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ABSTRACT: Hemolymph is vital for the immunity of honeybees and oﬀers a way to investigate
their physiological status. To gain novel insight into the functionality and molecular details of the
hemolymph in driving increased Royal Jelly (RJ) production, we characterized and compared
hemolymph proteomes across the larval and adult ages of Italian bees (ITbs) and Royal Jelly bees
(RJbs), a stock selected from ITbs for increasing RJ output. Unprecedented in-depth proteome
was attained with the identiﬁcation of 3394 hemolymph proteins in both bee lines. The changes in
proteome support the general function of hemolymph to drive development and immunity across
diﬀerent ages. However, age-speciﬁc proteome settings have adapted to prime the distinct
physiology for larvae and adult bees. In larvae, the proteome is thought to drive temporal
immunity, rapid organogenesis, and reorganization of larval structures. In adults, the proteome
plays key roles in prompting tissue development and immune defense in newly emerged bees, in
gland maturity in nurse bees, and in carbohydrate energy production in forager bees. Between
larval and adult samples of the same age, RJbs and ITbs have tailored distinct hemolymph
proteome programs to drive their physiology. In particular, in day 4 larvae and nurse bees, a large number of highly abundant
proteins are enriched in protein synthesis and energy metabolism in RJbs. This implies that they have adapted their proteome to
initiate diﬀerent developmental trajectories and high RJ secretion in response to selection for enhanced RJ production. Our
hitherto unexplored in-depth proteome coverage provides novel insight into molecular details that drive hemolymph function
and high RJ production by RJbs.
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1. INTRODUCTION
Hemolymph of insects circulates throughout the body cavity
(hemocoel) serving several biological functions, such as
transportation of biological molecules, nutrients, and hormones.1,2 Although the principal function of hemolymph is to
transport materials through the insects’ body, the immune
agent it contains is vital for the formation of the primary line of
defense against invading microorganisms.3,4 This is due to the
presence of an innate immune system consisting of humoral
defense, the production of reactive molecules, and cellular
defense, phagocyte-mediated phagocytosis and encapsulation.5,6
Given its biological functions, hemolymph is suitable for
evaluating systemic changes in the insect’s body.3,7
As in other insects, hemolymph of honeybees is composed of
wide ranges of organic and inorganic substances, such as
microphage-like cells, salts, proteins, lipids, carbohydrates,
nucleic acids, hormones, as well as degradation products of
these compositions.1,3,4,8 Variations in hemolymph proteins can
be used to investigate phenotypical and physiological diﬀerences among honeybees.2,9−11 These variations have been
reported in several hemolymph proteomic studies. For instance,
the diﬀerence in hemolymph proteome between red-eye pupae
and newly emerged bees (NEBs) indicates the occurrence of
© XXXX American Chemical Society

protein depletion due to metabolic use during body
reconstruction of the red-eye pupae.11,12 Innate immunity is
positively correlated with age development of larvae.13
Moreover, it is suggested that high abundance levels of ferritin,
glutamine S-transferase, and toll-like receptor 13 in the
hemolymph of NEBs function as an adaptation in the innate
immune system to the new environment upon emerging.11
Furthermore, adult honeybee workers express strong humoral
immune reactions in their hemolymph upon artiﬁcial bacterial
challenge.6 In immunized adult drones, genes related to
peptidoglycan recognition protein-S2 and lysosome 2 are
distinctively up-regulated.14
China has now genetically bred a honeybee line to increase
RJ production for over four decades from ITbs, Apis mellifera
ligustica, RJbs. A colony of RJbs can produce 10 kg of RJ a year,
which is at least 10 times more than the RJ production of
ITbs.15 About 4000 tons of RJ is produced annually, accounting
for >90% of the world’s total output.16 The increased RJ
production by RJbs is related to genetic dominant traits for
high RJ production17−19 and larger arcini size of hypopharReceived: September 1, 2017
Published: November 27, 2017
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yngeal glands (HGs), where RJ is secreted.20 Compared with
ITbs, the HGs of winter RJb workers store more nitrogencontaining brood food to physiologically prepare for the
upcoming brood rearing during the spring colony buildup.21
Three-day old workers of RJbs have potentially activated the
gland activity for secretion of RJ, earlier than the activation in
ITbs.22 Moreover, RJbs have shown altered proteome settings
to drive the enlarged HGs and enhanced gland performance
through stronger expression of proteins associated with
cytoskeleton and protein biosynthesis, which, in turn,
consolidates the secretion of voluminous RJ.20 Furthermore,
neural peptides regulating behaviors of RJ secretion in RJbs are
enhanced in the brain via regulation of water homeostasis,
brood pheromone recognition, foraging capacity, and pollen
collection to underline the elevated physiology of RJ
secretion.23 These observations demonstrate the fact that
genetic selection for increased RJ outputs has reshaped the
proteome and neuropeptidome signatures in RJbs to ﬁt to the
physiology required for higher RJ output. We expect that the
aforementioned changes in physiology and proteome to
support the high RJ yield in RJbs should be reﬂected in
alterations in the hemolymph proteome.
The rapid technological development of mass spectrometer
(MS) in resolution, sensitivity, and mass accuracy has made it
possible to identify thousands of proteins in a single sample.
MS-based proteomics has become widely employed in
honeybee science to uncover a wide spectrum of biological
issues, such as embryogenesis,24,25 HG and brain functions,26,27
larval development,13 resistance to Varroa and sack brood
diseases,28,29 and the hemolymph itself.9,11,10 Despite several
proteomic studies to dissect the molecular underpinnings of the
hemolymph functions, only a limited proteome coverage could
be achieved in honeybees. For instance, only 324 proteins were
identiﬁed by applying MS-based proteomics in hemolymph of
queens, drones, workers, and worker larvae, revealing profound
proteome diﬀerences among the castes,2 and 129 proteins were
identiﬁed in the hemolymph of red-eyed pupae of worker bees
by two-dimensional electrophoresis (2-DE)-based proteomics.
Many of these proteins were involved in the mechanism of
metamorphosis as well.12 This is mainly due to the technical
limitations of low sensitivity and resolution of MS from about a
decade ago, in which merely a small fraction of proteins is
identiﬁed. In recent times, over 2000 proteins can be identiﬁed
in the hemolymph of the honeybee pupae with the application
of state-of-the-art MS-based proteomics. This extended
proteome coverage helped us gain new insight into the key
roles of hemolymph proteins in the immune response of Varroa
sensitive hygienic bees to ﬁght against mite infestation.29
However, these studies have a relatively low proteome coverage
(around 2000 proteins), which covers only a limited part of the
developmental process. Hence, a deep proteome proﬁling is
encouraged to enhance the understanding of the molecular
underpinnings of hemolymph. Moreover, it is unknown how
hemolymph proteome underlines the enhanced RJ yields of
RJbs, as compared with that in ITbs, which remains lacking.
Therefore, the aim of this work is to characterize the
hemolymph proteome in-depth in RJbs and ITbs and compare
the proteome diﬀerences between both stocks to gain novel
insight into the functionality of hemolymph and the molecular
details of hemolymph in driving increased RJ production of
RJbs.

2. MATERIALS AND METHODS
2.1. Chemical Reagents

LC−MS-grade methanol (cat. no. A456-4), acetonitrile (cat.
no. A955-4), and water (cat. no. W6-4) were obtained from
Fisher Scientiﬁc. HPLC-grade formic acid (cat. no. 50144) was
obtained from Dikma. Modiﬁed sequencing-grade trypsin (cat.
no. V5111) was obtained from Promega (Madison, WI).
2.2. Hemolymph Sampling

Artiﬁcially mated RJb and ITb queens were purchased from
Pinghu honeybee breeding station, Zhejiang Province, China
and Bologna, Italy, respectively, and kept for colony build-up in
the apiary of the Institute of Apicultural Research, Chinese
Academy of Agricultural Sciences in Beijing. Five colonies of
each bee strain with similar colony strength were selected as the
experimental colonies. For larval hemolymph collection, each
queen was caged in a single comb frame containing worker cells
for 6 h in each colony to collect larvae of known ages. Then, the
queens were unconﬁned from the cages and the eggs contained
in the cells of the frames were kept in their respective colonies
for further development. Hemolymph samples were collected
from the larvae on day 2 (d2), day 4 (d4), and day 6 (d6),
following our previously published protocol.9 Before hemolymph collection, all larvae were washed twice with phosphatebuﬀered saline (PBS) to eliminate possible contamination with
RJ during feeding by nurse bees (NBs) in the comb cells. For
d2 larvae, hemolymph was collected by piercing their skins with
great care to evade damaging their organs. For d4 and d6 larvae,
hemolymph was collected by inserting a disposable glass
microcapillary pipet (5 μL) into one side (two-thirds down
from head) of the larva, avoiding deep cuts and sucking the
hemolymph by capillary action. For adult stages, the NEBs that
emerged from comb cells <10 h were marked on their thoraxes
and placed back into colonies for subsequent development,
while others were directly sampled. The marked NEBs were
collected on day 10 as samples of NBs. Forager bees (FBs) with
pollen loads were collected at the entrances of hives (∼20 days
old). After obtaining bee samples, the bees were anesthetized
using CO2. Hemolymph was collected from the dorsal vessel
using a glass capillary tube (40 μm outer diameter) by piercing
the intersegmental membrane between the fourth and ﬁfth
tergites of the adult abdomen, as described elsewhere.8 For
each strain at each time point, 100 μL of hemolymph was
collected from ﬁve colonies. Three independent biological
replicates per time point were prepared. All of the collected
hemolymph samples were stored at −80 °C until used.
2.3. Royal Jelly Collection

To compare RJ production between RJbs and ITbs, the same
ﬁve colonies of each honeybee stock were used as for
hemolymph sampling described above. Each colony was
provided with 132 plastic queen cell cups with larvae grafted
in per replication. RJ collections were performed approximately
after 60−70 h. RJ collection of three batches from each strain
was done and weighed with a digital scale. RJ yield diﬀerence
between the two stocks was compared using the Student’s t-test
(p < 0.05).
2.4. Protein Preparation and Digestion

Protein extraction was done following a method previously
described.26 In brief, hemolymph homogenates were mixed
with a lysis buﬀer (8 M urea, 2 M thiourea, 4% CHAPS, 20 mM
Tris-base, 30 mM dithiothreitol (DTT), 2% Biolyte (pH 3−
10)), and protease inhibitor (Roche, Basel, Switzerland) on ice
B
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applying a threshold of ≤1.0%, an enhanced target-decoy
approach that makes more conservative FDR estimations.31 A
protein was only considered an identiﬁed protein when at least
one unique peptide with at least two spectra was identiﬁed.
To quantify the level change of protein abundance across the
six time points of larvae and adult in each bee stock and at each
time point between the stocks, label-free approach quantitation
module of the PEAKS software was used. Feature detection was
carried out on each sample using the expectation-maximization
algorithm, and a high-performance retention time alignment
algorithm was used to align the features of the same peptide,
from three replicates of each sample, to an automatically
selected reference by the PEAKS software.32 Normalization was
done by a factor of the samples by dividing the total ion current
(TIC) multiple by the TIC of the reference sample. To obtain
the abundance levels of proteins, the top three abundant peaks
intensity of the tryptic peptides of a protein were summed. The
alteration levels of protein abundance were compared across six
time points in each bee line and at six time points between the
two stocks. The abundance diﬀerences of a protein between
diﬀerent samples were considered statistically signiﬁcant when
both p value <0.05 and fold change ≥1.5 were attained.
Hierarchical clustering was performed to cluster expressional
proﬁle of diﬀerentially abundant protein using uncentered
Pearson correlation and average linkage in PEAKS software.

for 30 min and then centrifuged at 15 000g at 4 °C for 20 min.
Three volumes of ice-cold acetone were added to the recovered
supernatant and kept for 30 min for protein precipitation and
desalting, followed by centrifuging at 15 000g at 4 °C for 20
min. The precipitated protein was resuspended in 100 μL of 5
M urea and then dissolved in 4 volumes of 40 mM NH4HCO3.
Protein concentration was determined using a Bradford assay
based on our published protocols.29,30 Protein samples were
mixed with 10 mM DTT solution for 1 h to prevent
reformation of disulﬁde bonds and ﬁnally incubated in 50
mM iodoacetamide for alkylation at room temperature for 1 h
under the dark condition. Proteins were digested using
sequencing-grade trypsin in a volume ratio of 1:50 (enzyme
to protein) at 37 °C overnight, and 1 μL of formic acid was
added to the solution to stop the enzymatic digestion. Then,
peptides were dried using a SpeedVac system (RVC 2−18,
Marin Christ, Osterod, Germany) for the subsequent LC−MS/
MS analysis.
2.5. LC−MS/MS Analysis

The dried peptides were dissolved in 0.1% formic acid and
loaded onto a LC−MS system with three replications of each
sample. Peptides were separated by nanoﬂow liquid chromatography on an EASY-nLC 1000 system (Thermo Fisher
Scientiﬁc) coupled to a Q Exactive mass spectrometer (Thermo
Fisher Scientiﬁc). Peptide enrichment was done with a trap
column (5.0 μm Aqua C18 beads, 2 cm long, 100 μL inner
diameter fused silica, Thermo Fisher Scientiﬁc). Separation was
achieved with an analytical column (15 cm long, 75 μm inner
diameter fused silica column ﬁling with 3.0 μm Aqua C18
beads, Thermo Fisher Scientiﬁc). Peptides were separated
chromatographically by using a 120 min gradient from 8 to 30%
acetonitrile in 0.1% formic acid with a ﬂow rate of 350 nL/min.
Spray voltage was set between 2.4 and 2.6 kV. The instrument
was operated in a data-dependent mode. The following settings
were applied: one full scan resolution at 70 000, scan range: m/
z 300−1800; followed by top 20 MS/MS scans using highenergy collision-induced dissociation mode at a resolution of
17 500, isolation window 2 m/z, normalized collision energy of
27, and loop count 20 using dynamic exclusion (charge
exclusion: unassigned 1, 8, >8; peptide match: preferred;
exclude isotopes: on; dynamic exclusion: 10 s). The MS/MS
spectra were retrieved using Xcalibur software (version 2.2,
Thermo Fisher Scientiﬁc) and saved as raw ﬁles. Each sample
was run with technical injections in three replicates. The LC−
MS/MS data have been deposited to the ProteomeXchange
Consortium (http://proteomecentral.proteomexchange.org)
via the PRIDE partner repository with the data set identiﬁer
PXD007824.

2.7. Bioinformatics Analysis

The biological categories and KEGG pathways were enriched
using ClueGO v2.1.7, a Cytoscape plug-in (http://www.ici.
upmc.fr/cluego),33 to assign the identiﬁed proteins into speciﬁc
gene ontology (GO) terms. The signiﬁcantly enriched
functional GO categories and pathways were tested using a
right-sided hypergeometric test comparing proteins identiﬁed
from the samples to the background set of GO annotations in
the entire Apis mellifera genome. The FDR was controlled by
the Bonferroni step-down test to correct the p value, and the
GO terms were considered to be signiﬁcantly enriched when
the corrected p value was <0.05.
To gain further insight into the possible functional linkages
among the highly abundant proteins of each stage, protein−
protein interaction (PPI) networks were constructed by
GeneMANIA, a Cytoscape plug-in.34 The known and predicted
PPI data sets from Drosophila melanogaster were searched in
GeneMANIA with the following parameters: all networks
enabled, equal weighting by GO biological process, and the top
20 genes displayed. The GO category enrichment of the input
data set was compared with the background set of GO
annotations in the whole Drosophila melanogaster genome using
a right-sided hypergeometric test. FDR was controlled by q
value. Proteins were grouped according to their GO
annotations, and the networks were visualized in Cytoscape.

2.6. Protein Identiﬁcation and Quantiﬁcation of
Abundance

2.8. Metabolomics Analysis

For protein identiﬁcation, PEAKS software (version 7.5,
Bioinformatics Solutions) was used by searching the raw MS
ﬁles against the database of protein sequences of Apis mellifera
downloaded from NCBI (Feb 2015) and the common
contaminant, with a total of 21 778 entries. The search criteria
were: speciﬁcity: trypsin; ﬁxed modiﬁcation: carbamidomethyl;
and oxidation as a variable modiﬁcation, with two allowed
missed cleavages per peptide; three maximum allowed variable
PTM per peptide. Precursor and fragment mass tolerances were
20.0 ppm and 0.05 Da, respectively. False discovery rate (FDR)
was controlled by using a fusion strategy of target and decoy
database for both protein and peptide level identiﬁcations

To test the most divergent ages (d4 larvae and NBs) in
proteome data between RJbs and ITbs, hemolymph samples (n
= 6) of d4 larvae and NBs were prepared from both bee stocks,
as described above for the proteomic analysis. To precipitate
protein and extract metabolites, 30 μL of hemolymph was
added to 120 μL of cold methanol, and N-formylanthranilic
acid was added as an internal standard (36 ng/μL). The
mixture was vortexed for 30 s, ultrasonicated for 30 min, and
kept at −20 °C for 20 min. After centrifugation at 16 000g for
20 min at 4 °C, 90 μL of the supernatant was collected for LC−
MS analysis.
C
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Student’s t-test was used to assess the statistical diﬀerence
between the hemolymph of two bee stocks. Features with p
values <0.05 and VIP values >1 were considered to be
diﬀerential features between the hemolymph of two bee stocks.
Accurate masses of diﬀerential features were searched against
online databases including the METLIN (http://metlin.scripps.
edu), HMDB (http://hmdb.ca), and LIPID MAPS (http://
lipidmaps.org) with mass tolerance of 10 ppm. The identity of
compounds was conﬁrmed by searching feature fragments from
LC−MS/MS against METLIN, HMDB, LIPID MAPS, and
MetFrag (https://msbi.ipb-halle.de/MetFrag/). The compound identity was accepted if the masses of a feature and at
least two of its fragments matched those (m/z < 10 ppm) in
one of these database. The identiﬁed compounds were
imported into MBROLE 2.038 with A. mellifera as the
background set to conduct KEGG pathway analysis. The p
values were adjusted by controlling the false discovery rate
(FDR).39 Pathways with FDR values of <0.05 were regarded as
signiﬁcantly enriched metabolic pathways.

A UHPLC system (Dionex Ultimate 3000, Thermo Fisher
Scientiﬁc) was coupled to a Q Exactive mass spectrometer
(Thermo Fisher Scientiﬁc) with a Heated Electrospray
Ionization Source I (HESI). The separation of compounds
was performed on a ZORBAX SB-Aq C18 reversed-phase
column (100 mm × 2.1 mm, 1.8 μm; Agilent Technology,
USA) at 50 °C. A gradient elution program was run for
chromatographic separation with mobile phase A (water with
0.1% formic acid) and B (acetonitrile with 0.1% formic acid) as
follows: 0−1 min, 95−95% A; 1−10 min, 95−0% A; 10−16
min, 0−0% A; and 16−18 min, 0−95% A; and 18−25 min, 95−
95% A. Samples of 3 μL were injected with a ﬂow rate of 0.2
mL/min. Sample analyses were separately performed in positive
(ESI+) and negative ion (ESI−) modes. At the beginning of the
LC−MS run, six injections of a quality-control (QC) sample,
which was prepared by pooling equal volumes of hemolymph
from each of the 24 samples and extracting metabolites, were
applied to condition the column. The QC sample was then
injected once before every six real samples and once again at
the end of the run. These QC injections (a total of 5) were to
measure the stability and performance of the system and to
calculate RSD of each feature. All 24 samples were injected in a
randomized order to avoid systematic errors.
The HESI parameters were optimized as follows: sheath gas
ﬂow rate 40; aux. gas ﬂow rate 5; spray voltage 3500 V for ESI+
and 3000 V for ESI−; capillary temperature 320 °C; S lens RF
level 60; and aux. gas heater temperature 350 °C. Full scan data
(m/z 80−1000) in both ESI+ and ESI− modes were acquired
at a resolution of 70 000. The automatic gain control (AGC)
was set at 1 × 106 and the maximum injection time was set to
50 ms. Scan rate was set at 1 scan/s.
For compound identiﬁcation, MS detection was performed
with alternation between full MS and data-dependent MS2 scan
(dd-MS2). The full MS settings were as described above,
whereas the dd-MS2 settings were as follows: scan resolutions
17 500; AGC target 1 × 105; maximum injection time 50 ms;
loop count 10; isolation window 4.0 m/z; and stepped (N)CE
10, 25, and 40.
The raw MS data were converted into the “.mzXML” format
using Proteowizard35 and were processed with the XCMS
package36 using the R platform for the baseline ﬁlter, peak
identiﬁcation and calculation, and retention time alignment.
The XCMS centWave method was used to identify the peaks:
ppm parameter, 5; peak width, 5−20 s; and signal/noise
threshold, 4. The obiwarp method was used to align the
retention time. Finally, a 2D matrix of data, mass-charge ratio
(m/z) and retention time for each feature, was obtained. Only
features with a peak area above 1 × 107 for ﬁve or six biological
replicates of at least one sample group were used for further
analysis. The peak area of each feature was normalized to that
of the internal standard (N-formylanthranilic acid). Moreover,
features with poor repeatability, that is, features with RSD
values >20% for the ﬁve QC injections, were removed from
subsequent analysis as suggested elsewhere.37
To detect classiﬁcation of the samples, Principal Component
Analysis (PCA) and Hierarchical Cluster Analysis (HCA) were
performed in SIMCA 13.0 (Umetrics, Umea, Sweden) with
Pareto scaling. To maximize identiﬁcation of diﬀerences in
metabolic proﬁles between groups, an orthogonal projection to
latent structure-discriminant analysis (OPLS-DA) model was
applied using SIMCA 13.0 with Pareto scaling. The Variable
Importance for the Projection (VIP) of each feature was
calculated to indicate its contribution to the classiﬁcation. A

2.9. Western Blotting Analysis

To conﬁrm abundance level changes in proteins between d4
larvae of RJbs and ITbs; and NBs of each stock, Western
Blotting analysis was performed. Primary rabbit polyclonal
antibodies (Genecreat, Wuhan, China), anti-RpS6 (unique to
RJbs) for d4 larvae samples and anti-adenylate kinase (50-fold
in RJbs) for NBs samples, at dilutions of 1:3000 were used. A
secondary antibody (Genecreat, Wuhan, China), horseradish
peroxidase-conjugated goat antirabbit, at a dilution of 1:5000
was used. Samples of ∼10 μg of protein were sequentially
separated by stacking (4%) and separating (12%) SDS-PAGE
gels, and each sample was run in triplicate. The protein samples
were transferred to nitrocellulose membranes (0.2 μm pore
size, Invitrogen, Eugene, OR) with an iBlot apparatus
(Invitrogen, CA). The bands of protein were visualized by
chemiluminescence and quantiﬁed by densitometry using
Quantity-one image analysis software (Bio-Rad, Hercules,
CA). The protein abundance was normalized by GAPDH
and analyses by Student’s t-tests.

3. RESULTS
3.1. Comparison of Royal Jelly Production

To compare RJ production between RJbs and ITbs, RJ yields of
ﬁve colonies of each stock were analyzed. RJbs produced
signiﬁcantly (p < 0.001) higher amounts of RJ (99.15 ± 3.57 g)
as compared with ITbs (7.20 ± 2.63 g) (Figure 1).

Figure 1. RJ production comparison between RJbs and ITbs. The data
are shown as mean ± SE ***, p < 0.001; n = 5.
D
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Figure 2. Qualitative comparison of identiﬁed hemolymph proteins across six time points of RJbs. The identiﬁed proteins in the hemolymph of RJbs
over six time points were analyzed using ClueGO to compare the functional classes and pathways speciﬁcally enriched by proteins at each time
points. Pie chart (A) shows the signiﬁcantly enriched functional classes and pathways shared among six time points. Bar charts B, C, D, E, and F
indicate speciﬁcally enriched functional classes and pathways in day 2, 4, and 6 larvae, NEBs, and NBs, respectively. Note: Name of each functional
class or pathway is assigned by the lowest p value of the terms of the class. The same color is indicates that the terms are categorized under the same
functional group. The single and double asterisks indicate signiﬁcant enrichment at p < 0.05 and p < 0.01statistical levels, respectively.

3.2. Hemolymph Proteome Comparison of RJbs across Six
Time Points of Larval and Adult Stages

and the following pathways, galactose metabolism, alanine,
aspartate and glutamate metabolism, endocytosis, protein
processing in endoplasmic reticulum (ER), and glyoxylate
and dicarboxylate metabolism, were uniquely enriched (Figure
2C, Table S7). Only pyridine nucleotide metabolic process was
enriched in d6 larvae (Figure 2D, Table S17). In adult bees,
only peptide biosynthetic process was uniquely enriched in
NEBs (Figure 2E, Table S7). Three functional classes, protein
catabolic process, organonitrogen compound metabolic process, and response to toxic substance, and one pathway, RNA
transport, were distinctively enriched in NBs (Figure 2F, Table
S7). However, no unique functional class or pathway was
signiﬁcantly enriched in FBs.
Of the 2796 proteins in RJbs found across six time points,
241 proteins were signiﬁcantly regulated, of which 12, 53, 9, 70,
60, and 37 proteins were highly abundant in d2, d4, d6 larvae,
NEBs, NBs, and FBs, respectively (Figure 3A, Table S8). The

To understand the biological importance of the proteome that
underlines the transition from larva to adult, hemolymph
proteomes were compared across six time points in RJbs. 739,
1322, 813, 1380, 1457, and 710 proteins were identiﬁed in d2,
d4, d6 brood, NEBs, NBs, and FBs, respectively, representing
2796 nonredundant proteins (Tables S1−S6). These proteins
were enriched in four functional classes and 10 pathways that
overlapped across six time points (Figure 2A, Table S7). For
example, amino sugar and nucleotide sugar metabolism, organic
substance catabolic process, and glutathione metabolism were
among the strongly enriched. However, nucleotide phosphorylation and beta-alanine metabolism were exclusively enriched
in d2 larvae (Figure 2B, Table S7). In d4 larvae, the following
functional classes, small-molecule metabolic process, oxidation−reduction process, and carbohydrate metabolic process,
E
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Figure 3. Quantitative comparison of RJb hemolymph proteins over six time points. The unsupervised hierarchical clustering analysis of proteins
with altered abundance levels (fold change >1.5 and p < 0.05); the columns indicate the time points, and the rows represent individual proteins (A).
The up-regulated proteins are indicated by red color and the down-regulated ones by green color. The color intensity changes with the protein
expression level as indicated on the key bar. Bar charts B, C, D, E, and F indicate enriched speciﬁc terms in day 4 and 6 larvae, NEBs, NBs, and FBs,
respectively. The single and double asterisks indicate signiﬁcant enrichment at p < 0.05 and p < 0.01 statistical levels, respectively.

NBs, and FBs, respectively, representing 2469 nonredundant
proteins (Tables S10−S15). Six functional classes and 11
pathways were signiﬁcantly enriched and shared over the six
time points. Glycolysis/gluconeogenesis was the strongest
enriched pathway, followed by organic substance catabolic
process and phagosome (Figure 4A, Table S16). Two
pathways, beta-alanine metabolism and lysosome, were
uniquely enriched in d2 larvae (Figure 4B, Table S16). Three
functional classes, small-molecule metabolic process, carboxylic
acid metabolic process, and oxidation−reduction, and two
pathways, galactose, and alanine, aspartate, and glutamate
metabolisms, were exclusively enriched in d4 larvae (Figure 4C,
Table S16). No functional classes or pathways were uniquely
enriched in d6 larvae. In NBs, two functional classes,
organonitrogen compound metabolic process and regulation
of protein metabolic process were exclusively enriched (Figure
4D, Table S16). Only functional class of pyridine-containing
compound metabolic process was uniquely enriched in FBs
(Table S16).
Among the 2469 proteins identiﬁed in ITbs over six time
points, the expression levels of 220 proteins were changed.
There were 9, 11, 9, 83, 43, and 65 proteins highly abundant in
d2, d4, d6 larvae, NEBs, NBs, and FBs, respectively (Figure 5A,
Table S17). Unlike in RJbs, the highly abundant proteins in the
three larval stages of ITbs were not enriched in any functional
class or pathway. However, the 83 highly abundant proteins in
NEBs were signiﬁcantly enriched in three pathways: lysosome,
arginine biosynthesis, and protein processing in ER (Figure 5B,

12 highly abundant proteins in d2 were not enriched in any
functional class or pathway. The 53 highly abundant proteins in
d4 larvae were enriched in ribosome pathway (Figure 3B, Table
S9). The nine highly abundant proteins in d6 larvae were
enriched in lipid transport (Figure 3C, Table 9). Furthermore,
the highly abundant proteins in NEBs were only enriched in
the pathway of beta-alanine metabolism (Figure 3D, Table S9).
Lastly, the highly abundant proteins in NBs and FBs were
signiﬁcantly enriched in the generation of precursor metabolites
and energy and citrate metabolic process, respectively (Figure
3E,F, Table S9).
As for the highly abundant proteins linked in a RJbs PPI
network, ribosome (q-value = 1.30 × 10−6), chemical
homeostasis (q-value = 1.28 × 10−2), and translational
elongation (q-value = 2.55 × 10−2) were signiﬁcantly enriched
in d4 larvae (Figure S1A). Likewise, protein folding (q-value =
2.00 × 10−5), cellular amino acid metabolic process (q-value =
1.69 × 10−3), and mitochondrial transport (q-value = 3.28 ×
10−2) were signiﬁcantly enriched in NEBs (Figure S1B).
Glycolysis (q-value = 3.62 × 10−4), generation of precursor
metabolites and energy (q-value = 8.94 × 10−4), and
antioxidant activity (q-value = 7.51 × 10−3), were signiﬁcantly
enriched in NBs (Figure S1C). Tricarboxylic acid cycle (q-value
= 5.46 × 10−7) was enriched in FBs (Figure S1D).
3.3. Hemolymph Proteome Comparison of ITbs across Six
Time Points of Larval and Adult Stages

Regarding ITbs, 836, 1057, 820, 1014, 1090, and 759 proteins
were identiﬁed in the hemolymph of d2, d4, d6 larvae, NEBs,
F
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Figure 4. Qualitative comparison of identiﬁed hemolymph proteins over six time points of ITbs. The identiﬁed proteins in the hemolymph of ITbs
over six time points were analyzed using ClueGO to compare the functional classes and pathways speciﬁcally enriched by proteins at each time
points. Pie chart (A) displays the signiﬁcantly enriched functional classes and pathways shared among six time points. Bar charts B, C, and D indicate
speciﬁcally enriched functional classes and pathways in d2 and d4 larvae, and NBs, respectively. The single and double asterisks indicate signiﬁcant
enrichment at the p < 0.05 and p < 0.01 statistical levels, respectively.

Table S18). The 43 highly abundant proteins in NBs were
signiﬁcantly enriched in single-organism carbohydrate metabolic process and pentose and glucuronate interconversions
(Figure 5C, Table S18). The 65 highly abundant proteins in

FBs were enriched in the functional classes and pathway:
response to toxic substance, chemical homeostasis, cellular
carbohydrate metabolic process, and galactose metabolism
(Figure 5D, Table S18). For the highly abundant proteins in
G

DOI: 10.1021/acs.jproteome.7b00621
J. Proteome Res. XXXX, XXX, XXX−XXX

Article

Journal of Proteome Research

Figure 5. Quantitative comparison of ITb hemolymph proteins across six time points. The unsupervised hierarchical clustering analysis of proteins
with altered abundance levels (fold change >1.5 and p < 0.05); the columns indicate the time points, and the rows represent individual proteins (A).
The up-regulated proteins are indicated by red color and the down-regulated ones by green color. The color intensity changes with the protein
expression level, as indicated on the key bar. Bar charts B, C, and D indicate uniquely enriched functional class and pathway in NEBs, NBs, and FBs,
respectively. The single and double asterisks indicate signiﬁcant enrichment at p < 0.05 and p < 0.01 statistical levels, respectively.

Figure 6. Quantitative comparison of hemolymph proteins between RJbs and ITbs in d2 larvae. The unsupervised hierarchical clustering analysis of
proteins with altered abundance levels (fold change >1.5 and p < 0.05); the columns indicate the three replicates in each of the two bee strains, and
the rows represent individual proteins (A). The up-regulated proteins are indicated by red color and the down-regulated ones by green color. The
color intensity changes with the protein expression level, as shown on the key bar. Bar charts B and C represent enriched speciﬁc terms in the
functional class and pathway in RJbs and ITbs, respectively. The single and double asterisks indicate signiﬁcant enrichment at p < 0.05 and p < 0.01
statistical levels, respectively.
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Figure 7. Quantitative comparison of hemolymph proteins between RJbs and ITbs in d4 larvae. The unsupervised hierarchical clustering analysis of
proteins with altered abundance levels (fold change >1.5 and p < 0.05); the columns indicate the three replicates in each of the two bee strains, and
the rows represent individual proteins (A). The up-regulated proteins are indicated by red color and the down-regulated ones by green color. The
color intensity changes with the protein expression level as indicated on the key bar. B represents the Western blot of RpS6. C indicates
representative protein expressional levels between RJbs and ITbs in d4 larvae, and “a” is signiﬁcantly higher (p < 0.05) than “b”. Bar chart D
represents enriched speciﬁc terms in the functional classes and pathways in RJbs. The single and double asterisks indicate signiﬁcant enrichment at p
< 0.05 and p < 0.01 statistical levels, respectively.

(Figure 6C, Table S21). Moreover, the highly abundant
proteins in RJbs were signiﬁcantly involved in ribosome in
the PPI network (Figure S4A). Protein folding was enriched in
the network of ITbs (Figure S4B).
In d4 larvae, 1322 and 1057 proteins were found in RJbs and
ITbs, respectively, representing 1599 proteins (Figure S5A,
Tables S2 and S11). Among the functional groups and
pathways enriched, glycolysis/gluconeogenesis, pentose phosphate, and posttranscriptional regulation of gene expression
were strongly enriched by both samples (Figure S5B, Table
S22). Intriguingly, four functional categories, organonitrogen
compound metabolic, small-molecule metabolic, carbohydrate
derivative metabolic, and oxidation−reduction processes, and
three pathways, purine metabolism, lysosome, and proteasome,
were exclusively enriched in RJbs (Figure S5C, Table S22).
However, only purine nucleoside triphosphate metabolic
process was uniquely enriched in ITbs (Figure S5D, Table
S22). Among the 1599 proteins in both strains, the expression
levels of 358 proteins were altered, of which 341 were highly
abundant in RJbs and 17 in ITbs (Figure 7A, Table S22).
Notably, the 341 highly abundant proteins in RJbs were
enriched in ﬁve functional groups and one pathway: cellular
amide metabolic process, carboxylic acid metabolic process,
cofactor metabolic process, protein metabolic process, and
proteolysis (Figure 7B, Table S24). However, the 17 highly
abundant proteins in ITbs were not signiﬁcantly enriched in
any functional group or pathway. Regarding the PPI network of
RJbs, the highly abundant proteins were signiﬁcantly enriched
in ribosome, protein folding, and mRNA binding (Figure S6).
In d6 larvae, 813 and 820 proteins were identiﬁed in RJbs
and ITbs, respectively, representing a total of 1130 proteins

the PPI network of ITbs in the adult ages, protein folding (qvalue = 9.16 × 10−6) and lipid oxidation (q-value = 7.01 ×
10−3) were signiﬁcantly enriched in NEBs (Figure S2A);
glycolysis (q-value = 1.14 × 10−4) and single-organism
carbohydrate metabolic process (q-value = 2.33 × 10−3) were
enriched in NBs (Figure S2B); and antioxidant activity (q-value
= 2.07 × 10−8), glycolysis (q-value = 5.15 × 10−4), cellular
homeostasis (q-value = 2.52 × 10−3), and muscle contraction
(q-value = 1.34 × 10−2) were enriched in FBs (Figure S2C).
3.4. Hemolymph Proteome Comparison between RJbs and
ITbs at Six Time Points

To better explore the diﬀerences in hemolymph proteome
between the two bee strains, the proteomes of hemolymph at
each time point of RJbs and ITbs were compared. In d2 larvae,
of the 1130 proteins identiﬁed in hemolymph, 739 and 836
proteins were identiﬁed in RJbs and ITbs, respectively (Figure
S3A, Tables S1 and S10). A functional class involved in
translational elongation and pathways related to glycolysis/
gluconeogenesis, proteasome, phagosome, lysosome, and
arginine and proline metabolism were enriched in the two
samples (Figure S3B, Table S19). Notably, pyridine nucleotide
metabolic process, ribosome, and protein processing in ER
were exclusively enriched in RJbs (Figure S3C, Table S19). In
ITbs, ribose phosphate metabolic process, cysteine and
methionine, and starch and sucrose were uniquely enriched
(Figure S3D, Table S19). Among the diﬀerentially regulated
128 proteins, 49 and 79 were highly abundant in RJbs and ITbs,
respectively (Figure 6A, Table S20). The 49 highly abundant
proteins in RJbs were enriched in translational machinery
(Figure 6B, Table S21). The highly abundant 79 proteins in
ITbs were enriched in a pathway of protein processing in ER
I
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Figure 8. Quantitative comparison of hemolymph proteins between RJbs and ITbs in NBs. The unsupervised hierarchical clustering analysis of
proteins with altered abundance levels (fold change >1.5 and p < 0.05); the columns indicate the three replicates in each of the two bee strains, and
the rows represent individual proteins (A). The up-regulated proteins are indicated by red color and the down-regulated ones by green color. The
color intensity changes with the protein expression level, as indicated on the key bar. B represents the Western blot of adenylate kinase. C indicates
representative protein expressional levels between RJbs and ITbs in NBs and “a” is signiﬁcantly higher (p < 0.05) than “b”. Bar chart D represents
enriched speciﬁc terms in the functional classes and pathways in RJbs. The one and two asterisks indicate signiﬁcant enrichment at p < 0.05 and p <
0.01 statistical levels, respectively.

enriched in two samples. Sugar and nucleotide sugar
metabolism, beta-alanine metabolism, fructose and mannose
metabolism, and proteasome pathways were among the
strongly enriched functional classes and pathways (Figure
S10B, Table S28). In RJbs, ﬁve functional classes and ﬁve
pathways, such as carboxylic acid process, small-molecule
process, cellular homeostasis, phagosome, endocytosis, protein
processing in ER, and galactose metabolism, were uniquely
enriched (Figure S10C, Table S28). Only carbohydrate
metabolic process was exclusively enriched in ITbs (Figure
S10D, Table S28). When examining the abundance level of
1592 proteins in both strains, 173 proteins were found to be
diﬀerentially regulated, of which 111 and 62 proteins were
highly abundant in RJbs and ITbs, respectively (Figure S11A,
Table S29). The proteins in high abundance levels in RJbs were
enriched in four pathways: glyoxylate and dicarboxylate
metabolism, fructose and mannose metabolism, cysteine and
methionine metabolism, and glutathione metabolism (Figure
S11B, Table S30). Again, the highly abundant proteins in ITbs
were involved in two functional classes and two pathways,
chitin metabolic process, dicarboxylic acid metabolic process,
alanine, aspartate, and glutamate metabolism, and amino sugar
and nucleotide sugar metabolism (Figure S11C, Table S30). In
RJbs, proteins with altered abundance levels linked in the PPI
network were involved in protein folding, generation of
precursor metabolites and energy, and immune response
(Figure S12A). In ITbs, the highly abundant proteins were
implicated in antioxidant activity and generation of precursor
metabolites and energy in the PPI network (Figure S12B).

(Figure S7A, Tables S3 and S12). At this age, three functional
classes and eight pathways were commonly enriched by the two
samples. Organonitrogen compound metabolic process,
pentose phosphate, and proteasome were among the strongly
enriched functional groups and pathways (Figure S7B, Table
S25). In RJbs, two functional classes, nucleoside diphosphate
phosphorylation and purine-containing compound metabolic
process, and two pathways, pentose and glucuronate interconversions and galactose metabolism, were uniquely enriched
(Figure S7C, Table S25). In ITbs, carbohydrate metabolic and
single-organism carbohydrate catabolic processes were signiﬁcantly enriched (Figure S7D, Table S25). When evaluating the
abundance level of 1130 proteins in both strains, 232 proteins
were found to be regulated. Of these, 82 were highly abundant
in RJbs and 150 in ITbs (Figure S8A, Table S26). The highly
abundant proteins in RJbs were enriched in pyridine-containing
compound metabolic process (Figure S8B, Table S27). The
highly abundant proteins in ITbs were enriched in cellular
homeostasis, aminoglycan metabolic process, pentose and
glucuronate interconversions, amino sugar and nucleotide
sugar metabolism, and pyruvate metabolism (Figure S8C,
Table S27). Furthermore, proteins with high abundance level in
RJbs were enriched in a positive regulation of melanin
biosynthetic process and homeostatic process in the PPI
network (Figure S9A). In ITbs, innate immune response was
enriched in PPI network (Figure S9B).
In NEBs, of 1592 proteins, 1380 and 1014 were identiﬁed in
RJbs and ITbs, respectively (Figure S10A, Tables S4 and S13).
Two functional classes and seven pathways were commonly
J
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Figure 9. PCA score plots (left) and HCA dendrograms (right) for RJbs and ITbs. (A) d4 larvae in ESI+ mode; (B) d4 larvae in ESI− mode; (C)
NBs in ESI+ mode; (D) NBs in ESI− mode. t[1] and t[2] represent the ﬁrst and second principle components, respectively, with their values in
parentheses. The PCA eclipse refers to the 95% conﬁdence interval.

samples. Of these, 297 and 29 proteins were highly abundant in
RJbs and ITbs, respectively (Figure 8A, Table S32).
Interestingly, in RJbs, the 297 highly abundant proteins were
enriched in two functional classes and three pathways:
coenzyme metabolic process, purine nucleoside metabolic
process, citrate cycle (TCA cycle), glycolysis/gluconeogenesis,
and phagosome (Figure 8B, Table S33), whereas in ITbs, the
29 highly abundant proteins were not enriched in any GO
terms or pathways. Furthermore, in RJbs, the highly abundant
proteins in the PPI network were enriched in antioxidant
activity, generation of precursor metabolites and energy,
protein folding, ion binding, and gland morphogenesis (Figure
S14).

In NBs, 1457 and 1090 proteins were found in RJbs and
ITbs, respectively (Figure S13A, Tables S5 and S14). They
represented 2547 proteins, of which proteins involved in the
generation of precursor metabolites and energy were enriched
by both strains (Figure S13B, Table S31). Notably, in RJbs,
four functional classes, carboxylic acid metabolic process, smallmolecule metabolic process, cellular homeostasis, and oxidation−reduction, and four pathways, phagosome, protein
processing in ER, amino sugar and nucleotide sugar
metabolism, and galactose metabolism, were uniquely enriched
(Figure S13C, Table S31). In ITbs, however, only pyridine
nucleotide metabolic process was exclusively enriched (Figure
S13D, Table S31). Among the 2547 proteins identiﬁed, 326
hemolymph proteins were found to be regulated in two
K
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4.1. Larvae Develop a Speciﬁc Hemolymph Proteome To
Match with Age-Speciﬁc Physiology

In FBs, among 967 proteins, 710 and 759 were identiﬁed in
RJbs and ITbs, respectively (Figure S15A, Tables S6 and S15).
Two functional groups, purine nucleoside metabolic and singleorganism carbohydrate metabolic processes, were enriched and
shared by both strains (Figure S15B, Table S34). Remarkably,
one functional class and one pathway, carbohydrate metabolic
process and citrate cycle (TCA cycle), were uniquely enriched
in RJbs (Figure S15C, Table S34), whereas no functional
classes or pathways were enriched in ITbs. Of the 967 proteins
in FBs, 77 proteins were signiﬁcantly regulated, of which 31 and
46 were highly abundant in RJbs and ITbs, respectively (Figure
S16A, Table S35). In RJbs, the highly abundant proteins were
enriched in carbohydrate catabolic process (Figure S16B, Table
S36). In ITbs, the highly abundant proteins were enriched in
single-organism carbohydrate metabolic process (Figure S16C,
Table S36). Regarding the regulated proteins in the PPI
network of FBs, glycolysis and carbohydrate catabolic process
were signiﬁcantly enriched in RJbs (Figure S17A), and
glycolysis was enriched in ITbs (Figure S17B).

During the 6 days of the larval stage, a 1500-fold increase in
body weight occurs.40 To establish this exponential growth, a
common and age-speciﬁc hemolymph proteome is employed.
This is reﬂected by the enriched multiple ranges of shared
function classes related to protein synthesis, energy metabolism, immune responses, and cellular homeostasis in both bee
lines across the larval stages. Protein synthesis is of fundamental
importance for larval growth, organogenesis, and immune
defense.9 Energy metabolism is vital for fueling metabolic
energy for the growth and organogenesis of the larvae.13 The
age-dependent hemolymph proteome settings reﬂected by
uniquely enriched functional groups and pathways is therefore
suggestive of their roles in underlining a speciﬁc physiology at
each age. During the early age, larval growth depends on rapid
cell division and thus requires amino acids for protein synthesis
and nucleotide metabolism as nuclear material for cell
division.41 We show that beta-alanine metabolism is uniquely
enriched in d2 larvae of both strains and nucleotide
phosphorylation is enriched in d2 RJb larvae but not in d4
and d6 larvae. This indicates the importance of amino acid and
nucleotide synthesis in initiating young larval growth.
Nucleotide phosphorylation plays a key role in the synthesis
of nucleotides that are required for a variety of cellular
metabolic processes, such as RNA and DNA synthesis.42 A
stronger expression of ndk/awd involved in this functional class
highlights the high need for synthesis of nucleotides for the
young larvae. Moreover, ndk/awd is involved in the
degradation pathway that delivers amino acids for the synthesis
of new proteins during early pupal stage of the honeybee.9,10
Because of its nonsubstrate speciﬁc nature as an enzyme for
cellular metabolism, ndk/awd uses the ribose and deoxyribose
forms of both purine and pyrimidine NDPs as a substrate. It is
thus used for the synthesis of purine and pyrimidine bases,43
which are essential nucleotide precursors for cell nuclei and
diﬀerentiation of cells.43 These ﬁndings suggest that the d2
larvae develop a high demand for amino acids and nucleotides
to support their growth through rapid cell division, as is the
case in young embryos.24
Larvae younger than 2 days lack innate immunity because
their immunity has not yet been established.3,44 In this context,
the acquired immunity from ingredients of larval food
(royalisin, major royal jelly proteins (MRJPs), etc.),10,45 is
pivotal to ensuring normal larval development. The highly
nutritive MRJPs are key in both larval growth and immune
defense of the honeybees.3 In this study, we found that in d2
larvae the highly abundant MRJP1 and MRJP3 precursors in
both bees signify their centrality in enhancing larval development and temporal immune defense. This is consistent with the
high abundance of MRJP1 found in hemolymph of young
larvae (<day 3) to boost their body development and
immunity.9 The presence of MRJP1 precursor represents the
need for essential amino acids and its role in stimulating
macrophages.46 Moreover, MRJP3 precursor plays a role as a
nitrogen reserve for larval growth46 and for its potential
immuno-regulatory property.47 Furthermore, the uniquely
enriched lysosome pathway in d2 ITb larvae, reﬂects its role
in the immunity of young larvae. Lysosomes receive and
degrade both complex molecules and pathogenic proteins48 and
are fused with the plasma membrane during cell injury,49
suggesting the lysosome pathway’s role in supporting the weak
innate immunity of young larvae. For instance, V-type proton

3.5. Metabolome Comparison of Hemolymph between
RJbs and ITbs at D4 Larvae and NBs

To validate the proteome diﬀerences between RJbs and ITbs at
both d4 larvae and NB stage, a metabolomics analysis of their
hemolymph was performed. Five injections of the QC sample
were uniformly distributed in the analytical sequence to control
system stability. The PCA score plots for all samples displayed a
close clustering pattern of QCs for both ESI+ and ESI− modes
(Figure S18), indicating the high stability and performance of
the analytical platform. The clear separation between RJbs and
ITbs at both ages in PCA score plots and HCA dendrograms
(Figure 9) indicates the diﬀerent metabolomics proﬁles
between them. Among the diﬀerential features (VIP values
>1 in OPLS-DA and p values <0.05 in the Student’s t-test) that
mainly contributed to the discrimination of d4 larvae between
RJbs and ITbs, 24 and 29 compounds were identiﬁed in ESI+
and ESI− modes, respectively (Table S37). Among them, 10
diﬀerential compounds were commonly identiﬁed in both
modes. A total of 20 and 29 compounds in NBs between RJbs
and ITbs were identiﬁed in ESI+ and ESI− modes, respectively,
and six of them were identiﬁed in both modes (Table S37).
These diﬀerential compounds were enriched mainly in
pathways involved in amino acid metabolism, protein synthesis
(e.g., aminoacyl-tRNA biosynthesis), and energy metabolism
(e.g., citrate cycle and oxidative phosphorylation) (Table S38).

4. DISCUSSION
We report a hitherto unexplored in-depth proteome coverage
in the hemolymph of both bee stocks. This is a signiﬁcant
extension from previous proteins identiﬁed in hemolymph of
the honeybees.13,29,12 The expanded coverage of hemolymph
proteome is mainly attributed to sampling at six time points
over the larval and adult stages in two bee stocks as compared
with using only one pupal sample.29 The hemolymph in its
entirety is found to perform biological functions that are
molecularly distinct based on age in both bee stocks. In larvae,
the change in proteome is supposed to support the larval
development and immune defense.9 In adults, the change in
proteome is believed to modulate tissue development and
immunity. Notably, RJbs have adapted hemolymph proteome
settings quite divergent from ITbs to prime the diﬀerentiated
physiology as a response to four decades of selection for
increasing RJ yields.
L
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genesis and de novo fatty acid synthesis.62 ATP-citrate synthase
is critical for central energy metabolism of aerobic organisms,
catalyzing the condensation of acetyl-CoA and oxaloacetate to
form citrate.63 Notably, the enriched GO terms and strongly
expressed proteins in d4 larvae of both lines that are involved in
energy production suggest that metabolic energy is key to
driving the high-energy demand during organogenesis at this
age.9
The d6 time point is the end of the larval phase, marked by
the beginning of metamorphosis at which complex reorganization of larval structures occurs.64 The uniquely enriched
pyridine nucleotide metabolic process in d6 larvae of RJbs
suggests its role in regulating energy metabolism for the
beginning of organ reconstruction. Pyridine nucleotide is
pivotal in serving as a coenzyme for various dehydrogenase
enzymes to regulate cellular metabolism and the rate of ATP
production.65 Furthermore, the uniquely enriched lipid transport by highly abundant proteins in d6 RJbs is in agreement
with the increase in transporter proteins with increasing larval
age.13 In insects, apolipophorin III (ApoLp-III)-like protein
precursor is primarily expressed in body fat and released into
the hemolymph as a lipid transporter during ﬂight.66 An
increased abundance of ApoLp-III in the hemolymph with
increasing larval age is important for larval development of the
honeybee.13 These observations suggest that at the end of the
larval phase speciﬁc energy transport develops to fuel the
complex reorganization of larval structures.

ATPase is required for lysosomal acidiﬁcation and is thus
essential for the activation of degradative enzymes located
within the lysosomal lumen for the degradation of Notch and
the export of degradation products via coupled transporters.50
It also regulates Notch cleavage by providing a rationale for
physiological and pathological endocytic control of Notch
activity.51 All in all, the immune-related proteins found in the
hemolymph of d2 larvae are critical in supporting their weak
immunity, whereas the enriched lysosomes support normal
larval growth.10
The larvae of middle age (3 to 4 days) need the highest
amounts of protein52 to support the largest growth in larval
development that begins around the fourth day.53 In our study,
the exclusively enriched oxidation−reduction, and alanine,
aspartate, and glutamate metabolism in both strains and protein
processing in ER, and endocytosis in d4 RJbs may serve the
purpose. The protein processing in ER functions in proper
folding, preparing for targeting and membrane attachment of
newly translated proteins,54 and endocytosis is key to
transporting plasma membrane proteins into the cell interior.55
The enriched protein processing in ER and endocytosis
suggests that d4 larvae require newly synthesized proteins as
building molecules for developing organs and constructing
tissues10 as well as for establishing immune defense.48 For
example, heat shock proteins (HSPs) in protein processing in
ER are pivotal in protein quality control during and after
protein biosynthesis,9 and assist nascent protein folding during
early larval development of the honeybee.56 As a potent
immunogen,57 HSPs are also involved in the activation of
immune defense against invasive pathogens.9,58 Moreover, the
uniquely enriched ribosome pathway by highly abundant
proteins in d4 RJbs larvae reﬂects the vital activity of protein
synthesis in driving rapid larval growth and tissue construction.
Protein synthesis machinery and ribosomal proteins (Rps) in
larval hemolymph are decreasing with increasing age of the
larvae.13 However, the higher number of up-regulated Rps (9)
in d4 as compared with in d2 larvae (only 1 Rp) suggests the
enhanced activity in protein synthesis to support rapid growth
of larvae, which is inconsistent with the previous report.13 For
instance, the highly abundant RpL35 is vital in facilitating cell
cycle in the ﬁrst gap phase of interphase when a cell physically
grows larger and makes the molecular building blocks.59 Rpl23a
is associated with protein synthesis, folding, and sorting60 and
may play a key role in the activation of the immune defense,
which is the case in termites.61 Furthermore, the highly
abundant proteins enriched in translational elongation in the
PPI network of RJbs larvae suggests that translational
machinery is also critical for larval growth and immune
defense. Overall, the d4 larvae are in a developmental stage that
demands high protein molecules to support body growth9 and
build immunity.29
This fast larval growth also requires intensive molecular fuel
for organ and tissue construction.9,10 To this end, the enriched
functional groups related to energy turnover, such as smallmolecule metabolic process and galactose metabolism in d4
larvae of both strains, are thought to serve as fuel generators.
Carbohydrate metabolism acts as a source of energy for the
metamorphosis of growing larvae.10 The stronger expression of
pyruvate carboxylase mitochondrial isoform X1 in ITbs and
ATP-citrate synthase isoformX1 in d4 of both stocks reﬂects
their crucial roles in energy metabolism. Pyruvate carboxylase,
which catalyzes the ATP-dependent carboxylation of pyruvate
to oxaloacetate, is an important intermediate in gluconeo-

4.2. Adult Worker Bees Evolve Age-Dependent
Hemolymph Proteome to Prime Age-Related Biology

Worker bees perform age-related tasks during adult life, which
are often associated with changes in physiology correlated with
age and diﬀerences in morphology.67 The commonly enriched
functions related to protein synthesis, energy metabolism,
amino acid metabolism, and response to immune defense and
toxic substances across the adult ages of both stocks are
suggestive of their centrality in supporting biological demands.
Age-dependent hemolymph function during adult ages,
however, is reﬂected by the age-speciﬁcally enriched and
activated functional classes and pathways. In NEBs, the glands
are already formed once they emerge from the comb cells but
not fully developed.22 Hemolymph at this age contains low
protein owing to extensive protein depletion during the
nonfeeding period associated with body reconstruction.11
Thus protein supplementation is required to prime growth
and immune defense. To support this development, proteins
have to be synthesized as tissue blocks to cement normal cell
growth and tissue construction in NEBs.22,30 The enriched
peptide biosynthetic process in the NEBs of RJbs implies the
importance of proteins to prime development and physiology
of the glands. The increased rate of the elongation phase of
protein synthesis is crucial for increasing total protein in adult
Drosophila, which is correlated with fast polypeptide chain
elongation in Drosophila.68 This elongation of polypeptide
chain is mediated by higher activity of elongation factors 1alpha (EF1a) in the whole body of young Drosophila.69 Hence,
the strongly expressed proteins related to peptide biosynthesis
in the NEBs indicate their vital roles in protein synthesis in
stimulating growth of young bees, as it does in Drosophila.68,69
The high abundance of folding proteins and the enhanced
protein processing in ER of NEBs are suggestive of the fact that
voluminous protein molecules are required to promote tissue
development. The increased abundance level of proteins related
M
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ITbs. The enriched ribosome in d2 larvae of RJbs further
supports its importance in driving organogenesis by providing
protein molecules for fast growth24 and its signiﬁcance in
boosting larval immunity.3,28 Moreover, the highly abundant
EF1a and many Rps involved in translational machinery in d2
larvae of RJbs, relative to ITbs, suggest that protein synthesis
for organ and tissue formation may be enhanced.
At 3 to 4 days, the larvae begin the largest body growth53 by
increasing the frequency of food intake.52 In this context, the
commonly enriched functional terms related to metabolic
energy production and protein synthesis in d4 larvae of both
strains suggest the signiﬁcance of protein and metabolic fuel,
similar to the aforementioned larval growth. Notably, a higher
number of uniquely enriched functional terms implicated in
metabolizing energy, protein synthesis, and antioxidant
activities in RJbs, as compared with only one related to
metabolizing energy in ITbs, indicates profound proteome
diﬀerence at this time point. To be noted, the enriched
functional terms such as protein metabolism, proteolysis, and
carboxylic acid metabolism by the highly abundant proteins
(341) in RJbs, relative to in ITbs, is in sharp contrast with nonGO term enriched by the up-regulated proteins (17) in ITbs,
relative to in RJbs. Protein metabolism is pivotal for the
synthesis of new proteins to support large body growth of the
larvae.9 Proteolysis as cellular housekeeping pathways support
larval growth by recycling misfolded proteins to make new
proteins.77 Furthermore, the highly abundant Rps unique to
RJbs indicate their vital roles. RpS6 (validated by Western blot)
and RpS8 (25-fold), for example, are involved in protein
metabolism. Proteasome subunit alpha type-1-like (25-fold)
and proteasome subunit beta type-2-like isoform 1 (unique to
RJbs) are implicated in proteolysis and indicate their vital roles
for larval development through protein synthesis, cell-cycle
regulation, and immune responses.78−80 Together with distinct
metabolomics proﬁles, this indicates that the d4 larvae have
evolved a distinct developmental trajectory between both bee
stocks driven by protein synthesis and energy metabolism in
response to selection pressure for higher RJ production.
The older aged larvae accumulate suﬃcient energy3 to
prepare for the upcoming energy depletion that occurs during
reorganization of larval structures.64 Here the commonly
enriched functions related to energy metabolism in both stocks
indicate the importance of metabolic energy for metamorphosis. However, the two stocks have evolved distinct energy
turnover strategies to support the reorganization of larval
structures during the later larval phase.64 This is reﬂected in the
exclusively enriched functions associated with energy metabolism such as pentose and glucuronate interconversions in RJbs
and carbohydrate metabolism in ITbs. Moreover, the highly
abundant proteins in RJbs enriched in pyridine-containing
compound and those in ITbs enriched in four functional groups
related to energy metabolism further suggest that energy plays
key a role for this phase of larval growth.
In NEBs, the highly abundant proteins enriched in glyoxylate
and in dicarboxylate and fructose and mannose metabolisms in
RJbs and dicarboxylic acid metabolic process and alanine,
aspartate, and glutamate in ITbs are indicative of the needs for
energy to initiate the synthesis of new proteins.11 However, the
highly abundant proteins enriched in cysteine and methionine
metabolism in RJbs, relative to in ITbs, are suggestive of the
fact that NEBs of RJbs have a stronger demand of amino acids
for protein synthesis to underline the growth of task-related
glands.81 Furthermore, the highly abundant proteins enriched

to immunity of NEBs, such as HSPs and calreticulin, indicate
their roles in the immune activation against pathogens and
stress.9,11 These ﬁndings are suggestive of the fact that protein
synthesis is vital to stimulating growth of NEBs as well as
preconditioning them to new stress upon leaving the closed
environment of the capped comb.
The main task of NBs is to take care of the brood by feeding
RJ secreted from the HGs.70,71 To drive RJ synthesis and
secretion, the NBs require a great amount of proteins and
metabolic energy.20 The uniquely enriched organonitrogen
compound metabolic process in both strains, protein catabolic
process, and RNA transport in NBs of RJbs are indicative of
their roles in proteins synthesis to consolidate RJ secretion.22
RNA transport plays a role in the coordination of important
physiological processes, including regulation of development
and allocation of nutrition,72 which is also highlighted by the
uniquely enriched RNA transport pathway in NBs. Moreover,
the strongly expressed proteins enriched in RNA transport
pathway in NBs of RJbs, relative to in NEBs and FBs, further
underscore the signiﬁcance of protein synthesis to prompt RJ
secretion in the HGs. For instance, eIF-1a and eIF-5a assist the
proper positioning of the small ribosomal subunit to start
codon,73 and the presence of eIF-4e is essential for cap binding
and the subsequent RNA helicase activities leading to protein
translation.73 Synthesis and secretion of RJ by NBs also
demands much metabolic energy.22 The highly abundant
proteins like pyruvate kinase-like isoform X1 and phosphoglycerate kinase isoform 1, involved in energy metabolism in NBs
in both stocks, indicate the stronger energy requirement of NBs
to attain the high secretory synthesis.20
For FBs, the main mission is to collect the food the colony
needs from the wild.40 The uniquely enriched pyridinecontaining compound metabolic process in FBs of ITbs
indicates the importance of energy during task shift. Pyridine
nucleotide is one of the pyridine-containing compounds that
regulates the rate of ATP synthesis by acting as electron carrier
in mitochondria via the electron-transport chain and oxidative
phosphorylation.65 Furthermore, the enriched citrate metabolism in RJbs and cellular carbohydrate metabolism in ITbs by
highly abundant proteins suggest that carbohydrate is the
primary energy source used during foraging ﬂights.74 This also
indicates that metabolic specialization that occurs during the
social ontogeny of worker bees meets their metabolic energy
demand and utilization.75 This is in line with the fact that
enzymes involved in sugar uptake and processing are in higher
abundance in the HGs of FBs compared with those of NBs.76
Moreover, high abundance of α-glucosidase found here in ITbs
is in agreement with the elevated level of α-glucosidase found in
the whole body sample of FBs,75 suggesting the importance of
carbohydrate as an energy source in FBs. This evidence
supports the previous75 ﬁnding that a higher capacity of
carbohydrate energy processing is present in the hemolymph of
FBs to fuel foraging ﬂights.
4.3. RJbs and ITbs Adapt Divergent Hemolymph Proteome
Programs During Larval to Adult Stages

To better understand the molecular basis that derives the
diﬀerentiated physiology upon the selection for enhanced RJ
yields in RJbs, the proteomes at each time point were compared
between both stocks. In d2 larvae, RJbs and ITbs have
developed distinct proteome programs by uniquely enriched
functions in each strain such as nucleotide and protein synthesis
in d2 RJbs larvae and metabolizing energy related pathways in
N
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and immune defense. The d2 larvae need a temporal immune
protection mechanism to support the immature immune
system and larval growth. The d4 larvae demand intensive
energy and protein biosynthesis to underpin rapid organogenesis and immune defense, and energy transport is necessary
to fuel the complex reorganization of larval structures in d6
larvae. In adults, the functionally enhanced protein synthesis,
energy metabolism, and antioxidants may boost tissue development and immunity in NEBs, gland physiology in NBs, and
energy turnover in FBs. Furthermore, the two bee stocks adapt
distinct proteome architectures to prime the diﬀerentiated
physiology owing to decades of selection for high RJ
production in RJbs. Notably, the RJbs have evolved a quite
divergent hemolymph proteome arsenals, particularly in day 4
larvae and NBs, to consolidate a physiology that supports
higher RJ secretion by providing protein biomolecules and
metabolic energy. Our data provide novel insight into
molecular details that drive both hemolymph function and
high RJ production of RJbs.

in glutathione metabolism in RJbs relative to in ITbs signify
their importance for cellular homeostasis. For instance, the
induced enzymes in the glutathione S-transferase family imply
preconditioning of NEBs to new stress upon leaving the capped
comb11 and possession of a pro-inﬂammatory function on
immune response.82 These ﬁndings manifest that genetic
selection for the high RJ output has altered the proteome
signatures of RJbs to adapt to a distinct cellular homeostasis
during the transition from larval to adult phase.
The main biological duty of NBs is correlated with glandular
development,40 which demands numerous anatomical and
physiological changes in preparation for brood nursing,
including the growth of HGs and MGs.30,83 To secrete RJ for
larvae, NBs require proteins for the development of their
glands.20 Hence, proteins related to energy metabolism, protein
synthesis, and cellular homeostasis are vital to underpin high RJ
secretion via provision of biological molecules for RJ synthesis
and cell maintenance.22 The enriched wide array of GO terms
involved in metabolizing energy, protein synthesis, and cellular
homeostasis in RJbs, as compared with ITbs, suggests that RJb
has reshaped its hemolymph proteome arsenals to respond to
the selection of increased RJ yields. This is in line with the
profound metabolomics diﬀerence that NBs at this age require
high metabolic energy to facilitate proper cell divisions toward
normal morphological and physiological development of HG.20
This is likely due to the fact that NBs of RJbs have evolved
stronger activity of HGs and a higher metabolism level to ﬁt
their elevated level of RJ secretion84 compared with NBs of
ITbs. Notably, of the diﬀerential proteins (326 proteins) in
NBs between both lines (297 in RJbs and 29 in ITbs), the
highly abundant proteins enriched in TCA cycle, coenzyme
metabolic process, and glycolysis in NBs of RJbs, as compared
with in NBs of ITbs, indicate that energy metabolism is
enhanced to ensure fulﬁlment of the demand of the glandular
system67 for higher RJ secretion. A typical example is adenylate
kinase (50 times higher in RJbs as validated by Western blot), a
phosphotransferase enzyme involved in purine nucleoside
metabolism, which is critical in energy homeostasis.85 This is
in agreement with the ﬁnding that RJb NBs have a stronger
metabolic energy demand than ITbs to facilitate physiology of
the glands in order to synthesize and secrete RJ in the HGs.
This is also supported by the signiﬁcantly higher RJ production
in RJbs.
For FBs, intensive energy is demanded to fuel foraging
activity (i.e., collecting food resources).74 This is reﬂected by
the commonly enriched functional terms related to energy
metabolism in the FBs of both stocks. However, the uniquely
enriched carbohydrate-related energy metabolism in FBs of
RJbs, as compared with the nonfunctional term enriched by
FBs of ITbs, indicates that FBs of RJbs require a relatively high
amount of energy to support their foraging ﬂight. Moreover,
the highly abundant proteins in RJbs involved in carbohydrate
catabolism further suggest a high demand for carbohydrate
energy to fuel-foraging ﬂight.74 This can possibly be explained
by the fact that FBs of RJbs have developed a stronger tendency
to collect pollen,23 which, in turn, increases the pollen supply
for RJb NBs to stimulate their elevated RJ secretion.83
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