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Abstract – Honey bees are very important eusocial insects and are involved in the pollination of many plants.
Queen bees andworker bees can develop from the same fertilized eggs and are thus genetically identical despite their
substantial behavioral and physiological differences. The mechanism governing developmental differences between
worker and queen bees has always attracted much interest. While there are several reports on messenger RNA
(mRNA) expression related to caste differentiation or microRNA (miRNA) expression in one time point of caste
differentiation, no systematic investigation of the dynamic expression of small RNAs along with these two caste
development has, thus far, been carried out. In this study, we present the dynamic expression profiles of queen and
worker bee small RNAs and show caste-specific miRNA expression patterns between them, indicating that miRNAs
may be related to the differential development of worker and queen bee larvae. Results presented here will make a
valuable contribution to understanding of the caste switch between worker and queen bees.

honey bees / small RNAs / larvae development / caste determination

1. INTRODUCTION

The honeybee is a eusocial insect that exhibits
complete metamorphosis. In a bee colony, there
are normally three social classes: drones, workers,
and a single queen. The drones are haploid, short-
lived male bees that develop from unfertilized

eggs and normally make up 500–2000 individuals
in a normal hive. Worker and queen bees both
develop from fertilized eggs and are thus geneti-
cally identical despite their substantial behavioral
and physiological differences. Worker bees are
sterile, diploid females, which make up the bulk
of the hive (40–100 thousand individuals). They
have underdeveloped reproductive organs but
have keen sensory apparatus and a strong ability
to act as guards for the colony. The queen, on the
other hand, is larger in size with a longer life span
and has an extremely high reproductive capacity
(Evans and Wheeler 1999; Hartfelder et al. 2015;
Kamakura 2011; Leimar et al. 2012; Page and
Peng 2001; Shuel and Dixon 1960). Although
the proportion of queen bees in a colony is very
small, the generation of queens is not random. The
differentiation of queen bees is controlled by
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nurse bees (Moritz et al. 2005). After the third day
of larval development, differences in nutritional or
other environmental factors cause the develop-
ment of workers and queen larvae to take distinct
developmental paths (Dedej et al. 1998; Evans
and Wheeler 2001; Guo et al. 2013; Kucharski
et al. 2008). Artificial queens rearing with worker
larvae grafted from the fourth day or days later
would develop significantly decreased number of
ovarioles and basitarsal index (Dedej et al. 1998)
when compared to ones rearing from early stages,
showing that the age around 3.5 days is commit-
ted to the development of honey bee as either
worker or queen. The expression profiling of bee
larvae collected at six 1-day intervals from the
embryo stage to the middle of the fifth and final
instar suggested most gene-expression changes
associated with caste programs occurred at day 3
or later (Evans and Wheeler 2001), although the
expressional differences of genes between worker
and queen-destined larvae may happen at 6 h after
hatching (Cameron et al. 2013).

The mechanism governing the developmental
difference between worker and queen bees has
therefore attracted much interest. It has been
shown that ecdysone, juvenile hormone (JH),
TOR pathway, epigenetic modification,
royalactin, and insulin are all involved in caste
determination in insects (Capella and Hartfelder
1998; Hartfelder et al. 2015; Kamakura 2011;
Kucharski et al. 2008; Leimar et al. 2012; Patel
et al. 2007; Pinto et al. 2002; Wheeler et al. 2006).
During the third day, high levels of JH induce the
development of the queen caste, whereas low
levels of JH result in the development of other
worker castes. In addition, the sugar content in the
nutrition provided to the developing larvae affects
the rate of food intake in honey bee larvae, which
in turn affect corpora allata activity and switch in
caste determination. With gene functional experi-
ments, several groups reported the roles of the
single gene on the caste differentiation of two
bee sisters (Kamakura 2011; Kucharski et al.
2008; Patel et al. 2007). When TOR pathway for
queen-destined larvae was blocked by TOR inhib-
itor or siRNA, these queen-destined larvae would
develop worker characters and even emerge with
fully developed worker morphology (Patel et al.

2007). Royalactin was reported to induce queen
differentiation as well (Kamakura 2011) although
others have debated this (Leimar et al. 2012). In
contrast to the queen inducing genes, gene Dnmt3
has been shown to have a repressing role in the
process of queen differentiation, and the majority
of bee larvae with DNAmethyltransferase Dnmt3
know-down emerged as queens with fully devel-
oped ovaries (Kucharski et al. 2008).

MicroRNAs (miRNAs) are approximately 22
nucleotides (nt) long RNA molecules which regu-
late the activity of messenger RNAs (mRNAs) by
specific interactions with mRNA sequence ele-
ments (Bartel 2004; Farh et al. 2005). Mature
miRNAs are processed by RNase Dicer, an RNase
III endonuclease, from 70- to 90-nt long precursors
(pre-miRNAs), and regulate mRNA stability and
translational activity by guiding the RISC RNA-
protein complex to its target mRNAs through com-
plementary binding to specific sites on the 3′-UTR.
Femalemouse Dicer knock-out mutants are infertile
(Escalier 2008; Hong et al. 2008; Luense et al.
2009). In Drosophila , knock-out mutants of the
gene cluster comprising the miR-100, let-7, and
miR-125 genes display reduced fertility, motility,
and flight (Sokol et al. 2008). The microRNA ban-
tam regulates cell growth and proliferation, organ
and body size, and germ cell fate (Brennecke et al.
2003; Hipfner et al. 2002; Moberg and Hariharan
2003; Yang et al. 2009). ThemiR-210 is involved in
the production and development of Drosophila
ovaries and female gametes (Grun et al. 2005),
and miR-9a strongly influences wing development
(Biryukova et al. 2009).

Several studies about miRNA in honey bee
have been reported recently. Chen et al. surveyed
the miRNA expression of mixed RNAs from dif-
ferent development stages including egg, larva,
pupa, and adult by using high-throughput system
SOLiD, which opened the field of miRNA profil-
ing in bees (Chen et al. 2010). Later on,
Greenberg et al. and Liu et al. expression profiled
the miRNAs for nurse and forager bees by using
high-throughput system Illumina/Solexa in paral-
lel and found that, while not a large quantity, a
number of miRNAs were differentially expressed
between these two types of worker bees with
different division of labor (Greenberg et al.
2012; Liu et al. 2012). Zondag et al. found that
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28 % of known miRNAs could be expressed in
the early embryo (24–30 h), and these miRNAs
played roles in patterning segmentation (Zondag
et al. 2012). Shi et al. and Guo et al. demonstrated
that miRNAs were present in bee jellies and these
jelly miRNAs may play important functions in the
caste development of bees (Guo et al. 2013; Shi
et al. 2012). In addition, Shi et al. compared the
miRNA profiles between queen larvae and worker
larvae at 4 days old (Apis mellifera ) and found
that 37 miRNAs were differentially expressed
between these two castes in this specific stage
(Shi et al. 2015). However, until now, no system-
atic investigation of small RNAs has been carried
out regarding the dynamic changes of small
RNAs along with the caste differentiation. Here,
we describe high-throughput sequencing of small
RNAs expressed in the honeybee and the substan-
tial differences in the expression profiles of such
transcripts, which were found between develop-
ing worker and queen bee larvae.

2. MATERIAL AND METHODS

2.1. Preparation of honeybee colonies
and larval sample collection

Three apparently healthy 10-frame colonies of
“Zhenongda No.1”—a high-yielding royal jelly breed
of Apis mellifera ligustica (S. et al. 2002)— were
maintained at the Huajiachi campus of Zhejiang
University. In each colony, the queen laid eggs over a
period of 24 h in one empty frame which was subse-
quently moved to an egg-free super-chamber. After 66 h
(less than 18 hours after hatching), we transferred 150
larvae into queen cups to rear queens in each colony and
put the queen cup frames into their corresponding col-
onies. The 40–60 worker larvae and queen larvae were
collected from each colony after 4 days (73∼90 h after
hatching), 5 days (97∼114 h after hatching), and 6 days
(121∼138 h after hatching). The larval samples were
collected into 50-mL tubes, immediately frozen in liq-
uid nitrogen, and stored at −80 °C until being used for
RNA extraction.

2.2. Library construction and sequencing

Total RNA was isolated from larvae of queen and
worker bees on day 4, day 5, and day 6 using TRIzol,

respectively. To construct the small RNA library, equal
amounts of total RNA on day 4, day 5, and day 6 from
queen and worker bees were pooled together respec-
tively and were first size fractionated on a 15 % Tris-
Borate-EDTA (TBE) urea polyacrylamide gel, and the
18–30-nt fraction was excised. The gel slice was incu-
bated in 0.3 M NaCl with rotation at room temperature
for 4 h to elute the small RNAs. The eluted RNAs were
precipitated and washed using ethanol, and resuspended
in ultrapure water. Gel-purified small RNA molecules
were then ligated to 5′ RNA adapters using T4 RNA
ligase, and the ligation products were gel fractionated
and purified. 5′ RNA adapter-ligated small RNAs were
ligated to 3′ RNA adapters. The final ligation products
were purified, reverse-transcribed, and amplified by
PCR.Amplified products were gel fractionated, purified
on a 6 % polyacrylamide gel in TBE buffer, and then
eluted in 0.3 M NaCl with rotation at room temperature
for 4 h. The purified PCR products were then precipi-
tated using ethanol and resuspended in nuclease-free
water. These purified PCR products were then subjected
to Illumina 1G Genome Analyzer. The small RNA
expression profiling data used for this study have been
deposited in the Gene Expression Omnibus (GEO) and
are publically accessible through GEO (GSE52630).

2.3. Mapping small RNA reads

Before mapping small RNA reads, the low-quality
read (containing any number of base N or more than 4
bases with quality score lower than 10 or more than 6
bases with quality score lower than 13) and 5′/3′ adaptor
sequences were filtered and discarded. The remaining
reads were then mapped to the honeybee genome
(Consortium 2006) with SOAP (Li et al. 2008). Only
perfect matches were accepted, and these were stored
and used in the following analyses.

2.4. Recovery of known miRNAs by deep
sequencing

To recover the known miRNAs in miRBase13.0, we
downloaded the annotations of mature miRNAs and
miRNA precursors, and aligned all the small RNA reads
to miRNAs/hairpins from miRBase13.0 using BLAST
with an E -value threshold of 0.01. Since one miRNA
can be present in different isoforms, we used the sum of
the expression levels of all isoforms of a given miRNA
gene as a digital measure of its expression level.
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2.5. Annotation and classification of small
RNAs into different categories

In order to annotate the small RNAs against
known noncoding RNAs, we collected all noncod-
ing RNAs (ribosomal RNAs (rRNAs), transfer
RNAs ( tRNAs ) , sma l l n u c l e o l a r RNAs
(snoRNAs), and small nuclear RNAs (snRNAs))
from Rfam and NCBI. To classify these small
RNA reads, we aligned them to the above non-
coding RNAs (ncRNA) groups using BLAST with
an E -value threshold of 0.01 and no more than
two mismatches, and then classified them into
different categories according to the type of non-
coding annotation they matched to. After annotat-
ing these small RNAs, we collected all the re-
maining unannotated small RNAs and used
MIREAP to predict their likelihood of being
miRNA genes based on canonical hairpin structure
and energy. Since a given miRNA is present in
different isoforms, we took the predominant
miRNA isoform as the novel mature miRNA and
calculated its expression level as the sum of the
expression levels of all miRNA isoforms for that
miRNA.

To explore the location relationship between the
refGenes and known/novel miRNAs, we downloaded
the honeybee refGene dataset from UCSC (Kuhn et al.
2009) and compared the genomic distribution between
miRNAs and refGene loci.

2.6. Comparison of small RNA expression
levels between worker and queen
larvae

To explore the mechanism governing the differ-
entiation of worker larvae and queen larvae, we
need to identify the differences between worker
and queen small RNA profiles. The Audic and
Claverie test was used to determine the statistical
significance of differences in gene expression for
an individual gene between the two larval libraries
(Audic and Claverie 1997).

2.7. Prediction of miRNA targets

In animals, miRNAs can bind to the 3′-UTRs of
mRNAs, form miRNA-mRNA duplexes and block the

functions of the mRNAs. We predicted the miRNA
targets based on the 3′-UTR sequences of bee genes
using miRanda (Betel et al. 2008).

2.8. Measurement of the expression levels
of miRNAs by quantitative real-time
PCR

To measure the expression levels of miRNAs across
the different stages between two types of bee larvae, we
started with 2.5-μg total RNA for each sample (fourth
day queens, fifth day queens, sixth day queens, fourth
day workers, fifth day workers, and sixth day workers),
respectively. Reverse transcription and quantitative real-
time PCR was then performed using NCode™ First-
Strand cDNA Synthesis and qRT-PCRKits (Invitrogen)
according to the manufacturer’s protocol with dupli-
cates (Online Resource ESM 1). To analyze the
miRNA expression levels at different developmental
stages (day 4, day 5, day 6) in workers and queens,
theΔCT values for different developmental stages were
calibrated against the respective CT value of the day 4
sample in queens. qPCR results are presented as the fold
expression relative to the day 4 sample in queens as
performed in other study (Guo et al. 2013) unless oth-
erwise stated.

3. RESULTS

3.1. High-throughput sequencing of small
RNAs in queen and worker bee

We used the Illumina/Solexa high-throughput
platform (HTP) to sequence small RNAs from
fourth to sixth day worker and queen bee larvae.
After filtering out short- (<18 nt) and low-quality
reads, 7,487,282 and 6,820,812 small RNA reads
were left for worker and queen bee larvae, respec-
tively, which were used for further analysis
(Table I).

The length distribution of the small RNAs for
both worker and queen larvae peaked at 22 nt, as
is typical for animal miRNAs. The second peak at
16 nt was also evident in worker larvae. The
number of small RNAs of size 18–21 nt was
greater in queen larvae than in worker larvae,
while numbers of small RNAs of other lengths
were greater in worker larvae than in queen larvae
(Figure 1).
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Approximately ∼88 % of the small RNA
reads corresponded to annotated miRNAs,
around ∼2 % were tRNAs, ∼1.7 % were
rRNA fragments, ∼0.4 % were snRNAs,
and ∼0.04 % were snoRNAs. The remaining
∼12.4 % of the sequence reads did not cor-
respond to any annotated transcribed se-
quences (Figure 2a, b, Table I).

3.2. Honeybee miRNAs were mainly
derived from gene introns
and intergenic regions

The genomic positions and transcriptional
mode ofmiRNA loci are variable. MicroRNA loci
are found in intergenic regions, introns of coding
genes, and in rare cases also in overlapping coding

Table I. Summary of ncRNA annotation for small RNAs.

Workers Queens

Type Unique sRNAs Total sRNAs Unique sRNAs Total sRNAs

All reads 463,087 7,487,282 349,745 6,820,812

Match genome 77,762 2,920,574 43,127 3,192,491

Known miRNA 1,086 2,432,488 1,010 2,804,934

rRNA 2,568 48,195 2,296 52,063

tRNA 2,260 65,750 1,718 80,695

snRNA 715 11,143 423 5,882

snoRNA 83 1,293 58 976

Unannotated 71,050 361,705 37,622 247,941

Figure 1. Length distribution of total small RNA reads in worker and queen bee larvae.
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exons (Li et al. 2007; Rodriguez et al. 2004).
Genomic analysis of the honey bee miRNAs
showed that ∼40 % of bee miRNAs located in
intronic regions of protein coding genes and
∼40 % of bee miRNAs located in intergenic re-
gions of protein coding genes (Figure 2c, d).

3.3. Intronic miRNA loci
may be independently transcribed

Whereas intergenic miRNAs are generally de-
rived from independent precursors, intronic
miRNAs may either be spliced out from the host
gene pre-mRNA transcript or be processed from
an independently transcribed precursor (Ying and
Lin 2006). Comparison of the expression profiles
of intronic miRNAs and their host genes (unpub-
lished data) showed that, in general, less than

50 % of the intronic miRNAs were co-expressed
(i.e., detected simultaneously) with their host
genes. The expression levels of intronic miRNAs
were also poorly correlated (r=−0.01) with their
host genes, possibly suggesting that the expres-
sion of intronic miRNAs is generally not depen-
dent on host gene expression in honey bees.

3.4. Expression of known and novel
miRNAs

Fifty-eight honeybee miRNA genes are anno-
tated in miRBase version 13.0. HTP sequencing
of fourth- to sixth-day queen and worker bee
larvae small RNAs yielded transcripts corre-
sponding to 53 miRNA loci (Figure 3a).
The expression levels of these 53 miRNA

Figure 2. Component of small RNA libraries (a , b ) and genomic location of miRNAs (c , d ) in worker and queen
bee larvae. The distancewithin 2000 bases to transcription start site and end site of genes were defined as Bupstream^
and Bdownstream^; the distance longer than 2000 bases was designed as Bintergenic^ in c , d .
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loci varied considerably between queen and
worker bee larvae (Table II).

The miRBase v.13.0 does not annotate bee
complementary miRNAs (also known as
miRNA*s which originate from opposite arms of
the same stem-loop hairpin sequences as known
miRNAs and whose sequences are complementa-
ry to known miRNAs); however, of the 53 known
miRNAs, we discovered 52 miRNA*s comple-
mentary to these known miRNAs. In addition, we
also found substantial variation in miRNA* ex-
pression levels between the two small RNA librar-
ies, and in nine cases, the miRNA* expression
levels were even higher than those of the corre-
sponding miRNAs (Online Resource ESM 2).

In order to identify possible novel miRNAs
among the unannotated sequence reads, we fil-
tered out all small RNAs that were against known
ncRNAs. Around 71,050 and 37,622 newly iden-
tified small RNAs for worker and queen bee lar-
vae, respectively, were found in this study
(Table I), and these newly identified small RNAs
were then subjected to miRNA prediction. To
predict novel miRNA genes, we analyzed the
flanking sequences of all the above small RNA
loci for pre-miRNA hairpin structures. This result-
ed in the identification of 639 mature miRNA
candidates (representing 585 miRNA precursor
genes), of which 431 and 321 were present in
the worker and queen bee larvae, respectively
(Online Resource ESM 3). The comparison of
expression levels of known and novel miRNAs
showed that the expression of novel miRNA

candidates was much lower than that of the known
miRNAs.

In addition, these novel miRNAs showed
strong differences in expression profiles between
worker and queen bee larvae, and only 113 tran-
scripts were present both in queen and in the
worker bee larvae (Figure 3b). The remaining
526 miRNA candidates were only expressed in
the worker (318) or in the queen (208) bee larvae,
respectively, suggesting a possible relationship
between miRNAs and the differential develop-
ment of worker and queen bee larvae (Figure 3b).

Among the 639 miRNA candidates, there were
54 miRNA/miRNA pairs (Online Resource ESM
4 and ESM 5). This observation suggests that they
may be processed from the same precursor tran-
scripts via the miRNA pathway. The fact that their
precursor sequences would allow formation of
canonical pre-miRNA hairpin structures further
validates the results. In addition, 28 of the 585
novel miRNA gene candidates analyzed by
mirAlign were conserved in other organisms
(Wang et al. 2005); 202 of the 585 miRNA can-
didates were predicted to be “real”miRNAs using
miPred analysis (Online Resource ESM 3) (Jiang
et al. 2007).

3.5. Worker and queen bee larvae differ
in miRNA expression profiles

Worker and queen bee larvae showed substan-
tial differences in miRNA expression levels, for
example, the expression level of ame-let-7 in

Figure 3. Venn diagram of distribution of known miRNAs (a ) and novel miRNAs (b ) in worker and queen bee
libraries.
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queen larvae was twice that of worker bee larvae,
whereas the expression of ame-miR-263 in queen
larva was only one fifth of that in worker bee larvae
(Table II). By applying the Audic and Claverie test
(Audic and Claverie 1997), we found that 23
known miRNAs were expressed at significantly
higher levels (P<0.05) in worker than in queen
bee larvae and, by contrast, another 15 miRNAs
were expressed at significantly higher levels in
queen bee larvae than in worker bee larvae
(Table II). Weaver et al. had surveyed the miRNA
expression in a limited scale on 10 miRNAs iden-
tified by computational methods based on se-
quence homology and stem-loop scanning and
successfully showed that several of these
miRNAs had differential expression between
queens and workers in the abdomen, head, pupa,
and thorax (Weaver et al. 2007). Ame-miR-71 was
found to have far stronger expression in abdomen
of developing (pupal) workers than queens, while
this miRNA was significantly highly expressed in
worker larvae than in queen larvae by our small
RNA-sequencing as well (P=0). In contrast, ame-
miR-iab-4 was stronger in pupa of queens than
ones of workers, while this miRNAs was signifi-
cantly higher in queen larvae than in the worker
larvae (P=3.30E-82) (Weaver et al. 2007).

JH has been shown to play an important role in
the differential development of worker and queen
bees (Rembold et al. 1974). Dozens of JH-related
genes, which involved in JH signaling,

Table II. miRNAs differentially expressed between
workers and queens.

microRNA ID Workers Queens P value

ame-let-7 19,684 37,658 0

ame-miR-184 333,644 435,758 0

ame-miR-275 783,672 1,035,987 0

ame-miR-276 44,073 57,489 0

ame-miR-305 135,048 231,014 0

ame-miR-375 5784 18,879 0

ame-miR-996 91,839 111,412 0

ame-miR-iab-4 7368 9063 3.30E-82

ame-miR-279 6457 7758 5.63E-61

ame-miR-315 687 1313 6.74E-59

ame-miR-12 2840 3523 1.08E-34

ame-miR-317 8290 8949 8.09E-29

ame-miR-100 11,887 12,322 9.40E-24

ame-miR-79 1675 1809 5.12E-07

ame-miR-210 41 66 0.00375

ame-miR-13b 7181 2455 0

ame-miR-190 10,161 3862 0

ame-miR-263 15,091 3222 0

ame-miR-31a 115,613 59,518 0

ame-miR-71 67,126 31,223 0

ame-miR-92b 6444 1960 0

ame-miR-124 2743 550 1.60E-305

ame-miR-7 2873 996 2.32E-172

ame-miR-993 23,085 16,106 9.46E-151

ame-miR-2 6596 3835 8.73E-112

ame-miR-1 417,277 398,994 5.69E-106

ame-miR-14 3087 1854 7.31E-47

ame-miR-8 33,560 33,321 9.11E-29

ame-miR-252 2883 1958 5.35E-24

ame-miR-263b 243 71 5.38E-20

ame-miR-277 482 235 6.63E-16

ame-miR-133 141 46 1.02E-10

ame-miR-33 2830 2160 5.23E-10

ame-bantam 4375 3543 1.83E-07

ame-miR-87 407 277 0.000166

ame-miR-278 492 346 0.00021

ame-miR-10 752 564 0.000463

ame-miR-281 52 20 0.000642

ame-miR-283 26,992 24,267 0.135815

ame-miR-125 718 705 0.157232

ame-miR-219 2 0 0.286588

Table II (continued)

microRNA ID Workers Queens P value

ame-miR-932 8 4 0.346924

ame-miR-29b 78 61 0.37552

ame-miR-1000 37 41 0.386934

ame-miR-13a 65 67 0.476572

ame-miR-9a 2793 2497 0.49539

ame-miR-34 269 259 0.52374

ame-miR-316 29 30 0.623112

ame-miR-137 16 12 0.624774

ame-miR-927 261 229 0.680484

ame-miR-981 2 1 0.696444

ame-miR-92a 648 586 0.898942

ame-miR-282 1 1 0.93018
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biosynthesis, and metabolism, have been recently
identified in the honey bee genome (Bomtorin et al.
2014; Cheng et al. 2014). One of them is juvenile
hormone acid methyltransferase (NCBI Reference
Sequence database: XM_001119986), which is dif-
ferentially expressed during the caste differentiation
(Li et al. 2013). A putative AMP-binding enzyme
gene LOC726040 (XM_001121814) was detected
to be JH responsive and also differentially expressed
between queen and worker larvae (Barchuk et al.
2007). IAP2 (inhibitor of apoptosis 2,
XM_396819), which can block cell death in fruit
fly Drosophila melanogaster (Hay et al. 1995), may
be able to response to JH as well, because JH
affected the apoptosis of queen and worker ovaries
during caste-specific differentiation (Capella and
Hartfelder 1998). Given that genes related/
responsive to JH levels are extremely important
for the differential development of queen and work-
er bee larvae, we investigated miRNAs that might
potentially target these three genes. All the seven
miRNAs targeting the three genes mentioned above
except for ame-miR-12 (Online Resource ESM 6)
were expressed at low levels in queen bee larvae in
comparison to worker bee larvae. This finding is in
accordance with our hypothesis that the expression
levels of JH-related/responsive genes and the
miRNAs that potentially target them may show an
opposite changing pattern, suggesting an actual reg-
ulatory relationship between these two sets of genes.
In addition, there were numerous examples of
miRNAs that showed substantial variation in ex-
pression levels between queen and worker bee
larvae.

By small RNA sequencing of the mixture of
equal amount of RNAs on day 4, day 5, and day
6 from queen and worker bees as the first step, we
determined and screened the miRNAs expressed in
queen and worker bees at three larval stages and
approximately compared the expression differ-
ences between these two castes. In order to further
explore the dynamic expression variations along
with two caste development for queen and worker
bees, we subsequently used quantitative RT-PCR
(qPCR) to validate the expression of 23 known and
52 novel miRNAs in the fourth, fifth, and sixth day
stages in queen and worker bee larvae along with
the development time points. The qPCR results
showed that there was considerable variation in

miRNA expression both across stages and larval
types, respectively. For instance, the expression
level of ame-miR-1 in the fourth day worker bee
larvae was five times more than that of day 6
larvae, whereas in queen bee larvae, the expression
level of the same miRNA at the sixth day was
seven times more than that it the fourth day.
Comparison of the two larval types showed that
the expression level of ame-miR-1 in the fourth
day in worker bee larvae was 15 times that of the
same day in queen bee larvae (Figure 4a).
Moreover, the three miRNAs ame-miR-184, ame-
miR-283, and ame-miR-10 showed a gradual in-
crease in expression during queen bee larva devel-
opment but decreased over the same period in
worker bee larvae (Figure 4b, c). An opposite
expression pattern of miRNAs between queen
and worker bee was also demonstrated in ame-
miR-279, ame-miR-87, and ame-miR-276
(Online Resource ESM 7). In addition, there were
some other more complicated expression patterns
along with the caste development of bee larvae.
Twelve miRNAs including ame-bantam, ame-
miR-100, ame-miR-12, ame-miR-71, ame-miR-
263, ame-miR-277, ame-miR-14, ame-miR-190,
ame-miR-8, ame-miR-275, ame-miR-375, and
ame-miR-281 were shown to have a gradual de-
crease in expression during worker bee develop-
ment but were shown to have an increased expres-
sion from day 4 to day 5 followed by a decrease
from day 5 to day 6. For miRNA ame-miR-124
and ame-miR-305, the expression levels were
slightly higher on day 5 than on day 4 and reached
peak on day 5, followed by a decrease from day 5
to day 6 during worker bee development; the ex-
pression of these two miRNAs increased from day
4 to day 5 but kept similar level or was slightly
dropped from day 5 to day 6 in queen bee (Online
Resource ESM 7). Additional examples of distinct
miRNA expression profiles could be found in
Online Resource ESM 7 and ESM 8.

For the JH-related miRNAs, we performed
qPCR to detect expression profiles of four of them
in day 4, day 5, and day 6 worker and queen larvae
(Online Resource ESM 9). All of these four
miRNA genes reached the highest expression
levels in day 4 worker bee larvae, and their expres-
sion gradually decreased from day 4 to day 6. In
queen bee larvae, these four miRNAs showed
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Figure 4. Expression levels of ame-miR-1 in workers and queens (a ), ame-miR-184/ame-miR-283/ame-miR-10 in
workers (b ) and queens (c ) measured by qPCR. All concentrations are scaled to 1 on day 4 in queens.
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slightly different expression patterns, and the ex-
pression levels of miRNAs including ame-miR-12,
ame-miR-263, and ame-miR-277 targeting gene
JH acid methyltransferase increased from day 4
to day 5 yet decreased from day 5 to day 6;
however, ame-miR-283 targeting JH-responsive
metabolic enzymes of AMP-binding enzyme had
an increased expression from day 4 to day 5 and
then had similar expression levels or a slight in-
crease in expression from day 5 to day 6. When
comparing the expression of these miRNAs be-
tween worker and queen bee larvae, we can
hypothesize that these JH-related miRNAs
play critical roles in worker larvae at day 4
but seem to have greater influence on queen
bee development at day 5.

4. DISCUSSION

Several aspects including ecdysone, juvenile hor-
mone (JH), TOR pathway, epigenetic modification,
royalactin, and insulin have been reported to func-
tion in caste determination of worker and queen bee
(Capella andHartfelder 1998; Hartfelder et al. 2015;
Kamakura 2011; Kucharski et al. 2008; Leimar
et al. 2012; Patel et al. 2007; Pinto et al. 2002;
Wheeler et al. 2006). We previously showed that
miRNAs in jellies could influence the caste deter-
mination of worker and queen bee larvae (Guo et al.
2013). Here, we have profiled the small RNAs of
fourth to sixth day worker and queen larvae using
deep sequencing and qRT-PCR to explore the
mechanism of caste determination and found that
53 knownmiRNAs were expressed in the early and
critical caste developmental stages of bees, a num-
ber of which were shown higher in either queen or
worker larval bees than the others, respectively. The
qPCR results further demonstrated the dynamic
expression patterns of those miRNAs along with
caste development of queen and worker bees. Three
JH-related/responsive genes were reported to play
important roles in queen development and were
upregulated in the queen bee (Barchuk et al. 2007;
Capella and Hartfelder 1998; Hay et al. 1995; Li
et al. 2013). Juvenile hormone acid methyltransfer-
ase (JHAMT ) is an enzyme involved in the final
steps of JH biosynthesis in bee, and its expression
level was found to be highly correlated with the
rates of JH biosynthesis (Li et al. 2013). When

analyzedwith qPCR from early larval stage to initial
pupal stage (day 2, day 3, day 4, and day 5), our
group has shown that JHAMT was more abundant
in queens than that in workers in almost all the
stages we analyzed, and it was most highly
expressed in day 5 queens which was about 100
times higher than that in workers at the same stage
(Li et al. 2013). By miRNA target analysis, we
found that JHAMT could be regulated by miRNA
ame-miR-263, ame-miR-263b, ame-miR-277, and
ame-miR-33, and all these miRNAs were 1.3∼4.7
times more highly expressed in workers than that in
queens by small RNA sequencing. The additional
qPCR analysis for ame-miR-263 and ame-miR-277
in day 4, day 5, and day 6 further confirmed their
overexpression in workers and also showed that
both miRNAs were highest in day 4 workers, indi-
cating that the highest expression of these miRNAs
may to greatest extent repress the expression of
JHAMT and subsequently limit the production of
JH in day 4, and principally commit larvae bee to
develop toward workers. Ame-miR-277 also targets
gene LOC726040 (JH‐responsive metabolic en-
z y m e s o f AM P ‐ b i n d i n g e n z y m e ,
XM_001121814), which was reported significantly
higher in queen larvae than that in workers and
could be induced in worker larvae when treated
with JH (Barchuk et al. 2007). Other miRNAs that
could target LOC726040 include ame-miR-283 and
ame-miR-31a, which were found to be higher in
workers than ones in queens as well. Another JH-
responsive gene is inhibitor of apoptosis 2 (IAP2,
XM_396819) that could be targeted by ame-miR-
12 and ame-miR-33 (Capella and Hartfelder 1998;
Hay et al. 1995). This suggests that miRNAs and
their targeted mRNAs co-regulate the caste differ-
entiation of workers and queens.

In addition to the JH-related miRNAs, some
other miRNAs including miRNA let-7, miR-100,
miR-125, and miR-184 may play important func-
tions in caste and development of bees as well.
The loss of one or multiple of them inDrosophila
induced the adult behavioral deficiencies in ovi-
position, fertility, and oogenesis (Iovino et al.
2009; Sokol et al. 2008). Since there are obverse
discrepancies between workers and queens in
adult behaviors such as flight, motility, oviposi-
tion, and fertility, we could hypothesize that
miRNA let-7, miR-100, and miR-184 may play
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crucial roles in the caste switch in bees as JH-
related miRNAs.

Our study has demonstrated the dynamic expres-
sion of miRNAs in the three key stages of bee caste
differentiation and the distinct expression patterns
of miRNAs between the two caste sisters; neverthe-
less, there are two limitations. First, the intervals of
day 4, day 5, and day 6 are very crucial time points
to investigate the miRNA variation in the differen-
tiation of caste development; however, the addition-
al sampling time points earlier from day 1 to day 3
and later after day 6 will be of worth to expression
profile as well and compare with the three sampling
time points we took. Second, no functional test of
miRNAs we proposed to be relevant to the caste
differentiation was performed in the current study.
Therefore, the future coming expression profiling of
wide stage span and functional study of miRNAs
needs to be investigated.

5. CONCLUSIONS

We have systematically profiled the dynamic
expression of small RNAs in worker and queen
bee larvae by high-throughput sequencing and
qPCR and have found a number of miRNAs that
are differentially expressed between worker and
queen larvae. Specific expression patterns and large
discrepancies across small RNA profiles between
worker and queen larvae indicate that small RNAs
are potentially related to the differential develop-
ment of worker and queen bee larvae. This study
provides helpful information for exploring the caste
switch between worker and queen bees and pro-
vides a solid foundation for investigating caste
mechanisms in eusocial insects.
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