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Simple Summary: Transgenerational immune priming (TGIP) to elicit social immunity in the honey-
bee Apis mellifera has two axes: the first is the ingested pathogen fragments-vitellogenin (Vg)-queen’s
ovary axis for the developing embryo, and the second is the ingested pathogen fragments—Vg-nurse’s
hypopharyngeal gland axis for the queen and young larvae through royal jelly. However, the dy-
namics of the expression of the major royal jelly proteins (MR]Ps) in the hypopharyngeal glands of
A. mellifera nurse bees after bacterial ingestion must be determined to improve our understanding
of the second axis of TGIP. In this study, we investigated the expression patterns of MRJPs 1-7
and defensin-1 in the hypopharyngeal glands and Vg in the fat body of nurse bees fed with live
or heat-killed Paenibacillus larvae over 12 h or 24 h by using northern blot analysis. We found that
the expression of MR]Ps and defensin-1 in the hypopharyngeal glands and Vg in the fat body was
significantly induced in nurse bees upon bacterial ingestion, indicating that the differential expression
patterns of MR]Ps, defensin-1, and Vg were dependent on the bacterial status and timing of bacterial
ingestion. We also found that antimicrobial peptide (AMP) genes showed induced expression in
young larvae upon bacterial ingestion. In summary, our findings indicate that MRJPs in the hypopha-
ryngeal glands are upregulated along with Vg in the fat body of nurse bees upon bacterial ingestion,
providing novel insights into the ingested pathogen fragments—Vg-nurse’s hypopharyngeal gland
axis for TGIP.

Abstract: Honeybee vitellogenin (Vg) transports pathogen fragments from the gut to the hypopha-
ryngeal glands and is also used by nurse bees to synthesize royal jelly (R]), which serves as a vehicle
for transferring pathogen fragments to the queen and young larvae. The proteomic profile of R] from
bacterial-challenged and control colonies was compared using mass spectrometry; however, the ex-
pression changes of major royal jelly proteins (MR]Ps) in hypopharyngeal glands of the honeybee
Apis mellifera in response to bacterial ingestion is not well-characterized. In this study, we investi-
gated the expression patterns of Vg in the fat body and MRJPs 1-7 in the hypopharyngeal glands of
nurse bees after feeding them live or heat-killed Paenibacillus larvae. The expression levels of MRJPs
and defensin-1 in the hypopharyngeal glands were upregulated along with Vg in the fat body of
nurse bees fed with live or heat-killed P. larvae over 12 h or 24 h. We observed that the expression
patterns of MRJPs and defensin-1 in the hypopharyngeal glands and Vg in the fat body of nurse
bees upon bacterial ingestion were differentially expressed depending on the bacterial status and
the time since bacterial ingestion. In addition, the AMP genes had increased expression in young
larvae fed heat-killed P. larvae. Thus, our findings indicate that bacterial ingestion upregulates the
transcriptional expression of MRJPs in the hypopharyngeal glands as well as Vg in the fat body of
A. mellifera nurse bees.
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1. Introduction

Royal jelly (R]), which is secreted from the hypopharyngeal glands of young nurse
honeybees, is the exclusive nourishment for the queen and young larvae. R] is composed
of water, carbohydrates, lipids, proteins, vitamins, mineral, and other components [1].
The major protein components of RJ are major royal jelly proteins (MR]Ps), ranging between
83% and 90% of protein components [2,3]. Nine MRJPs in the honeybee Apis mellifera
have been identified: MR]JPs 1-7 in R] [1,4-8], MR]JPs 1-9 in the spermathecal fluid of
the honeybee queen [9], and MRJPs 8 and 9 in bee venom [10-13]. MRJPs 1-7 exhibit
antimicrobial and antioxidant activities [14-19] as well as the modulation of immune
responses [20].

Vitellogenin (Vg), an egg-yolk precursor in insects, is expressed in the fat body, se-
creted into the hemolymph, and then taken up by developing oocytes [21,22]. The fat body
is the primary site of synthesis of Vg and antimicrobial peptides (AMPs) [23,24]. In addition
to reproduction, Vg plays a role in immunity, life span, and antioxidation [25-29]. In honey-
bees, Vg is also taken up in the hypopharyngeal glands of nurses and is used as an amino
acid donor for the synthesis of R] [30,31]. In addition to the delivery of pathogen fragments
into the queen’s ovaries by Vg [27], honeybee Vg transports pathogen fragments from the
gut to the hypopharyngeal glands, which then results in the incorporation of pathogen
fragments into RJ and the subsequent transfer of pathogen fragments to the queen and
young larvae [32,33]. Earlier studies have shown that Vg is a transporter in transferring
ingested pathogen fragments to the queen’s ovaries and nurse’s hypopharyngeal glands
for transgenerational immunity in A. mellifera [27,32,33].

Transgenerational immune priming (TGIP) is attracting considerable attention as a
means for forming social immunity in honeybees [27,33,34]. In the delivery for TGIP in
A. mellifera, Vg plays an important role in the transport of ingested pathogen fragments
to the queen’s ovaries or the nurse’s hypopharyngeal glands [27,32], and R]J acts as a
vehicle in transferring pathogen fragments between nestmates [33]. Most recently, a study
involving mass spectrometry reported changes of proteomic profile, including MRJPs
1-7 and defensin-1, in R] from bacterial-challenged and control colonies [33]. However,
the gene expression pattern of Vg in the fat body and MRJPs 1-7 in the hypopharyngeal
glands of A. mellifera nurse bees upon live or heat-killed bacterial challenge remains unclear.
Furthermore, the differential expression of MRJPs 1-7 and Vg in nurse bees fed with live or
heat-killed bacteria is yet to be reported, and it is unclear whether the expression pattern of
MR]Ps in hypopharyngeal glands is similar to that of Vg in the fat body of nurse bees upon
bacterial ingestion. Therefore, the gene expression pattern of MR]Ps in the hypopharyngeal
glands and Vg in the fat body of nurse bees must be determined to understand the response
of MR]Ps 1-7 in the hypopharyngeal glands of A. mellifera nurse bees to bacterial ingestion.

In this study, we performed studies on the transcriptional expression patterns of
MR]JPs 1-7 in the hypopharyngeal glands and Vg in the fat body of nurse bees fed with live
or heat-killed Paenibacillus larvae. Here, we report the differential expression of MR]Ps in
the hypopharyngeal glands of A. mellifera nurse bees upon bacterial ingestion.

2. Materials and Methods
2.1. Honeybees

The honeybees (Apis mellifera) used in this experiment were reared in an apiary at
Dong-A University. Newly emerged workers (1-day-old) were marked on the thorax with
a spot of paint marker (Monami Co., Ltd., Seoul, Korea) and introduced into a colony.
The marked worker bees were collected from the colony when they were six days old.
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2.2. Feeding Experiment

Six-day-old A. mellifera nurse bees were placed in cages (11.3 x 7 x 4.3 cm) with
40% sucrose solution and bee bread. American foulbrood P. larvae [35] was cultured in
Luria-Bertani (LB) medium [36]. The heat treatment of P. larvae was autoclaved twice at
121 °C for 15 min. The resulting non-viable P. larvae cells were confirmed by culture on
LB agar plates. The dose of P. larvae used in this study was determined based on previous
studies [36,37]. The nurse bees were fed ad libitum a diet without or with live or heat-killed
P. larvae (1 x 10° cells per nurse bee) over 12 h or 24 h (n = 7 for each treatment). The cages
were incubated in an incubator at 34 °C with 80% humidity. After incubation over 12 h
or 24 h, A. mellifera nurse bees were dissected on ice under a stereo-microscope (Zeiss,
Jena, Germany). Tissue samples (fat body and hypopharyngeal glands) from A. mellifera
nurse bees were individually collected and washed twice with phosphate-buffered saline
(PBS; 140 mM NaCl, 27 mM KCl, 8 mM Na,HPO,, 1.5 mM KH,PO,, pH 7.4). For the
bacterial ingestion to young larvae of A. mellifera, eggs were collected from the same colony.
The dietary composition and amount of larval diet were prepared according to the in vitro
rearing protocol of honeybee workers [38]. The young larvae (1 day old), which receive R]
from nurse bees during the first day of the larval stage [39], were supplied with a larval
diet (royal jelly 44.25%, glucose 5.30%, fructose 5.30%, yeast extract 0.90%, and water
44.25%) [38] without or with heat-killed P. larvae (1 x 10° cells per larva) in 96-well plates.
After feeding in an incubator at 34 °C with 80% humidity over 24 h or 48 h, the young
larvae were individually collected (1 = 9 for each treatment).

2.3. RNA Extraction

Total RNA was directly extracted from the fat body and hypopharyngeal glands that
were freshly dissected from A. mellifera nurse bees by using TRIzol reagent (Invitrogen,
Carlsbad, CA, USA), as per the manufacturer’s protocol. Total RNA from young larvae of
A. mellifera was extracted from the whole body.

2.4. Northern Blot Analysis

Total RNA extracted from the fat body, hypopharyngeal glands, and whole body of
A. mellifera was subjected to electrophoresis on a 1.0% formaldehyde agarose gel (5 ug
of total RNA/lane). After electrophoresis, total RNA was transferred onto a nylon mem-
brane (Schleicher & Schuell, Dasell, Germany). The cDNA probes were labeled with
[0-32P] dCTP (Amersham Biosciences, Piscataway, NJ, USA) using a Prime-It II Random
Primer Labeling Kit (Stratagene, La Jolla, CA, USA) as per the manufacturer’s protocol.
The following cDNAs for probes of northern blot were used: Vg (NM_001011578), MRJPs
1-7 (NM_001011579, NM_001011580, NM_001011601, NM_001011610, NM_001011599,
NM_001011622, and NM_001014429), defensin-1 (NM_001011616), abaecin (NM_001011617),
hymenoptaecin (NM_001011615), and f-actin (AB023025). Hybridization and exposure were
performed as described by Park et al. [29]. The signal intensities were analyzed using
AlphaEaseFC (VER. 4.0), a computerized image-analysis system (Alpha Innotech Co.,
San Leandro, CA, USA). Data are presented the mean =+ standard deviation (SD) of signals
from three measurements.

2.5. Statistical Analysis
To determine the statistical significance at p-values < 0.05, the data were analyzed

using one-way ANOVA with post hoc Tukey’s test (Statistical software SPSS version 22.0,
IBM Inc., Chicago, IL, USA).

3. Results
3.1. Expression Profile of Vg and Abaecin in the Fat Body of Nurse Bees
Gene expression of Vg and abaecin in the fat body of nurse bees fed with live or heat-

killed P. larvae over 12 h or 24 h was examined (Figure 1A). Gene expression levels of Vg
increased substantially in the fat body of nurse bees fed with live or heat-killed P. larvae
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over 12 h or 24 h (Figure 1B). Ingestion of live P. larvae over 12 h had a higher impact on Vg
expression compared to heat-killed P. larvae, whereas bacterial ingestion over 24 h showed a
similar increase in Vg expression in the fat body of nurse bees fed with live and heat-killed
P. larvae. Abaecin expression was highly upregulated in feeding with live P. larvae over 12 h
and showed a significant increase in feeding with heat-killed P. larvae over 24 h (Figure 1B).
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Figure 1. Expression profile of Vg and abaecin in the fat body of A. mellifera nurse bees fed with live
or heat-killed P. larvae. (A) The expression of Vg and abaecin, as ascertained by northern blot analysis
(n =7). B-Actin was used as an internal control to depict the total RNA loading amount. C, untreated
controls; LP, feeding with live P. larvae; DP, feeding with heat-killed P. larvae. 12 h and 24 h represent
feeding time. (B) The relative levels of Vg and abaecin mRNAs represent the average band densities
of the target genes normalized to the expression levels of the control (12 h). The bars represent the
mean = SD from three measurements. A one-way ANOVA test was used to determine the significant
difference (p < 0.05) with different lowercase letters (a—d).

3.2. Expression Profile of MRJPs and Defensin-1 in Hypopharyngeal Glands of Nurse Bees

The gene expression of MRJPs (MRJP1 through MRJP 7) and defensin-1 in the hypopha-
ryngeal glands of nurse bees fed with live or heat-killed P. larvae over 12 h or 24 h was
investigated (Figure 2A). We found that the expression patterns of MR/Ps and defensin-1 in
the hypopharyngeal glands of nurse bees were highly upregulated in feeding with live or
heat-killed P. larvae over 12 h or 24 h (Figure 2B). MRJPs and defensin-1 in hypopharyngeal
glands of nurse bees fed with live P. larvae over 12 h showed a higher expression compared
to heat-killed P. larvae. However, bacterial ingestion over 24 h demonstrated more impact
on the expression of MRJPs and defensin-1 in feeding with heat-killed P. larvae compared to
live P. larvae (Figure 2B). In the result of expression profile of MR]Ps, no clear difference
in MRJP 7 expression between bacterial ingestion and control was observed. Defensin-1
expression pattern was similar to the expression of MRJPs.
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Figure 2. Expression profile of MRJPs 1-7 and defensin-1 in hypopharyngeal glands of A. mellifera
nurse bees fed with live or heat-killed P. larvae. (A) The expression of MRJPs 1-7 and defensin-1,
as ascertained by northern blot analysis (1 = 7). B-Actin was used as an internal control to depict
the total RNA loading amount. C, untreated controls; LP, feeding with live P. larvae; DP, feeding
with heat-killed P. larvae. 12 h and 24 h represent feeding time. (B) The relative levels of MR]Ps 1-7
and defensin-1 mRNAs represent the average band densities of the target genes normalized to the
expression levels of the controls (12 h). The bars represent the mean + SD from three measurements.
A one-way ANOVA test was used to determine the significant difference (p < 0.05) with different
lowercase letters (a—d).

3.3. Expression Profile of Defensin-1, Hymenoptaecin, and Abaecin in Whole Body of Young Larvae

Gene expression of AMP (defensin-1, hymenoptaecin, and abaecin) in the whole body
of young larvae fed with heat-killed P. larvae over 24 h or 48 h was examined (Figure 3A).
The gene expression patterns of defensin-1, hymenoptaecin, and abaecin showed a tendency of
significant differences between heat-killed P. larvae ingested and control young larvae: AMP
expression showed a significant increase in defensin-1 in feeding over 24 h, hymenoptaecin in
feeding over 48 h, and abaecin in feeding over both 24 h and 48 h.
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Figure 3. Expression profile of defensin-1, hymenoptaecin, and abaecin in the whole body of A. mellifera
young larvae fed with heat-killed P. larvae. (A) The expression of defensin-1, hymenoptaecin, and abaecin,
as ascertained by northern blot analysis (1 = 9). B-Actin was used as an internal control to depict the
total RNA loading amount. C, untreated controls; DP, feeding with heat-killed P. larvae. 24 h and
48 h represent feeding time. (B) The relative levels of defensin-1, hymenoptaecin, and abaecin mRNAs
represent the average band densities of the target genes normalized to the expression levels of the
control (24 h). The bars represent the mean £ SD from three measurements. A one-way ANOVA test
was used to determine the significant difference (p < 0.05) with different lowercase letters (a—d).

4. Discussion

TGIP seems to be an effective way to elicit social immunity in honeybees [27,32-34].
The model representing TGIP in A. mellifera [27,32,33] is known to have two axes: One is
the ingested pathogen fragments—Vg—queen’s ovary axis to elicit an immune response
in the developing embryo, and the other is the ingested pathogen fragments—-Vg-nurse’s
hypopharyngeal gland axis to elicit an immune response in the queen and young larvae
through RJ. In these axes, Vg and R] play a role as transporters [27,32,33]. As Vg, which is
transferred through ingested bacterial fragments to the hypopharyngeal glands of nurse
bees [32,33], is used as an amino acid donor for synthesis of R] [30,31] and MR]JPs are major
protein components of RJ [2,3], we focused on the expression patterns of MRJPs in the
hypopharyngeal glands of nurse bees upon bacterial ingestion.

As Vg showed induced expression in the fat body of bees against bacterial chal-
lenge [29] and was bound to bacterial pathogens, which are transferred by Vg to the
queen’s ovaries or nurse’s hypopharyngeal glands [27,32], first, we determined the ex-
pression pattern of Vg in nurse bees upon bacterial ingestion. We found that Vg showed
relatively high induction in the fat body of nurse bees fed with live P. larvae over 12 h,
whereas Vg expression in feeding over 24 h increased in a similar manner between live and
heat-killed P. larvae. These results revealed that Vg is highly upregulated along with abaecin
upon bacterial ingestion, which indicates that Vg is involved in the innate immunity of
A. mellifera nurse bees.

A recent study applying mass spectrometry reported that the relative protein abun-
dance in RJ from bacterial-challenged and control colonies exhibited minimal changes,
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and defensin-1 showed modest increases in R] from pathogen-diet colonies compared to
controls [33]. Another study showed that defensin-1 is not induced in honeybee adults
after a colony-level P. larvae infection [40]. In this study, our results point to changes in
the gene expression patterns of MRJPs and defensin-1 in the hypopharyngeal glands of
nurse bees in response to bacterial ingestion. Notably, the expression profiles of MR]Ps
1-6 and defensin-1 in the hypopharyngeal glands of nurse bees were highly upregulated
after feeding with live P. larvae over 12 h and feeding with heat-killed P. larvae over 24 h.
Furthermore, the expression patterns of MRJPs in the hypopharyngeal glands and Vg
in the fat body of nurse bees indicated that Vg and MR]JPs were differentially expressed,
depending on the exposure to live or heat-killed P. larvae. Thus, our results suggest that
the ingestion of live P. larvae rapidly induced the expression of MRJPs, AMPs, and Vg
in nurse bees compared to the ingestion of heat-killed P. larvae, whereas the ingestion of
heat-killed P. larvae seemed to have a relatively long-lasting effect on the regulation of the
expression of MRJPs, AMPs, and Vg. Considering that ingested bacteria are transferred
by Vg to the hypopharyngeal glands of nurse bees, and then they are transported into
RJ [32,33], it is likely that upon bacterial ingestion, the increased level of Vg expression
in the fat body leads to increased MRJPs and defensin-1 in the hypopharyngeal glands
of nurse bees. This finding suggests an association between the expression patterns of
MRJPs and defensin-1 in the hypopharyngeal glands and Vg in the fat body of nurse bees,
depending on the bacterial status and the time since bacterial ingestion. Considering that
the gene expression of abaecin, defensin-1, and hymenoptaecin in bumblebees showed high
levels beginning at 8 h until 12 h post injection of live bacteria, and then decreased slightly
24 h post injection [41], our results confirmed that the differential expression level of MR]Ps
and defensin-1 in hypopharyngeal glands of nurse bees fed with live or heat-killed P. larvae
over 12 h or 24 h was dependent on the bacterial status. We have recently demonstrated
that MR]JPs bind to the cell walls of bacteria and exhibit antimicrobial activities at different
levels [18]. Thus, our findings suggest that the increased expression levels of MRJPs and
defensin-1 in the hypopharyngeal glands of nurse bees upon bacterial ingestion represent
an immune response of MRJPs in R] of A. mellifera. However, in the present study, we were
unable to observe a clear difference in the MRJP 7 expression profile between the bacterial
ingestion group and the control. Additional studies will be required to determine the role
of upregulated MR]Ps in the hypopharyngeal glands of nurse bees after bacterial ingestion.

The second axis in TGIP is that the ingested bacteria are transferred by Vg to the
hypopharyngeal glands of nurse bees and transported into R], which then elicits an im-
mune response in the queen and young larvae through RJ [32,33]. We examined the gene
expression patterns of AMPs in A. mellifera young larvae fed with heat-killed P. larvae
and found that AMPs are differentially induced in young larvae upon bacterial ingestion:
defensin-1 in feeding over 24 h, hymenoptaecin in feeding over 48 h, and abaecin in feeding
over 24 h and 48 h. The results of this study indicate that although AMPs, especially in
defensin-1, are induced at a modest level, AMPs show differential expression in young
larvae of A. mellifera in response to bacterial ingestion. Moreover, the expression profile of
AMPs in young larvae indicates that bacterial ingestion during the first day of the larval
stage has immune priming effects on the second (24 h) and third (48 h) days of A. mellifera
young larval stage.

5. Conclusions

Our findings provide the first evidence that MRJPs in the hypopharyngeal glands of
nurse bees fed with live or heat-killed P. larvae were differentially expressed depending
on bacterial status and time of bacterial ingestion. The present study indicates that the
expression of MR]Ps and defensin-1 in hypopharyngeal glands shows a pattern similar to
the Vg expression in the fat body of nurse bees upon bacterial ingestion. These findings
show the differential expression of MRJPs in the hypopharyngeal glands of nurse bees in
response to bacterial ingestion, providing novel insights into MR]JPs to better understand
the ingested pathogen fragments—Vg-nurse’s hypopharyngeal gland axis for TGIP.



Insects 2022, 13, 334 80f9

Author Contributions: Conceptualization, K.-S.L. and B.-R.J.; Methodology, K.-S.L., Y.-5.C. and
B.-RJ.; Validation, K.-S.L., Y.-5.C., M.-Y.L. and B.-RJ.; Formal analysis and investigation, Y.-H.K.,
B.-Y.K,, J.-M.K. and K.-S.L.; Data collection and curation, Y.-H.K., B.-Y.K., ].-M.K. and K.-S.L.; Writ-
ing—original draft preparation, K.-S.L. and B.-R.]J.; Writing—review and editing, K.-S.L. and B.-R.J.;
All authors have read and agreed to the published version of the manuscript.

Funding: This work was performed with the support of the “Cooperative Research Program for Agri-
culture Science & Technology Development (Project No. PJ0157552021)” of the Rural Development
Administration, Republic of Korea.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: The data presented in this study are available in the article.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Fratini, F; Cilia, G.; Mancini, S.; Felicioli, A. Royal jelly: An ancient remedy with remarkable antibacterial properties. Microbiol.
Res. 2016, 192, 130-141. [CrossRef] [PubMed]

2. Scarselli, R.; Donaldio, E.; Giuffrida, M.G.; Fortunato, D.; Conti, A.; Balestreri, E.; Felicioli, R.; Pinzauti, M.; Sabatini, A.G.; Felicioli,
A. Towards royal jelly proteome. Proteomics 2005, 5, 769-776. [CrossRef] [PubMed]

3. Simuth, J. Some properties of the main protein in honeybee (Apis mellifera) royal jelly. Apidologie 2001, 32, 69-80. [CrossRef]

4. Santos, K.S.; Dos Santos, L.D.; Mendes, M.A.; De Souza, B.M.; Malaspina, O.; Palma, M.S. Profiling the proteome complement of
the secretion from hypopharyngeal gland of Africanized nurse-honeybees (Apis mellifera L.). Insect Biochem. Mol. Biol. 2005, 35,
85-91. [CrossRef] [PubMed]

5. Yu, E; Feng, M,; Li, ]. Royal jelly proteome comparison between A. mellifera ligustica and A. cerana cerana. ]. Proteome Res. 2010, 9,
2207-2215. [CrossRef]

6. Han, B.; Li, C;; Zhang, L.; Fang, Y.; Feng, M.; Li, J. Novel royal jelly proteins identified by gel-based and gel-free proteomics.
J. Agric. Food Chem. 2011, 59, 10346-10355. [CrossRef] [PubMed]

7. Zhang, L.; Fang, Y.; Li, R; Feng, M.; Han, B.; Zhou, T.; Li, ]. Towards posttranslational modification proteome of royal jelly.
J. Proteom. 2012, 75, 5327-5341. [CrossRef] [PubMed]

8.  Buttstedt, A.; Moritz, REA.; Erler, S. Origin and function of the major royal jelly proteins of the honeybee (Apis mellifera) as
members of the yellow gene family. Biol. Rev. 2014, 89, 255-269. [CrossRef] [PubMed]

9. Park, H.G,; Kim, B.Y.; Kim, ] M.; Choi, Y.S.; Yoon, H].; Lee, K.S,; Jin, B.R. Upregulation of transferrin and major royal jelly proteins
in the spermathecal fluid of mated honeybee (Apis mellifera) queens. Insects 2021, 12, 690. [CrossRef] [PubMed]

10. Peiren, N.; Vanrobaeys, F.; De Graaf, D.C.; Devreese, B.; Van Beeumen, J.; Jacobs, FJ. The protein composition of honeybee venom
reconsidered by a proteomic approach. Biochim. Biophys. Acta 2005, 1752, 1-5. [CrossRef] [PubMed]

11.  Peiren, N.; De Graaf, D.C.; Vanrobaeys, F.; Danneels, E.I; Devreese, B.; Van Beeumen, ].; Jacobs, EJ. Proteomic analysis of the honey
bee worker venom gland focusing on the mechanisms of protection against tissue damage. Toxicon 2008, 52, 72-83. [CrossRef]

12.  Blank, S.; Bantleon, FI.; McIntyre, M.; Oliert, M.; Spiliner, E. The major royal jelly proteins 8 and 9 (Api m 11) are glycosylated
components of Apis mellifera venom with allergenic potential beyond carbohydrate-based reactivity. Clin. Exp. Allergy 2012, 42,
976-985. [CrossRef]

13.  Kim, B.Y. Antiapoptotic role of major royal jelly protein 8 of honeybee (Apis mellifera) venom. |. Asia Pac. Entomol. 2021, 24,
666-670. [CrossRef]

14. Nagai, T; Inoue, R.; Suzuki, N.; Nagashima, T. Antioxidant properties of enzymatic hydrolysates from royal jelly. . Med. Food
2006, 9, 363-367. [CrossRef]

15. Inoue, S.I.; Koya-Miyata, S.; Ushio, S.; Iwak, K.; Ikeda, M.; Kurimoto, M. Royal jelly prolongs the life span of C3H/H3]J mice:
Correlation with reduced DNA damage. Exp. Gerontol. 2003, 38, 965-969. [CrossRef]

16. Xin, X.X.; Chen, Y.; Chen, D.; Xiao, E; Parnell, L.D.; Zhao, J.; Liu, L.; Ordovas, ] M.; Lai, C.Q.; Shen, L.R. Supplementation with ma-
jor royal-jelly proteins increases lifespan, feeding, and fecundity in Drosophila. ]. Agric. Food Chem. 2016, 64, 5803-5812. [CrossRef]

17.  Kim, B.Y;; Lee, K.S.; Jung, B.; Choi, Y.S.; Kim, HK.; Yoon, H].; Gui, Z.Z; Lee, |.; Jin, B.R. Honeybee (Apis cerana) major royal jelly
protein 4 exhibits antimicrobial activity. J. Asia Pac. Entomol. 2019, 22, 175-182. [CrossRef]

18. Park, H.G.; Kim, B.Y,; Park, M.].; Deng, Y.; Choi, Y.S.; Lee, K.S,; Jin, B.R. Antibacterial activity of major royal jelly proteins of the
honey (Apis mellifera) royal jelly. ]. Asia Pac. Entomol. 2019, 22, 739-741. [CrossRef]

19. Park, M.J; Kim, B.Y.; Park, H.G.; Deng, Y.; Yoon, H.J.; Choi, Y.S.; Lee, K.S.; Jin, B.R. Major royal jelly protein 2 acts as an
antimicrobial agent and antioxidant in royal jelly. J. Asia Pac. Entomol. 2019, 22, 684-689. [CrossRef]

20. Okamoto, I.; Taniguchi, Y.; Kunikata, T.; Kohno, K.; Iwaki, K.; Ikeda, M.; Kurimoto, M. Major royal jelly protein 3 modulates

immune responses in vitro and in vivo. Life Sci. 2003, 73, 2029-2045. [CrossRef]


http://doi.org/10.1016/j.micres.2016.06.007
http://www.ncbi.nlm.nih.gov/pubmed/27664731
http://doi.org/10.1002/pmic.200401149
http://www.ncbi.nlm.nih.gov/pubmed/15693061
http://doi.org/10.1051/apido:2001112
http://doi.org/10.1016/j.ibmb.2004.10.003
http://www.ncbi.nlm.nih.gov/pubmed/15607658
http://doi.org/10.1021/pr900979h
http://doi.org/10.1021/jf202355n
http://www.ncbi.nlm.nih.gov/pubmed/21854061
http://doi.org/10.1016/j.jprot.2012.06.008
http://www.ncbi.nlm.nih.gov/pubmed/22728600
http://doi.org/10.1111/brv.12052
http://www.ncbi.nlm.nih.gov/pubmed/23855350
http://doi.org/10.3390/insects12080690
http://www.ncbi.nlm.nih.gov/pubmed/34442256
http://doi.org/10.1016/j.bbapap.2005.07.017
http://www.ncbi.nlm.nih.gov/pubmed/16112630
http://doi.org/10.1016/j.toxicon.2008.05.003
http://doi.org/10.1111/j.1365-2222.2012.03966.x
http://doi.org/10.1016/j.aspen.2021.05.014
http://doi.org/10.1089/jmf.2006.9.363
http://doi.org/10.1016/S0531-5565(03)00165-7
http://doi.org/10.1021/acs.jafc.6b00514
http://doi.org/10.1016/j.aspen.2018.12.020
http://doi.org/10.1016/j.aspen.2019.06.005
http://doi.org/10.1016/j.aspen.2019.05.003
http://doi.org/10.1016/S0024-3205(03)00562-9

Insects 2022, 13, 334 90f9

21.
22.
23.
24.

25.

26.

27.

28.
29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.
40.

41.

Tufail, M.; Nagaba, Y.; Elgendy, A.M.; Takeda, M. Regulation of vitellogenin genes in insects. Entomol. Sci. 2014, 17,
269-282. [CrossRef]

Tufail, M.; Takeda, M. Molecular characteristics of insect vitellogenins. J. Insect Physiol. 2008, 54, 1447-1458. [CrossRef] [PubMed]
Bownes, M. Expression of the genes coding for vitellogenin (yolk protein). Annu. Rev. Entomol. 1986, 31, 507-531. [CrossRef]
Bulet, P.; Stocklin, R. Insect antimicrobial peptides: Structures, properties and gene regulation. Protein Pept. Lett. 2005,
12,3-11. [CrossRef]

Havukainen, H.; Miinch, D.; Baumann, A.; Zhong, S.; Halskau, &.; Krogsgaard, M.; Amdam, G.V. Vitellogenin recognizes
cell damage through membrane binding and shields living cells from reactive oxygen species. . Biol. Chem. 2013, 288,
28369-28381. [CrossRef]

Singh, N.K.; Pakkianathan, B.C.; Kumar, M.; Prasad, T.; Kannan, M.; Konig, S.; Krishnan, M. Vitellogenin from the silkworm,
Bombyx mori: An effective anti-bacterial agent. PLoS ONE 2013, 8, €73005. [CrossRef]

Salmela, H.; Amdam, G.V,; Freitak, D. Transfer of immunity from mother to offspring is mediated via egg-yolk protein vitellogenin.
PLoS Pathog. 2015, 11, €1005015. [CrossRef]

Salmela, H.; Sundstrém, L. Vitellogenin in inflammation and immunity in social insects. Inflamm. Cell Signal. 2017, 4, €1506.
Park, H.G,; Lee, K.S.; Kim, B.Y.; Yoon, H.]J.; Choi, Y.S.; Lee, K.Y.; Wan, H.; Li, J.; Jin, B.R. Honeybee (Apis cerana) vitellogenin acts as
an antimicrobial and antioxidant agent in the body and venom. Dev. Comp. Immunol. 2018, 85, 51-60. [CrossRef]

Amdam, G.V.; Norberg, K.; Hagen, A.; Omholt, S.W. Social exploitation of vitellogenin. Proc. Natl. Acad. Sci. USA 2003, 100,
1799-1802. [CrossRef]

Seehuus, S.C.; Norberg, K.; Krekling, T.; Fondrk, K.; Amdam, G.V. Immunogold localization of vitellogenin in the ovaries,
hypopharyngeal glands and head fat bodies of honeybee workers, Apis mellifera. ]. Insect Sci. 2007, 7, 52. [CrossRef] [PubMed]
Harwood, G.; Amdam, G.; Freitak, D. The role of vitellogenin in the transfer of immune elicitors from gut to hypopharyngeal
glands in honey bees (Apis mellifera). J. Insect Physiol. 2019, 112, 90-100. [CrossRef] [PubMed]

Harwood, G.; Salmela, H.; Freitak, D.; Amdam, G. Social immunity in honey bees: Royal jelly as a vehicle in transferring bacterial
pathogen fragments between nestmates. J. Exp. Biol. 2021, 224, jeb231076. [CrossRef] [PubMed]

Lopez, ].H.; Schuehly, W.; Crailsheim, K.; Riessberger-Gallé, U. Trans-generational immune priming in honeybees. Proc. R. Soc. B
2014, 281, 20140454. [CrossRef] [PubMed]

Choi, Y.S.; Lee, M.Y.; Hong, LP.; Woo, S.O.; Sim, H.S.; Byuon, G.H.; Thapa, R.; Lee, M.L. Detection of American foulbrood in Apis
cerana and Rachymeria ornatipes. Kor. J. Apic. 2013, 28, 205-210.

Lee, K.S.; Kim, B.Y.; Yoon, H.]J.; Choi, Y.S.; Jin, B.R. Secapin, a bee venom peptide, exhibits anti-fibrinolytic, anti-elastolytic, and
anti-microbial activities. Dev. Comp. Immunol. 2016, 63, 27-35. [CrossRef]

Bredsgaard, C.J.; Ritter, W.; Hansen, H. Response of in vitro reared honey bee larvae to various doses of Paenibacillus larvae
larvae spores. Apidologie 1998, 29, 569-578. [CrossRef]

Schmehl, D.R.; Tome, H.V.V,; Mortensen, A.N.; Martins, G.F,; Ellis, ].D. Protocol for the in vitro rearing of honey bee (Apis mellifera
L.) workers. J. Apic. Res. 2016, 55, 113-129. [CrossRef]

Haydak, M.H. Honey bee nutrition. Annu. Rev. Entomol. 1970, 15, 143-156. [CrossRef]

Lopez-Uribe, M.M.; Fitzgerald, A.; Simone-Finstrom, M. Inducible versus constitutive social immunity: Examining effects of
colony infection on glucose oxidase and defensin-1 production in honeybees. R. Soc. Open Sci. 2017, 4, 170224. [CrossRef]

Erler, S.; Popp, M.; Lattorff, M.G. Dynamics of immune system gene expression upon bacterial challenge and wounding in a
social insect (Bombus terrestris). PLoS ONE 2011, 6, €18126. [CrossRef]


http://doi.org/10.1111/ens.12086
http://doi.org/10.1016/j.jinsphys.2008.08.007
http://www.ncbi.nlm.nih.gov/pubmed/18789336
http://doi.org/10.1146/annurev.en.31.010186.002451
http://doi.org/10.2174/0929866053406011
http://doi.org/10.1074/jbc.M113.465021
http://doi.org/10.1371/journal.pone.0073005
http://doi.org/10.1371/journal.ppat.1005015
http://doi.org/10.1016/j.dci.2018.04.001
http://doi.org/10.1073/pnas.0333979100
http://doi.org/10.1673/031.007.5201
http://www.ncbi.nlm.nih.gov/pubmed/20337562
http://doi.org/10.1016/j.jinsphys.2018.12.006
http://www.ncbi.nlm.nih.gov/pubmed/30578811
http://doi.org/10.1242/jeb.231076
http://www.ncbi.nlm.nih.gov/pubmed/34424968
http://doi.org/10.1098/rspb.2014.0454
http://www.ncbi.nlm.nih.gov/pubmed/24789904
http://doi.org/10.1016/j.dci.2016.05.011
http://doi.org/10.1051/apido:19980609
http://doi.org/10.1080/00218839.2016.1203530
http://doi.org/10.1146/annurev.en.15.010170.001043
http://doi.org/10.1098/rsos.170224
http://doi.org/10.1371/journal.pone.0018126

	Introduction 
	Materials and Methods 
	Honeybees 
	Feeding Experiment 
	RNA Extraction 
	Northern Blot Analysis 
	Statistical Analysis 

	Results 
	Expression Profile of Vg and Abaecin in the Fat Body of Nurse Bees 
	Expression Profile of MRJPs and Defensin-1 in Hypopharyngeal Glands of Nurse Bees 
	Expression Profile of Defensin-1, Hymenoptaecin, and Abaecin in Whole Body of Young Larvae 

	Discussion 
	Conclusions 
	References

