Current Research in Food Science 5 (2022) 1818-1825

© Current Research in
Food Science
ot o

Contents lists available at ScienceDirect

Current Research in Food Science

journal homepage: www.sciencedirect.com/journal/current-research-in-food-science

ELSEVIER

t.)

Check for

Effect of queen cell numbers on royal jelly production and quality e

Chuan Ma, Buajiram Ahmat, Jianke Li

Institute of Apicultural Research, Chinese Academy of Agricultural Sciences, Beijing, 100193, China

ARTICLE INFO ABSTRACT

Keywords:

Queen cell number

Larval acceptance rate
Major royal jelly protein
10-Hydroxy-2-decenoic acid
Antioxidant activity

Royal jelly (RJ) is a popular functional food with a wealth of health-promoting effects. Over 90% of the global RJ
is produced in China mainly by a high RJ-producing honeybee (RJB) strain that can accept and feed a great
number of queen larvae for RJ production. To elucidate RJ changes due to queen cell numbers (QCNs), we
compared the yield, larval acceptance rate, metabolic and proteomic profiles, and antioxidant activities of RJ
from 1 to 5 strips of queen cells (64 per strip) in RJB colonies. As QCNs increased, the larval acceptance rate was
not found to vary (p = 0.269) whereas the RJ weight per cell began to significantly decline in the 5-strip colonies
(p < 0.05). Increased QCNs had a profound impact on RJ metabolic profiles and mainly reduced fatty acid levels.
Remarkably, the 10-hydroxy-2-decenoic acid (10-HDA) content, a most important indicator of RJ quality,
declined gradually from 2.01% in the 1-strip colonies to 1.52% in the 5-strip colonies (p < 0.001). RJ proteomic
profiles were minimally altered and antioxidant activities were not significantly changed by QCNs. Collectively,
the metabolomics and proteomics data and the antioxidant activity test represent a global evaluation of the
quality of RJ produced with different QCNs. Our findings gain new insights into higher-quality RJ production
using the high-yielding RJBs.

1. Introduction

Royal jelly (RJ), a natural beehive product, is regarded as a func-
tional food for health promotion (Collazo et al., 2021). In recent years,
RJ is attracting a progressively growing interest owing to consumers’
awareness of its health-beneficial properties, e.g. anti-cancer (Miyata
et al., 2020; Albalawi et al., 2022), antioxidant (Pavel et al., 2014),
anti-aging (Ali and Kunugi, 2020), antimicrobial (Fratini et al., 2016),
anti-inflammatory (Chen et al., 2016), and immunomodulatory effects
(Gasic et al., 2007). It has thus shown great potential for use against
various disorders such as cancer, diabetic, cardiovascular, Parkinson’s,
and Alzheimer’s diseases (Ahmad et al., 2020; Ali and Kunugi, 2020).

The pharmacological properties of RJ are attributable to its nutri-
tional and bioactive components. RJ has a complex composition and is
generally composed of water (50-70%), proteins (9-18%), carbohy-
drates (7-18%), lipids (3-8%), trace minerals (0.8-3%), vitamins, and
amino acids (Collazo et al., 2021). A large number of bioactive sub-
stances have been identified in RJ. Particularly, 10-hydroxy-2-decenoic
acid (10-HDA) is a RJ-specific fatty acid with anti-cancer (Lin et al.,
2020; Albalawi et al., 2021), lifespan extending (Honda et al., 2015),
and immunomodulatory effects (Mihajlovic et al., 2013). The 10-HDA
content is widely regarded as a most important parameter of RJ

quality evaluation, e.g. a minimum of 1.4% is specified in the interna-
tional standard of RJ (ISO 12824:2016; https://www.iso.org/
standard/65648.html). Another important functional component is the
major RJ protein (MRJP) family, which contains nine proteins
(MRJP1-9) and constitutes about 90% of soluble RJ proteins. The
MRJPs play an essential nutritional role in growth and development of
queen bees and show anti-aging, antioxidant, antimicrobial, wound
healing, and immunomodulatory activities (Park et al., 2020; Li et al.,
2021b).

Commercial RJ production is based on characteristics of RJ provi-
sioning in honeybee colonies. RJ is synthesized and secreted mainly by
hypopharyngeal and mandibular glands of nurse bees to feed queen bees
for their whole life and worker larvae for only the first three days (Fujita
et al., 2013; Wright et al., 2018). By this way, RJ determines whether a
female larva develops into a reproductive queen or sterile worker (Hu
etal., 2019a). At larval stage, larger quantity of RJ is deposited by nurse
bees in queen cells, in which queen bees are reared, relative to worker
cells (Slater et al., 2020). Under natural conditions, queen cell numbers
(QCNs) in a colony is limited. Commercial RJ is produced by manual
grafting of young larvae from worker cells to a large number of plastic
queen cells, which are introduced into honeybee colonies for RJ provi-
sioning to the larvae, and collecting RJ from these queen cells ~72 h
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later (Altaye et al., 2019; Hu et al., 2019a). Notably, a strain of high
RJ-producing honeybees (RJBs) has been selectively bred from Italian
bees (Apis mellifera ligustica) in China to improve RJ yield (Altaye et al.,
2019). RJIBs exhibit a higher larval acceptance rate and could produce
10-fold more RJ with a relative high quality (Ma et al., 2021, 2022b),
which still conforms to the standard of ISO 12824:2016. With the help of
RJBs, China produces 4000 tons of RJ every year, constituting more than
90% of the global yield (Altaye et al., 2019; Ahmad et al., 2020). The
high RJ-producing performance of RJBs is presumed to be due to
excessive production with more than 200 queen cells per colony, which
exceeds the capabilities of nurse bees (Yamaguchi, 2019). Such abuses of
honeybees are considered to be the reason for the relatively lower
10-HDA content of 1.4-1.6% (Yamaguchi, 2019). However, there is no
direct evidence for the impact of different QCNs on the global quality of
RJ produced by RJBs.

The effect of QCNs on RJ has been explored in non-RJB races but
remains controversial. A rise in QCNs (30, 45, and 60) did not change
the acceptance rate in A. m. anadolica (Okuyan and Akyol, 2018) but
resulted in a reduced acceptance rate and RJ provisioning in A. m.
caucasica (Sahinler and Sahinler, 2002). Moreover, with an increase in
QCNs (30, 60, and 120), a reduced 10-HDA content was observed in A.
m. anatoliaca (Koc et al., 2021). Unlike these bee races, RJBs have ac-
quired adaptive properties over decades of selective breeding (Altaye
et al., 2019; Rizwan et al., 2020). Remarkably, RJB nurses have larger
size of acini in hypopharyngeal glands (Li et al., 2010) and have
reshaped their proteomes of hypopharyngeal and mandibular glands,
hemolymph, brain, and antennae to match the elevated RJ output (Huo
et al., 2016; Ararso et al., 2018; Hu et al., 2019b; Wu et al., 2019; Zhang
et al., 2020). It is therefore very likely that the RJ yield and quality will
not change with a range of smaller QCNs in RJBs, as has been tested in
other bee races (Sahinler and Sahinler, 2002; Okuyan and Akyol, 2018;
Koc et al., 2021). So far, it is unknown how many queen cells will lead to
a difference in RJ provisioning and chemical composition especially
bioactive components including 10-HDA. Resolution of these questions
will contribute to higher-quality RJ production using the high-yielding
RJBs.

Comparative metabolomics and proteomics represent powerful ap-
proaches to evaluate food quality (Mora et al., 2018; Li et al., 2021a).
Based on  ultra-high  performance  liquid chromatogra-
phy-high-resolution mass spectrometry (UHPLC-HRMS), the two omics
approaches have been applied in combination to gain a deep profiling of
RJ components. Their high-throughput nature leads to identification
and quantification of primary RJ components, including lipids, carbo-
hydrates, vitamins, flavones, amino acids, and proteins (Lin et al., 2021;
Ma et al., 2021, 2022b; Milone et al., 2021). Quantitative differences in
these substances could thus be used to assess RJ quality on a larger scale.

In this study, we aimed to uncover the effect of QCNs in RJB colonies
on RJ production and quality. To this end, we compared larval accep-
tance rate and RJ yield of RJB colonies with 1-5 strips of queen cells (64
per strip), and performed metabolomics and proteomics analysis and
antioxidant activity test of these RJ samples. Our findings shed new light
on the production of higher-quality RJ using the productive RJBs.

2. Materials and methods
2.1. Reagents and chemicals

MS-grade acetonitrile, methanol, formic acid, and ammonium
formate were purchased from Thermo Fisher Scientific (MA, USA). Ul-
trapure water (18.2 MQ cm) was produced from a Millipore Milli-Q
water system (MA, USA). 10-HDA standard was purchased from Tar-
getMol (Shanghai, China).
2.2. RJ production with different QCNs

RJ production was performed in a commercial RJB apiary (116.30°
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E, 39.95°N) in Beijing, China in July 2020 during the nectar flow period
of chaste tree (Vitex negundo). Each hive consisted of a queenless super
chamber for production and a brood chamber with two queens sepa-
rated by a shutter in the middle. The two-queen colony management
could facilitate a rapid formation and maintenance of a strong colony
population for RJ production (Hu et al., 2019a). Twenty-five colonies
with similar strength (~11 combs of bees), brood pattern, and stored
food were randomly divided into five groups (five colonies for each) to
produce RJ by introducing different amounts of queen cells. RJ was
produced following traditional procedures in China (Altaye et al., 2019).
In brief, < 24-h-old worker larvae were grafted into plastic queen cells
on 1-5 strips each containing 64 cells (Fig. 1A). Each amount of strips
with the grafted larvae, i.e. 64, 128, 192, 256, and 320 cells, were placed
into super chambers of a group of five colonies.

At 72 h after the larval grafting, the larval acceptance was checked
and the RJ was harvested. The larval acceptance rate was calculated by
dividing the number of accepted queen cells, which contained RJ and
live larvae, by the total number of grafted larvae for each colony. The
pooled RJ from a colony was weighed using a digital balance scale with
an accuracy of 0.1 mg (Mettler-Toledo, Giessen, Germany) and the ali-
quots were stored at —80 °C until analyzed. The RJ weight per queen cell
was calculated by dividing the RJ weight per colony by the accepted
QCNs in the same colony.

2.3. Water content measurement

Water content of the RJ samples was measured on the basis of weight
loss after a drying treatment (Hu et al., 2019a). In brief, 0.5 g of RJ was
spread uniformly over a petri dish surface and incubated at 40 °C until
complete dryness, when the weight kept almost constant between two
measurements at a 2-h interval.

2.4. Metabolic profiling of the RJ samples

Metabolic profiling was performed to investigate changes in small-
molecule compounds in RJ. The procedures for RJ sample preparation
and subsequent UHPLC-HRMS analysis were described in our previous
studies (Ma et al., 2021, 2022b). Briefly, 0.1 g RJ was mixed with 800 pL
pre-cooled ultrapure water and 3.2 mL pre-cooled methanol. After
ultrasonication for 15 min and centrifugation at 12,000 rpm at 4 °C for
15 min, the supernatant was filtered through 0.22 pm membranes
(Shimadzu, Shanghai, China). The obtained samples were used for
subsequent UHPLC-HRMS analysis. Two solvent blank samples were
prepared with the procedures above. Equal volume of the extracted RJ
samples was pooled to serve as a quality control (QC) sample.

UHPLC-HRMS runs were performed on a Dionex UltiMate 3000
system (Thermo Fisher Scientific, MA, USA) coupled to a Q Exactive
mass spectrometer (Thermo Fisher Scientific, MA, USA). Two separation
approaches, reverse-phase liquid chromatography (RPLC) and hydro-
philic interaction liquid chromatography (HILIC), at a positive/negative
polarity switching mode were adopted. The RPLC separation was con-
ducted on a ZORBAX SB-Aq C18 column (100 mm x 2.1 mm, 1.8 pm;
Agilent Technologies, CA, USA) at 40 °C with gradient mobile phase A
(0.1% formic acid in water) and B (0.1% formic acid in acetonitrile):
0-2 min, 95%-70% A; 2-8 min, 70%-15% A; 8-9 min, 15%-15% A,
9-9.5 min, 15%-95% A; and 9.5-13 min, 95%-95% A. The HILIC sep-
aration was achieved on an ACQUITY BEH Amide column (150 mm x
2.1 mm, 1.7 pm; Waters Corp., MA, USA) at 50 °C. Gradient mobile
phase A (30% acetonitrile/water) and B (95% acetonitrile/water) both
containing 0.1% formic acid and 10 mM ammonium formate were used:
0-2 min, 0%-0% A; 2-8 min 0%-80% A; 8-9 min, 80%-80% A; 9-9.5
min 80%-0% A; and 9.5-13.5 min 0%-0% A. The injection volume was
2 pL and the flow rate was 0.3 mL/min. RJ sample injections were
randomized to eliminate systematic bias and the QC sample was injected
every ten RJ samples to monitor the system stability. All samples were
analyzed at the full MS mode with a scan range of m/z 70-1000 and a
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Fig. 1. Comparison of RJ production. At 72 h after larval grafting, RJ was harvested from RJ frames with 1-5 strips each containing 64 queen cells (A). The larval
acceptance rate (B) was calculated by dividing the accepted QCNs by the total QCNs for each colony. The RJ weight per queen cell (D) was calculated by dividing the
RJ weight per colony (C) by the accepted QCNs in the same colony. Different letters indicate statistically significant differences (p < 0.05 in ANOVA).

resolution of 70,000 full-width at half maximum (FWHM). For com-
pound annotation, the full-scan/data-dependent MS/MS (full MS/
ddMS2) mode was used for additional injections of the QC sample with a
resolution of 17,500 FWHM for ddMS2.

Peak detection, integration, and quantification were performed in
the Compound Discoverer 3.2 (Thermo Fisher Scientific, MA, USA) as
previously described (Ma et al., 2021). The identification was performed
by searching the ddMS2 spectra against those in our in-house spectral
library (Ma et al., 2021) and the selected online databases, such as
Human Metabolome Database (HMDB), Kyoto Encyclopaedia of Genes
and Genomes (KEGG), and LipidMAPS.

The metabolomics data were subjected to multivariate and univari-
ate analysis. Differential compounds among the RJ groups were identi-
fied by one-way analysis of variance (ANOVA). A heatmap of the
differential compounds was built to display their relative abundance
levels using ClustVis (Metsalu and Vilo, 2015). Principal component
analysis (PCA) was conducted in SIMCA 14.1 (Umetrics, Umea, Sweden)
with the Pareto scaling and logarithmic transformation. Due to the
largest difference in metabolic profiles between the 1- and 5-strip RJ
samples (see Section 3.2), the metabolomics data of the two RJ groups
were used for orthogonal projections to latent structures discriminant
analysis (OPLS-DA) to screen the most influenced compounds due to
QCNs. Potential overfitting of the OPLS-DA model was excluded by
permutation tests with 200 iterations. Variable importance in projection
(VIP) scores in the OPLS-DA were used to evaluate the contribution of
each compound to segregation of the RJ groups. The compounds ful-
filled the criteria, i.e. VIP score >1 in the OPLS-DA, p < 0.05 in the
Student’s t-test, and fold change (FC) > 1.2 between the 1- and 5-strip RJ
groups, were regarded as the most influenced compounds by QCNs.

The 10-HDA content was measured using the above UHPLC-HRMS
with the parallel reaction monitoring (PRM) acquisition method in
negative ion mode. The 10-HDA standard was dissolved in ethanol/
water (4:1, v/v) as a stock solution. Serial dilutions from the stock were
prepared at six concentrations (62.5, 125, 250, 500, 800, and 1000 ng/
pL), which were used to generate a calibration curve in Xcalibur
(Thermo Fisher Scientific, MA, USA).

2.5. Protein content and proteomic profiling of the RJ samples

Both total protein content and soluble protein content of the RJ
samples were measured. Total protein content was measured based on
nitrogen content following the ISO 12824:2016. Soluble protein content
was determined with a Bradford kit (Solarbio, Beijing, China) following
the manufacturer’s instructions.

To reveal abundance changes in single proteins, a proteomic
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profiling of the RJ samples was carried out. Protein extraction and
digestion were performed as previously described (Ma et al., 2022b),
and the obtained peptides (0.25 pg/pL in 0.1% formic acid) were used
for subsequent UHPLC-MS/MS analysis on an EASY-nLC 1200 system
coupled with a Q Exactive HF mass spectrometer (Thermo Fisher Sci-
entific, MA, USA). The digested peptides (8 pL) were enriched on an
Acclaim PepMap 100 C18 trap column (3 pm particle size, 75 pm x 2
cm; Thermo Fisher Scientific, MA, USA) and separated on an analytical
column (2 pm particle size, 50 pm x 15 cm; Thermo Fisher Scientific,
MA, USA). A gradient elution of mobile phase A (0.1% formic acid) and
B (80% acetonitrile with 0.1% formic acid) at a flow rate of 300 nL/min
was used: 0-84 min, 4%-28% B; 84-105 min 28%—-40% B; 105-110 min,
40%-95% B; and 110-120 min, 95%-95% B. The column was washed
and equilibrated prior to next injection. The mass spectrometer data
were acquired by a full MS/ddMS2 (top 20) scan method in positive ion
mode. The full MS analysis was performed with a resolution of 120,000
FWHM, automatic gain control (AGC) target of 1 x 10°, and scan range
of 350-1550 m/z. For the ddMS2 mode, the following settings were
used: resolution 15,000 FWHM, AGC target 1 x 105, isolation window
2.0 m/z, and normalized HCD collision energy (NCE) 28%.

The obtained mass spectrometer data were processed with the
PEAKS Studio (Ma et al., 2003). Proteins were identified by searching
against the protein database in the assembly Amel HAv3.1 for A. melli-
fera (Wallberg et al., 2019) with the following parameters: 15 ppm for
precursor and 0.05 Da for fragment ion mass tolerance, trypsin for the
enzymatic digestion with two maximum missed cleavages, carbamido-
methyl as a constant modification and oxidation (M) as variable modi-
fication, a false discovery rate (FDR) < 0.1% for peptides, and —10lgp >
20 for proteins with at least one unique peptide. The identified proteins
were quantified with the three most abundant peptides and normalized
using total ion chromatograms (TIC). After the Pareto scaling and log-
arithmic transformation, the quantified protein data were subjected to
PCA in SIMCA 14.1 (Umetrics, Umea, Sweden). Differential proteins
among the RJ groups were screened by p < 0.05 in ANOVA and FC > 1.2
and used for a heatmap construction in ClustVis (Metsalu and Vilo,
2015).

2.6. Antioxidant activity measurement

Aqueous extracts of the RJ samples were used for antioxidant activity
assays. Briefly, the RJ aliquots were diluted with PBS (HyClone, Utah,
USA) to a final concentration of 100 mg/mL, followed by ultrasonication
for 15 min and centrifugation at 12,000 rpm at 4 °C for 15 min. The
obtained supernatant was transferred to new tubes for subsequent assays
using three analytical methods, i.e. the 2,2/-Azinobis(3-
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ethylbenzthiazoline-6-sulfonic acid) (ABTS) radical scavenging assay,
1,1-diphenyl-2-picrylhydrazyl (DPPH) radical scavenging assay, and
ferric reducing antioxidant power (FRAP) assay. For the ABTS assay
with a commercial kit (Beyotime, Shanghai, China), trolox standard was
used to construct a calibration curve and the absorbance was measured
at 734 nm using a spectrophotometer (Thermo Fisher Scientific, Vantaa,
Finland). The DPPH scavenging activity was measured using an assay kit
from Comin (Suzhou, China) with trolox as a positive control and an
absorbance value at 515 nm. Regarding the FRAP assay (Beyotime,
Shanghai, China), FeSO4 was used for calibration and the absorbance
was measured at 593 nm.

2.7. Statistical analysis

Statistical analysis was performed using the software program SPSS
20.0 (Chicago, USA). Quantitative data were presented as means =+
standard error of mean (SEM). Significant differences between two
groups (p < 0.05) were determined by the Student’s t-test or Mann-
Whitney U Test based on data normality. Significant differences
among multiple groups (p < 0.05) were assessed by ANOVA followed by
Tukey’s post-hoc test (parametric) or Kruskal-Wallis post hoc Dunn test
(non-parametric).

3. Results
3.1. RJ yield and larval acceptance rate with different QCNs

A strong capacity for RJ production was observed for the colonies
with 1-5 strips of queen cells (64 cells per strip) (Fig. 1). Notably,
91.88-98.83% of the grafted larvae were accepted in all analyzed col-
onies and the acceptance rate did not vary significantly with QCNs (p =
0.269; Fig. 1B). Overall, the average RJ yield per colony showed a
stepwise rise with the increase in the QCNs (p < 0.001), i.e. 48.32 +
2.28 g for the 1-strip colonies to 189.95 + 4.57 g for the 5-strip colonies
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(Fig. 1C). The only exception was that the 5-strip RJ yield was not
significantly different (p = 0.536) from that for the 4-strip colonies
(175.50 &+ 5.11 g). Moreover, the average RJ weight per queen cell was
also influenced by QCNs (p < 0.001), which was 18.82-32.10% higher
in the 1—4-strip colonies (0.71 + 0.02-0.79 + 0.03 g) than in the 5-strip
colonies (0.60 + 0.01 g; Fig. 1D).

3.2. Metabolic profiling of the RJ samples

A total of 958 and 1510 metabolite features were detected by
RPLC-HRMS and HILIC-HRMS, respectively, and both datasets were
subjected to unsupervised PCA for pattern recognition. In the PCA score
plots (Fig. 2A and B), the regularly injected QCs clustered tightly,
indicative of a high stability of the analytical system. An overall similar
grouping pattern of the RJ samples were observed between the two
analytical approaches. With the increase in QCNs, the RJ samples were
distributed from the negative to the positive part along the axis of the
first principal component (PC1). Obviously, the largest difference in
metabolic profiles lied between the 1- and 5-strip RJ samples.

A total of 110 compounds were identified from the RJ samples using
both RPLC-HRMS and HILIC-HRMS (Table S1). Based on the peak areas
of these compounds, the PCA score plots (Fig. 2C) presented a congruent
clustering pattern of the RJ samples with those inferred from detected
features (Fig. 2A and B). The ANOVA revealed that 34 of the identified
compounds showed a significant abundance difference (p < 0.05 for
each) in response to QCNs. The clustering heatmap indicated a division
of the 34 compounds into two groups: one consisting of four compounds
(asparagine, homomethionine, N-acetyl-galactosamine, and 10-phos-
pho-2-decenoic acid) showed higher levels with QCN increase, and the
other group including mainly fatty acids displayed an opposite trend
(Fig. 2D).

To screen the most influenced compounds due to QCNs, multivariate
and univariate analysis were conducted for the 1- and 5-strip RJ sam-
ples, which showed the largest difference in metabolic profiles (Fig. 2). A

Fig. 2. Multivariate and univariate analysis of RJ
metabolomics data. The PCA score plots were inferred
from metabolite features from RPLC-HRMS (A) and
HILIC-HRMS (B) and identified compounds (C),
respectively. The ellipse indicates 95% confidence
limits using the Hotelling’s T2 statistics. The heat
map (D) shows relative levels of 34 differential com-
pounds among the RJ groups (p < 0.05 in ANOVA).
The underlined 24 compounds represent the most
influenced ones by QCNs (p < 0.05 in Student’s t-test,
FC > 1.2, and VIP score >1.0 in the OPLS-DA).
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highly satisfactory OPLS-DA model (R?Y = 1, Q% = 0.942, and p = 0.003
in ANOVA for cross validation) was constructed based on the 110
identified compounds. Further filtering (p < 0.05 in Student’s t-test, FC
> 1.2, and VIP score >1.0 in the OPLS-DA) resulted in a selection of 24
compounds as those most influenced by QCNs. Among them, 12 com-
pounds were fatty acids including 10-HDA, which showed reduced
levels with the increase in the QCNs (p < 0.001). Changes in the 10-HDA
content were validated by a calibration curve (? = 0.995) and it was
found to decrease from 2.013 + 0.065% in the 1-strip colonies to 1.517
+ 0.051% in the 5-strip colonies (p < 0.001; Fig. 3A).

3.3. Protein content and proteomic profiles of RJ

Total protein content ranged from 14.62 + 0.39% to 14.94 + 0.28%
and was not found to be significantly different among the RJ groups
based on QCNs (p = 0.962; Fig. 3C). Similarly, the soluble protein
content varying from 7.60 + 0.15% to 8.14 + 0.37% did not differ
significantly among the RJ groups (p = 0.542; Fig. 3D).

A proteomic profiling of the RJ samples was performed to reveal
changes in individual protein levels with QCNs. This yielded a total of 68
proteins (Table S2), including eight precursors (MRJP1-7 and 9) and
three isoform X1 (MRJP2, 4, and 5) of the MRJP family. Among them, 64
proteins were quantified and used for subsequent analysis. In the
resulting PCA score plots (Fig. 4A), the RJ proteomic profiles displayed
marked intra-group variation and lacked remarkable inter-group sepa-
ration. Further analysis revealed 12 differential proteins (p < 0.05 in
ANOVA and FC > 1.2) among the RJ groups: carboxypeptidase Q,
apolipophorin-IlI-like protein precursor, omega-conotoxin-like protein
1, interferon-related developmental regulator 1-like, lysozyme, NPC
intracellular cholesterol transporter 2 homolog a, C1q-like venom pro-
tein precursor, cardiomyopathy-associated protein 5 isoform X3,
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chymotrypsin inhibitor-like, uncharacterized protein LOC102654257,
and two chymotrypsin inhibitors. The differential proteins showed
overall low abundance levels across the RJ groups (Table S2) and were
found to decrease as the QCN increased (Fig. 4B). Notably, none of the
MRJP members differed significantly among the RJ groups (p > 0.05).

3.4. Water content

The measured water content of the RJ samples ranged from 62.40 +
0.50% to 63.45 + 0.44% (Fig. 3B), falling in the range specified by the
ISO 12824:2016. It showed no significant difference among the RJ
groups (p = 0.227).

3.5. Antioxidant activity

Aqueous extracts of the RJ samples were not found to differ in the
ABTS radical scavenging activity (p = 0.948), the DPPH radical scav-
enging activity (p = 0.058), and FRAP-reducing power (p = 0.214)
among the RJ groups (Fig. 5).

4. Discussion

To unravel the influence of QCNs on the production and quality of
RJ, we compared the yield, chemical composition, and antioxidant ac-
tivities of RJ produced by grafting 1 to 5 strips of young larvae (64 per
strip) into RJB colonies. Our study showed a high RJ productivity of
two-queen RJB colonies. The larval acceptance rate was not found to
change with QCNs, whereas the RJ weight per cell was similar in the
1—4-strip colonies but significantly lower in the 5-strip colonies.
Reduced levels of fatty acids, including 10-HDA, and minimal changes in
the proteomic profiling of RJ were induced by increased QCNs.
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omega-conotoxin-like protein 1

Moreover, water and protein content and antioxidant activities of the RJ
samples were not influenced by QCNs.

4.1. Higher amounts of queen cells affects RJ yield but not larval
acceptance rate in RJB colonies

The high RJ-producing performance of RJBs has been extensively
reported (Altaye et al., 2019). Recently, a RJ yield of ~60 g and an
acceptance rate of ~80% of 126 or 128 grafted larvae per single-queen
RJB colony have been obtained (Hu et al., 2019b; Zhang et al., 2020; Ma
et al., 2021, 2022a). In comparison, a higher RJ productivity with an
average yield of 92.53 g/colony and acceptance rate of 95.78% was
observed in the 2-strip colonies containing equivalent grafted larvae in
our study. The enhanced production could be chiefly attributable to the
large population size (~11 combs of bees), a prerequisite for efficient RJ
production (Zheng et al., 2018; Altaye et al., 2019). In two-queen
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colonies as in our study, a strong colony population could be rapidly
built up and maintained with an increased egg-laying rate (Zheng et al.,
2009). For Africanized bees in Brazil, two-queen colonies have also been
shown to produce greater amounts of RJ as opposed to single-queen
colonies (Camargo Lopez et al., 2022). It should be noted, however,
that the RJ yield for the Africanized bees is much lower, i.e. ~8 g per
two-queen colony, as for other non-RJB races (Khan et al., 2021; Ma
et al., 2021). Moreover, although colonies with three or more RJB
queens have been established by ablating queen mandibles to avoid
queen fighting, they are not recommended for commercial RJ produc-
tion due to special care required for their maintenance (Zheng et al.,
2009). The two-queen colony management is thus widely adopted for
mass production of RJ in China.

It has been demonstrated that RJ production could be affected by a
broad range of factors, such as honeybee races, age of grafted larvae,
floral sources, and harvesting intervals (Okuyan and Akyol, 2018; Ma
et al., 2021). Here, the RJ yield of RJBs was found to be influenced by
higher QCNs. Specifically, the acceptance rate and RJ weight per cell
were not found to change with 1-4 strips of larvae grafted (64 per strip),
whereas a reduced RJ weight per cell but with a non-significantly
different acceptance rate was caused by the 5-strip grafting (Fig. 1B
and D). For other bee races, an increase in QCNs (30, 45, and 60) was not
found to affect the acceptance rate in A. m. anadolica (Okuyan and
Akyol, 2018) but resulted in a lower acceptance rate and RJ weight per
cell in A. m. caucasica (Sahinler and Sahinler, 2002). Comparison among
these bee races indicates a sharp difference in the RJ yield in response to
altered QCNs, which could be predominantly explained by differences in
their genetic makeup in addition to population size. After decades of
selection for high RJ production, RJB nurses have evolved an enhanced
olfactory response to larvae (Wu et al., 2019; Zhang et al., 2020), thus
increasing the acceptance rate and RJ provisioning.

For commercial RJ production, both the yield per colony and the
manual labor should be taken into consideration to determine optimal
amount of grafted larvae. Regarding the RJ yield per colony, it was
found to increase with QCNs and the highest yield was achieved in our 4-
and 5-strip colonies (Fig. 1C). Artificial grafting of worker larvae into
queen cells is the most labor- and time-consuming process during RJ
production (Altaye et al., 2019). Due to 25% more larvae needed for
grafting, which means the cost of 25% more labor, the grafting of 5 strips
of larvae is inferior to the 4-strip grafting. Taken together, the 4-strip
grafting (256 larvae) is recommended for RJ production under the
current conditions (~11 combs of bees).

4.2. Increased QCNs mainly influence the fatty acid content of RJ

Our study revealed a profound effect of QCNs on metabolic profiles
of RJ. As QCNs rose, only four compounds (asparagine, homo-
methionine, N-acetyl-galactosamine, and 10-phospho-2-decenoic acid)
were found to increase in abundance levels, but the reasons are currently
unknown. By contrast, 30 compounds showed a declining trend and,
among them, fatty acids including 10-HDA were most influenced
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Fig. 5. Comparison of antioxidant activities of the RJ samples. The ABTS (A) and DPPH (B) radical scavenging activity and FRAP-reducing power (C) were tested.
None of the assays showed a significant difference among the RJ groups (p > 0.05 in ANOVA).
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(Fig. 2D). The reduction in the 10-HDA amount (2.64%, 2.31%, and
1.76% for 30, 60, and 120 cells respectively) has also been observed in
A. m. anatoliaca (Koc et al., 2021). 10-HDA is a unique and bioactive
component of RJ and its content is widely accepted as a key indicator of
RJ quality (Hu et al., 2019a; Collazo et al., 2021). Considering the
10-HDA content alone, the RJ quality decreased gradually as QCNs
increased from 1- to 5-strip colonies in our study (Fig. 3A). However, the
observed lowest 10-HDA content (1.517%) of the 5-strip RJ samples still
fulfills the requirement of the ISO 12824:2016.

The biosynthetic pathways for 10-HDA in honeybees have been
elucidated. 10-HDA could be generated from externally supplied stearic
acid or synthesized de novo from acetate in mandibular glands (Plettner
et al., 1998). It has histone deacetylase inhibitor activity, which could be
involved in epigenetic regulation of queen bee development (Spannhoff
et al., 2011). To maintain a desired 10-HDA content in enhanced RJ
production, lipid synthesis-related pathways are selectively improved in
RJB mandibular glands (Huo et al., 2016). Considering the observed
reduction in fatty acid levels with increased QCNs, it seems still chal-
lenging and possibly beyond the capabilities of RJBs to prepare large
amounts of primary materials for lipid synthesis. In this case, supple-
mentary feeding of honeybees with nutrients such as stearic acid is ex-
pected to facilitate lipid synthesis and thus improve the fatty acid
content of RJ. Indeed, bee feeding with baker’s yeast or certain types of
pollen has been found to elevate the 10-HDA content (Balkanska, 2018;
Pattamayutanon et al., 2018). Moreover, pantothenic acid supplemen-
tation can lead to elevated levels of stearic acid in worker bees, which is
speculated to increase the 10-HDA content of RJ (Hu et al., 2022).
Therefore, such feeding has the potential to enhance the 10-HDA con-
tent of RJ from RJBs with large QCNs, which should be tested in future
research.

4.3. QCNs have minimal effect on RJ proteomic profiles

Relative to the metabolic profiles, the proteomic profiles of RJ were
less affected by QCNs in our study. This is directly manifested by the
mixed clustering pattern in the PCA score plots and the identification of
very limited numbers of differential proteins (Fig. 4). Moreover, there
was no significant change in the protein content in our study (Fig. 3C
and D), as has been found in A. m. caucasica with 30, 45, and 60 queen
cells (Sahinler and Sahinler, 2002). Lack of changes in most proteins has
also been shown in RJ produced under different conditions, e.g. from
different floral sources (Lin et al., 2021) or from pathogen-diet colonies
(Harwood et al., 2021). Similar to these studies, none of the MRJP
members, which constitute about 90% of soluble RJ proteins (Furusawa
et al., 2008), was found to differ in abundance levels in our study. As
reserves of essential amino acids and nitrogen, most MRJPs play an
essential nutritional role in larval growth and development (Collazo
et al., 2021). The non-significant changes in MRJP levels in response to
QCNs in our study are possibly due to their functional constraint on
queen bee development. In this case, there is a growing need of protein
synthesis to meet the nutritional demand of larger amounts of queen
cells in a colony. To cement the protein provisioning in elevated RJ
production of RJBs, pathways associated with protein synthesis and
energy metabolism are highly activated in nurse bees (Ararso et al.,
2018; Hu et al., 2019b). Moreover, it should be noticed that for un-
known reasons, increased QCNs resulted in reduced levels of 12 RJ
proteins in our study. Due to low abundance levels, changes of these
proteins should have a negligible effect on total protein content,
consistent with observed similar protein content of the RJ regardless of
QCNs (Fig. 3C and D).

4.4. QCNs do not change RJ antioxidant activity
RJ exhibits a large spectrum of functional properties and among

them the antioxidant activity is suggested to be a quality parameter for
RJ (Pavel et al., 2014), which has been used in previous studies with
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various RJ samples (Koc et al., 2021; Martinello and Mutinelli, 2021; Ma
et al., 2022b). The antioxidant activity of RJ is attributable to its anti-
oxidant vitamins, polyphenolic and flavonoid compounds, free amino
acids, and peptides/proteins including MRJPs (Park et al., 2020; Mar-
tinello and Mutinelli, 2021). The high diversity of these antioxidants
entails a combination of different assays for a comprehensive evaluation
of RJ antioxidant activity. Three commonly used assays, i.e. ABTS,
DPPH, and FRAP, were applied in our study but none of them showed a
significant difference among the RJ groups (Fig. 5). This result is
reasonable due to the fact that most antioxidant ingredients of RJ, such
as pantothenic acid (vitamin B5), chrysin, proline, and MRJPs, were
found to keep unchanged with QCNs. Moreover, since fatty acids
including 10-HDA were most influenced by QCNs, their related func-
tional properties are likely to be altered, which needs to be examined in
future.

5. Conclusion

In our two-queen RJB colonies with a population size of ~11 combs
of bees, the 4-strip grafting is recommended for efficient RJ production,
while the 5-strip grafting does not significantly improve the yield but
needs 25% more labor for larval grafting. All the RJ samples irrespective
of QCNs conform to the requirement of the ISO 12824:2016 in terms of
10-HDA, protein, and water content. Increased QCNs mainly reduce the
content of fatty acids, including particularly 10-HDA, but have minimal
effect on proteomic profiles and no impact on RJ antioxidant activities.
Altogether, the observed changes in the yield, chemical composition,
and antioxidant activities of RJ with different QCNs contribute to effi-
cient production of higher-quality RJ.
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