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ABSTRACT: Royal jelly (RJ), secreted by honeybee workers, plays
diverse roles as nutrients and defense agents for honeybee biology and
human health. Despite being reported to be glycoproteins, the
glycosylation characterization and functionality of RJ proteins in diﬀerent
honeybee species are largely unknown. An in-depth N-glycoproteome
analysis and functional assay of RJ produced by Apis mellifera lingustica
(Aml) and Apis cerana cerana (Acc) were conducted. RJ produced by Aml
yielded 80 nonredundant N-glycoproteins carrying 190 glycosites, of which
23 novel proteins harboring 35 glycosites were identiﬁed. For Acc, all 43
proteins glycosylated at 138 glycosites were reported for the ﬁrst time.
Proteins with distinct N-glycoproteomic characteristics in terms of
glycoprotein species, number of N-glycosylated sites, glycosylation motif,
abundance level of glycoproteins, and N-glycosites were observed in this
two RJ samples. The fact that the low inhibitory eﬃciency of Nglycosylated major royal jelly protein 2 (MRJP2) against Paenibacillus
larvae (P. larvae) and the absence of antibacterial related glycosylated
apidaecin, hymenoptaecin, and peritrophic matrix in the Aml RJ compared
to Acc reveal the mechanism for why the Aml larvae are susceptible to P. larvae, the causative agent of a fatal brood disease
(American foulbrood, AFB). The observed antihypertension activity of N-glycosylated MRJP1 in two RJ samples and a stronger
activity found in Acc than in Aml reveal that speciﬁc RJ protein and modiﬁcation are potentially useful for the treatment of
hypertensive disease for humans. Our data gain novel understanding that the western and eastern bees have evolved speciesspeciﬁc strategies of glycosylation to ﬁne-tune protein activity for optimizing molecular function as nutrients and immune agents
for the good of honeybee and inﬂuence on the health promoting activity for human as well. This serves as a valuable resource for
the targeted probing of the biological functions of RJ proteins for honeybee and medical communities.
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1. INTRODUCTION

important for social organization in the honeybee community.8,9
Apis mellifera lingustica (Aml), one of the western honeybee
species, is widely kept in China (>8 million colonies) since it
was introduced at the beginning of the 1900s and now has
become a major bee species. Having beneﬁted from a breeding
program launched in the 1980s, China has successfully selected
a strain of high RJ producing bees (RJB) from Aml that can
produce >10 kg of RJ a colony per year, which makes China the
biggest RJ producer and accounts for 90% of world total RJ
output. In contrast, Apis cerana cerana (Acc), an indigenous
Chinese honeybee, is an eastern bee species whose RJ

Royal jelly (RJ) is the principal food of honeybee larvae within
the ﬁrst 3 days and the exclusive food for the honeybee queen
during her lifetime.1 It is a cocktail solution derived from the
hypopharyngeal, mandibular, and thoracic glands of worker
honeybees aged from 5−15 days old.2 Apart from its pivotal
role in honeybee nutrition and determination the fate of young
larvae development as worker or queen bees,3 RJ is also widely
consumed with its broad spectrum functional properties of
antihypertensive, antitumor, anti-inﬂammatory, antifatigue, and
antioxidative activities.4−7 In addition, important components
in RJ, 9-oxo- and 10-hydroxy-2(E)-decenoic acids or queen
substance, can be artiﬁcailly synthezed and used as pheromone
in regulating the honeybee worker behavior; thus, this is
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production is at least 10-times lower than that of RJB.10 Despite
its low RJ producing capacity, the Acc has evolved several
biological merits in regards to resisting the mite, Varroa
destructor, adapting to extreme weather conditions, and
collecting nectar from scattered ﬂoral resources.11 Therefore,
the Acc has become the second biggest bee species in China
(about 2 million colonies) as a honey producer.
To understand the biological diﬀerences of RJ from the
western and eastern bees, the proteome and the function of RJ
from the two bee species have been compared, and profound
diﬀerences were found. Although the same protein species are
observed, the abundance level of major RJ proteins (MRJPs) in
Aml is signiﬁcant higher than that in Acc,10 whereas the
abundance level of phosphorylated proteins displays a reverse
trend, and the phosphorylated peptides show stronger activity
in against bacteria and fungi in RJ of Acc.12 These observations
reveal the fact that the western bees use the high abundance of
MRJPs as nutrients and defense agents to support their large
body sizes, while the eastern bees use higher level of
phosphorylated peptides as a countermeasure of low levels of
MRJPs to ensure the larval development.12
Nutritional crossbreeding of the larvae of Aml and Acc has
signiﬁcant inﬂuence on the morphology and the gene
expression pattern. The Aml larvae fed with RJ produced by
the Acc exhibit morphological characteristic of Acc such as
proboscis, forewings, abdomen, and body weight of newly
emerged adult bees.13 Alternative splicing, an important RNAmediated post-transcriptional process can be inﬂuenced if Aml
larvae are fed with RJ produced by Acc.14 Strikingly, the
resistivity to varroa mites, a major parasitic threaten to Aml, is
improved if the Aml larvae are fed with Acc RJ. Moreover, the
Acc larvae enhance the capacity to ﬁght against Chinese
sacbrood virus, a fatal viral disease of Acc, when fed with RJ
produced by Aml.13 These results reveal a notion that there are
remarkable functional diﬀerences between the RJ produced by
Aml and Acc.
Glycosylation is one of the ubiquitous modiﬁcations of the
eukaryotic proteins.15 Over 50% of the proteins found in nature
are glycosylated, of which more than 70% are N-glycosylated.16
N-linked glycans are almost always covalently attached to the
asparagine residues (N) side chain that are present as a part of
Asn-X-Ser/Thr (N-X-S/T, X ≠ proline/p) consensus sequences and can be generally classiﬁed as high mannose, complex,
and hybrid types depending on their monosaccharide
composition and their branching.17 Protein glycosylation is
important in regulating many biological processes including cell
diﬀerentiation, cell growth, and immunity.18
Proteins are the main components of RJ, accounting for
∼50% of RJ dry mass,19 while nine MRJP families represent
80−90% of the total proteins in RJ.20 Despite being reported as
glycoproteins,21 only 12 diﬀerent N-glycans have been
identiﬁed in RJ with the high-mannose as main type.22 A 350
kDa RJ protein, which stimulates cell growth,23 has been
documented to contain the high-mannose type N-glycans with
four diﬀerent structures analyzed by nuclear magnetic
resonance (NMR) spectroscopy,24 while a 55 kDa RJ protein,
which maintains the high viability of rat liver primary cultured
cell, possesses only one kind N-linked sugar chain.25 It is also
reported that the glycosylation of a minority homologue of
MRJP2 can inhibit the growth of P. larvae, the etiological agent
of the American foulbrood (AFB).26
Mass spectrometry (MS) is currently the most powerful tool
for global glycoproteomic studies. To better characterize the

glycoproteome, it is important to enrich the low abundant
glycosylated proteins/peptides to reduce the sample complexity
before submitting to MS analysis.27 Lectin aﬃnity and
hydrazide resin are widely used as complementary protocols
in enrichment of glycopeptides and glycoproteins.28 These
technological advantages have made great advances in the study
of RJ glycoproteome; hence, a total of 25 N-linked
glycoproteins carrying 53 N-glycosites have been mapped
into Aml RJ proteins.29 It is reported that extending the elution
gradient time is an eﬃcient way to increase the chromatographic resolution, the detected isotope patterns, and peptide
amounts, thus improving the protein identiﬁcation on liquid
chromatography−mass spectrometry (LC−MS) system.30 This
promotes us adopting this strategy to optimize the parameter
setting of the LC−MS system for the in-depth proﬁling of
glycoproteomics of Aml RJ proteins. Given that knowledge on
N-glycosylation in the Acc RJ proteins is still lacking, it is
necessary to characterize the glycoproteomes of RJ produced
by the western and eastern bees and reveal the functional
diﬀerences of glycosylated proteins of RJ from these two bee
species to better understand how glycosylated RJ proteins
beneﬁt the honeybee physiology and human health.

2. MATERIALS AND METHODS
2.1. Chemical Reagents

Unless otherwise speciﬁed, all chemicals were bought from
Sigma-Aldrich (St. Louis, MO, USA). PNGase F was purchased
from NEB (Ipswich, MA, UK).
2.2. RJ Sample Preparation

Two-hundred-ﬁfty queen cell cups of RJ were collected from
ﬁve colonies each of Aml and Acc around 70 h after the bee
larvae (>24 h) had been transferred into the queen cell at the
apiary of the Institute of Apicultural Research, Chinese
Academy of Agricultural Science, Beijing.
RJ proteins were extracted, and the N-linked glycoproteins
were prepared according to the previous protocol.29 In brief, 1
mg of RJ protein pellet precipitated by acetone was resolved in
250 μL of coupling buﬀer [100 mM sodium acetate, 150 mM
NaCl, pH 5.5] and then oxidized with sodium perodate and
captured by the well equilibrated hydrazide resin. Then the
attached glycoproteins were desalted, reduced, and alkylated by
dithiothreitol (DTT) and iodoacetamide (IAA), followed by
digesting with trypsin (sequencing grade, modiﬁed, Roche)
overnight. Glycans attached to the glycopeptide backbone were
removed, and the N residues were labeled with 18O
simultaneously during enzymatic deglycosylation using PNGase
F prepared with H 2 18 O. The 18 O labeled N-linked
glycopeptides were eluted by 80% ACN (100% ACN diluted
with H2 18O) and concentrated with Speed-Vac system for
subsequent LC−MS analysis.
The enrichment of N-linked glycopeptides with lectin was
carried out according to a ﬁlter aided sample preparation
(FASP) based method.28,29 Brieﬂy, 1 mg of RJ protein pellet
was suspended in UA buﬀer (8 M urea, 100 mM of Tris-HCl,
pH 8.5) and then transferred into an Ultracel YM-10 10 000
MWCO centrifugal ﬁlter unit (Millipore). The glycoproteins
were reduced by DTT, alkylated by IAA, and digested by
trypsin overnight. Then the peptides were mixed with lectin
solution (mixture of concanavalin A, wheat germ agglutinin,
and Ricinus communis agglutinin (RCA) 120). The unbound
peptides were removed by centrifugation, and the captured
ones were washed after deglycosylation with PNGase F
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prepared with H 2 18 O. Finally, the labeled N-linked
glycopeptides were eluted with 40 mM NH4HCO3 in H2 18O.

0.05% triﬂuoroacetic acid (TFA) in 40% of ACN solution and
dried in the Speed-vac system.

2.3. LC−MS Analysis

2.6. Protein Quantiﬁcation by Spectral Counting Analysis

The enriched N-linked glycopeptides were analyzed using a QExactive system (Thermo Fisher Scientiﬁc) coupled to an EasynLC 1000 (Thermo Fisher Scientiﬁc) via a nanoelectrospray
ion source. Samples were loaded onto a fused silica trap column
containing 5.0 μm Aqua C18 beads (100 μm × 20 mm,
Thermo Fisher Scientiﬁc) for 2 min in buﬀer A (0.1% formic
acid) at a ﬂow rate of 5 μL/min. Peptides were separated with a
fused silica analytical column ﬁlled with 2 μm Aqua C18 beads
(100 Å, 75 μm × 500 mm, Thermo Fisher Scientiﬁc) at a ﬂow
rate of 350 nL/min. The elution gradient was as follows: from 3
to 8% buﬀer B (0.1% formic acid in acetonitrile) for 10 min,
from 8 to 23% buﬀer B for 130 min, from 23 to 30% buﬀer B
for 20 min, from 30 to 90% buﬀer B for 8 min, and 90% buﬀer
B for 12 min. A data dependent acquisition mode was applied
for full MS scans ranging from m/z 300−1800 with a resolution
of 70 000; the 15 most abundant precursor ions were
fragmented by higher energy collisional dissociation (HCD)
mode with a resolution of 17 500 and started from m/z 100,
isolation window 2 m/z, with normalized collision energy of 27.
The dynamical exclusion setting was as follows: charge
exclusion, unassigned 1, > 8; peptide match, preferred; exclude
isotopes, on; dynamic exclusion, 10 s. The MS/MS data were
acquired in raw ﬁles using the Xcalibur software (version 2.2,
Thermo Fisher Scientiﬁc).

A spectral counting based label-free strategy was used to
quantify the glycoprotein expression proﬁles in RJ as it is a
simple but reliable index for relative protein quantiﬁcation.36
Given that proteins with larger molecular weight could be
expected to produce more peptides and therefore more spectral
counts than smaller ones, a normalized spectral abundance
factor (NSAF) was applied to eliminate the bias generated from
protein length.37 Then the ratio of NSAF normalized spectral
counts (Acc/Aml) was used for one-sample t test analysis
(SPSS version 16.0, SPSS Inc., IBM). Proteins with ratios above
1.5 and P < 0.05 were considered to have signiﬁcant higher
abundance level in Acc, while proteins with ratios below 0.67
and P < 0.05 were considered to have signiﬁcant higher
abundance level in Aml. Spectral counting assigned to each
glycosite was conducted to evaluate the abundance level at each
glycosite.
2.7. N-Glycosylated Motif Analysis

N-glycosylation consensus sequences of RJ from Aml and Acc
were extracted using Motif-X algorithm (http://motif-x.med.
harvard.edu/motif-x.html),38 and the uploaded honeybee
proteome (randomly reduced >10M) was chosen as the
background.10 Only those N-glycosites localized with conﬁdence level ⩾95% by Scaﬀold PTM were used for motif
extraction. The prealigned mode was used, and all candidate
sequences were centered on the glycosylated residue and
extended six residues on each side. The minimal reported
number of occurrences for a given motif was set to 10, and the
threshold for signiﬁcance was set to p < 10−5.

2.4. Data Analysis and Location of N-glycosylation Sites

The raw MS data were searched against the constructed
database containing protein sequences of Apis (downloaded
from NCBI on April, 2013) and a common repository of
adventitious proteins (cRAP, from The Global Proteome
Machine Organization, downloaded April, 2013), totaling
32 515 entries, by using the in-house PEAKS software (version
7.0, Bioinformatics Solutions Inc., Waterloo, Canada). The
searching parameters were: precursor mass tolerances, 20 ppm;
fragment mass tolerances, 0.05 Da; enzyme, trypsin; allowing a
nonspeciﬁc cleavage, maximum missed cleavages per peptide, 2;
maximum allowed variable PTM per peptide, 3; ﬁxed
modiﬁcation, carbamidomethyl (C, + 57.02); variable modiﬁcations, oxidation (M, + 15.99), deamidation (N, 0.98), and
deamidation 18O (N, + 2.9890). The fusion-decoy database
searching strategy was applied to control the false discovery rate
(FDR) by ⩽1.0% both at protein and peptide levels.31 Protein
identiﬁcations were accepted only as those with at least one
unique peptide that had at least one spectrum.
The glycosites were assigned using Scaﬀold PTM (version
1.1.3, Proteome Software) on the basis of the Ascore
algorithm.32 Only a site with a conﬁdence level no less than
95%, and the manual check of spectrum with continuous y or b
ions, was considered to be a localized glycosite in RJ proteins.

2.8. Antibacterial Assay

Antibacterial assays of glycosylated RJ proteins on Staphylococcus aureus (ATCC 6538), Bacilus subtilis (ATCC 6051),
and P. larvae (ATCC 13537) were performed according to a
previous method with minor modiﬁcation.12 Bacteria were
incubated at 37 °C in Luria−Bertani medium at a concentration
of 105 colony-forming units (cfu)/mL, and an inoculum
corresponding to 2 × 103 cfu was placed in each well of a 96well plate. Puriﬁed MRJP1−3, the deglycosylated MRJP1−3,
and their corresponding glycans were serially diluted and then
added to each well containing the bacterial inoculum. Following
incubation at 37 °C for 24 h with shaking at 220 rpm (rpm),
the antibacterial activity was visualized as bacterial growth
inhibition by measuring the absorbance at 595 nm of each well
using a microplate reader (Model 3550, Bio-Rad). The minimal
inhibitory concentration (MIC) was determined as the lowest
concentration causing 50% bacterial growth inhibition.39
2.9. Scratch Wound Assay and Immunoﬂuorescence

An in vitro scratch wound healing assay is usually used to
investigate the eﬀects of chemical exposure or gene knockdown
on mammalian cells. To assess the migration and diﬀerentiation
ability of mice aortic vascular smooth muscle cells (VSMCs) in
the presence of glycosylated RJ proteins, VSMCs were obtained
from American Type Culture Collection (ATCC) and cultured
in Dulbecco’s modiﬁed Eagle medium (DMEM) supplemented
with 10% fetal bovine serum (FBS), 100 U/mL of penicillin,
and 100 μg/mL of streptomycin at 37 °C under a humidiﬁed
95% air/5% CO2 mixture (v/v). VSMCs (2 × 104) were seeded
to a six-well dish and cultured overnight. Then the media were
removed and incubated in serum-free DMEM for 24 h. A

2.5. MRJP1−3 Deglycosylation and Glycan Puriﬁcation

MRJP1−3 from both RJ samples were puriﬁed by following the
methods described previously.33,34 N-glycan was released by
incubating 100 μL of the target protein solution with 2 μL of
PNGase F overnight at 37 °C under the guide of the
manufacturer’s instruction.
The released N-glycans were separated, desalted, and
enriched by using solid phase extraction and a C8 cartridge
(Waters) as described.35 Then the N-glycans were eluted with
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3.1. An Expanded RJ N-Glycoproteome of Aml

transverse scratch wound on each monolayer of VSMC was
made by using a sterilized 200 μL pipet tip. The scratch
wounded VSMC monolayers were rinsed twice with phosphate
buﬀer saline (PBS) to remove the detached cells and then
stimulated with Angiotensin II (Ang II) (ﬁnal concentration 1
× 10−6 M) and glycosylated MRJP1 (P+), deglycosylated
MRJP1 (P), and glycans (+) at a concentration of 0.1 mg/mL
for an additional 16 h; the intersection of the previously marked
line and the wound edge were re-examined with an inverted
microscope (IX 71, Olympus, Japan) and analyzed using image
J software (1.48v, NIH).
Cells were seeded upon coverslips at the bottom of culture
dishes until subconﬂuence and then were ﬁxed with 4%
paraformaldehyde for 20 min, followed by a wash with PBS for
three times. To block nonspeciﬁc reactions, the sections were
treated with blocking buﬀer (5% normal goat serum, 3% bovine
serum albumin, and 0.1% Triton X-100 in PBS) for 30 min at
room temperature. Then anti-α-smooth muscle actin (α-SMA)
polyclonal antibody (1:200 dilution in blocking buﬀer) was
incubated overnight at 4 °C. After three washes with phosphate
buﬀered saline with Tween 20 (PBST), the sections were
incubated with Dylight 594 goat antimouse IgG (Abbkine,
1:400 dilution in blocking buﬀer) for 50 min away from light.
Then 4′,6-diamidino-2-phenylindole (DAPI) (1:200 in PBS,
Roche, Mannheim, Germany) was added as a stain for total
nuclei after washing. Imaging was performed by inverted
microscope system.

Although the RJ N-glycoproteome of Aml has been investigated
by our group,29 the present results yielded signiﬁcantly
extending the N-glycoproteome by using longer elution time
(180 min vs 90 min), which covered 92% of the Nglycoproteins and 60% of the N-glycosites that were previously
reported. For those not identiﬁed in this study, it may attribute
to the fact that a rigorous parameter comparing to the previous
investigation was applied for the candidate glycopeptides
evaluation this time. For instance, glycosites with localization
probability less than 95% were not reported, but this criterion
was not applied last time. Finally, several novel glycoproteins
and glycosites were found here. In total, 80 nonredundant
glycoproteins carrying 190 glycosites were identiﬁed in the RJ
of Aml, of which 57 N-glycoproteins and 78 N-glycosylation
sites were known before, and 23 novel proteins harboring 35
glycosites were identiﬁed. Brieﬂy, 70 proteins glycosylated on
174 sites were identiﬁed by lectin enrichment, while 40 proteins
with 97 glycosites were identiﬁed by hydrazide resin enrichment. Overall, 30 proteins and 81 glycosites were identiﬁed by
both of the enrichment strategies. Forty-one proteins
glycosylated on 93 glycosites, and 10 proteins glycosylated on
18 sites, were uniquely identiﬁed by lectin and hydrazide resin,
respectively (Supplementary Table S1). The integration of the
two enrichment strategies, together with the expansion of the
elution time of the Easy-nLC 1000 system and state of the art
MS technology, signiﬁcantly increased the coverage of the RJ
glycoproteome in Aml.
The novel proteins identiﬁed in the Aml RJ include the
following: cysteine proteinase CG12163-like isoform X1, X2,
membrane metallo-endopeptidase-like 1-like isoform X1, X2,
X3, alpha-N-acetylgalactosaminidase-like, glucosylceramidaselike isoform X1, X2, X3, carboxypeptidase Q-like isoform X2,
X3, ferritin-4_chloroplastic, beta-glucuronidase-like isoform X2,
apolipophorin-III-like protein, defensin precursor, defensin 1
precursor, icarapin variant 1 precursor, yellow-e3 isoform X1,
and ﬁve other functionally unknown proteins. All the identiﬁed
proteins were functionally categorized into ﬁve groups:
metabolic process (26 proteins), immune response (24
proteins), MRJPs (16 proteins), developmental regulation
(six proteins), and eight other functionally unknown proteins
(Figure 1).

2.10. Western Blot

To investigate the expression level of α-SMA, a VSMC-speciﬁc
marker, after being treated with MRJP1, Western blot analysis
was also performed following the standard procedure. The total
amount of protein was extracted from cells, and the
concentration was determined by Bradford Kit (Sangon
Biotech, Shanghai, China). Then equal amounts of proteins
were separated by stacking (4%) and separating (12%) SDSPAGE, followed by transfer to polyvinylidene diﬂuoride
(PVDF) membranes (Invitrogen). After being blocked with
5% nonfat milk in Tris buﬀered saline with Tween 20 (TBST)
at 37 °C for 1 h, the membrane was washed and incubated with
primary mice antibodies for α-SMA at a dilution of 1:500. Then
the membrane was washed with TBST three times and
incubated with secondary antibodies (goat antimouse, Invitrogen) at room temperature for 1 h. The blots were visualized
using the Chemic Doc XRS imaging system (Bio-Rad) under
the presence of ECL Western blotting substrate (Pierce). The
bands were quantiﬁed using Quantity One software (v4.6.2,
Bio-Rad) and normalized by glyceraldehyde 3-phosphate
dehydrogenase (GAPDH), which was used as a loading control.

3.2. Proﬁle of the RJ N-Glycoproteome of Acc

At present, the N-glycosylation proﬁle of RJ produced by Acc is
still lacking. Here, in total, 138 new glycosites residing on 43
nonredundant glycoproteins were identiﬁed for the ﬁrst time.
Among these, 117 glycosites in 40 glycoproteins were identiﬁed
by lectin enrichment, and 61 glycosites from 20 glycoproteins
were identiﬁed by hydrazide resin enrichment. Moreover, 23
proteins were glycosylated on 77 sites, three glycoproteins
modiﬁed on 21 glycosites, were uniquely identiﬁed by these
two methods, respectively (Supplementary Table S2).
Among the 43 identiﬁed glycoproteins, despite 21 being
previously reported but without any lycosylation information,10,12 22 proteins carrying signal peptides in the N-terminal
were found in the RJ of Acc in this study, indicating they are RJ
proteins (Supplementary Table S2). These newly identiﬁed 22
glycoproteins were: opioid-binding protein/cell adhesion
molecule, hemolymph protein, apidaecin precursor, apolipophorins, laccase, ferritin heavy chain, antithrombin-III, venom
protein 2, glucose dehydrogenase, lysosomal aspartic protease,
hypothetical protein ACCB08249, putative cysteine proteinase

3. RESULTS
In an eﬀort to in-depth characterize the N-glycoproteome in RJ
proteins of the western and eastern honeybees, a high-massaccuracy and high-resolution MS and long elution time were
used. To remove the potential contamination of the proteins
exfoliated from the secretory glands, the newly identiﬁed
proteins in RJ were predicted by using SignalP 4.1 (http://
www.cbs.dtu.dk/services/SignalP/, D-cutoﬀ for signal-no TM
networks was 0.45), and only those with the N-termial signal
peptids were reported as RJ proteins. Moreover, the functional
assay of the glycosylated MRJPs was also conducted to assess
their inﬂuence on the proliferation and migration of VSMCs
and their antibacterial activity.
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Chitinase-like protein Idgf4, glucosylceramidase, regucalcin,
protein takeout, and proactivator polypeptide (Supplementary
Table S2). The 43 glycoproteins were functionally assigned into
six groups, of which MRJPs were the most abundant (14
proteins). The second biggest group was proteins related to
metabolic processes (12), followed by proteins involved in
immune response (10), proteins associated with developmental
processes (ﬁve), protein with folding activity (one), and one
functionally unknown protein (Figure 1).
3.3. Novel Glycosylation Motifs Found in RJ Proteins

Only those peptides with site conﬁdence levels no less than
95% assessed by Scaﬀold PTM (Supplementary Tables S3−6)
and spectra with good quality after manually checked
(Supplementary Figures S1−2) were submitted for N-linked
motif extraction. N-X-S/T sequences were dominated in this
study, among which N-X-S sequences represented 29.5% in
Aml and 27.5% in Acc, respectively, while N-X-T sequences
accounted for 57.4% in Aml and 43.5% in Acc, respectively
(Figure 2A). Moreover, two new sequence motifs, N-G-X and
N-X-V, were found in the RJ produced by the two bee species:
N-G-X represented 8.9% in Aml and 17.4% in Acc, while N-XV represented 4.2% in Aml and 11.6% in Acc (Figure 2A). As
expected, the canonical N-X-S/T motif was the major form of
the N-glycosylated peptides in the RJ proteins of Aml and Acc.
Moreover, one of the new sequence motifs, N-G-X, was also

Figure 1. Functional category of the identiﬁed N-glycosylated RJ
proteins produced by Aml and Acc. The color codes represent the
number of protein identiﬁed in RJ produced by the two honeybee
species.

CG12163, alpha-amylase 4N, leucine-rich repeat-containing
protein 15, hypoxia up-regulated protein 1, MRJP6, MRJP9,

Figure 2. Common characteristics of the identiﬁed N-glycoproteomes of RJ proteins produced by Aml and Acc. (A) The proportion of recognized
sequence motifs from the N-glycopeptides, for N-X-S/T (X ≠ P/proline); for N-G-X and N-X-V, X can be any amino acid; (B) the extracted motifs
using Motif-X algorithm. Only glycosites with a localization probability greater than 95% are considered; (C) the distribution of N-glycosylated RJ
proteins harboring single, double, and multiple glycosites.
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Figure 3. Qualitative and quantitative analysis of the N-glycosylated royal jelly proteins produced by Aml and Acc. (A) The N-glycosites distribution
in MRJP1−9; (B) the quantitative comparison of abundance level of the N-glycoproteins shared by Aml and Acc; the ratio of the protein abundance
is shown as Acc to Aml, and the ratios above 1.5 or below 0.66 represent proteins showed signiﬁcant higher abundance level in Acc and Aml,
respectively (P < 0.05), and error bars represent the standard deviation; (C−F) the spectra counts detected in each N-glycosite of the individual
glycoprotein across each protein functional group.

identiﬁed in the glycopeptides of both Acc and Aml. N-X-V was
exclusively extracted from glycopeptides of Acc for the ﬁrst
time (p < 10−5) (Figure 2B). Although these two motifs have
been found in the mouse glycoproteome,28 they were reported
in the RJ for the ﬁrst time, indicating that protein Nglycosylation in RJ is governed in a more complicated way than
previously expected N-glycosylation machinery.40
The site occupancy analysis showed that most of the
identiﬁed glycoproteins carried only a single N-linked
glycosylated site, with 40.0% in Aml and 37.2% in Acc.
Proteins with two glycosylated sites represented 26.3% in Aml
and 14.0% in Acc. Proteins with three sites were 10.0% in Aml
and 9.3% in Acc, and the ones with four sites were 11.3% in
Aml and 11.6% in Acc. Moreover, proteins glycosylated on ﬁve
sites were 3.8% in Aml and 9.3% in Acc, and the rest carried six
or more sites (Figure 2C).

modiﬁcation. Characterization at each glycosite of the proteins
is essential for understanding their glycosylation status and
functionality.41 Although all the nine members of MRJPs were
identiﬁed as being glycosylated proteins, the site numbers in the
MRJPs were diﬀerent within the two bee species. MRJP1−3
and 5 carried more N-glycosites in Acc than that of Aml. For
instance, MRJP1 produced by Acc was glycosylated at six sites
(N247, N265, N290, N313, N316, and N486) and MRJP2 at two sites
(N38 and N116), while Aml derived MRJP1 was glycosylated at
ﬁve sites (N44, N88, N247, N313, and N319) and MRJP2 at ﬁve
sites (N38, N116, N134, N240, and N291) (Figure 3C). However,
MRJP4 and MRJP6−9 harbored more N-glycosites in Aml than
that of Acc. For instance, MRJP4 in Aml was heavily
glycosylated with 11 N-glycosites, while there were only
seven in Acc (Figure 3A).
3.5. Quantitative Comparisons of the Glycoproteins and
Glycopeptides between Two RJ Samples

3.4. Diﬀerent N-Glycosylation Sites Observed in MRJPs of
Two RJ Samples

To evaluate the abundance levels of the glycosylated RJ
proteins, a spectral counting-based quantitative strategy was
used. Here we only compared the RJ glycoproteins identiﬁed in

Given that the MRJPs are the most abundant proteins in RJ,
special attention was paid with their N-glycosylation
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The glycosylated MRJP1−3 (P+) as well as their
deglycosylated forms (P), and the glycans (L) released from
MRJP1−3, were prepared and exposed to the medium
containing Staphylococcus aureus, Bacilus subtilis, and P. larvae.
MRJP1 (P+, P, and L) and MRJP3 (P+, P, and L) from the
Aml and Acc did not exhibit any antibacterial activity against
Staphylococcus aureus, Bacilus subtilis, and P. larvae. Interestingly, MRJP2-P+ from produced by both bees was found to
eﬀectively inhibit the growth of P. larvae, and the resistance of
P. larvae by Acc was signiﬁcantly higher than that of Aml (P <
0.05), whereas the MRJP2-P and MRJP2-L were not (Table 1).

both of the bee species. Among the nine shared MRJP proteins,
the abundance levels of MRJP1−7, MRJP5 precursor, and
MRJP 9 were all signiﬁcantly higher in Acc than in Aml (p <
0.05). The seven shared proteins, which are related to
metabolic process, alpha-glucosidase, ferritin, glucose dehydrogenase, and glucosylceramidase showed higher levels in Acc
than in Aml; lysosomal aspartic protease and cysteine
proteinase CG12163-like isoform X1 are higher in Aml than
in Acc (p < 0.05). The abundance of alpha-glucosidase X3 was
not signiﬁcantly diﬀerent (p > 0.05). Of the two proteins
related to development, Idgf4 had a higher abundance level in
Aml, while protein takeout was signiﬁcantly higher in Acc (p <
0.05). Among the ﬁve immune response related proteins, four
of them showed high abundance level in Acc: apolipophorinIII-like, defensing-1-precursor, icarapin precursor, and venom
venom protein 2. However, only antithrombin-III was higher in
Aml (p < 0.05) (Figure 3B, Supplementary Table S7).
The protein glycosylation is commonly reﬂected in the
changes of protein expression and site-speciﬁc glycosylation. To
diﬀerentiate these scenarios, the spectral counting based relative
abundance of each glycosylation site is needed to compare with
that of its parent protein to verify the diﬀerential glycosylation.
For the proteins with a single N-glycosite in the two RJ
samples, ferritin and apolipophorin-III-like protein exhibited
higher abundance levels in Acc both in protein and glycosite,
while Idgf4 was higher in Aml both at protein and glycosite
levels. For the proteins with two or more glycosites, varied
abundance patterns were found at the glycosite level across all
the protein groups between two RJ samples. For instance,
glucosylceramidase was higher in Acc at protein level (Figure
3B), but one of its N-glycosites, N38, showed higher abundance
levels in Aml, and the other site, N116, showed higher
abundance levels in Acc (Figure 3C−F).

3.7. Glycosylated MRJP1 Hinders VSMCs Diﬀerentiation
and Migration

VSMCs are primary components of the blood vessel wall and
are essential regulators of vascular function. Increased
proliferation and migration of VSMCs are critical phenotypes
of several primary cardiovascular diseases such as atherosclerosis and restenosis.42 AngII, one of the multifunctional
peptides involved in vascular alterations in hypertension, can
remodel and stimulate the growth of VSMCs and is widely used
as an inducer for the preparation of the hypertensive model.43
Ang II-induced expression of α-SMA, one of the diﬀerentiation
marker genes of VSMCs, signiﬁcantly decreased in the presence
of glycosylated MRJP1-P+ in both Aml and Acc compared to
the control and MRJP1-P and MRJP1-L (p < 0.05) (Figure
5A). Moreover, the glycosylated MRJP1 produced by Acc was
more eﬃcient for the decreasing of α-SMA (Figure 5B). The
immunoﬂuorescence analysis of α-SMA treated with glycosylated MRJP1 and that of its deglycosylated form showed similar
trends (Figure 5C).
The glycosylated MRJP1 from both Aml and Acc
signiﬁcantly inhibited the migration of VSMCs, while its
deglycosylated form and glycans did not. Furthermore, the
glycosylated MRJP1 from Acc exhibited stronger inhibition
eﬀects than that of Aml (Figure 5D,E).

3.6. Glycosylated MRJP2 Inhibits the Growth of P. larvae

To test the inﬂuence of protein glycosylation on the
antibacterial activity of MRJPs, the MRJP1−3 from both Aml
and Acc were puriﬁed and deglycosylated. Figure 4 shows that
the MRJP1−3 from both of the bee species were well puriﬁed
and deglycosylated.

4. DISCUSSION
Proﬁling the N-glycoproteome of the RJ proteins produced by
the western and eastern bees is of great importance in
understanding the functionality of N-glycosylated RJ proteins.
Our improved protocol by optimizing the elution gradients
through prolonging the elution time resulted in identiﬁcation of
80 nonredundant glycoproteins carrying 190 glycosites in the
RJ of Aml, which cover almost all of the N-glycosites previously
reported,29 and 23 proteins were identiﬁed as novel RJ proteins
harboring 35 glycosites, which expands the N-glycoproteome
coverage of RJ of Aml to an unprecedented depth. All the 138
glycosites from 43 nonredundant glycoproteins in the RJ of Acc
were newly reported. The N-glycosylated wide spectrum of RJ
proteins produced by Aml and Acc display species-speciﬁc
glycosylation features and functionalities. The N-glycosylated
MRJP1 from both bee species reveals its signiﬁcant role in
ﬁghting against hypertension disease, one of the major culprit
threats to human health, but an enhanced activity was found in
MRJP1 of Acc. Moreover, the N-glycosylated MRJP2 from Acc
demonstrates a stronger inhibitory eﬃciency on P. larvae than
that of Aml, a destructive disease of the western honeybees.
4.1. N-Glycosylation May Inﬂuence on Enzyme Activity in
RJ

Figure 4. SDS-PAGE analysis of the puriﬁed glycosylated MRJP1, 2,
and 3 and their deglycosylated froms. Aml and Acc represent the RJ
proteins produced by Aml and Acc, respectively. M represents the
molecular weight marker; lane 1 is the glycosylated MRJP1−3; lane 2
is for the deglycosylated MRJP1−3 after treated with PNGase F.

Glycosylation has been reported in regulating the enzymatic
processing by attaching glycans to peptide backbones and then
inﬂuencing the enzymatic ctivities.44 Apart from previously
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Table 1. Antimicrobical Assay of N-Glycosylated MRJP1−3a
MIC50 (uM)
MRJP1 Aml/Acc

MRJP2 Aml/Acc

MRJP3 Aml/Acc

microorganism

P+

P

L

P+

P

L

P+

P

L

Staphylococcus aureus
Bacilus subtilis
P. larvae

N/N
N/N
N/N

N/N
N/N
N/N

N/N
N/N
N/N

N/N
N/N
25 ± 1.36/13 ± 1.18

N/N
N/N
N/N

N/N
N/N
N/N

N/N
N/N
N/N

N/N
N/N
N/N

N/N
N/N
N/N

a
Note: N-glycosylated MRJP1−3 produced by Aml and Acc were puriﬁed and deglycosylated by PNGase F, respectively. Then the N-glycosylated
MRJP1−3 (P+), deglycosylated MRJP1−3 (P), and removed glycans (L) were prepared for antimicrobical assay. The results were indicated by the
values of minimal inhibitory concentration (MIC). “N” means not detected. MIC50 is showed as “means ± SD”.

Figure 5. Western blot, ﬂuorescent immunostaining, and scratch wound assay of N-glycosylated MRJP1 produced by Aml and Acc on mice aortic
VSMCs. (A) Western blot analysis. VSMCs (2 × 104) were prepared and starved for 12 h. After that, the glycosylated MRJP1 (P+), deglycosylated
MRJP1 (P), and the glycans (L) are added to the media at the concentration of 1 mg/mL, the Angiotensin II (Ang II) (ﬁnal concentration 1 × 10−6
M) was added to stimulate the proliferation of the VSMCs as control (“+” indicates in the presence of Ang II, “−” is not). After 24 h incubation, total
proteins are extracted from cells, and the concentration is determined, and equal amount of proteins are separated by stacking (4%) and separating
(12%) SDS-PAGE, followed by Western blot analysis. The primary mice antibodies for α smooth muscle actin (α-SMA) are added at a dilution of
1:500. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) is used as reference control. (B) Histograph of Western blot. The protein bands in
panel A are scaled with ImageJ software, and the relative expression of α-SMA is calculated and showed in histograph. “+” indicates in the presence of
Ang II, “−” is not. (C) Fluorescent immunostaining of α-SMA. The left and the middle panel are the immunoﬂuorescence with DAPI (blue) and
Dylight 594 (red), the right panel shows the merged immunoﬂuorescence staining. (D) Scratch wound assay of VSMCs. The panels from left to
right represent untreated VSMCs (control), VSMCs treated with glycosylated MRJP1(P+), deglycosylated MRJP1(P), and glycans (L) at 0 and 16
h, respectively. (E) The VSMCs migration ratio is calculated according to (L1-L2)/L1. The error bars represent the standard deviation; “∗” indicates
the statistically signiﬁcant diﬀerences (p < 0.05).

reported enzymes as glycoproteins in RJ,29 several new enzyme
isoforms and N-glycosites were identiﬁed in this study. For
instance, cysteine proteinase CG12163 is involved in protein
metabolism,45 N-acetylgalactosaminidase metabolizes the glycolipid in Bactrocera dorsalis,46 and beta-glucuronidase is linked
to the carbohydrate metabolic process.47 They work togrther to
provide enough energetic fuel for the achievable developing
speed of the larvae.48

N-glycans can help glycoprotein folding by creating a series
of checkpoints that determine the life of the nascent proteins
prior to exit from the endoplasmic reticulum (ER). To achieve
this goal, the N-glycans are recognized by two lectin-like
chaperones in the ER, calnexin (CNX), and calreticulin (CRT),
and then the nascent proteins are retained in the ER until
proper folding occurs. α-Glucosidases and mannosidases are
central to this process. α-Glucosidases I and II sequentially trim
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cin.57 Defensins are actively resistant against some Grampositive bacteria and fungi, including P. larvae.58 Apidaecin has
a wide spectrum of antimicrobial activity against Gram-negative
bacteria.59 Hymenoptaecin can inhibit the viability of Gramnegative and Gram-positive bacteria.60 The latter two proteins
also play a crucial role in defending against P. larvae.61
In addition, several other identiﬁed proteins were also found
to be involved in the improvement of honeybee immunity.
Apolipophorin III is constitutively expressed in the fat body,
epidermis, and venom gland of Apis cerana and functions in
boosting innate immunity.39 Venom serine protease 34 can
ﬁght against intruding microorganisms and parasites in
insects.62 Icarapin/venom protein 2 is involved in promoting
the innate immunity in honeybees.12,29 Venom protease is also
a strong antithrombotic agent.63 Antithrombin-III is a serine
protease inhibitor that plays important roles not only in
controlling innate immunity and development when ingested
by the larvae,64 but also in its eﬀect on antiseptic properties of
RJ.2 Toll-like receptors (TLRs) are linked to an innate and
adaptive immunity in Drosophila.59 TLR-13 like, a glycoprotein
in RJ, is deduced to be related to both development and innate
immunity of honeybee larvae.29 Here the identiﬁed glycoproteins signiﬁcantly extend the RJ glycoproteome coverage
since most of the previously reported proteins lacked
glycosylation annotation.29
Apart from the roles in immune response to honeybee, the
above-mentioned proteins also play key roles in human health
promotion. For instance, hymenoptaecin can inhibit several
human pathogens such as Bordetella bronchiseptica, Enterobacter
cloacae, and Haemophilus inf luenza.60 Regucalcin acts as a
suppressor protein in signal transduction to suppress the
proliferation of various types of tumor tissue in animal and
human.65 Venom dipeptidyl peptidase could enhance the
immune response of Mammalia by stimulating the T-cells or
inhibiting malignant phenotypes of prostate cancer cells by
blocking basic ﬁbroblast growth.66,67
The biological signiﬁcance of glycomodiﬁcation on those
immune response related polypeptides and proteins in RJ may
(1) act as a molecular switch to modulate a peptide/protein’s
activity on or oﬀ.68 This is supported by the fact that the
glycosylated MRJP2 could inhibit the growth of P. larvae, while
its deglycosylated form could not, which is in concordance with
the notion that glycosylation is implicated as a key player in
host/pathogen interaction;69 it could (2) protect the bioactive
proteins and peptides from digestion in the gastrointestinal
system and allow them to remain their intact form to perform
their bioactive activities.17 The protection from digestion is
achieved by blocking the access of the endopeptidases to the
peptide backbone by steric hindrance of the attached glycans.70
Then the polypeptides and proteins can be kept intact and
active in the honeybee midgut, the main digestive organ, and
the natural pathogen habitat, and work together for immune
response.
Interestingly, despite a higher number of immune response
related glycoproteins in the RJ of Aml (24) than Acc (10), only
ﬁve proteins were shared, and four of them showed a higher
level of abundance in Acc. The varied pattern of abundance
levels in protein and N-glycosites of those proteins with
immunity activities indicates that the two honeybee species
have devised diﬀerent defense strategies by using those speciesdependent exogenous N-glycoproteins and glycopeptides to
combat the diﬀerent pathogens for the good of the sepcies.71

glucose residues from the Glc3Man9GlcNAc2 glycan, the
precursor sugar chain initially transfers to the protein, and
then release the glycoprotein from CNX/CRT. However, ER
α-mannosidase and Golgi α1−2 mannosidases are important in
removing the terminal mannose from Man9GlcNAc2 to yield
Man5GlcNAc2, a key intermediate step to form the hybrid and
N-glycans.49,50 Therefore, the α-glucosidase and α-mannosidase
in RJ may be important for both glycoprotein quality control
and in N-glycan chain formation for the RJ proteins.
For the honeybees, the greater number of metabolism-related
glycoproteins found in the RJ of Aml (26 proteins) compared
to Acc (12 proteins) may respond to the high energy demand
by the larger body weight of Aml compared to Acc51 to
consolidate the larval growth via the modulation of enzymatic
eﬃciency44 and also to respond to the quality control and Nglycan chain formation for the high number of glycoproteins
and large RJ production in Aml.52
The higher abundance level of six proteins in RJ of Acc and
the varied the abundance level at the glycosite indicate the
species-speciﬁc N-glycosylation modiﬁcation of the metabolism
associated glycoproteins and also reveal that protein glycosylation may be achieved its role for energy production to
underpin the diﬀerent larval growth of Aml and Acc at both
protein and site level.
4.2. N-Glycosylation May Modulate Biological Functions of
MRJPs

Glycosylated MRJPs in RJ play key roles in attaining the
biological roles of RJ and ultimately in the determination of the
RJ’s nutritional quality. MRJPs are a well-balanced nutritional
source for the rapidly developing larvae and the fecundity of the
honeybee queen owing to their high level of essential amino
acids and concentration of nitrogen-rich amino acids.20,53 The
glycosylation on MRJPs is likely to enhance their solubility54 to
improve the assimilation eﬃciency of honeybee larvae.29
Noticeably, albeit the protein abundance level of all the
MRJPs in RJ is signiﬁcantly higher in Aml than in Acc at the
global proteome level,10 a reverse trend was found at the
glycoprotein level; all the nine shared glycosylated MRJPs
showed a signiﬁcantly higher abundance level in Acc than in
Aml (Figure 3B). This is similar to the ﬁndings of
phosphorylated MRJPs.12 The multiple glycosylation sites
occurred in the MRJPs from Aml and Acc could reﬂect that
many of the MRJPs’ cellular activities and functions might be
independently regulated via glycosylation at distinct sites.55 The
heterogeneous distribution of the N-glycosites and the
inconsistency of abundance levels of glycoproteins and
glycosites of MRJPs from western and eastern honeybees
indicate that the two bee species have evolved species-speciﬁc
glycosylation strategies to modify their MRJPs to satisfy their
own biological demands as nutrition and defense agents.
4.3. N-Glycosylated RJ Proteins May Enhance Immune
Acitivity

In addition to acting as important nutrients, RJ also provides
honeybee larvae and humans with a number of physiological
advantages such as enhanced immunity and health promoting
activities.56 In a living organism, innate and adaptive immune
responses are mobilized by the immune system to ﬁght against
invading pathogens. As for honeybee larvae, the ﬁrst line of
defense against pathogens before the innate and adaptive
immune system generate a speciﬁc response is the cell-free
immune repertoire, which mainly consists of four antibiotic
polypeptides, defensin, abaecin, apidaecin, and hymenoptae5335
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4.4. N-Glycosylation May Regulate Development

backbone are functionally important for MRJP2 to achieve
antibiotic activity by acting as a decoy receptor to inhibit P.
larvae interaction with the epithelial wall.80
Furthermore, two polypeptides, apidaecin and hymenoptaecin, which play a crucial role in ﬁghting against P. larvae,61 were
identiﬁed in Acc RJ only. Also, a leucine-rich repeat-containing
protein 15 was found in the RJ of Acc but not in Aml. Leucinerich repeat glycoprotein is a kind of protein family associated
with the formation of the insect peritrophic matrix (PM).81 PM
is the ﬁrst barrier in protecting the epithelial cell layer from the
attacks of P. larvae in the honeybee larval midgut.82 The
degradation of the larval PM is a key step in invading AFB
disease pathogenesis.83 The higher resistance of Acc larvae to
AFB disease compared to Aml larvae may be attributed to the
existence of leucine-rich repeat-containing protein in Acc larval
food, which might help maintaining the integrity of the Acc
larval PM so as to block the contact between the epithelial cell
and P. larvae. Together with the enhanced acitivity in inhibiting
the proliferation of P. larvae of N-glycosylated MRJP2 in Acc,
they may work as a integrated mechanism to ensure the Acc
larvae against the invasion of AFB disease. Our ﬁndings reveal
the mechanism how diﬀerent bee species ﬁght against AFB and
provide sound clues for the potential avenue to contain this
disease.84

As in other living organisms, developmental regulation factors
are required to modulate the honeybee larvae growth. Three Nglycosyalted developmental regulators, protein takeout, Chitinase-like protein Idgf4, and laccase, were newly identiﬁed in the
Acc RJ. Although four proteins are known as glycoproreins in
the Aml, novel N-glycosites, Chitinase-like protein Idgf4-like
isoform X1(N137), X2 (N410), protein takeout-like isoform X2
(N96), and protein CREG1 (N254) were observed here. Idgf4, a
cell growth factor secreted by the honeybee salivary system,
aﬀects the physiology status and growth of the other individuals
by binding to the insulin-like peptides and then activating
intracellular-signaling.72 Protein takeout is linked between
circadian rhythms and feeding behavior in Drosophila.73 In
the honeybee genome, eight takeout related proteins play key
roles in modulating the circadian rhythms.74 The takeout
proteins in RJ are also potentially important for caste
diﬀerentiation of larvae and division of labor of the adults by
modulating the JH function.2 Laccase participates in the
pigmentation and sclerotization of newly synthesized cuticle by
catalyzing the oxidation of phenolic compounds to their
corresponding quinones in insects.75 During the larval stage,
the honeybee molts ﬁve times in each instar,19 and the laccase
in RJ may perform a role in helping the honeybee brood ecdysis
as it does in Drosophila puparium.76 The glycosylated CREG1
in RJ may act as a ligand to enhance the honeybee larvae cell
growth and diﬀerentiation under the regulation of the mitogenactivated protein kinase pathway.77 Besides its biological roles
in honeybee larvae, the CREG1 in RJ may be useful for
cardiometabolic disease treatment as exogenous CREG1 can
protect the heart tissue from Ang II-induced ﬁbrosis by
activating autophagy in mice.78
Glycosylation modiﬁcation can act as a regulatory switch to
modulate the function of developmental regulators. For
instance, only the glycosylated epidermal growth factor can
bind to its receptor and then activate the downstream pathways
to trigger cell proliferation, but its deglycosylated form could
not. The glycosylation on the developmental regulators in the
RJ may serve as the same purpose to promote the cell growth
and diﬀerentiation of honeybee larvae.

4.6. N-Glycosylated MRJP1 Has Antihypertensive Activity

Hypertension has become a major risk factor that can result in
cerebral stroke, heart failure, and acute myocardial infarction in
humans.85 RJ has an antihypertension eﬀect since the
gastrointestinal enzyme hydrolysate of RJ can decrease blood
pressure in spontaneously hypertensive rats7 and in humans.86
Although there are plenty of descriptions that MRJPs have a
potential function in resisting hypertension,87 the speciﬁc
functional constituent is still not yet clear.
The VSMC is an ideal cell model for the research of vascular
diseases in vitro.88 The abnormal contraction and migration of
VSMCs are key driving force of various vascular diseases
including hypertension, atherosclerosis, and vascular stenosis
after vascular remodeling.89,90 Ang II is known to be an
important stimulation for the contraction and migration of
VSMCs,91 and scratch wound assay is a useful way to measure
the cell migration ability of VSMCs.92 Here, the signiﬁcantly
decreased expression level of α-SMA and the eﬀectively
inhibited cell migration of Ang II-induced VSMCs after
introduction of glycosylated MRJP1 from Aml and Acc suggest
that only the glycosylated MRJP1, other than its deglycosylated
form and glycans, is a key player in RJ for blood pressure
regulation. Moreover, the glycosylated MRJP1 derived from
Acc has a stronger activity on hypertension regulation.
Although the mechanism of this regulation still remains to be
uncovered, this will hold a new hope for the potential
pharmacotherapeutics to ﬁght against hypertensive disease
using glycosylated MRJP1.

4.5. N-Glycosylated MRJP2 Has Diﬀerent Antibiotic Activity
on P. larvae in Two RJ Samples

It is reported that the phosphorylated Jelleines, products of the
tryptic digestion of MRJP1,79 in RJ produced by Aml and Acc
have antibiotic activity on Bacilus subtilis and P. larvae.12 In this
investigation, however, no inhibitory eﬀect was observed on
Staphylococcus aureus or Bacilus subtilis in the presence of
glycosylated MRJP1−3 (P+), the deglycosylated MRJP1−3
(P), and glycans (L) from two bee species, but the glycosylated
MRJP2 from both bees exhibit resistance to P. larvae, which is
similar to the fact that the glycosylated minority homology of
MRJP2 can prohibit the growth of P. larvae.26 However, the
observed stronger inhibitory activity of Acc glycosylated MRJP2
on P. larvae than Aml suggests that the diﬀerent bee species
have employed a distinct strategy of glycosylation to prime the
functional activity of RJ proteins for the good of their respective
physiology. This is reﬂected in our data that a quite distinct
glycosylation pattern occurred on MRJP2 in two RJ samples in
terms of number of glycosites, protein, and site abundance.
Importantly, only the glycosylated MRJP2 can ﬁght against P.
larvae rather than deglycosylated MRJP2 and glycans. This
indicates that the attached glycans to the MRJP2 protein

4.7. Species-Speciﬁc N-Glycoproteome of RJ

One of the most striking characteristics of our data is that the
two RJ samples display a species-speciﬁc glyco-modiﬁcation
pattern. This is reﬂected by the signiﬁcant diﬀerences in the
two RJ samples in terms of N-glycoprotein species (Figure 1),
number of N-glycosylated sites and glycopeptide motifs (Figure
2A,B), and abundance levels of glycoproteins and the Nglycosites (Figure 3). This distinct N-glycoproteome characteristic is a further manifestation of the functional diﬀerences in
the glycosylated MRJP1 and MRJP2 produced by Aml and Acc
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on blood pressure regulation and against P. larvae, respectively
(Figure 5, Table 1). These observations indicate that diﬀerent
honeybees have evolved species-speciﬁc glycosylation modiﬁcation strategies to tune protein activity for optimizing
cellular behavior for the good of each species.
Given the regular functionality of MRJPs to work in
glycosylated form, the identiﬁed information on glycoproteins
and glycosites in Aml and Acc RJ may potentially be important
for further functional investigation and utilization of targeted RJ
proteins such as expression and biosynthesis of N-linked
MRJP1 and 2 with glycoengineering by applying engineering
bacteria, E. coli,93 for the treatment of hypertension in humans
and in AFB disease in the honeybee.
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5. CONCLUSIONS
The in-depth and large-scale analysis on RJ of Aml and Acc
manifests the species-speciﬁc N-linked glycoproteome characteristics in the western and eastern honeybees. The reported 23
novel proteins harboring 35 glycosites of the 80 nonredundant
glycoproteins with 190 glycosites in Aml, and 43 nonredundant
glycoproteins carrying 138 glycosites in Acc, extend the RJ
glycoproteome coverage of Aml RJ to an unprecedented depth
and characterizes the Acc RJ glycoproteome for the ﬁrst time.
The wide range of N-glycosylation modiﬁed proteins in RJ is
associated with MRJPs, developmental regulation, metabolism
processes, and immunity activities. The glycosylation of RJ is
functionally important to help RJ achieve its biological
functions beneﬁting for the honeybee and human health. The
species-speciﬁc glycosylation of RJ from Aml and Acc endows
RJ with similar but diﬀerent functional properties to perform
diﬀerent biological activities in ﬁghting against P. larvae for
honeybee and blood regulation for humans. The reported Nglycoproteome of RJ from the western and eastern honeybee
and functional assay on MRJPs signiﬁcantly gain new
understanding of regulatory mechanisms underlying the
honeybee biology and promoting the human health. This will
act as a valuable resource for functional probing of targeted
molecules via glycoengineering technology for honeybee and
medical communities.
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