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with differences in brain microRNA transcriptome
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Small, non-coding microRNAs (miRNAs) have been
implicated in many biological processes, including the
development of the nervous system. However, the roles
of miRNAs in natural behavioral and neuronal plas-
ticity are not well understood. To help address this
we characterized the microRNA transcriptome in the
adult worker honey bee head and investigated whether
changes in microRNA expression levels in the brain are
associated with division of labor among honey bees, a
well-established model for socially regulated behavior.
We determined that several miRNAs were downreg-
ulated in bees that specialize on brood care (nurses)
relative to foragers. Additional experiments showed that
this downregulation is dependent upon social context;
it only occurred when nurse bees were in colonies that
also contained foragers. Analyses of conservation pat-
terns of brain-expressed miRNAs across Hymenoptera
suggest a role for certain miRNAs in the evolution of the
Aculeata, which includes all the eusocial hymenopteran
species. Our results support the intriguing hypothesis
that miRNAs are important regulators of social behavior
at both developmental and evolutionary time scales.
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Diverse small, non-coding RNAs play a role in controlling gene
function (Djuranovic et al. 2011; Fabian et al. 2010; Stefani
& Slack 2008). Generally, approximately 22 nucleotides
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long, microRNAs (miRNAs) are thought to repress protein
production either by promoting mRNA degradation or by
inhibiting translation (Huntzinger & lzaurralde 2011; Stefani
& Slack 2008). miRNAs are pleiotropic, and an individual
miRNA can inhibit the translation of many mRNAs (Selbach
et al. 2008).

miRNAs affect a wide variety of biological processes
including regulation of cell proliferation and apoptosis and
tumor suppression (Brennecke et al. 2005; Nolo et al. 2006),
and are thought to potentially function as developmental
switches (Stefani & Slack 2008). Furthermore, findings
indicate that miRNAs also play an important role in regulating
gene expression in the nervous system (Ashraf & Kunes
2006; Ashraf etal. 2006; Cao etal. 2006; Perkins et al.
2007), including behavioral responses to drugs (Chandrasekar
& Dreyer 2011; Schaefer etal. 2010) and mammalian
synaptic plasticity (Schratt 2009). While roles for miRNAs
in development and pathological states are well established,
how miRNAs influence natural behavioral plasticity has not
been investigated thoroughly (Warren et al. 2010).

The honey bee (Apis mellifera) serves as an excellent
model to study the role of genes affecting natural behavioral
plasticity because of the well characterized, age-related
division of labor (DOL) displayed by worker bees. Soon
after eclosion, bees assume brood care (nursing) functions
in their colony (Ben-Shahar et al. 2000, 2002, 2003, 2004,
Ben-Shahar & Robinson 2001; Fahrbach & Robinson 1995;
Leoncini etal. 2004; Whitfield etal. 2003, 2006). After
about 1 week, bees begin to assume new roles, such as
storing and processing food (e.g. turning nectar into honey).
Most bees begin foraging for pollen and nectar at around
3 weeks of age (Ben-Shahar 2005; Fahrbach & Robinson
1995; Leoncini et al. 2004; Whitfield et al. 2006). In addition
to this basic pattern, honey bee behavioral maturation
also is flexible and depends on the needs of the colony,
which relate to colony age demography (Huang & Robinson
1996). Honey bee behavioral maturation is associated with
changes in expression of many genes (Grozinger etal.
2003; Whitfield et al. 2003, 2006), and proteins (Wolschin
& Amdam 2007) in the brain. Taking advantage of this
powerful behavioral model, we hypothesized that differences
in miRNA expression levels in the brain are associated with
behavioral maturation.

Currently, information about miRNA expression in honey
bees is limited in scope. Previous work investigated
differences in mMiIRNA expression associated with DOL
(Behura & Whitfield 2010), relying only on predicted,
rather than experimentally characterized, miRNA sequences,
especially miRNA precursor sequences, which, given
the extensive processing mMiRNAs undergo during their
maturation (Kim 2005), may have different expression
patterns from mature miRNAs. Other studies cataloged
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miRNA expression across different honey bee developmental
stages, but did not focus on brain-related expression or DOL-
related differences (Chen et al. 2010). Although some recent
studies have investigated the tissue specificity of certain
miRNAs and characterized their neuroanatomic localization
within the bee brain, no associations with behavior have
been reported (Hori et al. 2011). Thus, any potential role for
miRNAs in regulating honey bee DOL remains unclear.

In this investigation, we used next-generation sequencing
and northern blot analyses to perform the first comprehen-
sive analysis of brain expression levels of specific miRNAs
in association with DOL. We also performed bioinformatics
analyses to study the conservation of these miRNAs across
animal species, especially insects. Results of these analyses
together provide a portrait of behavior-related miRNA activity
at both the developmental and evolutionary time scales.

Materials and methods

Honey bee collections and colony assembly
Bees were obtained from colonies maintained with normal
beekeeping practices at the University of lllinois Bee Research
Facility, Urbana, IL. Nurses and foragers were collected from typical
colonies derived from queens mated naturally (with many males) as
previously described (Whitfield et al. 2003). In typical colonies, nurses
are roughly one week old or less, and foragers are 3—4-weeks old.
With honey bees it is possible to uncouple behavioral maturation
and chronological age. To collect nurses and foragers that were of the
same age, we utilized the single-cohort colony (SCC) technique as
previously described (Ben-Shahar et al. 2002, 2004; Whitfield et al.
2003). In short, we obtained 1-day-old bees by removing honeycomb
frames containing sealed brood from colonies and placing them in a
laboratory incubator set to 33°C. Each SCC (N - 3) was made with
approximately 1000, 1-day-old bees, an unrelated (naturally) mated
queen, an empty frame in which the queen could lay eggs, and a
frame containing some honey and pollen that served as the initial food
supply for the colony, all placed in a small beehive. One-day-old bees
were marked with a paint dot on their thoraces. The absence of older
bees in a SCC induces precocious foraging behavior as early as about
7 days of age. We collected young foragers from SCCs at around 1
week of age, along with normal-age nurses of the same age. After
these collections, frames containing sealed brood were periodically
removed and replaced by empty ones to prevent the emergence of
any new bees. As a result, some older workers continued nursing
behavior at ages when they would normally begin foraging. We
collected these over-age nurses when they were around 3-4-weeks
old, along with foragers of the same age.

Small RNA library construction

Small RNAs were gel-purified from 100 pg total RNA isolated from
nurse and forager heads, and separate nurse and forager libraries
were constructed as previously described (Lu et al. 2007). Deep
sequencing of the small RNA libraries was carried out at lllumina Inc.
(San Diego, CA, USA).

Initial processing of sequencing data

Each of the two small RNA sequencing libraries was processed
independently. Raw sequence reads were first processed to remove
reads with no 3’ sequencing adaptor, of low quality, or shorter than
17-nt. The adaptor trimming was performed by an in-house method.
If a raw sequence read did not have a substring of the sequencing
adaptor longer than 6-nt, it was considered to have no adaptor.
The adaptor-trimmed, high-quality sequence reads were referred to
as qualified reads. The qualified reads were then mapped perfectly
with zero mismatches to the honey bee genome using Bowtie
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(Langmead et al. 2009), either to 3’- and 5'-UTRs (Consortium 2006)
or in intergenic, intronic or exonic regions, using known miRNAs
listed in miRBase (Kozomara & Griffiths-Jones 2011) and previously
identified miRNAs in the honey bee genome (Chen et al. 2010).

Identification of novel miRNAs

A list of genomic loci that adaptor-trimmed sequence reads mapped
to with no mismatches were first obtained. The loci of known miRNAs
were removed from the list. The remaining loci were processed to
merge neighboring loci if they were adjacent to one another within 30-
nt. The folding structures of the (merged) loci were then examined.
As the average length of a miRNA precursor in animals is around
80-nt, 100-nt was used as the length of putative pre-miRNAs in our
analysis. At each genomic locus to be analyzed, a series of DNA
sequence segments covering the sequence reads were extracted
for secondary structure analysis. The starting sequence segment
extended 220-nt upstream of each merged locus, and subsequent
segments were extracted by a sliding window of 100-nt, with an
increment of 30-nt, until the window reached 220-nt downstream of
the merged locus. Each of these 100-nt segments was folded by
the RNAfold program (Hofacker 2003). Segments lacking stems of
at least 18-nt or segments lacking sequencing reads that mapped to
any of their stems were excluded. Finally, candidate miRNAs were
chosen based on the following criteria: (1) occurrence of sequencing
reads on the arms of a predicted hairpin structure; (2) number of the
peak read on a predicted hairpin is greater than 10; (3) presence of
a possible miRNA* sequencing read; and (4) presence of possible 2-
or 3-nt 3" overhangs on the miRNA/mMiRNA* duplex. The rationale for
these criteria is that miRNA precursors are known to be processed
by RNase Il enzyme, Dicer, yielding a duplex of approximately 22-nt
miRNA/MIRNA* duplexes with 2 to 3-nt 3’ overhangs (Cullen 2004;
Filipowicz et al. 2005; Lund et al. 2004; Zeng & Cullen 2004).

Detection of miRNA expression and normalization

of expression levels

Qualified reads were mapped to the genomic loci of annotated
miRNAs with perfect matches. The total number of the mapped
reads that start within the interval of six nucleotides centered around
the annotated starting position of a miRNA sequence was then
taken as the raw expression level of the miRNA. The miRNA raw
expression levels were then normalized under the assumption that
the total amount of small RNAs in a cell was a constant. Let m be
the total number of sequencing reads mapped to the genome, n be
the constant total number of small RNAs in the cell, and w be the
raw expression level of a miRNA. The normalized expression level of
the miRNA is then w*n/m.

Phylogenetic analysis

To investigate whether specific mature miRNA sequences were
present in genomes of other species we performed BLAST searches
with default parameters against reference genomes, using the NCBI
database. We considered a sequence ‘conserved’ in a given species
if an identical sequence was found, or if a sequence missing by up to
two bases at the ends was found. This criterion was based on recent
studies, which indicated that in animals the ‘seed’ sequence, which
determines miRNA binding specificity is typically found in the middle
of the small RNA (Bartel 2009; Brennecke et al. 2005; Brodersen &
Voinnet 2009). We considered a sequence ‘similar’ to the gene in
question if it was the same length, but had a base substitution in
the middle of the sequence. If no such matches were found, we
considered a gene ‘not present’.

RNA isolation and expression profiling

Individual brains were dissected on dry ice (Ben-Shahar et al. 2002).
Trizol Reagent (Life Technologies, Grand Island, NY, USA) was used
to extract total RNA according to the manufacturer’s instructions.
For head tissue comparisons, brains and hypopharyngeal glands
were dissected from six freshly collected forager heads in chilled
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phosphate-buffered saline, and then pooled into three groups by
tissue (Brain, Gland, rest of head carcass). Northern blot analyses
were performed as previously described (Valoczi et al. 2004) except
that probes were standard DNA oligos (IDT, lowa City, IA, USA)
labeled with DIG (Roche, Indianapolis, IN, USA).

For mRNA reverse transcription (RT), random hexamers and
SuperScript Il (Life Technologies, Grand Island, NY, USA) were used
according to manufacturer’s instructions. A 0.34 mg of RNA was
used per sample (N = 4 per group).

An Applied Biosystems 7500 Real Time PCR System and Applied
Biosystems PowerSybr Green PCR Master Mix were used for
strand amplification and measurement. Baseline and threshold
cycle numbers were determined automatically according to default
parameters, unless otherwise noted. To ensure assay specificity,
dissociation curves were run for each primer set according to default
parameters. Technical triplicates were performed for each sample,
and technical replicates were generally discarded if they differed by
more than 0.5 cycles from the sample’s average C;.

For each new set of cDNAs generated, loading controls were
tested along with experimental samples to account for technical
errors introduced by the RT step. The C; value for the loading control
was subtracted from the C; value for the sample to obtain each
sample’s corrected C; value (Ben-Shahar et al. 2002). For miRNA
expression, U6snANA was used as a loading control (Li et al. 2009;
Marsit et al. 2006; Tazawa et al. 2007). For mRNA expression, the
geometric mean of actin and elFS-8 was used as a loading control
(Fischer & Grozinger 2008; Vandesompele et al. 2002). To calculate
relative expression levels different behavioral groups, we set the
nurses group in each colony as a calibrator. The calibrator was given
a value of 1, allowing the other sample to be reported as an n-fold
difference relative to the calibrator. Relative values were calculated
for the other genes as 2~(¢v=%), where Cx is the corrected C; value
for the calibrator and Cy is the corrected C; value for the group being
compared to the calibrator (Shpigler et al. 2010).

miRNA target prediction

To identify possible target sequences of ame-miR-2796 in PLC-
epsilon transcripts, we used the RNAhybrid algorithm (Rehmsmeier
et al. 2004), which provided us with a single predicted site of
interaction with a minimum free energy.

Statistical analyses

Statistical analyses were performed using SPSS version 16 (IBM,
Armonk, NY, USA). Independent-sample t tests were performed to
determine the significance of nurse—forager differences within each
colony. In interpreting the results of the t tests, equal variance was
assumed for both groups. To test for the overall effects of age and
task on the expression levels of each mRNA, two-way analyses of
variance were performed. Significance was set at P < 0.05.

Results

The honey bee head miRNA transcriptome
We obtained 7.3 and 6.7 million raw sequencing reads
from small RNA libraries from forager and nurse heads,
respectively. After filtering out low-quality reads and adapter
trimming, there remained 6.7 and 6.1 million qualified reads
for foragers and nurses, respectively, for downstream
analysis (Fig. S1). We mapped the qualified reads to various
parts of the honey bee genome and to known and novel
miRNAs (Table S2). Overall, 2.0 and 0.6 million reads were
perfectly mapped to known and novel miRNA precursors
from the forager and nurse libraries, respectively.

We observed that the majority of the reads mapped to
miRNAs are of 22-24nt (Figs S1 and S2), and have an over-
whelming U bias at the first nucleotide in the nurse library,
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which is in accordance with canonical miRNAs (Bartel 2004),
while the forager library has a G bias at the first nucleotide
(Fig. S2). A close inspection of the results showed that the
dominating G at the first position for the forager library was
from ame-miR-2796 (about three times more abundant in
the forager library than in the nurse library, see 'Expression
of miRNA processing proteins’ section for details).

Seventeen novel miRNAs were identified from the two
small RNA sequencing libraries (see 'Methods’ section).
Combining the 17 novel miRNAs with those previously
reported for honey bees (Chen etal. 2010; Weaver et al.
2007) resulted in a total of 97 annotated miRNAs that were
expressed in the heads of honey bees in nurses, foragers, or
both (Tables S3, S4).

We next analyzed the genomic distribution of novel
miRNAs. Six out of 17 (35.3%) novel miRNAs reside in
intronic regions (Table Sb). Interestingly, the precursor of
ame-miR#36 can be aligned perfectly to the entire region of
the third intron of the /tpr1 gene. Furthermore, the 3’-end
of mature ame-miR#36 matches the acceptor site of the
exon—intron splice junction of this gene. These findings
suggest that ame-miR#36 is potentially a miRtron and could
undergo non-canonical processing by the splicing machinery
instead of by Drosha (Ruby etal. 2007). The remaining
novel MiRNAs are intergenic or overlap with introns in an
antisense orientation. Notably, the genomic distribution of
novel mMiRNAs is similar to that of mammalian miRNAs (Olena
& Patton 2010).

miRNA conservation
Owing to the general conservation of miRNA functions
between taxa, we expected that many of the miRNA
genes present in honey bees would be also conserved
in other species. To test this hypothesis, we performed
a phylogenetic analysis testing the extent to which the
miRNAs identified in the honey bee head are conserved
in other insects, as well as in two out-groups represented by
the round worm Caenorhabditis elegans, and the laboratory
mouse, Mus musculus. For miRNAs that had single-base
changes mid-sequence in a given species, we considered
the gene ‘similar’, but not ‘identical’. Our search criteria were
conservative, thus the true degree of conservation is likely to
be higher than what we report here. Nonetheless, the results
from this analysis showed varying degrees of conservation
among miRNAs (Fig. 1a). For instance, one gene, ame-miR-
124, is conserved across insects as well as C. elegans and
M. musculus. Eight other miRNAs are conserved across
insects but are missing in C. elegans and M. musculus.
The well-studied let-7 gene (Pasquinelli et al. 2000; Reinhart
et al. 2000; Wulczyn et al. 2007), is highly conserved in many
species, but is missing in the body louse Pediculus humanus
corporis. Similarly, bantam, a well-conserved miRNA in the
Drosophilalineage, is not present in several insect species, as
well as in the roundworm and the laboratory mouse (Fig. 1a).
Our analysis also identified 25 miRNAs that appear to be
Hymenoptera specific, i.e. present only in A. mellifera and
the parasitic wasp Nasonia vitripennis, of which 20 were
honey bee specific (Fig. 1b). The recent sequencing of the
genomes of several additional eusocial insects, all belonging
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to the monophyletic Aculeata group within the Hymenoptera,
allowed us to ask whether honey bee-specific miRNAs
might be associated with eusocial traits. To investigate this
question, we examined the conservation of 20 miRNAs
identified above as honey bee specific in four other
eusocial hymenopteran genomes (Apis florea—Asian dwarf
bee; Bombus terrestris — bumble bee; Atta cephalotes —
leafcutter ant; Camponotus floridanus — carpenter ant), as
well as in the genome of the non-social parasitic wasp,
Nasonia longicornis, as an additional comparison to a
non-social Hymenopteran. A total of 19 out of the 20
miRNAs that initially appeared to be honey bee-specific were
also identified in the genomes of other eusocial insects.
Furthermore, five miRNAs were conserved in all eusocial
hymenoptera we examined and found in no other species.
None of these 20 miRNAs were identified in N. longicornis
consistent with the fact they were not identified in Nasonia
vitripennis, also a non-social wasp (Fig. 1b).

miRNA expression

We first used RNA sequencing analysis to catalog all
miRNAs expressed in the honey bee head, which includes
neural, muscle, and glandular tissues, in order to obtain a
comprehensive view of the honey bee miRNA transcriptome.
Our analyses of the expressed miRNA reads from the head
libraries suggested that the majority of transcripts were
biased toward one of the two behavioral states, nursing or
foraging. However, to establish a more direct connection
between miRNA differential expression and behavior we
focused our detailed analysis specifically on the brain
transcriptome. Subsequently, we further investigated the
hypothesis that some miRNAs are specifically associated
with honey bee division of labor using northern blot analyses.
We compared brain miRNA levels from nurses and foragers
from SCC colonies composed of only young or old bees, to
separate effects of behavioral maturation and age.

Out of the 97 miRNAs that were identified in the bee head
(Table S1), we chose to further analyze five specific miRNA
genes. All of these genes were highly expressed in the bee
head and four appeared to be strongly regulated according to
the RNA sequencing data. ame-miR-184 and ame-miR-2796
appeared upregulated in foragers, and ame-miR-1 and ame-
miR-275 appeared upregulated in nurses. Bantam appeared
to occur at similar levels in nurses and foragers.

Results from northern blot analyses showed that four of
the five miRNAs we tested showed increased expression in
forgers relative to nurses in both typical and old SCCs (Fig. 2).
These findings are consistent with the RNA sequencing
data for ame-miR-2796 and ame-miR-184, but contradict
the RNA sequencing data for ame-miR-275 and Bantam.
Similar discrepancies between next generation sequencing
and northern blot analyses have been reported in other
systems as well (Baker 2010; Zhang et al. 2011). In contrast,
miRNA expression in young SCCs appeared unchanged. We
were not able to detect a quantifiable signal from ame-miR-1
by northern blot analysis, suggesting its expression in the
brain is very low. These results suggest the possibility that
at least some of the miRNA genes we have examined are
regulated in opposite directions in different tissues (brain
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vs. other head tissues) during the transition from nursing to
foraging behavior.

Expression of miRNA processing proteins

The global changes we observed in miRNA levels between
nurses and foragers could have arisen from differences
in rates of transcription, processing of the pri-miRNA or
pre-miRNA, or stability of the mature miRNAs. To explore
this possibility, we examined the expression of the miRNA
processing proteins, Dicer, Drosha and Exportin (Esquela-
Kerscher & Slack 2006). We used gRT-PCR to measure
the relative differences between nurse and forager brain
expression in typical, young, and old colonies for each of
these miRNAs. Overall, expression of the miRNA processing
proteins was not associated with behavior, with the
exception of Exportin 5, which was significantly elevated in
old nurses relative to old foragers (Fig. 3), but not in the other
nurse—forager comparisons (Independent samples Student’s
two-tailed t tests were used for testing for differences in
expression levels between nurses and foragers at each
colony type. Drosha: typical nurse vs. typical forager, P =
0.44, t = 0.83; young nurse vs. young forager, P = 0.52,
te) = 0.68; old nurse vs. old forager, P = 0.55, ts) = —0.64;
Dicer: typical nurse vs. typical forager: P = 0.06, s = 2.33;
young nurse vs. young forager, P =0.94, tg = —0.08; old
nurse vs. old forager, P=0.25, tg = —1.26; Exportin 5:
typical nurse vs. forager, P = 0.35, t = 1.00; young nurse
vs. young forager, P =0.33, e = 1.06; old nurse vs. old
forager, P =0.04, te = —2.57). It is thus unlikely that the
abovementioned differences in miRNA expression are due
to differences in processing rates.

ame-miR-2796 and its host gene, PLC-epsilon

The sequencing-based profiling experiment showed ame-
miR-2796 (Fig. 4a) as the most abundant miRNA expressed
in the honey bee head. Remarkably, out of 528 370 total
normalized nurse transcripts, 60.3% of these represented
ame-miR-2796. Similarly, out of 413879 total forager
transcripts, 60.7% of these represented ame-miR-2796.
Although sequencing data showed that ame-miR-2796 is
found abundantly in the honey bee head, that analysis did
not provide any specific evidence on where in the head
the miRNA is expressed. In order to study the potential
functional site of this most abundant miRNA, we used gRT-
PCR to compare the relative expression of ame-miR-2796 in
bee brain, head glands, and all other head tissue. These data
showed that ame-miR-2796 is highly enriched in the brain
relative to gland and all other head tissue (Fig. 4c).

The extreme abundance of ame-miR-2796 in the honey
bee brain suggested that this miRNA might be essential
and thus conserved in other insect species. Surprisingly,
we found that ame-miR-2796 is conserved in six insect
species in addition to honey bees, including several dipterans,
but is entirely missing in the Drosophila lineage (Fig. 1a;
data not shown). These data suggest that this miRNA
has been lost in some insect lineages. Among species in
which ame-miR-2796 is conserved, the mature sequence
is identical, despite the fact that the genomic regions
flanking the mature sequence show significant variability
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Figure 2: Relative brain expression levels of miRNAs as a function of behavioral maturation. Bees were collected from either
typical (T), or young (Y) or old (O) single-cohort colonies as either nurses (N) or foragers (F). Bees from young single-cohort colonies
were 7-10-days old, while bees from old single-cohort colonies were >3-weeks old. (a) Northern blot expression for five miRNAs,
along with the control U6snRNA and total RNA expression. (b) Quantified miRNA expression (total area of RNA band) normalized to

U6snRNA.

(Fig. 4b). However, the conservative nature of our search
criteria potentially limited our ability to detect all species
in which this miRNA is found. For instance, both the pea
aphid Acyrthosiphon pisum and P. humanus corporis contain
genomic sequences that resemble the first 20 out of 23
nucleotides of ame-miR-2796, and hence were considered
not conserved according to our criteria, but may represent a
highly related miRNA gene with a conserved seed sequence
(Selbach et al. 2008).

6

ame-miR-2796 is located within an intron of a locus encod-
ing the sole representative of a conserved Phospholipase C
(PLC)-epsilon gene in honey bees as well as in a number
of the other insects, such as Tribolium castaneum (Fig. 4d).
PLC-epsilon has been implicated in neuronal development
and differentiation in mammals (Wing et al. 2003), and has
been reported to be transcriptionally regulated in association
with division of labor in honey bees (Tsuchimoto et al. 2004).
There is evidence that intronic miRNAs can share functional
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Figure 3: Relative brain mRNA expression levels of miRNA
processing proteins as a function of behavioral maturation.
Bees were the same as those depicted in Fig. 4 (independent
samples t test for each colony). df = 6 for typical, young and old
colonies). N = 4 per group. * indicates P < 0.05.

connections with their host coding genes (Barik 2008; Liu
& Olson 2010; Musiyenko et al. 2008). Hence, we hypoth-
esized that both ame-miR-2796 and its host gene might be
evolutionarily linked.

To test this hypothesis we first characterized the spatial
distribution of PLC-epsilon within the bee head. Similar to
the nested ame-miR-2796 gene, PLC-epsilon expression was
highly enriched in the brain relative to gland and all other head
tissue (Fig. 4f). These data suggest a functional association
between the host gene PLC-epsilonand the nested ame-miR-
2796 gene. This suggestion is supported by computational
predictions that indicate ame-miR-2796 can effectively bind
to coding regions of PLC-epsilon in honey bees as well
as other species (Fig. 4e), and also by the apparent loss
of both loci in all currently sequenced genomes of the
Drosophila lineage.
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In contrast to its spatial distribution, the temporal
expression patterns of PLC-epsilon in honey bee brains
were not consistently associated with behavior across the
three colony types (Fig. 4h) (Independent Student's t tests;
typical nurse vs. typical forager, P = 0.01, ) = 3.42; young
nurse vs. young forager, P =0.13, tg = —1.76; old nurse
vs. old forager, P = 0.37, t = 0.98). These results suggest
that transcription of the nested miRNA gene might be
independent of the transcriptional regulation of the host
mRNA or that other post-transcriptional processes decoupled
the transcriptional relationship between the host and nested
genes.

Discussion

Our idea that miRNAs might play a role in regulating social
behaviors is based upon a series of recent studies implicating
miRNAs in complex nervous system functions. Specifically,
miRNA transcriptional changes have been shown to play a
role in neurodevelopment (Cheng & Obrietan 2007; Makeyev
etal. 2007), learning (Olde Loohuis etal. 2012), complex
cognitive and behavioral pathologies —such as psychiatric
disease (Edbauer et al. 2010; Perkins et al. 2007; Qurashi
et al. 2007), and circadian clock regulation (Alvarez-Saavedra
etal. 2011; Cheng etal. 2007; Kadener et al. 2009; Yang
et al. 2008).

We found that several miRNAs were upregulated in
foragers relative to nurses, in both the typical cases (young
nurses vs. old foragers) and when comparing old nurses
and foragers, but not when comparing young nurses and
foragers. To the extent that these findings do not agree
with the RNA sequencing results, it is likely that the
RNA sequencing data is biased due to genes expressed
in high levels in the hypopharyngeal glands or muscle tissue
relative to the brain. The discrepancy with the young bee
comparison might relate to the following two possibilities.
First, some aspects of behavioral maturation might differ
when it is experimentally accelerated compared to when it
occurs more naturally; this has been observed for aspects of
learning behavior (Ben-Shahar & Robinson 2001; Ben-Shahar
et al. 2000). Precocious foragers have much less foraging
experience than older foragers; they are typically collected
on their first day of foraging. Perhaps the expression of these
miRNAs is experience-dependent; (Lutz et al. 2012) showed
that the expression of many genes in the mushroom bodies
of the bee brain relate to the number of days of foraging
that occurred prior to sampling. Alternatively, these data
may suggest that the absolute expression levels of specific
miRNAs are not causally associated with the transition to
foraging, but rather represent a more complex relationship
involving both behavioral state and colony conditions. One
possibility is that the presence of older foragers in the colony
suppresses the transcription of specific miRNAs, and as old
foragers are absent in a young SCC, this would lead to
no differences between nurses and foragers. Together our
results suggest that changes in brain miRNA expression are
associated with behavioral maturation, but additional studies
are required to better understand the relationship.
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(b) N _vitripennis GAGTGCGGAAAACAGAAGAAAGAAGAGAGAAGCGCAGTGGAGCTGAGAGA

A_mellifera TATTGTG--ATTCATTTTTACAAAGAG------— TCGTGAAGGAGAAAAA
C_pipiens TGAAGTA--AGTGGGTGGCAAAGGGAA- --AGTAATACTGCAATG
B_mori TGAAGCATAATCTTCCGGCTTCTAATG-- ----CGAAAAGAAGATAAA
T_castaneum TCCGTTATTACCTCACGCCTTTGCGACA----CCCCGCCGTGCATAAATC
A_pisum TTAAGTTAAACAGGTCGACATCACGGAGA----TTACTGAATTCGATCGG

N_vitripennis GAGAGAGAGA-GAGAGAGAGAGAGAGCCAGC-CGGCAACAAGGTTHAEGG
A_mellifera GAAAGAAAAA-AAGGAGGGAAGAGAAGGAACGTAGCGATAAGGTTAGGG

Cc_pipiens CAAAAATAARA-AATCA---AACARATCCCGCAAAACATCCGGATCAGGG
B_mori AGAATAGAAG-ACGAATAGAGAAGAGAAGACAGTACGGTCAG--CAGGG!
T_castaneum GAGCTTTCGGTGCAGAAGCCGCTATTAACGTGGTGACGCAAGAGTAGGG
A_pisum ACGTTGGGGTTATTGATCACGGGACAAAGACGTGTCGGTAAAG-CAGTT
N _vitripennis TATEGECETC CAGC
A_mellifera TAT, CEliC TGGT!
C_pipiens TTTCGGCCTC TTGC
B_mori TTTCGECCTTCAGATGCGT-~-C-ATATC-C
T_castaneum TTTCGECCTCCAGCGGATA---ATARAGAGT
A_pisum AACCGETCTTCAGCGACTATAAAACAATGTT
N_vitripennis TEETCTTGTTGTCG--ACGATCAAEG--GCCT-CGTTGTTCCTC
A mellifera TGCTCTTGTCGCTA--ACGATCGTEG--GCCC-GARAGATCCAC
C_pipiens TGCTTCTGGTGGCGTTATATTCATCGTAATCG-TGAAAATTAAC
B_mori TGCCGACTCTACTT---TCTACAGCA-GAAGA-CGACAATTGAG
T_castaneum TGCTTTTA-CGTTG----CATTACETTCGCTG-CGGCTTCCCGT

(C) (d) A_pisum AGCT-TCGCTGATCACAAATTCAGCAATACTAATGTGCATCATT
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Figure 4: The ame-miR-2796 and PLC-epsilon loci. (a) Structure of ame-miR-2796 pre-miRNA with hairpin loop, mature sequence
(red box), and miRNA* (blue box). (b) Alignment of the genomic region around ame-miR-2796 in five insect species. (c) Relative
expression of ame-miR-2796 in honey bee brain, gland, and all other head tissues left in the carcass (Other). (d) The genomic
architecture of the PLC-epsilon gene in Apis and Tribolium. Green boxes are exons and the red box (marked by arrow) shows the
location of ame-miR-2796. (e) Predicted targeting sites for ame-miR-2796 in the PLC-epsilon transcripts of Apis and Tribolium. No
targeting sites were identified in the PLC-epsilon 3’ UTR. Minimum free energy of hybridization is shown below each duplex prediction.
(f) Relative expression of PLC-epsilon in honey bee brain, gland, and all other head tissue (Other). (g) Protein tree of PLC-epsilon.
(h) Relative expression of PLC-epsilon in typical, young, and old honeybee colonies. (Independent samples t test. df = 6 for typical,
young, and old colonies). N = 4 per group. * indicates P < 0.05.
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Analysis of mMRNAs that encode miRNA processing pro-
teins in nurse and forager bees suggest that it is unlikely
that the observed changes in miRNA expression with behav-
joral maturation are due to variation in levels of processing
proteins. Instead, we hypothesize that miRNA expression
is most likely regulated at the level of transcription, or by
cytoplasmic inhibitory mechanisms, such as the Lin-28 path-
way in which a miRNA is uridylated, which inhibits Dicer
processing and leads to degradation (Heo et al. 2008).

Our study also identified ame-miR-2796 as a remarkable,
abundantly expressed miRNA in the bee brain. PLC-epsilon,
the host protein-coding gene, and its nested ame-miR-2796
gene were either jointly conserved or missing in most insect
species examined. Importantly, both PLC-epsilon and ame-
miR-2796 are missing from all species in the Drosophila
group, despite the fact that both genes are found in other
dipterans. This finding is puzzling as one would expect such
a highly abundant miRNA and thus apparently important
signaling molecule to be widely conserved. In addition to this
shared evolutionary fate, ame-miR-2796 is predicted to bind
to sequences in the coding region of PLC-epsilon in Apis
and Tribolium. Such binding to a coding region is atypical,
as most miRNAs are thought to recognize complementary
sequences in the 3’ UTRs of their target mRNAs (Huntzinger
& lzaurralde 2011). This finding suggests that ame-miR-2796
might regulate its host gene by affecting mRNA stability or
splicing rather than via canonical translational repression, and
may explain the evolutionary linkage between the two loci.

As miRNAs are thought to act as pleiotropic factors
affecting a wide range of genes, we expected many miRNAs
to show a wide degree of conservation. As expected, a
phylogenetic analysis of the expressed miRNAs showed that
several are conserved across insects, and one in worms
and mammals as well. In contrast, most miRNA genes are
missing in at least one insect, worm, or mammal species,
and 20 are restricted to Aculeata. Surprisingly, let-7, and to
a greater extent bantam, was missing in one or more insect
species examined. These miRNAs have been shown to be
critical for essential cellular processes, often across distant
taxa. For instance, let-7 plays a critical developmental role in
the worm and the mouse (Peter 2009), and bantam controls
cell proliferation in Drosophila (Brennecke etal. 2003).
Like the loss of ame-miR-2796 in the Drosophila group,
the absence of these apparently essential miRNAs — along
with many less studied miRNAs —in a number of species
suggests that gain or loss of miRNA genes may have served
as an important agent of evolutionary divergence.

Eusociality, the most extreme form of altruism, has arisen
multiple times in the monophyletic aculeate hymenoptera,
separately in ant and bee lineages (Andersson 1984; Nowak
et al. 2010; Wilson & Holldobler 2005). Our data suggest that
certain miRNA loci are specific to the aculeate hymenoptera,
but present only in the eusocial taxa, or at least absent in the
non-eusocial wasps N. longicornis and N. vitripennis. If this
pattern holds, it would suggest the tantalizing possibility that
some of them have been involved in the multiple evolutions
of eusociality in the Hymenoptera. Such a finding would be
consistent with recent work showing differences in miRNA
expression between different eusocial ant species (Bonasio
etal. 2010).
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The results of this study provide the first evidence that
the striking differences in neural and behavioral plasticity
associated with DOL in honey bees are correlated with
changes in MiRNA expression in the brain. We showed that
the expression of some miRNA genes in the honey bee
brain is closely associated with behavior independent of age,
and that across species, patterns of miRNA conservation are
consistent with the idea that some miRNAs may have served
a role in evolutionary divergence, including the multiple
evolutions of eusociality in the Hymenoptera. Building on
previous work implicating miRNAs in neuronal development
and animal learning, these results are consistent with the
possibility that miRNAs are involved in regulating social
behavior.
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Additional Supporting Information may be found in the online
version of this article:

Figure S1: Length and nucleotide distributions of all
qualified reads in nurse and forager samples. (a) Distribution
of all qualified reads. (b, c) First nucleotide distributions.

Figure S2: Length and nucleotide distributions of all
mappable reads in nurse and forager samples. (a) Distribution
of all qualified reads. (b, c) First nucleotide distributions.

Table S1: All miRNAs identified in the honey bee head by
RNA-seq. miR#(X) represents novel miRNA genes, which
have not yet received a formal miRBase designation.
Gene name, sequence, and conservation score are shown.
Conservation score was calculated by adding one point for
each species in which a gene is conserved, 0.5 points
for each species in which a similar gene was found, and
zero points for species in which the gene is not present.
Genes are ordered from most- to lest-conserved genes as
in Fig. 2.

Table S2: Distributions of the sequencing reads from
small RNA libraries of forager and nurse. Shown in the table
are the total number of raw sequencing reads, the number of
qualified reads that can perfectly map to the corresponding
honeybee genome, known and novel miRNA sequences,
coding sequencing (CDS), 3’-and 5’-UTRs, intergenic regions,
and intron and exon sequences. No mismatches were
allowed for the mapping. The second number for each
condition (column) is the percentage of reads relative to
the total qualified reads.

Table S3: Previously annotated genes: raw and normal-
ized (norm) transcript numbers for each miRNA in the nurse
and forager library, along with total number of qualified and
unqualified reads for each library.

Table S4: Novel miRNA genes: raw and normalized
transcript numbers for each gene in the nurse and forager
library, along with total number of qualified and unqualified
reads for each library.

Table S5: List of 18 novel miRNA genomic loci and

function annotation. o
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