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Abstract: MicroRNAs (miRNAs) play a vital role in the nerve regulation of honey bees (Apis mellifera).
This study aims to investigate the differences in expression of miRNAs in a honey bee’s brain for
olfactory learning tasks and to explore their potential role in a honey bee’s olfactory learning and
memory. In this study, 12 day old honey bees with strong and weak olfactory performances were
utilized to investigate the influence of miRNAs on olfactory learning behavior. The honey bee brains
were dissected, and a small RNA-seq technique was used for high-throughput sequencing. The data
analysis of the miRNA sequences revealed that 14 differentially expressed miRNAs (DEmiRNAs)
between the two groups, strong (S) and weak (W), for olfactory performance in honey bees were
identified, which included seven up-regulated and seven down-regulated. The qPCR verification
results of the 14 miRNAs showed that four miRNAs (miR-184-3p, miR-276-3p, miR-87-3p, and miR-
124-3p) were significantly associated with olfactory learning and memory. The target genes of these
DEmiRNAs were subjected to the GO database annotation and KEGG pathway enrichment analy-
ses. The functional annotation and pathway analysis showed that the neuroactive ligand-receptor
interaction pathway, oxidative phosphorylation, biosynthesis of amino acids, pentose phosphate
pathway, carbon metabolism, and terpenoid backbone biosynthesis may be a great important pathway
related to olfactory learning and memory in honey bees. Our findings together further explained the
relationship between olfactory performance and the brain function of honey bees at the molecular
level and provides a basis for further study on miRNAs related to olfactory learning and memory in
honey bees.

Keywords: Apis mellifera; olfactory performance; miRNAs; proboscis extension response (PER); brain

1. Introduction

Honey bees Apis mellifera (A. mellifera) are social insects whose brain has a volume of
less than 1 mm3 and comprises only approximately one million neurons [1]. Honey bees
are excellent model organisms for studying learning and memory [2–4], and because they
can distinguish colors, odors, and size [5–7]. The survival and development of honey bee
colonies depends on food with olfactory performance being necessary for efficient foraging
and greatly contributes to pollination services. During foraging, honey bees remember the
smell of flowers through associative olfactory learning and fly between their hives and food
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sites. Proboscis extension response (PER), which is a conditioned response to conditional
and unconditional stimuli, is typically used to investigate the olfactory learning behavior
of honey bees under controlled laboratory conditions. Honey bees establish a link between
odor and reward after several cycles of training [8–11].

Honey bees may encounter various environmental factors during their foraging activ-
ities. To date, most studies have demonstrated that MicroRNAs (miRNAs) participated
in the formation and maturation of neurons. The miRNAs are considered essential reg-
ulatory factors in vertebrate and invertebrate learning and memory processes [12–15].
Previous studies on honeybee miRNAs revealed their key roles in mediating memory
formation [16,17]. Thus, it is crucial to investigate whether miRNA is relevant for learning
and memory behavior in honey bees. MicroRNAs, non-coding RNAs that are 18–23 nt
in length, regulate gene expression at the post-transcriptional level through base pair-
ing with target sites in mRNAs and participate in growth and development [18,19]. The
miRNAs exert their effects by inhibiting protein synthesis or degrading target mRNA. A
study demonstrated that miR-124 is an important regulatory factor for neurogenesis in
Drosophila melanogaster [20]. Furthermore, most studies on miRNAs have focused on insect
memory. A previous study systematically studied 134 miRNAs in Drosophila melanogaster
and identified their roles in odor learning and memory formation [21]. In experiments to
discriminate between naive and conditioned olfactory memory in Drosophila melanogaster,
miR-276a was required in mushroom neurons for memory formation and in ellipsoid
neurons for naive responses to odors [22]. In social insects, miRNAs modulate traits re-
lated to reproduction and labor division, and some Hymenoptera-specific miRNAs may
contribute to the evolution of traits important for the evolution [23]. The role of miRNAs
in insect behavior has been confirmed [24–26]. Using RNA interference technology, it
was discovered that miRNAs play a crucial role in olfactory learning and memory in
Drosophila melanogaster [21]. In Drosophila melanogaster, miR-124 is not expressed during
muscle development but is expressed in the central nervous system [20]. In honey bees,
miRNAs play a vital role in maze-based visual pattern learning and memory [27]. In forager
bees, miR-11-3p and miR-281-3p are responsible for honey processing [28].

Numerous studies have been performed on the molecular mechanisms underlying
odor-learning in honey bees, and some have found that 259 genes are differentially ex-
pressed after PER training [29]. The miR-276 and miR-1000 are highly expressed and mainly
enriched in the Kenyon cells of mushroom bodies in honey bee brains. Therefore, these
miRNAs are speculated to participate in the neurological function of honey bees [30]. The
miR-932 may regulate memory in honey bees, and its loss results in the impairment of
long-term memory formation in the brain but not memory acquisition. Moreover, it has
been shown to interact with actin, affecting honey bee memory [16]. Blocking the function
of miR-12 and miR-124 impairs early memory phases but does not affect gustatory sensitiv-
ity, habituation, and sensitization [17]. Lateralization of olfactory learning in honey bees
demonstrated approximately 6% of protein-coding gene expression and more than two-fold
changes in expression levels between the two hemispheres, with the right brain hemisphere
having a higher number of differentially expressed genes. In contrast, more miRNAs are
expressed more strongly in the left hemisphere [31]. In honey bees, miRNAs can influence
learning and neuronal plasticity. Specifically, in honey bees, miR-124 participates in the
formation of early memory [17] and plays a crucial role in pattern learning [27].

All these studies have proven that miRNAs are important regulatory factors in honey
bee behavior. However, the exact mechanism by which miRNAs affect the odor-learning
capabilities of honey bees remains poorly understood. In order to examine the potential
link between miRNA and the olfactory performances of honey bees, we conducted experi-
ments with 12 day-old honey bees using odor-associative learning training to distinguish
strong (S), and weak (W) olfactory performance. Next-generation high-throughput small
RNA sequencing (sRNA-seq) technologies were analyzed, and we investigated the global
miRNA-based olfactory learning in the brains of honey bees. Differentially expressed
miRNAs (DEmiRNAs) in honey bee brains, and their target genes of A. mellifera were
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analyzed. We investigated the relationship between differential miRNA expression and the
olfactory performance of honey bees. Several miRNAs were differentially expressed in S
and W learning honey bees. We screened out bees with different olfactory performances to
explore the potential miRNAs related to olfactory learning in honey bees, providing new
evidence for understanding the olfactory learning capabilities in honey bee brains.

2. Materials and Methods
2.1. Bees Preparation

Honey bees (Fengqiang No.1 Western honey bees, A. mellifera) were collected from
the experimental apiary at the College of Animal Sciences (College of Bee Science), Fujian
Agriculture and Forestry University. Sealed brood combs were extracted from three healthy
colonies from the same location, and emerging bees were marked and transferred to the
same hive. The sealed brood combs were confined in a cage and placed in a constant-
temperature incubator at +34 ◦C and 70% relative humidity. Emerging honey bees were
collected at 9:00 a.m. every day and marked with paints of different colors on their thorax.
The marked honey bees were then returned to their original hives. Once the marked honey
bees reached the age of 12 days, they were captured using a soft tweezer and placed in
an air-permeable glass bottle [32]. The bottle was placed in crushed ice to render the
honey bees motionless. Individual bees were immediately harnessed with a unique copper
tube. The honey bees could move their proboscis flexibly but could not rotate their heads
randomly. Finally, the fixed honey bees were placed in a constant temperature and humidity
incubator at +30 ◦C and 70% relative humidity for 1.5 h [33,34]. Then, the odor-associative
learning experiment was carried out.

2.2. PER Test and Olfactory Performance Evaluation

The bees were trained to discriminate a rewarding odorant (positive conditioned
odorant A or CS+) from a non-rewarding odorant (negative conditioned odorant B or
CS−) by a differential conditioning protocol during six trials (three CS+ trials and three
CS− trials) [35,36]. Each training bee was exposed to the two odorants according to the
pseudorandom order (ABBAAB). Before the start of training, a 50% sucrose solution was
used to select candidate bees for subsequent PER. The antenna of each harnessed honey
bee was touched with a drop of 50% sugar water (wt/wt), and the honey bee that did
not extending its proboscis to sugar water stimulation was discarded from the test [37].
A total of 309 sucrose responsive individuals were obtained and trained, and each honey
bee underwent six training trials. The sucrose solution was provided as a reward to the
PER honey bees when using 1-nonanol as odor A, and 1-hexanol as odor B was provided
as the control odor without the sucrose solution reward. The odor-learning training of
a single honey bee lasted 39 s. First, the harnessed bee was positioned in front of an
olfactometer (kindly provided by M. Giurfa, University of Toulouse, France) for 10 s before
the PER test and then placed in an airflow without any odor for 5 s. Subsequently, the
odor was supplied for 4 s as a conditional stimulus followed by a 2 s sucrose solution (30%)
presentation, with the odor and sugar being overlapped for 2 s (Figure S1). Finally, clean air
was given in the absence of other stimulations for 20 s to complete the trial. The intertrial
interval was 10 min [38]. The CS− trials followed the same sequence but no sucrose was
delivered during the odorant presentation. The olfactory performance of the honey bees
was assessed based on their PER to odor. In this study, honey bees were considered to
have achieved conditional-stimulus and unconditional-stimulus associative learning only
when they performed PER immediately and presented a strong ingestion action when their
antenna came into contact with the odor compound.

The olfactory performance of the bees was evaluated based on the individual acquisi-
tion scores obtained from the training on odor-association learning [39,40]. During training,
honey bees that responded to odor A obtained a value of 1, while in the absence of a
response a value of 0 was attributed. In the CS− trails, those that did not display PER for
odor B received a value of 0 while a value of −1 was attributed upon incorrect responding.
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The bees that responded to the CS− were not considered for the analyses (defined as the
fail-learners). The bees not responding to the sucrose at the end of the tests were discarded.
The total scores were calculated in the last two CS+ and two CS− trials. Therefore, the
score could vary between 0 and 2, where higher positive acquisition scores indicate efficient
learning performances [41]. Here, honey bees with a total acquisition score of 2 points
were considered to have a strong olfactory performance, and those with a score of 0 were
considered to have a weak olfactory performance. After training, the honey bees were
frozen in liquid nitrogen immediately, and their heads were collected and stored in an
ultra-low-temperature refrigerator at −80 ◦C for subsequent brain dissection.

2.3. Brain Dissections

The honey bee brains were dissected at low temperatures on dry ice, and the samples
were placed in RNase-free Eppendorf tubes with nine brains per tube with three biological
replicates being considered for each group. The brain sample of honey bees with strong
olfactory performance are denoted as S1, S2, and S3 (n = 3), whereas those of honey bees
with weak olfactory performance are denoted as W1, W2, and W3 (n = 3). Each group
comprised nine pooled samples (n = 54), which were randomly selected from the trained
bees. In miRNA validation, three pooled brain samples were prepared by the same method
we have mentioned above.

2.4. RNA Isolation

The total RNA was extracted from 9 bee brins pooled per samples using TRIzol
reagent (Invitrogen, Carlsbad, CA, USA) according to the manufacturer’s instructions.
The RNA degradation and contamination were monitored on 1% agarose gels. The RNA
purity was checked using the NanoPhotometer® spectrophotometer (IMPLEN, Westlake
Village, CA, USA). The RNA concentration was measured using Qubit® RNA Assay Kit in
Qubit® 2.0 Flurometer (Life Technologies, IMPLEN, Westlake Village, CA, USA). The RNA
integrity was assessed using the RNA Nano 6000 Assay Kit of the Agilent Bioanalyzer
2100 system (Agilent Technologies, IMPLEN, Westlake Village, CA, USA). To verify the
candidate miRNAs through qPCR verification the total RNA was extracted from three bee
brains pooled from each sample with three replicates from eight samples for each miRNA.

2.5. cDNA Library Preparation for Small RNA Sequencing

A total of 3 µg of total RNA per sample was used as input material for the cDNA library
construction. The sequencing libraries were generated using the NEBNext® Multiplex small
RNA Library Prep Set for Illumina® (Set 1) (New England Biolabs (NEB), Ipswich, MA,
USA), following the manufacturer’s recommendations. The clustering of the index-coded
samples was performed on a cBot Cluster Generation System using TruSeqSR Cluster Kit v3-
cBot-HS (Illumia) according to the manufacturer’s instructions. After the cluster generation,
small RNA library preparations were sequenced on an Illumina Hiseq 2500 platform and
150 bp single-end reads were generated. Each group represented a single small RNA library
of six small RNA libraries. Novogene Biotech Co., Ltd. in Beijing performed the small
RNA sequencing. The original data were uploaded to the NCBI SRA database (BioProject
No. PRJNA724895).

2.6. Quality Control and Assessment of Sequencing Data from Brains of Worker Sample

Perl scripts were used for quality control and location of sequencing data, which were
compiled independently by Beijing Novogene Biotech Co. Ltd., to obtain the unannotated
tags of miRNAs. The sequences of the unannotated tags were compared with those of the
reference genomes (assembly Amel_HAv3.1) of A. mellifera using Bowtie software [42,43].
The reads of the reference sequence were compared with sequences in the designated
range of miRBase20.0, to acquire the potential sRNAs and secondary structures, as well
as the sequences, length, and number of occurrences of the miRNAs in different samples.
The sRNAs were identified based on the annotation sequences using Repeat Masker and
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Rfam software. The transcript per million (TPM) algorithms were used to normalize
the read counts expression of the miRNAs in different sample distributions. The input
data for the DEmiRNAs for the read count data were collected through the analysis of
miRNA expression levels (Table 1). The DEmiRNAs were screened based on the criterion of
p-value < 0.05, |log2 fold change (FC)| ≥1) in accordance with a study based on DESeq2
with a negative binomial distribution [44].

Table 1. Quality control of data transcriptome.

Samples Raw Reads Clean Reads (%) Q20 Q30

S1 10944423 10582740 (96.70%) 97.47% 92.37%
S2 10485737 10250570 (97.76%) 97.28% 91.85%
S3 10421125 10207059 (97.95%) 97.47% 91.70%
W1 10715404 10466355 (97.68%) 96.92% 91.02%
W2 10781488 10427751 (96.72%) 97.12% 91.29%
W3 10715404 10466355 (97.68%) 97.00% 90.79%

2.7. DEmiRNA and Target Gene Analyses

The standard miRNA target prediction methods miRanda and RNAhybrid were
used to predict target genes, and common target genes between the two systems were
selected [45,46]. The results were represented as 1, indicating that the software predicted
the target gene, and 0, indicating that the software did not predict the target gene. Multiple
statistical tests were performed to identify the target genes after DEmiRNA identification.
The hypergeometric test/Fisher’s exact test with p-value < 0.05 was considered significantly
enriched, and the false discovery rate (FDR) correction method, which Benjamini and
Hochberg conducted to detect the most enrichment pathway terms. Gene Ontology (GO)
enrichment and KEGG enrichment analyses were performed on the sets of target genes of
the DEmiRNAs in accordance with the corresponding relationship between the miRNAs
and the target gene candidates. The GO pathway enrichment analysis of differentially
expressed genes was performed using the cluster Profiler R package Pheatmap in which
the gene length bias was corrected. The GO terms with a corrected p-value < 0.05 were
considered significantly enriched by differentially expressed genes, while KOBAS software
was used to test the statistical enrichment of the predicted target genes in the KEGG
pathways [47].

2.8. Stem-Loop RT-qPCR Verification of the Stem Rings of DEmiRNAs

The stem-loop RT-qPCR verification was performed for all 14 differentially expressed
miRNAs. The specific stem-loop primers, upstream primers, and universal reserve primers
were designed using miRNA Design software (Vazyme, Nanjing, China). Housekeeping
genes (U6) was used as an appropriate internal control to normalize the data and to calculate
the fold changes. The mQ primer R was chosen as the universal primer, and the primers
were synthesized using Sangon Biotech Co. Ltd., Shanghai, China. (Table S2). The extracted
RNA samples were reverse-transcribed using miRNA 1st Strand cDNA Synthesis Kit by
stem-loop, (Vazyme, Nanjing, China), and the acquired cDNA was used as the RT-qPCR
template. The reaction and primer concentrations ranged from 5 µL of the SYBR Green,
0.2 µL of the universal downstream primer at a concentration of 2 µmol/µL, 0.2 µL of the
universal downstream primer at a concentration of 2 µmol/µL, 1 µL of cDNA template,
and 3.6 µL of RNase-free H2O. The temperatures conditions were as follows: 95 ◦C for
5 min, 95 ◦C for 10 s, and 60 ◦C for 30 s for 40 cycles. The melting curve condition was
65 ◦C for 0.5 s and 95 ◦C for 0.5 s. The relative gene expression was calculated using the
2−∆∆CT method [48].

2.9. Statistical Analyses

The olfactory performance score was evaluated by counting the individual PER re-
sponses to the odor stimuli A and B, S with W learning. The RT-qPCR data statistical
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analyses were carried out using SPSS software (IBM) and GraphPad Prism5.0 software.
The data are presented as mean ± standard deviation. An independent-sample t-test was
used for the statistical analysis with a p-value ≤ 0.05. The GO-Seq (Release2.12) was used
for the GO enrichment analysis, and KOBAS (v2.0) was used for the KEGG enrichment
analysis and was defined as statistically significant.

3. Results
3.1. Quality Control

A total of 64,063,581 raw reads were produced from the six cDNA libraries, and
62,400,830 clean reads were obtained after strict quality control (Table 1). The percentage of
clean reads among the raw reads in each library ranged from 96.70% to 97.95%, with a mean
Q30 of 91.50%. The miRNA lengths mainly ranged from 18 to 35 nt and peaked at 22 nt
(Figure 1A,B). In this experiment, 12 day-old workers were chosen for odor-associative
learning training, and three replication groups were set. A total of 309 effective individual
bees were obtained. In total, 142 honey bees had a strong learning performance and
66 honey bees had a weak learning performance.
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193 common DEmiRNAs. (D) Differentially expressed miRNAs in the brain between strong olfactory
performance and weak olfactory performance based on the fold change (FC) and the significance
levels after correction.
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3.2. DEmiRNAs Analysis in the Honey Bee Brains

A total of 204 miRNAs were identified in the two groups of honey bees with different
olfactory performance (Figure 1A). They included 176 known miRNAs, 28 novel miRNAs
(Figure 1C) and 14 of which were differentially expressed miRNAs between S and W
(Figure 1D). Among these DEmiRNAs, seven were up-regulated (miR-184-3p, miR-2796-
3p, miR-210-3p, miR-87-3p, miR-124-3p, miR-275-3p, and miR-276-3p) in the S olfactory
performance group, and seven were down-regulated (miR-2944-3p, miR-9a-5p, miR-6062-
3p, miR-965-3p, miR-971-3p, miR-190-5p, and miR-12-5p) in the W olfactory performance
group. These 14 DEmiRNAs were known miRNAs is shown (Table 2 and Figure 2).

Table 2. Significant DEmiRNAs in the strong and weak olfactory performance with the number of
potential target genes.

DEmiRNAs ID Expression in S Expression in W log2 FC PADJ No. of Target Genes Regulation

miR-184-3p 166,586.70 138,351.60 0.68 0.0014 4 Up
miR-2796-3p 113,690 91,192.20 0.72 0.0029 5 Up
miR-210-3p 2515.80 2436.06 0.47 0.011 16 Up
miR-87-3p 64,093.11 60,828.32 0.50 0.021 2 Up
miR-124-3p 656.06 625.88 0.47 0.043 10 Up
miR-275-3p 1153.24 1145.67 0.43 0.043 5 Up
miR-276-3p 342,060.70 290,130.80 0.66 0.00014 4 Up

miR-2944-3p 73.30 144.29 −0.50 0.017 5 Down
miR-9a-5p 2139.77 4322.34 −0.55 0.017 2 Down

miR-6062-3p 5.14 17.06 −0.91 0.018 1 Down
miR-965-3p 15.60 38.94 −0.73 0.018 2 Down
miR-971-3p 84.34 184.89 −0.60 0.045 1 Down
miR-190-5p 1476.59 2226.80 −0.56 0.0018 0 Down
miR-12-5p 469.26 672.82 −0.49 0.0176 0 Down

Abbreviation: DEmiRNAs; differentially expressed microRNAs; S: refers to the honeybees with strong olfactory
performance; W: refers to the honeybees with weak olfactory performance; FC: fold change and PADJ: p-value
after adjustment.
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and S3), and weak olfactory performance was denoted as (W1, W2, and W3), which is based on
log10 transcript copies per million tags (TPM + 1) values, of the three groups of honey bee brains.
Based on the fold change (FC) and the significance levels after correction. The blue color represents
miRNAs with low expression, and the red represents miRNAs with high expression. The overall
distribution of differential miRNAs were analyzed from two aspects: Fold change (FC) and corrected
significance level. Levels were evaluated, and differential miRNAs were screened. When the sample
has biological replicates, the differential miRNAs are filtered by PADJ < 0.05. When the sample is not
biologically replicated, the number of differential miRNA will be large. In order to control the false
positive rate, q-value is required to combine with FC selection, difference of miRNAs filter condition
was the q-value < 0.01|log2 FC| > 1.

3.3. DEmiRNAs and Target Gene Predicted Functional Annotation

A total of 57 target genes were predicted for the 14 differentially expressed miRNAs
(Table 2). The annotation results of the GO database showed that these 57 target genes
were involved in 45 GO terms, including 20 biological processes (e.g., cellular response
to DNA damage stimulus, protein processing, and protein maturation), five cellular com-
ponents e.g., cation channel complex, ion channel complex, and 20 molecular functions
e.g., gated channel activity, ligand-gated ion channel activity, and ligand-gated channel
activity (Figure 3A).
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target genes of the DE miRNAs of Apis melliferra. The DEmiRNAs were identified through the com-
parison of honey bees with strong olfactory performance with those with weak olfactory performance.
The x-axis shows the GO term and the y-axis indicates the number of genes that were enriched in
the three categories (biological process, cellular component, and molecular function). (B) KEGG
database enrichment of potential target genes of the DE miRNAs of Apis melliferra were annotated to
13 pathways (Figure 3B). The scatter plot for KEGG enrichment results is shown in (Figure S2) and
the mot enriched pathway terms is shown in (Table S1).

3.4. RT-qPCR Verification of Bee Brain DEmiRNAs

The RT-qPCR further validated the relative expression levels of four DEmiRNAs is
shown in (Figure 4). The results showed that the variation trend of the expression levels in
the bee brains of these DEmiRNAs exhibited a similar trend between the qPCR results and
the sRNA-seq data. In the S vs. W comparison, miR-87-3p, miR-276-3p, miR-124-3p, and
miR-184-3p were up-regulated thus verifying the reliability of the sequencing results.
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Figure 4. qPCR verification of four DEmiRNAs. (A) Shows four small RNA Seq and (B) shows the
verified of the four miRNAs through qPCR. All 14 differentially expressed miRNAs were validated
through qPCR the results showed that only four miRNAs (miR-184-3p, miR-276-3p, miR-87-3p, and
miR-124-3p) were significantly associated with olfactory performance and memory. The relative
expression data between the strong and weak olfactory performance groups (S/W) were calculated
using 2−∆∆CT method. The data were analyzed using the independent sample t-test with p ≤ 0.05,
n = three pooled brains per sample and eight samples from each group. The stars represents the
significant level e.g., *, p≤ 0.05 and **, p≤ 0.005. The results of these four DEmiRNAs were consistent
with small RNA-Seq.
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4. Discussion

In this experiment, the olfactory performance of honey bees was evaluated based on
PER scores of odor association training. A high score was considered to be associated with a
strong learning performance in honey bees and was used to screen honey bees with different
capabilities [39,40,49]. In this study, we identified 14 differentially expressed miRNAs,
which were significantly associated with olfactory performance and memory after PER and
small RNA-seq technology, which showed that odor learning bees were strongly link to
changes in different miRNA levels after conditioning. To verify the candidate miRNAs the
specific primers (Table S2) were designed and 14 miRNAs were verified through qPCR. The
results of the qPCR showed that 14 miRNAs were differentially expressed between S and
W, one miRNA was not well amplified and was discarded from the statistical analysis, and
nine miRNAs were showed significant differences between S and W (Table S3). However,
based on the RNA-Seq only four miRNAs (miR-184-3p, miR-276-3p, miR-87-3p, and miR-
124-3p) were significantly associated with olfactory learning and memory and these four
miRNAs were consistent with the small RNA-Seq. Our findings provide information, new
insight, and revealed and identified four DEmiRNAs which may participate in the olfactory
performance and memory of honey bees.

In recent years, the role of miRNAs, and its participation in an insect’s neuromodula-
tion has been well demonstrated [24,26]. Through a sucrose response experiment, it was
found that in honey bees the overexpression of miR-279a may weaken responses to sucrose,
and miR-279a plays a vital role in the division of labor [50]. Using sRNA-seq technology it
was found that miRNA expression in the brains of honey bee individuals changed after
visual learning and detected 40 known DEmiRNAs, including miR-124, miR-210, miR-
971, and miR-9a. This result demonstrated that honey bees could induce a differential
expression of different miRNAs after learning performance, and that specific miRNAs may
participate in honey bee memory by regulating learning [27]. The mushroom bodies of
honey bee brains have significant levels of miR-276 expression [30]. The miR-2796 is highly
expressed in honey bee brains, and binds to the phospholipase C-coding region. Phospho-
lipase C is involved in the development and differentiation of mammalian neurons [51].
Hence, miR-2796 is speculated to be related to the behavioral plasticity of honey bees [52].
Behura and Whitfield discovered that miR-124, and miR-276 were up-regulated in nurse
bees, whereas miR-210 was up-regulated in foragers. The different expression patterns of
miRNAs between nurses and foragers indicate that miRNAs may play an important role
in age-related behavioral changes in honey bees [53]. These three miRNAs were highly
expressed in the samples with strong capabilities for a learner compared to a weak learner,
indicating that miRNAs may play a crucial role in honey bee olfactory performance.

PER is a standard method, as a training mode, in an odor-associative learning experi-
ment in honey bees [6]. The research suggests that honey bees less than 10 days old show a
poorer performance in the PER training tests [34]. In our investigation, all the experimental
bees were 12 days of age, did not become foragers, and were suitable for performing the
PER experiments upon [54].

The data analysis revealed that some may be related to olfactory performance. The
GO annotation and the KEGG enrichment analyses indicated that protein processing and
signal transduction were critical to odor-learning behavior. The KEGG database annotation
analysis of the target genes of DEmiRNA revealed that the two predicted genes (11.76%)
were involved in neuroactive ligand-receptor interaction pathways. This pathway is
divided into four subclasses according to ligand structure: class A (rhodopsin-like), class B
(secretin-like), class C (metabotropic glutamate/pheromone), and channels/other receptors.
The neuroactive ligand-receptor interaction pathway involves a set of receptors on the
plasma membrane. It participates in the regulation of neuronal plasticity, learning, and
memory [55]. The target genes that were annotated to the neuroactive ligand-receptor
interaction pathway were N-methyl-D-aspartic acid receptor 2 (NR2, ID: LOC412818) and
γ-aminobutyric acid (GABA) receptor subunit β (ID: LOC406124). Respectively, these
were the predicted target genes of miR-275-3p and miR-2796-3p, they were related to
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transcription variants and GABA receptors. The N-methyl-D-aspartate (NMDA) receptor
requires at least two subunits, NMDA receptor 1 and NR2, to function normally. These
subunits are found in the NMDA receptors of mammals and insects and are transmitted
by excitatory synapses in the brain and spinal cord [56]. NR2 recognizes glutamate and
its other analogs. It regulates activated receptors and is inserted into the presynaptic and
subsynaptic membranes. The NMDA receptors mediate olfactory learning and memory
in Drosophila melanogaster [57]. The NMDA receptors are highly prominent structural sites
in mushroom bodies that participate in nerve regulation [58,59]. The mushroom body is
a crucial component that regulates learning and memory in honey bees [60]. Therefore,
NR2 participates in the olfactory learning of honey bees. The GABA receptor subunit
β is the receptor subunit of GABA and is abundant in the CNS of animals [61–63]. In
honey bees, GABA is mainly released in the neurons of the antennal lobe and mushroom
bodies and is crucial for olfactory information processing [64]. In a study of the olfactory
loop, Hassani et al. described GABA and proved that GABA participates in olfactory
learning and memory formation [63]. Olfactory learning assays showed that honey bees
were more likely to learn a scent when it signaled a sucrose reward containing GABA
and that GABA significantly enhanced the collection performance [65]. The miR-2796 is
abundantly expressed in honey bee brains, and it is considered to be a key regulatory factor
in neuron differentiation and development [51]. Some studies have shown that miR-275
and miR-2796 is up-regulated in the brains of nurses and foragers, respectively [52]. Among
all of the miRNAs that were detected in the brains of honey bees, miR-2796 showed the
highest expression in the weak group but not in the strong group. However, the miR-190-3p
showed the lowest expression in the weak group. This expression pattern is thought to be
related to the regulation of the nervous system development in honey bees.

5. Conclusions

DEmiRNAs and their target genes in the brains of A. mellifera with strong and weak
olfactory performance were analyzed. The sequencing results revealed that 14 DEmiRNAs,
including seven up-regulated and seven down-regulated miRNAs, were significantly
different between the strong and weak learning performance groups. The expression
of these miRNAs were validated using RT-qPCR. Among the 14 miRNAs, 9 miRNAs
showed significant differences. The qPCR verification showed that four miRNAs were
significantly differentially expressed and may regulate the olfactory performance of the
honey bees. Meanwhile, 57 target genes were predicted based on the DEmiRNAs. The GO
and KEGG pathways from the target genes of the identified miRNAs are likely to regulate
the olfactory performance of the honey bees through the neuroactive ligand-receptor
interaction pathway. Our results demonstrated that the identified miRNAs may regulate
the olfactory performance of honey bees and provide the potential roles of miRNAs in the
honey bee brains, which is helpful in obtaining a more comprehensive knowledge of the
relationship between brain activity and bee behavior.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/genes14051000/s1, Figure S1: Honey bee demonstrating PER
after touching 30% sucrose solution with its antenna; Figure S2: Scatter plot for KEGG enrichment
results; Table S1: The most enriched pathway terms; Table S2: Primer sequences used for RT-qPCR;
Table S3: RT-qPCR verification of DEmiRNAs statistics result.
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