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Abstract – Nosema ceranae infection induces energetic stress, malnutrition, and precocious foraging in Apis
mellifera . This study investigated effects of N. ceranae infection on the gene expression, protein content, and enzyme
activity in the hypopharyngeal gland of nurse bees. The 285 differentially expressed genes were found between
N. ceranae -infected and control bees using RNA-Seq, and 279were upregulated and 6were downregulated in infected
bees. The protein level was significantly lower in infected bees than in controls, implying protein dysmetabolism and
energetic stress in infected bees. The ELISA test showed that the specific activity of amylase was significantly higher in
infected bees than in controls. The elevated enzymic activities were accompanied by an increased expressed level of
hemolymph juvenile hormone-binding protein-encoding gene in infected bees, suggesting the possibility of Nosema-
infected nurse bees to engage in behaviors that are normally performed by foragers.
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1. INTRODUCTION

The European honeybee, Apis mellifera L., is
the primary species of domestic bees worldwide
and are subject to many biotic and abiotic
stressors including parasites, pesticides, and hab-
itat destruction (Vanengelsdorp and Meixner
2010; Goulson et al. 2015). The microsporidian
parasite Nosema ceranae was originally found
infecting the Asian honeybee Apis cerana (Fries
et al. 1996), and this intracellular gut parasite has
become a common pathogen of A. mellifera L.

since it was presented in European bees about
20 years ago (Paxton et al. 2007). Honeybees
infected with N. ceranae show higher levels of
hunger and high mortality due to nutritional stress
(Mayack and Naug 2009), and infected bees ex-
hibit increased sucrose responsiveness and are
less likely to share food with their fellow bees
(Naug and Gibbs 2009). Precocious foraging is
observed in nurse-aged bees after infection with
N. ceranae (Goblirsch et al. 2013; Natsopoulou
et al. 2016). Furthermore, N. ceranae infection
can cause an immune dysregulation in bees, mak-
ing the host highly susceptible to other pathogens
(Antúnez et al. 2009; Doublet et al. 2017).

Polymerase chain reaction (PCR) results indi-
cated the presence of N. ceranae nucleic acids in
the midgut and hypopharyngeal glands (HPGs) of
A. mellifera , suggesting that N. ceranae is not
tissue specific (Chen et al. 2009; Copley and
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Jabaji 2012). The HPGs, located in the frontal area
of the heads of worker bees, are responsible for
secreting protein-rich food royal jelly which is
used to feed all larvae and queen of colonies
(Winston 1991; Hrassnigg and Crailsheim 1998).
Protein synthesis in the HPGs of bees, 8–16 days
old, exhibits the highest activity (Knecht and
Kaatz 1990), and the HPGs reach their full devel-
opment when bees are about 9 days old (Jaycox
et al. 1974). In addition, the functional changes of
the HPGs in worker bees are closely related to age
and task (Winston 1991). The HPGs in nurse-aged
bees produce royal jelly for brood rearing, and the
HPGs in bees performing foraging activities se-
crete invertases, including amylase, glucose oxi-
dase, and α-glucosidase for nectar processing
(Winston 1991; Ueno et al. 2009).

The development of the gland is negatively af-
fected by biotic and abiotic stresses (DeGrandi-
Hoffman et al. 2010; Jack et al. 2016). The HPGs
of Nosema -infected bees are smaller than those of
uninfected bees (Alaux et al. 2010), and decreased
protein content was observed in HPGs of
N. ceranae -infected bees (Jack et al. 2016). More-
over, the gland malfunctions were observed in bees
infected with Nosema apis (Wang and Moeller
1971). The protein content of the HPGs is lower in
bees fed with sugar water alone than those in bees
fed with sugar water plus pollen diets (DeGrandi-
Hoffman et al. 2010), and transcriptome analysis of
the HPGs revealed that a greater number of upreg-
ulated genes were observed in the pollen-deprived
undernourished bees compared with those of the
pollen-fed, well-nourished bees (Corby-Harris et al.
2016).

Although extensive studies have been conduct-
ed on nutritional, physiological, and behavioral
changes in honeybees exposed to Nosema sp.
infection, little is known about changes in tran-
scriptional profiles and enzymatic activities in the
HPGs of bees infected with N. ceranae . We con-
ducted study to determine whether differences
exist in enzymatic-specific activities between
N. ceranae -infected nurse-aged bees and control
bees by sandwich enzyme-linked immunosorbent
assay (ELISA). RNA sequencing (RNA-Seq) was
employed to analyze the transcriptional response
of the HPGs to N . ceranae stress, and differen-
tially expressed genes (DEGs) were used for gene

ontology (GO) and KEGG pathway enrichment
analysis.

2. MATERIALS AND METHODS

2.1. N. ceranae spores

Nosema spores were purified in accordance
with a previous study (Chen et al. 2009). Briefly,
about 60 forager bees were caught at the entrance
of a Nosema -infected colony. Then, the midguts
were dissected and homogenized in a glass grinder
containing 1 ml of sterile water. Afterward, the
suspension was centrifuged at 3000 rpm, and the
pellet was resuspended in 1 ml of sterile water. The
resuspended solution was loaded on the discontin-
uous gradient consisting of 25%, 50%, 75%, and
100% Percoll solutions (1 ml each, v /v ), and then
centrifuged twice at 5000 rpm for 20 min at 4 °C.
Subsequently, the supernatant was discarded, and
the spore pellet was collected carefully. The spore
pellet was then washed twice with the sterile water
and further centrifuged at 8000 rpm for 10 min at
4 °C. The purified Nosema spore pellet was resus-
pended in sterile water and stored at 4 °C for later
use. Finally, the spore concentration was counted
using a hemocytometer (Cantwell 1970), and the
species of Nosema spores was verified in accor-
dance with a previously described method
(Hamiduzzaman et al. 2010).

2.2. Experimental infection and spore
counts

2.2.1. Experimental infection of bees with N.
ceranae

Four colonies were used in the study, and one
comb frame that had the most brood with emerg-
ing bees was collected from each colony. Each
capped brood combwas placed into a single frame
cage, and the four single frame cages were placed
in an incubator at 34 °C with 65–70% relative
humidity. After 24-h incubation, we used roughly
equal numbers of newly emerged bees from each
brood comb, so the newly emerged bees were
therefore mixed approximately equally from four
different colonies. The newly emerged bees were
selected randomly for further treatment in the
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study, and the ubiquitous deformed wing virus
(DWV) was regarded as the background pathogen
of bees used in this study (Lanzi et al. 2006). Bees
that were fed individually with 2 μl of 50% sugar
water containing 105 N . ceranae spores were
assigned to the treatment group. Bees that were
fed only with 2 μl of 50% sugar water were
assigned to the control group.

Treated bees were randomly distributed into
each of the plexiglass cages (9 cm × 7 cm × 8 cm)
with multiple ventilation holes covering four sides
of the cage. A 10-ml syringe containing 50% sugar
water was then inserted into the cage through a hole
of 1.7-cm diameter on the top side of the cage.
Each cage of bees was provided with sugar water
and a sufficient amount of pollen diet under ad
libitum feeding conditions during the experimental
period. To avoid possible N. ceranae spore con-
tamination in pollen sources consumed by newly
emerged bees, we used commercial pollen substi-
tute diet composed of a mixture of 30% irradiated
rape pollen and 70% soybean flour (Wangshi An-
imal Health Co., Ltd., Sichuan, China) as protein
source for the bees. The pollen diet for each cage of
bees was prepared by mixing the pollen substitute
with 50% sugar water at a ratio of 5:1 (i.e., 5 g of
the pollen substitute with 1ml of 50% sugar water).
The pollen diet was then distributed into two 1.5-
ml centrifuge tubes, which were placed in the
bottom of each cage.

The cages containing bees were then kept in an
incubator set at 30 °C with 65–70% RH, and each
cage contained 65 bees (nine cages per group). Of
nine cages per group, three cages of bees were used
for RNA-Seq analysis, three cages of beeswere used
for qRT-PCR confirmation, and three cages of bees
were used for the quantification of total proteins and
the enzyme activity in HPGs. The samples were
collected for the experimental and control groups
on day 9 post-infection and were stored at − 80 °C
for later use. A table displaying the experimental
design is shown in Online Resource 1.

2.2.2. Nosema spore counts

Before dissection of HPGs from the bees, the
midguts of 30 bees from three control cages (10
bees each) and 30 bees from three treatment cages
(10 bees each) were dissected and homogenized

individually in 200 μl sterile water to assess the
intensity of N. ceranae infections 9 days after
infection. The homogenate was diluted 10 to 50
times based on the spore load present in the original
homogenate, and a 10 μl sample of each diluted
homogenate was used for counting the spore con-
centration using the method described above.

2.3. RNA-Seq analysis

For both treatment and control groups, 30 bees
were collected from one cage, and 90 bees in total
from three cages were used. The HPGs were
dissected on dry ice under a stereomicroscope. A
total of 30 pairs of HPGs were placed in a 1.5-ml
centrifuge tube, and six tubes were used. Total
RNAwas extracted from HPGs in each tube using
Trizol reagent (Invitrogen, CA, USA) in accor-
dance with the manufacturer’s instructions. The
mRNAwas selected by oligo (dT) magnetic beads
from a total of 3 μg of high-quality total RNA.
Sequencing libraries were prepared by the
NEBNext Ultra RNA library prep kit for Illumina
(NEB, USA) according to the manufacturer’s rec-
ommendations. In brief, the mRNA was
fragmented at an elevated temperature in
NEBNext First-Strand Synthesis Reaction Buffer
(5×). First-strand cDNA was prepared using ran-
dom oligonucleotides and SuperScript II Reverse
Transcriptase, followed by second-strand cDNA
synthesis using DNA polymerase I and RNase H.
DNA fragments were blunt ended, and the 3′ ends
were adenylated. NEBNext adaptors with hairpin
loop structure were then added for hybridization,
and the resulting library fragments were purified
using the Agencourt AMPure XP system
(Beckman Coulter, Inc., CA, USA) to select
150–200 bp cDNA fragments. Exactly 3 μl of
USER Enzyme (NEB, USA) was then used with
the size-selected, adaptor-ligated cDNA at 37 °C
for 15 min and then at 95 °C for 5 min prior to
PCR. PCR was carried out using the Phusion
High-Fidelity DNA Polymerase, universal PCR
primers, and index (X) primer. Afterward, PCR
products were then cleaned by AMPure XP sys-
tem, and the quality assessment of the library was
performed on a Bioanalyzer 2100 (Agilent). The
index-coded samples were clustered using
Illumina’s cBot cluster generation system with
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the TruSeq PE cluster kit version 3-cBot-HS fol-
lowing the manufacturer’s instructions.

The library preparations were sequenced using
the Illumina HiSeq 2000 platform, which gener-
ated paired-end reads of 125 bp/150 bp. After
quality filtering, the paired-end clean reads were
mapped to genome sequences of three most com-
mon viruses infecting bees, black queen cell virus
(BQCV), DWV, and Israeli acute paralysis virus
(IAPV) using bowtie2 (Langmead and Salzberg
2012). The clean reads were then mapped to the
A. mellifera reference genome (version 4.5) using
TopHat v2.0.9 after filtering out viral reads (Kim
et al. 2013). The number of reads mapped to each
gene was counted using HTSeq v0.6.1 (Anders
et al. 2015). DESeq R package (1.18.0) was used
for differential expression analysis between the
two groups. The GO terms and the KEGG path-
way enrichment analysis of differentially
expressed genes were performed by the GOseq
R package and KOBAS software, respectively.

2.4. Validation of RNA-Seq data using
quantitative RT-PCR

Quantitative RT-PCR was used to validate the
ten selected DEGs from RNA-Seq data. Another
set of 90 pairs of HPGs were used for RNA
extraction for each of the two groups. For each
group, 30 pairs of HPGs were put into a 1.5-ml
centrifuge tube, and three tubes were used. Total
RNA was extracted using TransZol Up reagent
(TransGen Biotech, China) according to the man-
ufacturer’s instructions. The concentration of total
RNA was quantified by using a spectrophotome-
ter (NanoDrop 2000, USA). The cDNAwas syn-
thesized using the One-Step gDNA Removal and
cDNA Synthesis SuperMix kit (TransGen Bio-
tech, China) following the manufacturer’s proto-
col. In brief, 500 ng of total RNA, 1 μl of oligo dT
primer (0.5 μg/μl), 10 μl of 2× reaction mix, 1 μl
of RT/RI enzyme mix, 1 μl of gDNA remover,
and RNase-free dH2O were mixed to a final vol-
ume of 20 μl. The 20 μl reaction solution was
incubated at 42 °C for 15 min, followed by 5 s at
85 °C. The cDNA was stored at − 20 °C. Real-
time PCR was performed on a Bio-Rad CFX384
real-time system as follows: 1 μl of 1:3 diluted
cDNA, 5 μl of 2× SYBR Premix Ex Taq (Tli

RNaseH Plus, Takara, Japan), 0.4 μl of each spe-
c i f i c p r ime r ( 10 μM each ) l i s t e d i n
Online Resource 2 (Huising and Flik 2005), and
RNase-free dH2O were added to a final volume of
10 μl. The reactions were carried out in triplicates.
The thermal profile consisted of initial denatur-
ation at 94 °C for 3 s, 45 cycles of 94 °C for 5 s
and 60 °C for 30 s, followed by melting curve
analysis. Amplification efficiencies of the target
and reference genes were determined as previous-
ly described (Chen et al. 2005).

2.5. Quantification of total proteins in
HPGs

Twenty bees from each cage and 60 bees from
three cages were used for the gland dissection
from each group. Total proteins in the HPGs were
extracted using a total protein extraction kit
(TansGen Biotech, China). Then, 20 pairs of
HPGs were transferred to each 1.5-ml centrifuge
tubes and rinsed twice with 1 ml of ice-cold phos-
phate-buffered solution. Each tube was centri-
fuged at 500 rpm for 5 min at 4 °C. After
discarding the supernatant, the gland pellet was
resuspended in 1 ml of total protein extraction
buffer and homogenized in a glass homogenizer.
After homogenization, the suspension was trans-
ferred to a 1.5-ml centrifuge tube and incubated
on ice for 30 min. The suspension was vibrated
every 10 min during incubation. The tubes were
centrifuged individually at 14,000 rpm for 5 min
at 4 °C. The supernatants were collected carefully,
and the total protein content was determined using
a bicinchoninic acid (BCA) (Smith et al. 1985)
protein assay kit (TansGen Biotech, China). Pre-
cisely 20 μl of each sample solution was added to
the wells of a 96-well plate, and each sample was
measured in four replicates. Subsequently, 200 μl
of the BCA working solution was added to each
sample well of the plate. The plate was incubated
at 37 °C for 60 min. The absorbance value of each
sample solution was recorded at 595 nm with a
microplate reader (TECAN Infinite F50). The
protein concentration of each sample was calcu-
lated according to a standard curve generated by a
series of known concentrations of bovine serum
albumin (BSA) solutions (25, 50, 100, 200, 300,
400, and 500 μg/ml).
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2.6. Measurement of specific enzyme
activities in HPGs

The activities of amylase, glucose oxidase, and
α-glucosidase were determined using the total
protein samples obtained above by sandwich
ELISA kits according to instructions of the man-
ufacturer (mlbio, Shanghai, China). Briefly, the
three antibodies used were anti-amylase, anti-α-
glucosidase, and anti-glucose oxidase, and the
wells of a microtiter plate were precoated with
the respective antibody. For determining the ac-
tivity of each enzyme in each group, 10 μl of total
protein from HPGs (1:5 dilution) was added to the
well, and reactions were performed in triplicate
wells. Then, 100 μl of each respective antibody
labeled with horseradish peroxidase (HRP) was
added to each reaction well. The microtiter plate
was incubated at 37 °C for 60 min. The reaction
solutions were discarded, and each reaction well
was washed five times with wash buffer. A total of
100 μl of tetramethylbenzidine (TMB) was added
to each reaction well, and the chromogenic reac-
tion between TMB and HRP was performed at
37 °C for 60 min. The optical density of the
reaction product was measured at 450 nm, and
the activity of each enzyme was calculated on the
basis of the standard curve generated by the serial
dilutions of standard enzymes with known activ-
ities. The units of enzyme activity per gram of
protein were used to express the specific activity
of each enzyme (Habig et al. 1974).

2.7. Data analysis

The P values were set according to the
Benjamini–Hochberg multiple comparison proce-
dure for controlling the false discovery rate (FDR)
(Benjamini and Hochberg 1995), and P values
less than 0.05 were used to determine the signif-
icance of differences in differentially expressed
genes and the GO and KEGG enrichment analysis
of the differentially expressed genes based on
RNA-Seq data. The differences in expression
levels of the ten selected genes, the total protein
content, and the specific enzyme activities in the
HPGs of the two groups of bees were analyzed by
Student’s t test using SPSS 18.0 (SPSS Inc.,
Chicago), and data are presented as mean ± SE.

3. RESULTS

3.1. N. ceranae spore loads

All bees of the treatment group were confirmed
to be infected withN. ceranae , and the average of
the intensity of N. ceranae was 2.3 ± 0.16 × 107

spores/bee in the N. ceranae -infected bees (n =
30). N. ceranae spores were not observed in the
midgut of control bees (n = 30).

3.2. Analysis of DEGs in HPGs

The percentage of clean reads in raw reads
ranged from 92 to 96% across all six libraries
(SRA accession number SRP133700), and ap-
proximately 53.7 and 54.3 million paired-end
clean reads were obtained for the sequencing li-
braries of the N. ceranae -infected and control
bees, respectively. Among these clean reads, the
percentage of clean reads mapping to the DWV
genome for the N. ceranae -infected and control
bees was 3.1% and 3.4%, respectively, and no
reads were mapped to the genome of BQCV and
IAPV. The clean reads mapping to the DWV
genome were filtered out, and we only used clean
reads mapping to the A. mellifera reference ge-
nome for gene expression analysis. Approximate-
ly 38.3 and 36.7 million paired-end clean reads
were mapped to the A. mellifera reference ge-
nome for the sequencing libraries of the
N. ceranae - infected and control bees,
respectively.

A total of 285 DEGs that met both P value and
fold-change criteria were found in the HPGs be-
tween the N. ceranae -infected and control bees
(P < 0.05; Figure 1). Among them, 279 and 6
genes were upregulated and downregulated in
the HPGs of theN. ceranae -infected bees, respec-
tively (Online Resource 3; Online Resource 4).
Considerably more differential expressed genes
were upregula ted in the HPGs of the
N. ceranae -infected bees compared with those
of the control bees. N. ceranae infection in the
HPGs upregulated the expression levels of genes,
including neuropeptide genes (allatostatin A,
FMRFamide, etc.) and genes involved in disease
resistance and immune response in the
N. ceranae -infected bees. In addition, genes
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downregulated in the HPGs of the N. ceranae -
infected bees mainly participated in the modula-
tion of protein-processing activities.

3.3. GO and KEGG enrichment analysis

We identified the upregulated genes that were
significantly enriched for 23 GO terms in the
N. ceranae -infected bees (P < 0.05; Table I).
The enriched GO terms were mainly involved
in G protein-coupled receptor activity, single-
organism localization and transport, transmem-
brane transporter activity, signal transduction,
and neurotransmitter transport. However, no sig-
nificant GO terms were found in the genes
downregulated in N. ceranae -infected bees. In
addition, six significantly enriched KEGG path-
ways associated with the nine upregulated genes
were identified in the N. ceranae -infected bees
(P < 0.05), and upregulated genes that partici-
pated in KEGG pathways included the

metabolism of fatty acids, ether lipid, and
glycerophospholipid; neuroactive ligand-
receptor interaction; and ECM-receptor interac-
tion (Table II). Three significantly enriched
KEGG pathways associated with the three
downregulated genes were identified in
N. ceranae -infected bees (P < 0.05), and the
pathways included protein processing in the
endoplasmic reticulum, sphingolipid metabo-
lism, and other glycan degradations (Table II).
Notably, the two genes (GB45495, GB40976)
involved in protein processing in endoplasmic
reticulum were significantly downregulated in
the N. ceranae -infected bees.

3.4. qRT-PCR analysis

The relative expression levels of genes
encoding zinc finger (GB40145), hemolymph ju-
ven i l e ho rmone b i nd ing (GB43129 ) ,
carboxylesterase type B (GB43549), CHK

Fig. 1. Differential expressed genes in HPGs between N. ceranae -infected bees and control bees (P < 0.05). Red
and green represent the upregulated and downregulated genes in N. ceranae -infected bees, respectively; no
differentially expressed genes are shown in blue.
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kinase-like (GB47148), allatostatin (GB47928),
amine oxidases (GB50076), fatty acid desaturase
type 1 (GB51236), neuropeptide-like 1
(GB43772), heat shock protein 90 (GB40976),
and glutamine synthetase 2 (GB51371) were
selected at random and validated by qRT-
PCR assay. Given that similar amplification
efficiencies were observed between the target
and reference genes (actin ), the comparative
Ct method 2−△△Ct method was used to ana-
lyze the relative expression levels of the
genes (Livak and Schmittgen 2001). Consis-
tent with the gene expression in RNA-Seq
data, all ten genes exhibited a higher level
o f e xp r e s s i o n i n t h e HPGs o f t h e
N. ceranae -infected bees, and eight of the
ten genes were significantly upregulated in
the HPGs of the N. ceranae -infected bees

in comparison with those of the control bees
(*P ≤ 0.05, **P < 0.01; Figure 2).

3.5. Analysis of total protein and specific
enzyme activities in HPGs

A significantly lower total protein concentration
of the HPGs was found in the N. ceranae -infected
bees (569 ± 61 μg/ml) than in the control bees (897
± 105 μg/ml) at day 9 post-infection (P ≤ 0.05;
Figure 3a). In addition, the specific activity of amy-
lase was significantly higher in the HPGs of the
N. ceranae -infected bees than those of the controls
(P < 0.01; Figure 3b). The specific activities of glu-
cose oxidase and α-glucosidase were higher in the
HPGs of the N. ceranae -infected bees than in those
of the controls, but no significant difference was
found (Figure 3c, d).

Table I. Enrichment analysis of GO terms associated with the upregulated genes in HPGs of N. ceranae -infected
bees

GO ID GO term Term category No. of genes P value

GO:0044765 Single-organism transport Biological process 37 8.96E−05
GO:1902578 Single-organism localization Biological process 37 0.00012

GO:0007186 G protein-coupled receptor signaling pathway Biological process 15 0.00031

GO:0006810 Transport Biological process 41 0.00098856

GO:0051234 Establishment of localization Biological process 41 0.001011

GO:0051179 Localization Biological process 41 0.0016704

GO:0007154 Cell communication Biological process 31 0.0057978

GO:0044700 Single-organism signaling Biological process 30 0.012225

GO:0023052 Signaling Biological process 30 0.013152

GO:0007165 Signal transduction Biological process 28 0.036759

GO:0006836 Neurotransmitter transport Biological process 5 0.039405

GO:0055085 Transmembrane transport Biological process 20 0.039412

GO:0031224 Intrinsic component of membrane Cellular component 101 4.18E−06
GO:0016021 Integral component of membrane Cellular component 100 4.18E−06
GO:0016020 Membrane Cellular component 105 4.18E-06

GO:0044425 Membrane part Cellular component 102 4.18E-06

GO:0005575 Cellular_component Cellular component 139 0.0040994

GO:0005215 Transporter activity Molecular function 31 0.0001219

GO:0004930 G protein-coupled receptor activity Molecular function 13 0.0009886

GO:0015081 Sodium ion transmembrane transporter activity Molecular function 7 0.034195

GO:0022857 Transmembrane transporter activity Molecular function 21 0.036759

GO:0015291 Secondary active transmembrane
transporter activity

Molecular function 7 0.036759

GO:0015370 Solute/sodium symporter activity Molecular function 5 0.041734
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4. DISCUSSION

Honeybee HPGs which are involved with age
polyethism play a fundamental role in the devel-
opment of colonies (Winston 1991). N. ceranae
infection negatively affects many aspects of bee
health including causing poor development of the

HPGs in infected bees (Alaux et al. 2010; Jack
et al. 2016). In the present study, the gene expres-
sion profiles revealed that a large number of genes
were upregulated in the HPGs of the N. ceranae -
infected bees compared with those of controls
after 9 days of infection. After comparing differ-
entially expressed genes to the data of the

Table II. Significantly enrichedKEGGpathways associatedwith the upregulated and downregulated genes inHPGs
of N. ceranae -infected bees

Enriched KEGG pathway Upregulated genes Downregulated
genes

P value

Neuroactive ligand-receptor interaction GB44968, GB49239, GB47385, GB40974 0.00197

Alpha-linolenic acid metabolism GB46277, GB44460 0.00944

Arachidonic acid metabolism GB46277, GB44460 0.0136

Ether lipid metabolism GB46277, GB44460 0.0267

ECM-receptor interaction GB52001, GB41065 0.0297

Glycerophospholipid metabolism GB46277, GB44460, GB43191 0.0456

Protein processing in endoplasmic
reticulum

GB45495, GB40976 0.0122

Other glycan degradation GB53578 0.0237

Sphingolipid metabolism GB53578 0.0330

Fig. 2. The relative expression levels (qRT-PCR) and the corresponding RPKM (reads per kilobase of exon model
per million mapped reads) values of ten DEGs in HPGs of N. ceranae -infected bees relative to controls. The error
bar indicates SE; asterisk represents significant differences (Student’s t test, *P ≤ 0.05; **P < 0.01).
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previous study (Corby-Harris et al. 2016) by the
hype rg eome t r i c t e s t ( h t t p : / / n ema t e s .
org/MA/progs/overlap_stats.html), a total of 46
upregulated genes in the HPGs of the N. ceranae -
infected bees significantly overlapped with those
upregulated genes in the HPGs of pollen-deprived
bees (P < 0.0001; Online Resource 5), suggesting
that these genes may be involved in the mecha-
nism underlying nutrient and energy imbalance in
bees induced by N. ceranae infection.

N. ceranae -infected nurse bees exhibited rela-
tively elevated levels of juvenile hormone (JH) at
8 days after infection andweremore likely to engage
in precocious foraging compared to non-infected
bees (Goblirsch et al. 2013). Our data revealed that
the N. ceranae -infected bees exhibited significantly
higher levels of the gene encoding hemolymph ju-
venile hormone-binding protein (JHBP) than control
bees. The binding protein plays key roles in
protecting hemolymph juvenile hormone against
hydrolysis by hemolymph esterases in insects and

in distributing the JH more quickly throughout the
body of the insect (Hammock et al. 1975;
Kołodziejczyk et al. 2003). The upregulation of the
gene encoding JHBP in our observation may be
related to the elevated JH titers inN. ceranae -infect-
ed bees. Our results suggest that the HPGs of
N. ceranae -infected nurse bees exhibited increased
specific activities of amylase which may well corre-
spond to precocious foraging induced by Nosema
infection in nurse-aged bees (Goblirsch et al. 2013).

N. ceranae infection can cause malnutrition in
honeybees through absorption of nutrients from the
intestines of honeybees; thus, it may impair the
development of the HPGs of infected bees (Martín-
Hernández et al. 2011). Consistent with previous
studies (Jack et al. 2016), the total protein contents
of the HPGs were significantly lower inN. ceranae -
infected bees than in controls. Previous studies
showed that N. ceranae spores proliferated slowly
before day 7 post-infection in N. ceranae -infected
bees (105 spores/bee), and N. ceranae infection

Fig. 3. Comparative analysis of total protein contents (a ), specific activities of amylase (b ), glucose oxidase (c ), and
α-glucosidase (d ) in HPGs between N. ceranae -infected bees and controls. The error bar indicates SE; asterisk
represents significant differences (Student’s t test, *P ≤ 0.05; **P < 0.01).
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exerted mild physiological effects on bees (Li et al.
2018). In addition, bees consumedmassive amounts
of pollen diet at around 2–5 days old (Haydak 1970).
In other words, it is therefore possible that
N. ceranae -infected bees can be normally nourished
before N. ceranae produces a higher number of
spores and exerts its severe effects in bees at day 7
post-infection. Therefore, the decreased protein con-
tent in HPGs of N. ceranae -infected bees at day 9
post-infection was possibly because of a great in-
crease in N. ceranae infestation levels. The two
genes (GB45495, GB40976) involved in protein
processing in the endoplasmic reticulum pathway
were significantly downregulated in the
N. ceranae -infected bees (Kanehisa and Goto
2000), and the HPGs of infected bees may produce
royal jelly with significantly lower concentrations of
proteins compared with those of the non-infected
controls. Given that approximately one half of the
dry mass of royal jelly are proteins (Bıliková et al.
2002), N. ceranae infection adversely affects the
function of the HPGs in nurse-aged bees, and the
nutritionally imbalanced food fed to the queen and
larvae may ultimately negatively affect the develop-
ment and survival of honeybee colonies. The HPGs
of infected bees exhibited a lower protein content
and a higher amylase activity, indicating that
Nosema -infected nurse bees underwent pronounced
changes in the hypopharyngeal gland function, and
these physiological alterationsmay be closely related
to those upregulated genes in HPGs of infected bees.
In addition, N. ceranae infection poses nutritional
and energetic stress to bees (Martín-Hernández et al.
2018), and therefore, HPG degradation is probably
more active in Nosema -infected bees with smaller
HPGs (Alaux et al. 2010), resulting in the large
number of upregulated genes in Nosema -infected
undernourished bees (Corby-Harris et al. 2016).

Additionally, our data revealed that four
neuropeptide-encoding genes, namely, allatostatin
A (GB47928), FMRFamide (GB41296), short neu-
ropeptide F-like (GB42980), and neuropeptide-like
1 (GB43772), were significantly upregulated in the
N. ceranae -infected bees compared with controls.
Increased expression of allatostatin A was found in
Drosophila preferring to consume protein-rich food
strongly (Hentze et al. 2015). N. ceranae -infected
bees may exhibit more pronounced protein hunger
behaviors than controls because of impairment of

protein synthesis in the HPGs, and an increased
protein intake ultimately promotes the proliferation
of N. ceranae in N. ceranae -infected bees (Jack
et al. 2016). In addition, short neuropeptide F en-
hances feeding in Drosophila (Lee et al. 2004), and
N. ceranae -infected bees eat significantly more than
controls (Mayack and Naug 2009). Neuropeptides
act as signaling molecules that play important roles
in regulating behaviors, stress physiology, and im-
mune response in insects (Gäde and Goldsworthy
2003; Schoofs et al. 2017), and changes in feeding
behavioral response of N. ceranae -infected bees
may be regulated in part via upregulation of
neuropeptide-encoding genes in bees.

The findings provide further evidence demon-
strating that N. ceranae can cause energetic stress
in infected bees, resulting in gene expression chang-
es associated with physiological homeostasis. Fur-
ther work is needed to investigate the changing
patterns of gene expression in the HPGs at different
time points during the infection process of
N. ceranae and to understand the direct or indirect
alteration in HPG development caused by
N. ceranae infection.
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