OPEN a ACCESS Freely available online

© pLos one

Genes Associated with Honey Bee Behavioral Maturation
Affect Clock-Dependent and -Independent Aspects of
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Abstract

Background: In the honey bee, the age-related and socially regulated transition of workers from in-hive task performance
(e.g., caring for young) to foraging (provisioning the hive) is associated with changes in many behaviors including the 24-
hour pattern of rhythmic activity. We have previously shown that the hive-bee to forager transition is associated with
extensive changes in brain gene expression. In this study, we test the possible function of a subset of these genes in daily
rhythmic activity pattern using neural-targeted RNA interference (RNAi) of an orthologous gene set in Drosophila
melanogaster.

Principal Findings: Of 10 genes tested, knockdown of six affected some aspect of locomotor activity under a 12 h:12 h
light:dark regime (LD). Inos affected anticipatory activity preceding lights-off, suggesting a possible clock-dependent
function. BM-40-SPARC, U2af50 and fax affected peak activity at dawn without affecting anticipation or overall inactivity
(proportion of 15-min intervals without activity), suggesting that these effects may depend on the day-night light cycle.
CAH1 affected overall inactivity. The remaining gene, abl, affected peak activity levels but was not clearly time-of-day-
specific. No gene tested affected length of period or strength of rhythmicity in constant dark (DD), suggesting that these
genes do not act in the core clock.

Significance: Taking advantage of Drosophila molecular genetic tools, our study provides an important step in
understanding the large set of gene expression changes that occur in the honey bee transition from hive bee to forager. We
show that orthologs of many of these genes influence locomotor activity in Drosophila, possibly through both clock-
dependent and -independent pathways. Our results support the importance of both circadian clock and direct
environmental stimuli (apart from entrainment) in shaping the bee’s 24-hour pattern of activity. Our study also outlines
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a new approach to dissecting complex behavior in a social animal.
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Introduction

Understanding the mechanisms that underlie behavioral
maturation in social animals is an important but difficult task. In
the honey bee worker, behavioral maturation involves a transition
from in-hive task performance to foraging outside the hive [1].
This transition is associated with many behavioral changes,
including phototaxis, foraging strategy and daily rhythmic
locomotor behavior. Mechanisms that underlie the onset of
foraging have been studied intensively. Two circulating factors,
juvenile hormone (JH) and the protein vitellogenin [2,3] act in the
onset of foraging and are thought to act as mutual repressors [2,4].
Foragers have higher titers of JH and lower vitellogenin than hive
bees; treatment with juvenile hormone analog or knockdown of
vitellogenin by RNA interference accelerate the onset of foraging
[5-7]. These physiological changes presumably act via the brain to
cause changes in an extensive repertoire of behaviors, including
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transition from an arrhythmic pattern of activity in hive bees to
a pattern of activity that is strongly linked to the day-night cycle in
foragers [8]. Microarray studies [9—11] have identified large sets of
gene expression changes in the brain associated with behavioral
maturation in the honey bee. However, it is not known which of
these genes affect specific behaviors that are part of the foraging
repertoire. Here we examine a subset of these genes for possible
function in an animal’s 24-hour pattern of locomotor activity.
Rhythmic locomotor activity in a natural day-night setting is
likely to result from a complex interplay between clock
entrainment, the core endogenous clock (the “pacemaker”), clock
output pathways, and so-called “masking” effects (direct environ-
mental effects apart from entrainment of the clock [12]). Studies in
Drosophila have been instrumental in identifying the core clock
genes and genes involved with clock entrainment and output
pathways [13]. However, there have been remarkably few genetic
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studies in Drosophila on the role of genes in masking (two examples
are [14,15]).

Many genes involved in these processes are conserved between
the honey bee and Drosophila, including many of the endogenous
clock genes [16]. Studies in the honey bee have focused primarily
on changes in the core clock machinery during the switch from
arrhythmic to circadian activity pattern [17-19]. These studies
have shown a link between expression of clock genes and
development of circadian rhythmicity in foragers. Further, they
have demonstrated that social environment interacts with the clock
to affect circadian phenotype [20,21]. Understanding how daily
locomotor patterns develop and change in social species like the
honey bee will likely require identification and functional
understanding of genes affecting locomotor activity at many
different levels, including both clock-dependent and -independent
pathways.

A productive approach in studies of honey bee behavioral
maturation has been to use gene-behavior information derived in
Drosophila melanogaster to identify potential genes of importance in
honey bee behavior. This approach has been used to identify two
honey bee genes (orthologs of foraging and malvolo) that change
expression in the onset of foraging and influence its timing [22,23].
In the present study, we reverse this strategy by analyzing a set of
genes associated with the onset of foraging in the honey bee for
possible function using Drosophila as a test system. We have
previously identified genes from microarray studies of honey bee
brains that are good candidates for influencing the onset of
foraging or specific foraging related behaviors (see gene selection
criteria in Methods). To explore possible function of these genes in
daily activity pattern, we tested orthologs of 10 of these genes in
Drosophila using neural targeted RNA interference (RNAi). These
included genes that function in neural development (abl, fax, BM-
40-SPARC), neural modulator metabolism (ple), other metabolic
processes (CAHI) or mRNA processing (U2af50), and genes with
protein similarity or containing protein domains that suggest
possible function in second messenger or other signal transduction
processes (Inos, Sh3p, CG32703, CG6910) [24]. Of the genes
tested, only ple was previously shown to affect locomotor behavior
[25]. Our results indicated that a surprisingly large fraction of
these genes affect daily rhythmic locomotor activity, likely affecting
both endogenous clock-dependent and -independent pathways.
These results suggest that a large proportion of gene expression
changes in the honey bee brain during behavioral maturation may
be associated with modulation of a bee’s 24-hour pattern of
locomotor behavior.

Methods

Selection of Genes to Test

We used a set of criteria previously described [10] to obtain a list
of candidate genes most likely to play a functional role in the onset
of foraging in honey bees, based on analyses of brains across
several microarray studies. This list includes six genes up-regulated
in the transition from hive bee to forager, GB12876, GB11572,
GB15888, GB11031, GB14956 and GB15303 corresponding to
fly orthologs UZ2af50 (U2 small nuclear riboprotein auxiliary factor 50),
Inos, CAH1 (Carbonic anhydrase 1), CG32703, CG6910 and ple (pale),
respectively, and four genes down-regulated in this transition,
GB11301, GB17380, GB19996 and GB11432 corresponding to
fly orthologs abl (Abl tyrosine kinase), fax (failed axon connections), Sh3p
and BM-40-SPARC. We used three criteria in selecting these genes.
First, they were among the most predictive genes for assigning
individual bees to behavioral group (hive bee versus forager) [9]
and showed consistent expression in an independent microarray
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study [10]. Second, they were not regulated by flight, light or other
foraging-related experience [10]. Third, they were regulated by
a juvenile hormone analog in a direction consistent with
expression changes (up-regulated for genes higher in forager
brains or down-regulated for genes higher in hive bee brains; all
genes listed except GB15303) [10]. Orthologs were determined by
best match in reciprocal BLASTP searches between Drosophila
melanogaster and Apis mellifera predicted protein sets.

Drosophila Strains and RNA Interference

UAS RNAI responder strains for the genes tested (abl, BM-40-
SPARC, CAHI, fax, Inos, U2af 50, Sh3f3, ple, CG32703 and CG
6910) were ordered from the Vienna Drosophila Research Center
(VDRC; Transformant IDs indicated in Table 1; all constructions
on w background) [26]. The nervous system-specific driver strain
w; elav-Gal4 (stock #8760) was backcrossed for five generations
with w; TM3, Sb/Dr (kindly provided by Dr. S. A. Kreher). To
generate the RNAI genotype for testing, backcrossed w; elav-Gal4
flies (female) were crossed with the respective responder strain to
generate heterozygous RNAI flies. For all genes except abl and
CAH1, male flies were tested. For abl and CAHI, the UAS RNAI
responder construct was on the X chromosome and only females
could be tested (with the transgene passed from the paternal X).
For activity recording, RNAi group and control lines (driver and
responder) were tested in parallel for each gene, using flies of the
same age and gender. Driver flies were a mixture of homozygous
w; elav-Gal4 and heterozygous w; elav-Gal4/TMS3, Sh from the
backcross. Responder flies were the original VDRC strains.

Efficiency of RNAi was measured by real-time quantitative
reverse transcription PCR of single whole Drosophila heads using
749 as the control gene. cDNA was generated and quantified
using ABI-SDS 7900 system as in [27]. PCR reactions contained
3wl targeted cDNA (10-100 ng), 5 ul Syber-green mix and 2 pl
primer pair (2.5 uM). 3 ul of each reaction was added to 2 or 3
wells in the 384-well reaction plate. mRNA reduction was
calculated by 1-27 22 here AAC, = AC rnaiAC conwor and
AC, was the difference in mean threshold cycles between target
gene and 7p49.

Efficiency was tested for a total of seven genes: UZaf50, Inos,
CAHI, fax, BM-40-SPARC, abl and CG32703 (using primers
indicated in Table S1). RNAi and control flies were collected in
parallel for mRNA quantification either as siblings of the
behaviorally tested flies (collected at 1 or 2 days of age) or were
the behaviorally tested flies collected immediately after the DD
regime. Control group for mRNA quantification was driver or
responder strain (see Table S1) of the same age and gender as the
RNAIi group. Reduction of mRNA in single whole heads varied
from 35% to 90% and was significant for all seven genes tested

(»p<<0.05; Table S1).

Drosophila Activity Recording

One- or 2-day-old flies from the RNAi group and control groups
(driver and responder lines) were put into the Drosophila Activity
Monitor (Trikenetics, Inc). Locomotor activity was recorded by
computer as in [28]. The flies experienced 2 days light:dark (LD)
entrainment (12 h:12 h) and activity was recorded over the
subsequent 5 days of LD. Flies were then shifted to a constant
dark regime (DD) and activity recorded for 5 more days.

Measurement of Behavioral Parameters

A total of five behavioral parameters were derived from
individual fly activity in LD condition and five additional
parameters in DD. In all cases, parameters were estimated for
single flies (after exclusion of dead flies) using activity data over 5
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days of LD or 5 days of DDj; individual values were then used in
statistical analyses below. Several parameters were calculated
from unsmoothed activity data including inactivity (proportion of
15-min intervals with no activity) for both LD and DD and
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Table 1. Activity patterns under light-dark (LD) regime.
Dawn Dusk Inactivity (%)
Gene TID sex trials n Peak Anticipation Peak Anticipation
BM-40- 16678 m 5 RNAi 35 52.9+2.5 0.78+0.02 65.6+3.7 0.96+0.01 56.3%1.8
SPARC UAS 30 42.8+2.1 0.73+0.03 58.0+2.7 0.96+0.17 58.5+2.0
GAL4 29 39.3+2.5 0.73+0.04 37.9%3.0 0.88+0.02 50.3%2.4
& ns. ns. ns. n.s
CG32703 13444 m 2 RNAi 11 40.8+3.3 0.82+0.04 49.4+2.0 0.94+0.02 62.5+2.2
UAS 16 48.0+2.6 0.85%+0.03 49.5+2.1 0.95+0.02 60.6%3.1
GAL4 1 36.2+4.1 0.80+0.04 38.3+%3.2 0.88+0.02 49.1x4.9
ns. ns. n.s. n.s. n.s.
CG6910 22465 m 3 RNAi 14 39.7+2.2 0.72+0.08 45.6=*3.1 0.85+0.06 60.3+3.8
UAS 34 36.1+1.6 0.72+0.03 46.8+2.1 0.90+0.02 57.1x27
GAL4 34 448+2.6 0.60+0.03 37.1%3.7 0.81%+0.02 36.7+34
n.s. n.s. ns. n.s n.s
fax 21895 m 2 RNAi 14 46.6+2.1 0.86%+0.03 57.6*+3.0 0.96%0.01 62.2+2.8
UAS 24 33.5+1.0 0.75%+0.04 59.3*+3.0 0.90%0.02 61.9*+1.5
GAL4 22 38.7+1.9 0.83+0.03 442+3.0 0.88+0.02 49.4+1.8
* ns. ns. ns. ns.
Inos 5617 m 2 RNAi 1 46.4+3.7 0.73+0.05 56.0%5.1 0.89+0.03 56.2%4.5
UAS 24 38.6+3.1 0.58+0.02 43.2+33 0.73:0.02 41.8%2.7
GAL4 22 32125 0.68+0.03 34.1+31 0.77+0.03 41.2*28
ns. ns. ns. ** n.s
ple 3308 m 2 RNAi 16 38.0+2.7 0.93+0.02 41.5%3.1 0.90+0.03 68.9+1.5
UAS 30 45.6+1.9 0.89%0.01 51.6%2.1 0.96%0.01 61.6+1.9
GAL4 25 364*33 0.76%+0.04 29.6*+34 0.92+0.02 44.0%3.5
ns. ns. n.s. ns. n.s.
Sh3p 35970 m 2 RNAi 22 50.5+3.3 0.69+0.04 39.2+35 0.91+0.03 56.5+3.4
UAS 17 32.7+27 0.67+0.03 35.7+3.6 0.75+0.07 48.7+3.7
GAL4 18 426+3.9 0.63+0.05 37.4+%53 0.81+0.03 42.8+45
n.s. n.s. ns. n.s. n.s.
U2af50 24176 m 3 RNAi 14 51.3+4.3 0.79+0.04 51.2+4.8 0.95+0.02 55.5+4.1
UAS 39 39.3*1.5 0.79%0.02 45.7x2.7 0.93+0.02 60.6+2.0
GAL4 39 36.3+2.0 0.67+0.04 34.8+2.9 0.87+0.02 45331
o ns. ns. ns. ns.
abl 2897 f 2 RNAi 36 43.4+1.6 0.77%+0.02 40.4+2.0 0.74%0.03 33.8*+23
UAS 33 32.1+2.1 0.67+0.05 23.9+1.9 0.59+0.02 53.1%2.1
GAL4 33 31.6+1.5 0.70+0.03 28.9+2.1 0.68+0.02 37.4%2.6
= ns. ** ns. ns.
CAH1 26015 f 2 RNAi 28 36.5+25 0.81+0.03 32.1%1.9 0.68+0.02 28.8+2.4
UAS 31 36.3+1.6 0.79+0.02 29.1+2.2 0.57+0.02 39.4+1.8
GAL4 30 30.6+1.7 0.73%+0.05 30.1%1.7 0.78+0.02 39.3+2.0
ns. ns. ns. ns. <
Significance is indicated at the gene-level threshold, p<<0.005 (*), or the experiment wide threshold, p<<0.0005 (**). For all effects reported as significant, RNAi group
differed from both control groups in the same direction (p<<0.05; post hoc). Significant effects are highlighted by bold text. Peak activity, anticipation and inactivity are
defined in Methods. Number of individual flies (n) is indicated for the experimental F; RNAi flies and the two control lines (elav-Gal4 driver and the gene-specific UAS
responder line). TID, Transformant ID; n.s., not significant.
doi:10.1371/journal.pone.0029157.t001

anticipation indices for lights-on and lights-off (LD only).
Anticipation index was calculated as in [29] by dividing the
sum of activity during 3 hours preceding light change by the sum
of activity during 6 hours preceding light change.
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Peak activity at dawn and dusk (LD) and subjective dawn and
dusk (DD) were calculated from smoothed activity data for each
fly. Activity was smoothed using a non-recursive linear digital low-
pass filter that has been used in Drosophila activity studies and is not
expected to cause phase shift [30]. Smoothed activity at each 15-
min time interval (1) was calculated using the formula 2;=X+f;
(X b X e (Xeort X o)tfes (Xt Xi—s), (i=4 to 477 in this
study) where fo;=sin(2mj/rt,)/ (2mj/1t,), j=1 to 3, r=4 h™!(sam-
pling rate per hour) and 4, =2 h (cut-off period). This formula was
applied using R.2.90. Peak activity at each dawn or dusk period
was determined as the highest activity in the smoothed plot in the
5.5 h period centered on Zeitgeber time 0 (dawn) or 12 (dusk).
Peak dawn and dusk activities were then calculated for each fly as
the average over the 5 day recording period.

Strength of rhythmicity (amplitude) and length of period (tau) for
each fly were estimated from DD activity using the LSP program
[31]. Only flies with * periodogram (Qp) significant at p<<0.01
were used in statistical analyses of fau and amplitude.

Statistical Analysis

Proportion of intervals with no activity and anticipation indices
were arc-sine transformed. ANOVA was performed using R.2.90
package to test for differences between the three groups tested
(RNAi, driver and responder) treating trial and group as factors.
To address multiple testing, we used Bonferroni adjustments to
calculate two critical significance thresholds. The first threshold,
referred to as gene-level significance, accounted for the 10
behavioral parameters tested for each gene (o= 0.05; p<<0.005).
We consider this a marginal significance level. The second
threshold, referred to as experiment-wide significance, accounted
for the 10 parameters and the 10 genes examined (o= 0.05;
$<<0.0005). Results that were significant at either threshold were
examined post hoc to ensure that RNAi group differed
significantly (p<<0.05) from both control groups in the same
direction; only results meeting this standard are reported as
significant.

Results

We tested neural-targeted RNA1 lines for the selected 10 genes
(see Methods) for effects on different aspects of locomotion in LD
(Table 1) and DD following LD entrainment (Table 2 and 3). A
total of six genes affected some aspect of locomotion in LD,
significant at the gene-level or experiment-wide thresholds,
$<<0.005 or 0.0005, respectively (ANOVA; post hoc showed RNAi1
group differed from both control groups, p<<0.05). Two of these
genes also affected locomotion in DD. RNAi and control lines for
these six genes are shown in Fig. 1, with activity averaged across
replicate flies and over the 5 day LD period (left panels) or 5 day
DD period (right panels).

Knockdown of BM-40-SPARC, fax and UZaf50 increased peak
locomotor behavior at dawn in LD (p<<0.0005), but did not
decrease overall inactivity (proportion of 15-min intervals with no
activity, p>0.005) (Table 1 and Fig. 1). The latter result suggests
that increased activity in these lines was not a general increase at
all times of the day. Although they did not show significant effects
on dusk, two of these genes showed trends in dusk activity (non-
significant elevation) that make it difficult to interpret a specific
effect on dawn versus dusk activity. Knockdown of abl caused
increased peak activity at both dawn and dusk (p<<0.0005);
however, control line differences in inactivity make it difficult to
rule out a general increase in activity at all times.

Two other genes showed effects under LD conditions.
Knockdown of Inos caused a significant increase in lights-off
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anticipatory locomotion (p<<0.0005; Table 1 and Fig. 1). Knock-
down of CAHI1 caused a decrease in inactivity at the marginal
gene level threshold (p<<0.005).

Locomotor activity under constant dark (DD) following LD
entrainment was affected for two genes (Table 2). RNAi
knockdown of BM-40-SPARC caused increased activity at sub-
jective dawn (p<<0.0005) but also a decrease in total inactive time,
suggesting that constant dark may have a general activating effect
on BM-40-SPARC knockdown flies. Knockdown of ab/ increased in
peak activities in DD (p<<0.0005) similar to its effect in LD;
however, control line differences in inactivity make it difficult to
rule out a general increase in activity.

No gene tested showed differences in strength of rhythmicity or
length of period (tau) in DD (p>0.005; Table 3).

Discussion

In this study, we tested orthologs of 10 genes associated with
honey bee behavioral maturation, finding six that affected some
aspect of Drosophila locomotor activity. One gene, Inos, affected
anticipation of lights-off. Three genes, BM-40-SPARC, fax and
U2af50, affected dawn activity without affecting total time spent
mnactive. Knockdown of ab/ caused increased peak activities, but
our data did not strongly support a time-specific effect.
Knockdown of CAHI caused a marginally significant (gene-level
threshold) decrease in time inactive. No genes affected strength of
rythmicity or length of period in DD.

These six genes could influence activity via either clock-
dependent or direct stimulus-dependent (apart from entrainment;
i.e., masking) pathways. Our data suggest that at least one, /nos,
acts downstream of the endogenous clock. Knockdown of Inos
affected activity in the 3-hours prior to lights-oft (anticipation of
dusk), but did not affect strength of rhythmicity or length of
period in DD, suggesting a clock-dependent rather than a core
clock function [32]. Consistent with a possible role downstream
of the clock, /nos was identified as significant clock controlled
genes in a meta-analysis of Drosophila circadian microarray studies
[33] (of the 10 genes examined in the present study, CAHI and
ple were also identified as clock controlled genes). Both BM-40-
SPARC and abl showed effects in DD resembling their effects in
LD. However, we cannot make a strong interpretation of clock-
dependent effect for either of these genes: BM-40-SPARC
exhibited a general increase in activity in DD, while control
line effects in @b/ make it difficult to interpret inactivity. No other
gene in this study affected strength of rhythmicity or length of
period in DD, suggesting no role in the core clock machinery for
genes examined in this study.

Results for the two remaining genes that affected dawn peak
activity, fax and U2af50, were consistent with possible modulation
by direct light stimulus rather than the endogenous clock. RNAi of
both genes increased activity at dawn without decreasing total time
spent inactive, indicating time-specific effects under LD. However,
neither gene showed effects on dawn or dusk anticipation, nor
activity under DD. These results suggest that observed increases in
dawn activity may result from light transition. Results were similar
for BM-40-SPARC, although unlike fax and UZ2af50, BM-40-SPARC
may have shown a generalized response (elevated locomotor
activity) to DD. Taken together, our results suggest that fax,
U2qf50 and BM-40-SPARC may mediate direct stimulus effects on
activity, though further behavioral tests are needed to establish
light masking effects [12].

Considered together, a surprisingly large fraction of genes
tested showed effects on the 24-hour pattern of locomotor
activity in Drosophila (six out of ten), although only one exhibited
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Figure 1. Activity patterns in light-dark (LD) and constant dark following entrainment (DD). Plots show unsmoothed activity averaged
across individual flies and the 5-day recording period under LD (left panels) and DD (right panels). Shading indicates dark period. RNAi, Responder
and Driver genotypes are described in Methods. All genes were tested in males except for Abl and CAH1, which were tested in females. Significant
effects on peak activity are indicated by black bar (asterisks as in Table 1 and 2). Significant effect on anticipatory activity is indicated by a red bar.
Additional effects on inactivity for CAH1 (in LD) and BM-40-SPARC (in DD) are not indicated in figure (see Table 1 and 2).
doi:10.1371/journal.pone.0029157.g001

Table 2. Activity patterns under constant dark (DD) regime.
Peak activity
Gene TID sex trials n Subj. dawn Subj. dusk Inactivity (%)
BM-40- 16678 m 4 RNAi 16* 45.9+3.1 34.0+2.2 23.5+2.2
SPARC UAS 20 32.7+2.2 283+23 42.3+2.5
GAL4 16 19.6+2.2 19.3*1.9 36.0+4.8
%% ns. %
CG32703 13444 m 2 RNAi 10 32.1+26 38.6+2.7 31523
UAS 15 379+43 38.5%3.0 37.0+34
GAL4 7 19.3x34 21.7+1.8 25.8*55
n.s. n.s. n.s.
CG6910 22465 m 1 RNAi 8 24.2*+3.1 35.0+3.6 50.0£23
UAS 16 15.8+1.8 327%1.9 58.8%3.1
GAL4 15 25.6+4.0 304+4.4 23.5*4.4
n.s. n.s. n.s.
fax 21895 m 2 RNAI 8 334+%3.0 375%34 38.7+2.2
UAS 16 224+32 429+24 46.0+3.4
GAL4 17 27.3*2.1 34.7+4.1 28.1%3.1
n.s. n.s. n.s.
Inos 5617 m 2 RNAi 5 35.0+5.8 38.8+3.9 35.2*5.7
UAS 12 23.1%£3.1 24.8+3.2 31.0+3.9
GAL4 6 20.6+3.2 19.8+23 37494
n.s. n.s. n.s.
ple 3308 m 1 RNAI 8 29.0£5.2 36.3%£3.2 41.8+29
UAS 16 359+2.0 46.8+2.2 355%+23
GAL4 13 28.2+3.0 25.5%33 23.9*+3.6
n.s. n.s. n.s.
Sh3p 35970 m 1 RNAi 16 31.2+3.9 31.2x29 37.5*+4.1
UAS 6 23.8+4.8 BIIR0==545) 35.6%6.1
GAL4 8 30.2+3.9 31.3%53 125%3.2
n.s. n.s. n.s.
U2af50 24176 m 2 RNAI 9 343+%3.6 36.8+£3.6 28.2+4.4
UAS 20 31.1£2.6 40.0+2.4 37.0%35
GAL4 20 29.0£3.1 283+%33 22.2+46
n.s. n.s. n.s.
abl 2897 f 2 RNAi 28 33.6+1.8 32.5*x2.0 18.5%3.5
UAS 19 21.8+2.9 20.9+2.5 50.0+4.6
GAL4 25 23.1+x2.0 23.9+1.8 25.2*40
*% *% n.s.
CAH1 26015 f 2 RNAi 1 39.1%£3.1 30.8+3.6 20.2*5.2
UAS 16 28.2+3.2 242+33 224+48
GAL4 15 31.1£33 29.2+28 26.2+4.6
n.s. n.s. n.s.
See notes for Table 1. Subjective dawn and dusk are described in Methods.
doi:10.1371/journal.pone.0029157.t002
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a clear clock-dependent function. This result may point to the
importance (and complexity) of changes in locomotor behavior in
the honey bee transition to foraging. The onset of foraging
involves both increased overall activity (foraging flight) but also
long inactive periods linked to the circadian clock [8]. Perhaps
resulting from this complexity, we did not observe a simple
correspondence between direction of effect in Drosophila (more or
less activity) and direction of regulation in the hive bee to forager

@ PLoS ONE | www.plosone.org

Table 3. Rhythmicity and length of period under DD.
Gene TID sex trials flies tested % rhythmic flies tau (hrs) amplitude (Qp)
BM-40- 16678 m 4 RNAi 17 100% 24.4*0.5 92.2+8.6
SPARC UAS 23 91.3% 24.6%0.1 111.4x7.7
GAL4 19 89.5% 24.8+0.3 77.8%8.2
n.s. n.s.
CG32703 13444 m 2 RNAi 1 90.9% 25.4+0.6 744+5.8
UAS 16 100% 24.5+0.4 90.2+5.8
GAL4 7 85.7% 24.6+0.2 67.2+£10.6
ns. n.s.
CG6910 22465 m 1 RNAi 8 100% 24.8+0.1 92.2+53
UAS 23 100% 24.7+0.1 130.6+6.7
GAL4 23 87.0% 249+0.4 69.61+6.2
n.s. n.s.
fax 21895 m 2 RNAi 8 100% 252+0.9 744%13.0
UAS 16 93.8% 24.9+0.3 98.9+8.6
GAL4 1 90.9% 25.1£0.3 734+7.7
n.s. n.s.
Inos 5617 m 1 RNAi 6 100% 25.0£0.2 122.9%21.1
UAS 9 100% 24.2+0.3 97.9%125
GAL4 4 100% 25.3+0.3 97.9%16.3
n.s. n.s.
ple 3308 m 1 RNAi 8 100% 25.5*0.1 100.88.2
UAS 16 100% 25.2%+0.1 106.6*6.2
GAL4 13 92.3% 24.8+0.5 98.9%10.1
n.s. n.s.
Sh3p 35970 m 1 RNAi 16 93.8% 24.4%0.2 101.8%£12.5
UAS 6 100% 244+0.2 113.3£10.1
GAL4 8 75% 24.0+0.8 384+%43
ns. n.s.
U2af50 24176 m 2 RNAI 16 93.8% 24.6%0.1 13732115
UAS 20 95.0% 24.5%+0.1 155.5£10.6
GAL4 19 73.6% 24.5+0.5 47.0%4.8
n.s. n.s.
abl 2897 f 2 RNAi 36 97.2% 24.2+0.2 156.5+9.1
UAS 20 85.0% 24.7+0.1 148.8+£13.9
GAL4 28 85.7% 23.8+0.1 1248*11.5
ns. n.s.
CAH1 26015 f 2 RNAi 19 95.7% 245+0.2 1574125
UAS 27 100% 24.7%+0.1 156.5+7.7
GAL4 17 100% 24.6+0.2 156.510.1
n.s. n.s.
Percent rhythmic flies indicates the proportion of flies with significant rhythmicity (p<<0.01). Only rhythmic flies were used in statistical analyses of tau and amplitude.
doi:10.1371/journal.pone.0029157.t003

transition (up or down regulation). An important caveat is that
our results do not address how many genes in the Drosophila
genome would show similar effects. Because genes can act
pleiotropically, it is possible that our results reflect a general
trend in which a large fraction of genes in the genome have
small but measurable effect on some aspect of locomotion in
addition to affecting other phenotypes. More detailed under-
standing of the function of each of these genes in Drosophila
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locomotion may provide insight into their possible specific roles
in the complex honey bee foraging phenotype. A full un-
derstanding of the 24-hour pattern of locomotor behavior in the
honey bee will require an understanding of the genes that act in
the endogenous clock, genes that translate the endogenous clock
information to locomotor activity, and genes that translate
environmental and social cues to locomotor activity (both via
clock entrainment and clock-independent pathways).

Although the current study focuses on daily locomotor activity,
the general approach could be used to study other behaviors
associated with the transition from hive bee to forager, for example
in foraging strategy, phototaxis and aggression. Such studies could
identify pleiotropic effects of genes implicated in the present study
(in locomotor activity) and lead to a deeper understanding of both
the mechanism of social behavior and the hierarchy of complex
behaviors.

References

1. Robinson GE (2002) Genomics and integrative analyses of division of labor in
honeybee colonies. Am Nat 160 Suppl 6: S160-172.

2. Page RE Jr, Scheiner R, Erber J, Amdam GV (2006) 8. The development and
evolution of division of labor and foraging specialization in a social insect (Apis
mellifera L.). Curr Top Dev Biol 74: 253-286.

3. Toth AL, Robinson GE (2007) Evo-devo and the evolution of social behavior.
Trends Genet 23: 334-341.

4. Amdam GV, Ombholt SW (2003) The hive bee to forager transition in honeybee
colonies: the double repressor hypothesis. J of Theor Biol 223: 451-464.

5. Huang ZY, Robinson GE, Borst DW (1994) Physiological correlates of division
of labor among similarly aged honey bees. ] Comp Physiol A 174: 731-739.

6. Nelson CM, Ihle KE, Fondrk MK, Page RE, Amdam GV (2007) The gene
vitellogenin has multiple coordinating effects on social organization. PLoS Biol
5: e62.

7. Bloch G, Meshi A (2007) Influences of octopamine and juvenile hormone on
locomotor behavior and period gene expression in the honeybee, Apis mellifera.
J Comp Physiol A Neuroethol Sens Neural Behav Physiol 193: 181-199.

8. Bloch G (2010) The Social Clock of the Honeybee. J Biol Rhythms 25: 307-317.

9. Whitfield CW, Cziko AM, Robinson GE (2003) Gene expression profiles in the
brain predict behavior in individual honey bees. Science 302: 296-299.

10. Whitfield CW, Ben-Shahar Y, Brillet C, Leoncini I, Crauser D, et al. (2006)
Genomic dissection of behavioral maturation in the honey bee. Proc Natl Acad
Sci U S A 103: 16068-16075.

11. Alaux C, Le Conte Y, Adams HA, Rodriguez-Zas S, Grozinger CM, et al.
(2009) Regulation of brain gene expression in honey bees by brood pheromone.
Genes, Brain and Behav 8: 309-319.

12. Mrosovsky N (1999) Masking: history, definitions, and measurement. Chron-
obiol Int 16: 415-429.

13. Williams JA, Sehgal A (2001) Molecular Components of the Circadian System in
Drosophila. Annu Rev Physiol 63: 729-755.

14. Rieger D, Stanewsky R, Helfrich-Forster C (2003) Cryptochrome, Compound
Eyes, Hofbauer-Buchner Eyelets, and Ocelli Play Different Roles in the
Entrainment and Masking Pathway of the Locomotor Activity Rhythm in the
Fruit Fly Drosophila Melanogaster. J Biol Rhythms 18: 377-391.

15. McNabb SL, Truman JW (2008) Light and peptidergic eclosion hormone
neurons stimulate a rapid eclosion response that masks circadian emergence in
Drosophila. J Exp Biol 211: 2263-2274.

16. Rubin EB, Shemesh Y, Cohen M, Elgavish S, Robertson HM, et al. (2006)
Molecular and phylogenetic analyses reveal mammalian-like clockwork in the
honey bee (Apis mellifera) and shed new light on the molecular evolution of the
circadian clock. Genome Res 16: 1352-1365.

17. Toma DP, Bloch G, Moore D, Robinson GE (2000) Changes in period mRNA
levels in the brain and division of labor in honey bee colonies. Proc Natl Acad

Sci US A 97: 6914-6919.

@ PLoS ONE | www.plosone.org

Behavioral Maturation and Daily Rhythmic Activity

Supporting Information

Table S1 2 34Ct represents mRNA abundance in the

RNAIi group relative to the control group. * I'lies from the
responder strain were used as control group. ** Flies from the
driver strain were used as control group.

(DOC)

Acknowledgments

We thank R. Weigel from the College of Veterinary Medicine, University
of Illinois, for help in Drosophila activity data analysis. B. Li from Dep. of
Statistics, University of Illinois, contributed to R programming. We also
appreciate the insightful suggestions from G. Robinson on the draft.

Author Contributions

Conceived and designed the experiments: CF CWW. Performed the
experiments: CF. Analyzed the data: CF. Contributed reagents/materials/
analysis tools: CWW. Wrote the paper: CF CWW.

18. Bloch G, Robinson GE (2001a) Chronobiology. Reversal of honeybee
behavioural rhythms. Nature 410: 1048.

19. Bloch G, Toma DP, Robinson GE (2001b) Behavioral rhythmicity, age, division
of labor and period expression in the honey bee brain. J Biol Rhythms 16:
444-456.

20. Meshi A, Bloch G (2007) Monitoring Circadian Rhythms of Individual Honey
Bees in a Social Environment Reveals Social Influences on Postembryonic
Ontogeny of Activity Rhythms. J Biol Rhythms 22: 343-355.

21. Shemesh Y, Eban-Rothschild A, Cohen M, Bloch G (2010) Molecular dynamics
and social regulation of context-dependent plasticity in the circadian clockwork
of the honey bee. J Neurosci 30: 12517-12525.

22. Ben-Shahar Y, Robichon A, Sokolowski MB, Robinson GE (2002) Influence of
gene action across different time scales on behavior. Science 296: 741-744.

23. Ben-Shahar Y, Dudek NL, Robinson GE (2004) Phenotypic deconstruction
reveals involvement of manganese transporter malvolio in honey bee division of
labor. J Exp Biol 207: 3281-3288.

24. Tweedie S, Ashburner M, Falls K, Leyland P, McQuilton P, et al. (2009)
FlyBase: enhancing Drosophila Gene Ontology annotations. Nucleic Acids Res
37: D555-D559.

25. Pendleton RG, Rasheed A, Sardina T, Tully T, Hillman R (2002) Effects of
tyrosine hydroxylase mutants on locomotor activity in Drosophila: a study in
functional genomics. Behav Genet 32(2): 89-94.

26. Dietzl G, Chen D, Schnorrer F, Su KC, Barinova Y, et al. (2007) A genome-
wide transgenic RNAI library for conditional gene inactivation in Drosophila.
Nature 448: 151-156.

27. Ament SA, Velarde RA, Kolodkin MH, Moyse D, Robinson GE (2011)
Neuropeptide Y-like signalling and nutritionally mediated gene expression and
behaviour in the honey bee. Insect Mol Biol 20: 335-345.

28. Rosato E, Kyriacou CP (2006) Analysis of locomotor activity rhythms in
Drosophila. Nat Protoc 1: 559-568.

29. Sheeba V, Fogle KJ, Holmes TC (2010) Persistence of Morning Anticipation
Behavior and High Amplitude Morning Startle Response Following Functional
Loss of Small Ventral Lateral Neurons in Drosophila. PLoS ONE 5: ¢11628.

30. Helfrich-Forster C (2000) Differential Control of Morning and Evening
Components in the Activity Rhythm of Drosophila melanogaster-Sex-Specific
Differences Suggest a Different Quality of Activity. J Biol Rhythms 15: 135-154.

31. Refinetti R, Cornélissen G, Halberg F (2007) Procedures for numerical analysis
of circadian rhythms. Biol Rhythm Res 38: 275-325.

32. Chang DC (2006) Neural circuits underlying circadian behavior in Drosophila
melanogaster. Behav Processes 71: 211-225.

33. Keegan KP, Pradhan S, Wang JP, Allada R (2007) Meta-analysis of Drosophila
circadian microarray studies identifies a novel set of rhythmically expressed
genes. PLoS Comput Biol 3: €208.

May 2012 | Volume 7 | Issue 5 | e29157



