenBank).

6.50
6.47

pI

17
18

Spot
number
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(a)

(b)
Figure 2. Quantitive analysis of the identified proteins. The gray and the white bars represent protein quantities found in the hypopharyngeal glands of winter worker bees from high royal jelly producing bees and
Carnica bees, respectively. (a) represents all the MRJP 3 (Major Royal Jelly Protein 3) and (b) represent
the other identified proteins. Identical letters at top right of the figures indicate no significant diﬀerence;
diﬀerent letters indicate significant diﬀerences. Paired bars indicate the proteins identified in both strains of
honeybees. Unpaired bars are proteins identified in only one strain.
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be MRJP5 with MW value 70.24 kDa and pI
value 5.90 (Tab. II).
3.3. Additional identified proteins in the
HG of winter bees from the two
strains
Two forms of glucose oxidase (spots 21, 22,
Fig. 1A; spots 29, 30, Fig. 1B) with MW values 67.90 kDa and pI values 6.48 (Tabs. I, II)
and one α-glucosidase precursor (spot 23, Fig.
1A; spot 31, Fig. 1B) with MW values 65.52
kDa and pI values 5.06 (Tabs. I, II) were identified. These enzymes are thought to participate in the metabolism of carbohydrates and
energy.
Three proteins were discovered in the HG
of honeybees for the first time. Two of them,
peroxiredoxin (spot 24, Fig. 1A; spot 33,
Fig. 1B) with MW values 25.12 kDa and
pI values 5.88 (Tabs. I, II) and one thioredoxin peroxidase 1 (spot 25, Fig. 1A; spot 34,
Fig. 1B) with MW values 21.77 kDa and pI
values 5.63 (Tabs. I, II) are thought to perform
antioxidative functions. The third protein was
identifdied as a member of the actin family,
actin 5C isoform 1 (spot 26, Fig. 1A; spot 32,
Fig. 1B) with MW values 41.77 kDa and pI
values 5.30 (Tabs. I, II).
Some of the spots labeled in Figure 1 were
not listed in Tables I and II because either their
analysis resulted in poor spectral quality due
to a noise background, or protein amounts too
low to get reliable PMF data.

4. DISCUSSION
4.1. MRJPs
MRJPs play an important role in honeybee nutrition. MRJP1 may be involved in processing honeybee products besides its nutritive functions (Simuth, 2001). The previous
study illustrates that MRJP1 may present different variant forms with MW values around
55 kDa and pI values ranging from 4.50 to 5.20
(Hanes and Simuth, 1992). Six diﬀerent forms
of MRJP1 were identified in the protein complement of the HG of Africanized nurse-bees
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with MW from 48.81 to 60.00 kDa and pI from
4.23 to 5.50 (Santos et al., 2005). The MW of
MRJP1 identified in this study (Fig. 1; Tabs. I,
II) diﬀers from that estimated by Hanes and
Simuth (1992), but was in accordance with
Santos et al. (2005). That MRJP1 may present
variant forms with diﬀerent MW and pI is
probably due to the presence of potential glycosylation sites as revealed by the NCBI protein databank (http://www.ncbi.nlm.nih.gov/)
(Santos et al., 2005). Sano et al. (2004) identified only two diﬀerent forms of this protein in
the RJ of Africanized honeybees and one form
in European honeybees. Six diﬀerent forms
were found in the HG of Africanized nurse
honeybees (Santos et al., 2005). Due to the experimental design it could not be determined at
present if the most frequent forms of MRJP1
are retained, degraded or even metabolically
used by the winter bees.
MRJP2 and MRJP3 are thought to store
processable forms of nitrogen (Albert et al.,
1999). The MW and pI of MRJP2 identified
in this study were in accordance with that of
Santos et al. (2005) Using the NCBI protein
databank (http://www.ncbi.nlm.nih.gov/), it is
possible to identify two potential glycosylation sites which suggests the possible existence of diﬀerent forms of MRJP 2, presenting diﬀerent degrees of glycosylation (Santos
et al., 2005). It is believed that all the forms of
this protein observed in the secretion of HG
were also present in the RJ as described by
Sano et al. (2004). However, the MW (61.62–
65.70 kDa) and pI (6.47–6.90) of MRJP3 in
this study (Fig. 1; Tabs. I, II) were lower
than those identified in the HG of Africanized
nurse honeybees (MW 80.59–87.00 kDa and
pI 7.05–8.04; Santos et al., 2005). This may
be caused by the extensive repetitive regions
in the C-terminal region and by various sugar
chains attached to the protein (Sano et al.,
2004). Ten and twenty-four diﬀerent forms
of MRJP3 are reported in RJ of Africanized
honeybees and European honeybees, respectively (Santos et al., 2005; Sano et al., 2004).
MRJP3 also showed the highest number of isoforms in the present study. This could be attributable to its polymorphism in a region with
a variable number of tandem repeats (VNTR)
located at the C-terminal part of the coding
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region (Albert et al., 1999). PCR analyses have
confirmed the presence of an extensive repetitive region that showed inter and intraspecific
polymorphisms in size and sequence in four
honeybee species (Apis mellifera, Apis cerana,
Apis dorsata, and Apis florea). The repetition
is suggested to be due to a selection for an increase in nitrogen storage which results in a
more eﬃcient nutrition of queens and larvae
(Albertova et al., 2005).
MRJP4 and MRJP5 both supply essential
amino acids. In particular MRJP5 stores biologically accessible nitrogen required for the
fast developing organism (Albert et al., 1999).
Five and two MRJP4 isoforms were identified
in the RJ of Africanized and European honeybees, respectively (Sano et al., 2004). None
of these were found in the HG of Africanized
nurse-bees (Santos et al., 2005). Two diﬀerent isoforms of MRJP4 were identified in the
HG of high RJ producing winter bees (Fig. 1B,
Tab. II), but not in those of Carnica winter
bees (Fig. 1A, Tab. I). It is not clear whether
this may be due to a genetic diﬀerence between high RJ producing honeybees and Carnica honeybees leading to a lack of MRJP4
production in the HG of Carnica winter bees.
Only one form of MRJP5 (MW 70.24 kDa
and pI value 5.90) (Fig. 1; Tabs. I, II) was
identified in the two lines of honeybees in this
study, and its MW was lower than that of proteins in the HG of Africanized nurse honeybees (79.08 to 79.47 kDa and 6.34 to 6.80)
(Santos et al., 2005). Taking into account a
single copy of the gene of MRJP5, the heterogeneity in MW and pI may be a result of
post-translational modifications. Three protein
modifications in HG secretions from Africanized nurse-bees were found (Santos et al.,
2005). In the RJ of Africanized and European
honeybees, respectively seven and four diﬀerent forms of this protein were identified (Sano
et al., 2004).
The HGs in most of the Hymenoptera secrete food and enzymes for their nestmates
(Cruz-Landim and Costa, 1998). Nurse bees
secrete RJ for feeding brood with very high
rates of metabolism (Costa and Cruz-Landim,
2005). The MRJPs in the HG of winter bees
are probably produced and stored for brood
rearing in early spring. Glands are loaded by

such accumulations, and when circumstances
change in spring they can directly discharge
their stored secretions (Deseyn and Billien,
2005). This behavior reflects the functional
flexibility of the HG of the workers (Ohashi
et al., 2000). At the same time it provides supporting evidence that MRJPs are produced by
the HG and then secreted into the RJ (Santos
et al., 2005). The present study identified more
MRJPs in HG of high RJ producing bees than
that in Carnica bees (Figs. 1, 2; Tabs. I, II), indicating that there is more stored nitrogen in
the HG of high RJ producing winter bees for
subsequent brood rearing.

4.2. Glucose oxidase and α-glucosidase
The HG regresses after the nursing stage of
worker bees but it still remains active (Costa
and Cruz-Landim, 2000; Huang et al., 1989).
Invertase and glucose oxidase are also produced (Takenaka et al., 1990; Ohashi et al.,
1996, 1999; Santos et al., 2005). Glucose oxidase is needed to convert glucose to gluconic
acid and hydrogen peroxide which have an antimicrobial action. In the HG of Africanized
nurse-bees one and in their RJ, five diﬀerent
forms of glucose oxidase are presente, with
MW values around 85 kDa (Sano et al., 2004;
Santos et al., 2005). The lower MW of the
two glucose oxidases identified in this study
(Fig. 1; Tabs. I, II) may be due to previously
observed variations in MW and pI (Sano et al.,
2004).
An α-glucosidase was found in the HG extract of A. mellifera (Santos et al., 2005). The
MW of α-glucosidase identified in the present
study (Fig. 1; Tabs. I, II) was compatible with
the 70 kDa previously observed (Ohashi et al.,
1997). The HG is the only gland in the salivary
system of A. mellifera that has α-glucosidase
activity (Arnold and Delage-Darchen, 1978).
It can catalyze the digestion of polysaccharides and perform the final steps in starch digestion. It is highly active in the HG of foragers of A. mellifera (Costa and Cruz-Landim,
2005), converting sucrose in nectar to glucose
and fructose, which is essential for the conversion of nectar into honey.
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These results constitute strong evidences
that the HG has flexible functions. Winter bee
HGs secrete enzymes for glucose metabolism
and these enzymes may equally serve as
a protection against oxidative stress and be
connected with the longevity of winter bees.
During the winter they may also be used for
digesting the stored pollen bread being transfered to other bees during trophollaxis (Costa
and Cruz-Landim, 2005), or deposited for
honey processing in the coming spring.

4.3. New proteins identified in winter
bee HG
To our knowledge, this study is the first to
find peroxiredoxin, thioredoxin peroxidase 1
(TxP-1) and act5C in the HG of honeybees.
Peroxiredoxin and TxP-1 may perform antioxidation functions in the honeybees’ HG. Peroxiredoxins are a superfamily of nonheme and
nonselenium peroxidases that are widely distributed throughout all phyla (Hofmann et al.,
2002; Wood et al., 2003). They can play a
major protective role in animal cells against
reactive oxygen. In addition to their protective antioxidant role, it has been suggested that
peroxiredoxins are involved in cell signaling,
apoptosis, cell diﬀerentiation and other regulatory processes (Choi et al., 1998; Delaunay
et al., 2002; Wood et al., 2003). Peroxiredoxin
containing only one conserved cysteine (1CysPrx) is expressed in all tissues, but at particularly high levels in brain, eyes and testes
(Kim et al., 1998; Singh and Shichi, 1998). 1cysPrx can reduce phospholipid and other hydroperoxides (Fisher et al., 1999) and protects
against cellular membrane damage (Simuth
et al., 2004). TxP-1 belongs to a highly efficient antioxidant family. It scavenges H2 O2
using thioredoxin-1 (Trx-1) as a source of reducing equivalents, and plays an important
role in eliminating peroxides generated during metabolism. These proteins may act as antioxidants to remove the metabolism waste of
winter bees’ HG and delay the aging process
of winter bees. They have not been identified
in RJ of Africanized and European nurse honeybees (Sano et al., 2004; Santos et al., 2005;
Scarselli et al., 2005). This is probably due to
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diﬀerences in the strains, as well as ecological
and seasonal conditions.
The actin family member act5C is one of
the most abundant and highly conserved proteins in eukaryotes. It is very critical for a variety of cellular functions including determination of cell shape, cell motility, cytokinesis,
intracellular transport and muscle contractility (Wagner et al., 2002). Act5C is one of the
isforms of cytoplasmic actins. Act5c, including act42A, encodes the cytoskeletal actins of
nonmuscle cells (Bond and Davidson, 1986).
In Drosophila, the relative levels of transcripts
for the two genes vary in particular tissues.
Act5C mRNA levels are highest in the developing brain, whereas act42A mRNA levels are most abundant in the developing gonad and in portions of the intestine (Tobin
et al., 1990). Act5C gene expression in certain cells supplies actin for normal functions
(Sheterline et al., 1999). This abundant protein
probably aids in maintaining the normal function of the HG during the winter season. It has
not been found previously (Sano et al., 2004;
Santos et al., 2005; Scarselli et al., 2005). The
presently identified Act5C may have leaked
from cells of glandular tissue during extract
preparation since the whole HG was homogenized.
In conclusion, winter bees secrete a complex of proteins that are very similar to those
found regularly in RJ. MRJP3 seems overrepresented, whereas MRJP5 is underrepresented
in the HG of winter bees. We noted a significantly higher numbers of proteins to be present
in the HG of high RJ producing winter bees
when compared to Carnica winter bees. Quantities of most MRJPs were also significantly
higher in high RJ producing winter bees than
in Carnica winter bees. The HG of high RJ
producing winter bees store more MRJPs for
brood rearing and show higher activity than
Carnica winter bees. Secretions are produced
but not released. The present study provides
evidence for the functional flexibility of the
workers and for HG protein storage during
the winter season. Three novel proteins, two
peroxiredoxins and thioredoxin peroxidase 1
related to antioxidation and one highly conserved actin 5C isoform 1 related to maintainance of the normal function for the HG,
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were found in the HG of honeybees for the first
time.
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Identification du protéome des glandes hypopharyngiennes de deux lignées d’abeilles domestiques (Apis mellifera).
Apis mellifera / abeille d’hiver / glande hypopharyngienne / protéome
Zusammenfassung – Analyse des Proteoms der
Hypopharynxdrüsen von zwei Zuchtlinien der
Honigbiene (Apis mellifera). Mit der Verfügbarkeit eines komplett sequenzierten Genoms ergeben
sich jetzt neue Einsichten sowohl für die Honigbiene selbst, als auch für Vergleiche mit anderen Arten. Obwohl einzelne Gene, Proteine und Enzyme
des Metabolismus bereits seit einiger Zeit intensiv
untersucht werden, stecken generelle Proteomanalysen, z.B. zum Proteom der Hypopharynxdrüsen,
noch in den Anfängen. Ziel dieser Studie war eine systematische Untersuchung der Proteinzusammensetzung der Hypopharynxdrüse (HD) von Winterbienen. Der experimentelle Ansatz bestand in
einer zweidimensionalen elektrophoretischen Auftrennung gefolgt von MALDI-TOF Analysen der
einzelnen Proteinspots.
Aus der Gesamtzahl der Proteine, die in den HD
von Winterbienen zu finden waren, identifizierten
wir 26 Spots für die HD von Carnica-Arbeiterinnen
(Abb. 1A; Tab. I) und 34 Spots für die HD einer chinesischen Zuchtlinie, die in hohen Mengen
Gelée royale produziert (viel-Gelée-royal-Linie)
(Abb. 1B; Tab. II). Die meisten dieser Proteine (20
für Carnica und 34 für die viel-Gelée-royal-Linie)
waren Gelée royal Proteine (GRPs) und dies überwiegend Isoformen von GRP 3. Mit Bezug zum
Kohlenhydratstoﬀwechsel fanden wir drei Proteine,
zwei Glucoseoxidasen und eine alpha-Glucosidase.

Drei Proteine wurden in dieser Studie zum ersten Mal für Honigbienen beschrieben. Zwei dieser
Proteine, Peroxiredoxin und Thioredoxinperoxidase haben eine antioxidante Funktion. Das dritte Protein war ein Actin, die Isoform 1 von Act5C. Die
Gesamtzahl der für die viel-Gelée-royal-Linie identifizierten Proteine lag deutlich über der für Carnica
Winterbienen, vor allem was die GRPs angeht. Keine Unterschiede zwischen den beiden Linien fanden
wir für drei der Kohlenhydratstoﬀwechselproteine
und die drei neubeschriebenen Proteine (Abb. 2B).
Diese vorläufigen Ergebnisse zum Proteom der
Hypoharynxdrüse deuten darauf hin, dass diese
Drüse bei Winterbienen eine Speicherfunktion haben könnte. Ausserdem konnten wir zeigen, dass
die HD der viel-Gelée-royal-Linie mehr Proteine
enthält als die der Carnica Arbeiterinnen. Da diese Studie nur einen Teil der Proteine des Gesamproteoms der HD identifizieren konnte, sind weitere
Untersuchungen erforderlich.
Apis mellifera / Winterbienen / Hypopharynxdrüse / Proteom
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