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The social environment influences the circadian clock of diverse animals, but little is known about the functional significance, the
specifics of the social signals, or the dynamics of socially mediated changes in the clock. Honey bees switch between activities with and
without circadian rhythms according to their social task. Forager bees have strong circadian rhythms, whereas “nurse” bees typically care
for the brood around-the-clock with no circadian rhythms in behavior or clock gene expression. Here we show that nurse-age bees that
were restricted to a broodless comb inside or outside the hive showed robust behavioral and molecular circadian rhythms. By contrast,
young nurses tended brood with no circadian rhythms in behavior or clock gene expression, even under a light-dark illumination regime
or when placed with brood— but no queen—in a small cage outside the hive. This behavior is context-dependent because nurses showed
circadian rhythms in locomotor activity shortly after removal from the hive, and in clock gene expression after ~16 h. These findings
suggest that direct interaction with the brood modulates the circadian system of honey bees. The dynamics of rhythm development best
fit models positing that at least some pacemakers continue to oscillate and be entrained by the environment in nurses that are active
around the clock. These cells set the phase to the clock network when the nurse is removed from the hive. These findings suggest that
despiteits robustness, the circadian system exhibits profound plasticity, enabling adjustment to rapid changes in the social environment.

Introduction

Social interactions influence circadian rhythms in diverse ani-
mals. In humans, it is thought that misalignment of the social
environment and the clock can contribute to the expression of
several mental and mood disorders (Frank et al., 2000; Lam and
Levitan, 2000; De Leersnyder, 2006; Grandin et al., 2006). How-
ever, little is known about the function and mechanisms of this
interplay between the social environment and the clock. There is
no clear relationship between level of sociality (e.g., solitary vs
living in groups) and sensitivity of the circadian system to social
signals (Refinetti et al., 1992; Gattermann and Weinandy, 1997;
Krupp et al., 2008; Knadler and Page, 2009). It is also not clear
whether social influences are mediated by specific pathways con-
necting sensory systems to the clock or by general mechanisms
such as arousal, food anticipation, or social gating of input path-
ways (Mistlberger and Skene, 2004).
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Social insects such as honey bees provide a powerful model
with which to study social influences on the clock because of their
rich repertoire of social interactions, the feasibility of manipulat-
ing their social environment in an ecologically relevant context,
and the apparent functional significance of temporal coordina-
tion of their behavior (Bloch, 2009). Honey bee workers show
natural plasticity in circadian rhythms by switching between ac-
tivities with or without circadian rhythms depending on their
social role in the colony. “Nurses” tend the brood around-the-
clock with no circadian rhythms whereas the typically older for-
agers have strong circadian rhythms that are necessary for timing
their visits to flowers and for time-compensated sun-compass
orientation (for review, see Moore et al., 1998; Bloch, 2009).
Worker bees may switch between nursing and foraging activities
according to age and colony needs (Robinson, 1992).

The animal clock is composed of a network of interacting
clock cells (pacemakers). Each of these cells expresses a set of
“clock genes” that are necessary for generating cell autonomous
molecular oscillations (Dunlap, 1999; Dunlap et al., 2004; Bell-
Pedersen et al., 2005). These defining oscillations in transcript
and protein levels make it possible to assess the molecular mech-
anisms underlying overt behavioral rhythms. Analyses of brain
clock gene expression have revealed strong oscillations in honey
bee foragers, but not in nurses independent of the illumination
regime (Toma et al., 2000; Bloch et al., 2001, 2004; Shemesh et al.,
2007). These studies suggest that plasticity in activity rhythms is
associated with plasticity in the molecular clockwork. The lack of
molecular oscillations in nurses is not consistent with alternative
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hypotheses stating that in nurses internal circadian rhythms are
masked by external social factors, or that their clock is uncoupled
from locomotor activity controlling centers; both the “masking”
and “uncoupling” hypotheses predict that the clock of nurses
produce normal molecular oscillations (Shemesh et al., 2007).

In the current study we tested two hypotheses. The first is that
plasticity in circadian rhythms is regulated by direct contact with
the brood. The second is that activity around-the-clock in nurse
bees is context dependent. Our findings lend credence to both
hypotheses.

Materials and Methods

Observation hives. The bees for most of the experiments were obtained
from source colonies headed by a queen artificially inseminated with the
semen of a single (different) drone (colonies S17, S20, S21, S26, S77, and
$85). Because of the haplodiploid sex determination system in Hyme-
noptera, the workers in these colonies were full sisters with a relatedness
of r = 0.75. Colony H7 was headed by a naturally mated queen (a queen
typically mates with 10-20 drones).

For our experiments we set “triple-cohort” colonies which are com-
monly used in studies on the division of labor and sociobiology of bees
(Giray and Robinson, 1994; Huang and Robinson, 1996). Triple-cohort
colonies are typically smaller and more standardized than typical field
colonies, but worker demography is set to mimics natural colonies and
the development of workers is similar to that in typical colonies. Our
triple-cohort colonies contained ~1700 newly emerged bees (0—24 h of
age), ~1700 nurses, ~1700 foragers, and their mother queen (the colony
contained a total of ~5000 worker bees). To obtain newly emerged bees,
we transferred sealed brood combs from the source colonies to an incu-
bator 24 h before the establishment of the colony. The bees that emerged
in the incubator were marked (dot on their thorax) with a paint (Testors
Enamel) and were introduced into the observation hive. To obtain
nurses, we collected bees of unknown age from the source colony that
were seen with their head inside brood-containing comb cells. To obtain
foragers we blocked the hive entrance and collected bees returning to the
hive with pollen loads on their hind legs (we did not collect foragers
during the time of orientation flights). The observation hive was made of
transparent glass and Plexiglas walls. The lower frame contained pollen
and honey, and the upper frame had eggs and empty cells for the queen to
lay in. We placed each observation hive in an environmental chamber
[29 £ 1°C; relative humidity (RH) = 50 % 5%] and connected it to the
outside with a clear plastic tube (length = 60 cm, diameter = 3 cm).
During the first 2 d, we kept the observation hives in constant darkness
(DD, dim red light that bees cannot see) and prevented the bees from
flying outside. Starting on day 3, we opened the hive entrance every
morningat 8:00 A.M. and closed it at 8:00 P.M. On day 4, we changed the
illumination regime to 12 hlight/12 h dark with light on at 8:00 A.M., and
light off at 8:00 P.M. (supplemental Fig. S1, available at www.jneurosci.
org as supplemental material). This experimental procedure set a similar
illumination regime for the nest bees and foragers because foraging out-
side was restricted to the time during which the hive was illuminated. The
illumination was arranged such that the light reached all parts of the
observation hive, guaranteeing that the hive bees experienced a potent
external cue that is known to entrain the circadian clock (Devlin and Kay,
2001). During days 4—6, we paint-marked (Testors Enamel) a few hun-
dred foragers for identification during periods with no foraging activity
(e.g., at night).

Experiment 1: The influence of the brood on behavioral and molecular
rhythms in young bees in the hive. In this experiment we prevented direct
interactions with the brood for a subset of nurse-age bees by caging them
on a broodless comb inside an observation hive (set up as described
above). We cut approximately one third of a brood-containing honey-
comb and replaced it with a three-chamber cage with empty pieces of
comb. The vertical walls of the chambers were made of 8 hole per inch
mesh, enabling contact with bees outside the cage and the diffusion of
volatile compounds (supplemental Fig. S1 B, available at www.jneurosci.
org as supplemental material). The outside facing walls were made of
transparent glass to allow observation of the behavior of the bees in the
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cage. In each chamber we placed a piece of empty honeycomb and pollen.
The chambers were interconnected by plastic tubes, such that the bees
could move freely between them. Each chamber was made of two parts
that could be removed separately to facilitate the sampling of bees for
RNA analysis at the end of the experiment. The cage contained 200
workers of unknown age. On day 3, we marked ~600, 1-d-old bees with
a paint dot on their thorax, and introduced 200 of these into the brood-
less cages, and the other 400 bees to the brood-containing comb. To
enable individual identification of focal bees, we tagged an additional 100
caged and 100 freely moving workers with numbered plastic tags. Thus,
the broodless cages contained ~500 workers. The eventual number of
bees was set such that the density inside and outside the cage was similar.
On day 7 (the focal bees were 5-6 d of age), we observed the activity
(walking continually for at least 3 s) of the number-tagged bees inside
and outside the cages every 3 h (colonies H7 and S26) or every 2 h (colony
§77) in LD. Observers used red goggles in observations conducted during
the day (light phase) to minimize variation in visibility compared with
the night observations, which were performed under dim red light. Dur-
ing each observation we scanned the two sides of the honeycomb six
times, for 10 min each (as in Bloch and Robinson, 2001). The observers
(n = 2) were trained before the experiment, to minimize interobserver
variability. Following the last observation, we collected 15-20 foragers of
unknown age (foragers are typically older than 21 d of age, (Robinson,
1992), 15-20 nurses (6—7 d of age), and 15-20 brood-deprived bees
(same age as nurses) for analyses of locomotor activity (see below).
Nurses and foragers were identified as in previous studies (Moore et al.,
1998; Bloch and Robinson, 2001). On day 9 we collected bees for mRNA
analysis from 3 different groups of bees: (1) 7-d-old nurses, (2) 7-d-old
brood-deprived workers, and (3) foragers of unknown age.

Experiment 2: The influence of the brood on behavioral and molecular
rhythms in young bees in small cages outside the hive. We marked ~1500
newly emerged bees (during 48 h) by placing a paint-dot (1300 bees) or a
number-tag (200 bees) on their thorax, and reintroduced them to their
source colony. After 4 d in the colony we transferred 600 marked bees (of
which 100 were number-tagged) to a cage (27 X 49 X 5.5 cm) containing
a honeycomb with brood (“+ brood”). We used 2- to 4-d-old larvae
because preliminary experiments indicated that the survival of younger
(1-2 d after egg hatching) larvae under these conditions is low. The
honeycomb with the brood was obtained from the same colony from
which we collected the workers. We transferred 600 additional marked
bees (from which 100 were number-tagged) to a similar cage containing
an empty honeycomb (“— brood”). In a third similar cage with a honey-
comb with no brood we placed 600 foragers (identified as bees returning
to the hive with pollen loads). Honey and pollen were provisioned ad
libitum. We placed the three cages together in an environmental chamber
(31 = 1°C; RH = 50 %= 5%), which was subjected to a 12 h light/dark
illumination regime. During the dark phase, the room was illuminated by
dim red light. On the third and fourth days following the establishment of
the cages (at 7:00 A.M. and 1:00 P.M., respectively), we introduced small
pieces (11 X 10 cm) of honeycomb into each cage. A comb with 2- to
4-d-old larvae was introduced to the + brood cage, and similar honey-
combs with no brood were introduced to the — brood and forager cages.
Most of the introduced larvae successfully pupated; in a preliminary
experiment in which we also examined the emerging adult bees, they
appeared perfectly normal, suggesting that brood care in the small cages
was effective.

On day 3 of the experiment (the young bees were 6—8 d of age), we
recorded the activity and brood care behavior of the number-tagged bees.
Each observation session lasted 1 h and was divided into two halves:
during the first 30 min (six scans of 5 min each on both sides of the brood
comb) we recorded brood care activity; namely, an event in which a bee
is seen with her head in a cell containing larvae; during the second half
hour (three scans of 5 min each, on the two cages containing nurse-age
bees) we recorded overall activity: a bee was considered active if she
moved continuously during one second). We repeated this observation
protocol every 3 h (a total of 8 time points). To minimize variation in
visibility between the light and dark phases, we used red goggles in ob-
servations conducted during the light phase. On the fourth day (the nurse
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bees were 7-9 d of age), we collected bees for mRNA analysis every 4 h at
7 different time points.

Experiment 3: Circadian rhythms in locomotor activity for bees trans-
ferred from the hive to individual cages in constant laboratory environment.
We removed nurses, foragers, and nurse-age brood-deprived bees from
the colonies used for experiments 1 and 5 into a constant laboratory
environment. We placed each focal bee in an individual monitoring cage
made of a modified Petri dish (diameter = 90 mm, height = 15 mm),
inside an environmental chamber (29 + 1°C, RH = ~50%). The cham-
ber was illuminated with constant dim red light during the entire period
of data acquisition. We provisioned each cage with sugar syrup (50%,
w/w). We ensured that the bees were not exposed to light or other exter-
nal factors while being transferred from the hive to the laboratory. We
monitored locomotor activity with the ClockLab data acquisition system
(Actimetrics) with 3 light-sensitive black and white Panasonic WV-
BP334, 0.08 lux CCD cameras (each camera recorded activity from 30
cages), and a high-quality monochrome image acquisition board
(IMAQ 1409, National Instruments) (Yerushalmi et al., 2006). Data
were collected continuously at a frequency of 1 Hz. We determined
circadian rhythmicity for the first 5 d in the laboratory with a x>
periodogram analysis with 10 min bins (ClockLab circadian analyses
software, Actimetrics).

Experiment 4: The molecular clockwork in nurses removed from the hive
for =16 h. This experiment was conducted in parallel to the in-hive
caging experiment (three repetitions with bees from colonies S26, S77
and H7; see above). On day 6 of the experiment, we transferred 105
nurses into Libfield wooden cages (10 X 11 X 5 cm) (7 cages, each with
15 bees) that were placed next to the observation hive, in the same envi-
ronmental chamber. After 16 h in the cages, we collected samples of these
bees every 4 h over 1 d (7 time points over a total of 28 h) for RNA
analysis. Thus, bees collected at the last time point had spent 40 h in
the cages. We sampled bees from the cages at the same time as the
collections of foragers, nurses, and brood-deprived bees from the
same colonies (see above).

Experiment 5: The molecular clockwork in nurses removed from the hive
for =8 h. We established 3 additional observation hives with bees from
colonies S17, S20 and S21. On day 6 we transferred nurses into Libfield
cages as described above. After 8 h in the wooden cages in DD (on day 9),
we collected samples of nurses, nurses removed to a cage, and foragers of
unknown age for mRNA analyses. We sampled bees for mRNA analyses
every 4 h, over one consecutive day (at 6 different time points). Thus, the
bees at the last time point were collected after 28 h in the cage.

Measuring brain mRNA levels. To minimize RNA degradation, we col-
lected the bees directly into liquid nitrogen, and stored the frozen sam-
ples at —80°C until brain dissection. We measured mRNA levels with
real-time reverse transcription (RT)-PCR as described previously by Ru-
bin et al. (2006). Briefly, we removed and freeze-dried the bee head, and
dissected out the brain on a frozen dissecting dish that was immersed in
dryice. We removed compound eyes, ocelli, hypopharyngeal glands, and
any other glandular tissues during dissection; we discarded all brains in
which pieces of tissue were lost and analyzed only intact brains. We
stored each brain individually at —80°C until mRNA quantification.
Total brain RNA was isolated (Invisorb Spin Tissue RNA Mini Kit, In-
vitek), treated with DNase (RQ1 RNase-Free DNase, Promega) and
reverse-transcribed in 25 pl of 1X RT buffer + 2.5 U/ul Reverse Tran-
scriptase (BioScript, BioLine), 4 mm deoxy NTPs mixture (Fermentas),
25 ng/ul random hexamers (Invitrogen), 1 U/ul RNase inhibitor (Ribo-
Lock Ribonuclease Inhibitor, Fermentas). RNA and random hexamers
were incubated at 70°C for 5 min and immediately transferred to ice.
Reverse transcription was performed at 25°C for 10 min, 42°C for 60 min,
70°C for 10 min and then incubated at 4°C.

We measured mRNA levels with real-time quantitative RT-PCR using
an ABI Prism 7000 appliance (Winer et al., 1999). To measure Period
(Per) mRNA levels in colonies S17, S20 and S21 we used a multiplex PCR
protocol in which Per and EF-1a are amplified in the same reaction tube.
Amplification reactions (25 ul) contained 1X TagMan Universal PCR
Master Mix (ABI Applied Biosystems), 0.1 um concentration of each
primer, 0.2 umM TagMan probe, and 20-24 ng of cDNA (control samples
had no reverse transcriptase). The amplification thermal profile was 50°C
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for 2 min, 95°C for 10 min (95°C for 15 s, 60°C for 1 min) X 40 cycles. We
excluded outliers (SD among triplicates >0.3) from our analyses.

To measure Per mRNA levels in colonies H7, S26 and S77 and to
measure Cryptochrome (Cry) mRNA levels in all six colonies, we used
singleplex reactions with the SYBR Green dye protocol. The amplifica-
tion reaction (20 pl) was similar to the above but contained SYBR green
master mix (ABI Applied Biosystems) instead of TagMan Universal PCR
Master Mix and did not contain oligo probes. Each cDNA sample was
analyzed in triplicate. PCRs for all focal genes and EF-1a were loaded on
the same 96 well analysis plate. To prevent amplification of genomic
DNA, we designed the PCR primers to span over an exon-exon bound-
ary. Per, Cry and EFla levels were measured from the same cDNA
sample.

We compared clock gene mRNA levels with the method and
EF-1a as a control gene for normalization (ABI User Bulletin #2) (see
also Winer et al., 1999). For statistical analyses we used AACt values that
are normally distributed. We assessed whether brain clock gene mRNA
levels differed between bees collected at different time points with a
one-way ANOVA (SPSS software) with time as a factor, and a Fisher LSD
post hoc test. For more details see Rubin et al. (2006).

We also determined the correlation between the average brain mRNA
levels for each time point and a cosine curve. To fit the best cosine model
to the average RNA relative expression data we used the equation:

2~ AACt

2IT(X — c)))

f(x):a+b><cos< 21

where f(x) is the average normalized RNA value at time x; a is the shift on
the y-axis, b is the amplitude, and c is the period length. The regression
analyses were performed with the MATLAB software package (Math-
Works). We started with a value of 1 for parameters a—c, and looked for
the parameters that produced the best fit (highest R?). We then adjusted
the R? value using the equation:

(n—1)

ST (1] — @2 R
R? adjusted =1 — (1 R)X(n—m)’

where 7 is the number of values (6—8 time points in our experiments),
and m is the number of parameters (which was 3 in our analyses). R*
adjusted was used because it is a more stringent parameter.

Results

Table 1 summarizes the experiments detailed below. We first
tested whether plasticity in circadian rhythms is modulated by
specific social signals or by other environmental factors. In the
first experiment we compared the behavior and clock gene ex-
pression of bees that were caged on broodless pieces of honey-
comb inside the hive to those of bees with a similar age and
genotype developing in the surrounding brood-containing comb
(supplemental Fig. 1, available at www.jneurosci.org as supple-
mental material, see Materials and Methods). The caged bees
experienced the physical environment of the hive and were ex-
posed to its volatile odorants, but did not have direct contact with
the brood. We found that at 6 d of age, which is typical of nurses
in field colonies, the bees on the brood-containing comb fre-
quently tended the brood cells and were active similarly during
the light and dark phases of the illumination regime (Fig. 1A).
These observations are in line with previous studies of nurses
(Crailsheim et al., 1996; Moore et al., 1998; Bloch and Robinson,
2001; Shemesh et al., 2007). By contrast, their same age full-sister
bees that were caged on the broodless comb were significantly
more active during the photophase (Fig. 1B, C).

We further analyzed brain transcript levels for Cry and Per,
which are the clock genes that show the most robust oscillations
in honey bees (Rubin et al., 2006; Shemesh et al., 2007). We found
that both Cryand Per transcript levels oscillated with higher levels
during the night in foragers, but not in nurses, which is consistent
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Table 1. Summary of experiments
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Experimental Experimental
Experiment manipulation conditions Results
1 Nurse-age workers were caged on a broodless honey Hive: + Behavior: caged bees showed activity rhythms similar to those
comb inside the hive Brood: — of foragers, nurses were active around the clock.
Queen: +7 Clock gene expression: strong oscillations in caged bees and
Comb: + foragers but not in nurses.
IL:LD
2 Nurses were caged on a brood-containing or brood- Hive: — Behavior: nurses with brood were active around the clock;
less comb outside the hive Brood: +/— nurses without brood were more active during the day.
Queen: — Clock gene expression: strong oscillations in nurses caged
Comb: + without brood and in foragers, attenuated oscillations in
IL: LD nurses caged on a comb with brood.
3 Nurses were transferred to individual cages in con- Hive: — Nurses showed circadian rhythms in locomotor activity shortly
stant lab environment Brood: — after transfer to the lab.
Queen: —
Comb: —
IL: entrainment in LD, monitoring in DD
4 A group of nurses were removed from the hive to a Hive: — Strong oscillations in foragers, weaker but significant oscilla-
cage for 16 h and then sampled every 4 h Brood: — tions in nurses that were transferred to a cage, attenuated
Queen: — oscillations in nurses.
Comb: +
IL:LD
5 A group of nurses were removed from the hive to a Hive: — Strong oscillations in foragers, attenuated oscillations in
cage for 8 h and then sampled every 4 h Brood: — nurses and in nurses that were transferred to a cage.
Queen: —
Comb: +
IL:LD

IL, llumination regime; LD, 12 h light/dark; DD, constant dim red light.
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H7 P=0.89 (n=12) P<0.001 (n=43)

Figure 1. Nurse-age bees on a broodless comb are more active during the photophase
whereas nurses on an adjacent brood-containing comb are active similarly throughout the day.
A, A representative nurse bee (R47, colony S77) was active similarly during the light (yellow
columns and hackground) and dark (filled columns, gray background) phases of the illumina-
tion regime (two-tailed exact binomial test, p = 1). B, A representative nurse-age bee on a
broodless comb (W20, colony 577, a full sister of the bee shown in A was more active during the
light phase (p = 0.02). C, A summary of statistical analyses (Wilcoxon signed rank pair-
comparison tests) for the overall level of activity during the light and dark phases of the
illumination regime (for all tagged bees for which there were eight or more observations).
n = number of bees analyzed. The results were similar in three repetitions, each with bees
from a different source colony (S77, 526, H7).

with previous analyses of honey bees (Toma et al., 2000; Bloch et
al., 2001, 2004; Shemesh et al., 2007) (Fig. 2; supplemental Fig. 2,
available at www.jneurosci.org as supplemental material). The
temporal expression profile for the in-hive caged bees was more
similar to that of foragers than to nurses; both Cry and Per mRNA
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9171 9 9171 9 9171 9 9171 9
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Time of day (h)
Figure 2.  The social context influences the temporal pattern of clock gene expression in

young bees. The plots show brain Perand Cry mRNA levels (mean == SE) for full sister bees from
colony S77. “Foragers,” worker bees returning to the hive with pollen loads; “Nurses,” 7-d-old
bees that were seen tending brood; “In hive, brood-deprived,” nurse-age bees that were caged
on a broodless comb inside the hive; “Nurses, =16 h in a cage,” nurse bees that were trans-
ferred to a cage outside the hive for =16 h and sampled at the age of 7 d. Sample size = 5-6
bees/time point. The bar at the bottom of each plot depicts the illumination regime on the day
of sample collection. Black bar, night or subjective night; gray bar, subjective day; yellow bar,
day (light on). The p-values were obtained from one-way ANOVAs for the A ACt values. Similar
results were obtained in two additional trials with bees from different source colonies (526 and
H7; supplemental Fig. S2, available at www.jneurosci.org as supplemental material).

levels were significantly higher during the dark phase (one-way
ANOVA, p < 0.05 in all three colonies) (Fig. 2; supplemental Fig.
2, available at www.jneurosci.org as supplemental material).
These results indicate that the micro-environmental conditions
(e.g., temp’, humidity, CO, concentration) and the volatile odor
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Figure 3.  The brood influences behavioral and molecular rhythms for young bees in small

cages outside the hive. A, Locomotor activity. The plot depicts the ratio between the levels of
activity during the light and dark phases of the illumination regime (mean = SE). Sample size
within bars. The p-values were obtained from unpaired t tests. Left, A trial with bees from colony
S85; right, a trial with bees from colony H7. B, Clock gene transcript levels of bees from colony
$85. + brood, 8-to 9-d-old bees placed in a brood-containing comb outside the hive; — brood,
8-t09-d-old bees placed on a similar broodless comb outside the hive. Other details of plot asin
Figure 2.

bouquet of the hive, which were similar for the bees inside and
outside the mesh cages, are not likely to account for the
around the clock activity and attenuated clock gene oscilla-
tions in nurse bees.

The in-hive caging experiment is consistent with the hypoth-
esis that plasticity in circadian rhythms is influenced by direct
contact with the brood. However, caging bees on a broodless
comb inside the hive could affect not only their interactions with
the brood, but also with the queen and older bees. We therefore
performed an additional experiment (experiment 2; see Table 1)
in which we compared the behavior and clock gene expression of
nurse bees that were caged outside the hive (with no queen or old
workers) on honeycomb with or without brood. We found that
the bees in small cages with a brood-containing comb tended the
brood cells and were active similarly during the light and dark
phases of the illumination regime (brood caring: Wilcoxon
signed rank test, p > 0.4 in both colonies S85 and H7; activity: Fig.
3A). By contrast, their same age full-sister bees that were placed in
similar cages with no brood were more active during the photo-
phase. Brain Cry and Per transcript levels oscillated, with higher
levels during the night in foragers and in nurse-age bees caged
with no brood (one-way ANOVA, p < 0.001, Fig. 3B). Brain clock
gene transcript levels also varied throughout the day in nurses in
a cage with brood, but the oscillations were not as robust and the
day—night differences were attenuated, specifically for Cry (Fig.
3B). These results show that contact with brood outside the nor-
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mal context of the hive is sufficient to induce nurse bees to be
active around the clock with attenuated clock gene oscillation.

We next tested whether nurse bees manifest weak or no circa-
dian rhythms because their circadian system cannot support
strong rhythms (e.g., it is not fully developed), or because they are
capable of generating strong rhythms but these are not expressed
in the context of nursing behavior. In experiment 3 we monitored
locomotor activity for nurses, foragers, and brood-deprived
nurses age bees that we transferred from the lab to individual
cages in a constant laboratory environment. We found that most
of the nurses showed circadian rhythms in locomotor activity
shortly after transfer to individual cages in constant darkness
(Fig. 4A; supplemental Fig. S3, available at www.jneurosci.org as
supplemental material). The strength, phase, and period of circa-
dian rhythms were similar to those expressed by the brood-
deprived bees under similar conditions (supplemental Table S1,
available at www.jneurosci.org as supplemental material). The
bees showed a significant decrease in locomotor activity during
their first subjective night outside the hive (occurring ~5 h after
transfer for the bees from colonies H7 and S26 that were trans-
ferred around noon, and immediately after transfer for bees from
colony S77 that were transferred around 7:00 P.M.; Fig. 4B). A
significant increase in activity was only apparent the next subjec-
tive morning. These circadian rhythms in locomotor activity
continued with a similar phase during the subsequent days and
were similar to rhythms found in foragers from the same colonies
(Fig. 4; supplemental Fig. S3, available at www.jneurosci.org as
supplemental material). To further test the relationships between
the phase of activity in individual cages in the laboratory, the
illumination regime in the hive, and the time of removal from the
hive, we examined six additional colonies (from this study and
from Shemesh et al., 2007) in which we monitored locomotor
activity for nurses removed from the hive. This analysis indicated
that the daily onset of activity was correlated with the subjective
morning (8:00 A.M. in all experiments), but not with the time the
nurse bees were removed from the hive (supplemental Table 2,
available at www.jneurosci.org as supplemental material). These
behavioral analyses indicate that that the clock system of nurses is
already developed and is synchronized to the light/dark regime
which they experienced in the hive, but overt circadian rhythms
are not expressed in the context of brood care activity. Thus,
nurses that are active around-the-clock under a light/dark illumi-
nation regime with no apparent oscillations in brain clock gene
expression are still capable of measuring time and are responsive
to time givers in their environment.

In experiments 4 and 5 we further studied the molecular dy-
namics of this context-dependent plasticity in circadian rhythms,
we transferred groups of young nurses from a LD illuminated
hive to small wooden cages in a constant laboratory environment.
In experiment 4, we collected these bees for RNA analysis every
4 h starting 16 h after removal from the hive. We found that 16 h
in a cage were sufficient to produce a significant alteration in the
temporal pattern of clock gene expression: the temporal pattern
of expression was circadian with higher levels during the night for
both Cry and Per (one-way ANOVA, p < 0.05; the differences did
not reach statistical significance in the analysis of Per mRNA
levels in colony S26) (Fig. 2; supplemental Fig. S2, available at
www.jneurosci.org as supplemental material). This pattern is
reminiscent of that in foragers, but the amplitude was lower than
in foragers or in young bees developing on a broodless comb in
the hive (Fig. 2; supplemental Fig. S2, available at www.jneurosci.
org as supplemental material). Because it is not clear whether
these alternations in the pattern of clock gene expression stem
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from molecular changes within pacemaker
cells, changes in the coupling of pacemaker
cells or both, we use the term “molecular
reorganization” in the clockwork to charac-
terize the switch between strong and atten-
uated oscillations in whole brain clock gene
expression. The results of this experiment
suggest that molecular reorganization in the
clockwork is already present but not yet
complete after 16—40 h outside the hive.

For a more fine-grained assessment of
the dynamics of context-dependent plas-
ticity in the molecular clockwork, we re-
peated the nurse removal experiment in
three additional colonies, but this time
(experiment 5, Table 1) sampled bees for
RNA analysis starting as early as after 8 h
in the cage. The analyses of foragers and
nurses from these colonies were consis-
tent with earlier studies: Per and Cry
mRNA levels varied significantly during
the day in foragers, but not in nurses (Fig. 1
5; supplemental Fig. S4, available at www.
jneurosci.org as supplemental material).
The temporal pattern of clock gene ex-
pression in nurses that were sampled after
8-28 h in cages was different from that of
both nurses and foragers. Brain Cry and
Per transcript levels appeared higher dur-
ing the subjective night, which is more
similar to foragers than to nurses, but the
overall variation was low, which is remi-
niscent of the pattern in nurses. The phase
was similar to the trend seen in nurses
from these colonies at the earlier time
points, and to that of foragers at the later
time points (e.g., after midnight) (Fig. 5;
supplemental Fig. S4, available at www.jneurosci.org as supplemen-
tal material). These observations suggest that molecular reorganiza-
tion in the clockwork had already begun in bees removed from the
hive for 828 h.

Finally, we were interested in comparing the pattern of clock
gene expression for nurse-age bees (~7 d of age) from the differ-
ent experiments in which they experienced diverse social envi-
ronments. To compare bees from different source colonies and
different experiments we first fit a cosine model to the values of
Per and Cry mRNA levels throughout the day (Fig. 6A). Cosine
models typically account for much of the variation in transcript
levels during the day for genes that are regulated by the circadian
clock (Rubin et al., 2006; Krupp et al., 2008). We normalized the
obtained amplitude and R? for each group relative to those in
nurse bees from the same colony and experiment (e.g., the nor-
malized value is 1 if the amplitude for the nurse age bees is similar
to that of nurse bees from the same colony). We found that the
pattern of foragers, but not of nurses, fit very well with a cosine
curve with high amplitude. The regression coefficient for bees
developing on a broodless comb inside the hive was as good as for
foragers, but the amplitude was lower. Nurses that were removed
from the hive to small cages showed a gradual switch from a
nurse-like to a forager-like pattern: after 828 h in the cages, the
regression coefficient and the amplitude were low, as in nurses
(Fig. 6B). After 16—40 h outside the hive the regression coeffi-
cient was as good as for foragers, but the amplitude was notably
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Nurse bees show circadian rhythms in locomotor activity shortly after transfer froma LD illuminated hive to a constant
laboratory environment. 4, Representative double-plot actograms for locomotor activity of a nurse (left, R47; data for the same bee
are shown in Fig. 14), a nurse-age bee that was restricted to a broodless comb in the hive (middle, W20; data for the same bee are
shown in Fig. 1), and a forager (right). Bees were monitored individually under constant conditions in the laboratory. The y-axis
shows the days after removal from the hive. The height of the small bars for each day corresponds to locomotor activity ina 10 min
bin. Horizontal bars at the top of the plot correspond to the illumination regime in the observation hive: striped bars, subjective day,
filled bars, subjective night. The arrows point to the data acquisition start time. B, Summary of locomotor activity during the first
3 din the laboratory for bees from colony H7 that were removed from the hive at noon. All the bees were significantly more active
during the subjective day (gray bar) than during the subjective night (filled bar). This difference was already visible on the first day
of isolation (Paired ¢ tests, two-tailed,*p << 0.01; **p << 0.001). The subjective day and night were based on the Free Running
Period (7) of each bee. Similar results were obtained for bees from colonies S26 and S77 (see supplemental Fig. S34, available at
www.jneurosci.org as supplemental material).

lower (Figs. 2, 6). The amplitude was also lower than in their
same-age sisters developing in cages inside the hive. These results
suggest that molecular reorganization begins after 8—28 h, and is
at a more advanced stage after 16—40 h outside the hive environ-
ment. However, 16—40 h outside the hive are apparently not
sufficient to complete the molecular reorganization because the
amplitude at this stage was still lower than in full sister bees of
similar age that were caged on a broodless comb inside the hive
(indicating that bees at this age can have stronger molecular
oscillations).

Discussion

The circadian behavior of bees is modulated by social interactions
with the brood. The same bees that were active around-the-clock
while nursing brood in the hive switched to activity with clear
circadian rhythms shortly after release from the influence of the
hive. This behavioral plasticity was associated with plasticity in
clock gene expression. Nurses had no, or only weak, cycling in
clock gene expression while in the hive, but built up a forager-like
pattern, with higher Cry and Per mRNA levels during the night,
shortly after transfer from the hive to small cages. Our results
suggest that this capacity to rapidly reorganize the molecular
clockwork is feasible because some components of the circadian sys-
tem measure time even in nurses that are active around-the-clock.
These characteristics of the circadian system of bees may enable
nurses to care for the brood around-the-clock yet to be able to time
their orientation flights to the appropriate time of day.
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Figure 5.  Nurses removed from the hive for 8 h are at an initial stage of clockwork reorga-
nization. “Nurses, =8 h in a cage,” nurse bees that were transferred to a cage outside the hive
828 h before collection for mRNA analysis. Other details of graph as in Figure 2. Similar results
were obtained in two additional trials with bees from colonies S21 and S20 (see supplemental
Fig. S4, available at www.jneurosci.org as supplemental material).

What in the hive environment induces nurses to be active
around-the-clock with no circadian rhythms? The principal dif-
ference between the social environment inside and outside the
cages in the in-hive caging experiment (supplemental Fig. 1B,
available at www.jneurosci.org as supplemental material) was the
presence of brood, and brood care is the main activity of nurse
bees. However, in-hive caging could affect not only interactions
with brood, but also with the queen and old workers which are
known to influence the physiology and behavior of young work-
ers (Huang and Robinson, 1992, 1996; Robinson et al., 1998).
Nevertheless, our observations and the storing of nectar inside
the mesh cages provide direct and indirect evidence (respectively)
for trophallactic interactions with bees outside the cage. Tro-
phallaxis serves not only for mutual feeding, but also for the
distribution of contact pheromones, including the queen
pheromone (Naumann et al., 1991; Leoncini et al., 2004). In
addition, in the complementary experiment, nurses that were
removed from the hive to a cage with a brood comb but with
no queen were similarly active during the day and night and
had attenuated molecular oscillations, whereas their same age
full-sister bees that were placed in a similar cage with a brood-
less comb were more active during the day and had strong
cycling in clock gene expression (Fig. 3). Together, these ex-
periments indicate that the stress of caging (which was similar
for the bees in cages with or without brood) or interactions
with the queen or with other workers cannot account for the
observed plasticity in the circadian system. Rather, the results
indicate that direct contact with the brood modulates the cir-
cadian system of bees. The identity of the brood signal(s) and
the sensory modality by which it is detected have yet to be
determined. Nevertheless, our experiments suggest that the
signals are not volatile odorants or factors in the microenvi-
ronment of the hive because these were probably similar inside
and outside the mesh-wall in the in-hive caging experiment
(supplemental Fig. 1, available at www.jneurosci.org as sup-
plemental material). Visual signals are also not very likely be-
cause the hive is typically dark. We hypothesize that the signals
are probably contact pheromones, tactile, or short-distance
sounds.
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Figure 6. The social environment influences the temporal pattern of clock gene expression.

A, Indices for the degree of oscillation in clock gene expression. The black line depicts the best fit
cosine? model; the circles are the average measured brain clock gene mRNA levels for each time
point. The regression coefficient (adjusted 8) and amplitude were used for constructing the
plotsin B. B, Average regression coefficient (left column) and amplitude (right column) for Cry
and Per mRNA expression (mean = SE). N, nurses; N8, nurses assayed after =8 h outside the
hive; N16, nurses assayed after =16 h outside the hive; IH, nurse-age workers that developed
onabroodless cage inside the hive; F, foragers. The values were normalized relative to the value
of nurses from the same colony (see the relative transcript levels for these bees in Figs. 2and 5).

Table 2. The time of the daily onset of locomotor activity for nurse bees removed
at different times from observation hives to individual cages in a constant
laboratory environment

Onset of activity in the lab

Colony Sample size Time of removal (mean hh:mm = SE)
S1 18 4:00 P.M. 8:34+0:16
S4 19 3:30 P.M. 9:22+0:23
S8 15 1:00 P.M. 10:3420:45
S17 19 10:00 AM. 11:08+0:18
S20 18 10:00 AM. 10:20+0:47
S21 21 12:30 P.M. 9:18+0:12
526 13 12:30 P.M. 8:57+0:15
S77 14 8:00 P.M. 10:47%0:33
H7 17 12:00 P.M. 10:47%0:35

All the observation hives experienced a 12 h light/dark illumination regime with the light on at 8:00 A.M.

Circadian rhythmicity in bees is context dependent and the
nurse removal experiments provide a first assessment of the dy-
namics of the molecular changes associated with this chronobio-
logical plasticity. The daily pattern of clock gene expression in
nurses began to resemble that of foragers 16—40 h after they had
been removed from the hive influence; initial changes in clock
gene oscillations could perhaps be detected even earlier, 828 h
after removal from the hive. At 7-9 d of age, nurses that were
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removed from the hive and were placed for an additional 3-4 d
on a broodless cage showed molecular cycling that was as strong
as in foragers (Fig. 3B). Given that Per and Cry are canonical clock
genes in the honey bee and show robust cycling in the brain of
foragers and other bees with strong circadian rhythms (Toma et
al., 2000; Bloch et al., 2001, 2004; Rubin et al., 2006; Shemesh et
al., 2007), we assume that the whole brain expression of these
genes stems largely from clock cells that are part of the circadian
network. It is noteworthy that the appearance of circadian
rhythms in locomotor activity was faster than the molecular os-
cillations. Although the experimental design differed somewhat
between the molecular (bees were caged in small groups) and
behavioral experiments (bees were caged individually), the ap-
parent temporal disparity between the appearance of molecular
and behavioral rhythms is intriguing, as it may indicate that the
bees manifested behavioral rhythms before the molecular reor-
ganization of the clockwork was complete.

Although this study was not designed to characterize the
mechanism underlying plasticity in the circadian system of the
bee, our results may nevertheless contribute to a better under-
standing of this phenomenon. At least four hypotheses may ac-
count for this chronobiological plasticity. First, the circadian
system of nurses in the hive is undeveloped or underdeveloped.
This hypothesis predicts that nurses removed from the hive will
show slow development of behavioral and molecular rhythms,
with no specific phase (because individual bees differ in their rate
of development). Although there is evidence for postembryonic
development of the clock system in honey bees (Toma et al., 2000;
Bloch et al., 2001, 2003, 2004 ), the rapid, almost instant, appear-
ance of activity rhythms that are in phase with the hive environ-
ment in nurses removed from the hive (experiment 3) does not
lend much credence to this hypothesis. The second hypothesis is
that the molecular feedback loop in brain pacemaker cells of
nurses is fixed at a certain state. The molecular cycling takes up
again from this point when the nurse bee is released from the hive
environment. This hypothesis predicts a rapid appearance of mo-
lecular cycling, with a phase that is determined by the time the bee
is removed from the hive. Our findings that the onset of activity
in the lab is correlated with the subjective morning in the hive and
not with the time of removal from the hive are not consistent with
this hypothesis (Table 2). The third hypothesis posits that at least
some of the clock cells in the nurse brain continue to generate
molecular rhythms and are entrained by the hive environment.
The molecular oscillations in these cells are not detected in a
whole brain analysis because they are masked by the constant
levels in the majority of clock gene-expressing cells or because
brain oscillators are desynchronized, or a combination of these
two mechanisms. This hypothesis predicts that when the nurse
bee is removed from the hive, the pacemakers that are entrained
by the hive environment are coupled to other clock gene-
expressing cells and set the phase for the entire clock network.
The reorganization of molecular oscillations is predicted to be
relatively slow, and with a phase entrained to the hive environ-
ment regardless of the time the nurse bee is removed from the
hive. The fourth hypothesis is that in nurses, clock cells cycle, but
at a low amplitude while in the hive. These cells switch to robust
cycling when the nurse bee is removed from the hive. This hy-
pothesis is consistent with studies in Drosophila suggesting that
molecular amplitude below a critical threshold cannot support
downstream rhythms in behavior and physiology. For example,
mutations in Clock and Clockwork Orange (CWO) resulted in
reduced amplitude in clock gene expression and severe attenua-
tion in circadian rhythms in locomotor activity (Allada et al.,
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2003; Lim et al., 2007). Altered amplitude in clock gene oscilla-
tion in the brain and in pheromone producing peripheral clocks
has been suggested to account for socially modulated changes in
pheromone production (Krupp et al., 2008). Our current and
previous (Shemesh et al., 2007) studies correspond best to the
third and fourth hypotheses because the phase of the molecular
and behavioral rhythms after removal from the hive was synchro-
nized with the hive environment, the manifestation of activity
rhythms was rapid, and the build up of molecular oscillations was
gradual rather than abrupt.

Our findings show that plasticity in circadian rhythms of
honey bees is modulated by signals from the brood that are trans-
ferred by close distance or direct contact. Circadian rhythmicity
in bees is context-dependent; bees switch rapidly between activity
with and without circadian rhythms. These findings for bees in-
dicate that a conserved and robust system such as the circadian
clock is capable of profound socially-regulated plasticity. The
context dependence of the circadian behavior of bees has impli-
cations outside the field of chronobiology because it demon-
strates the strong dependence of the physiology and behavior of
animals on their social context. Nurses that were removed from
the natural context of the hive not only showed altered circadian
behaviors, but also differed in their clock gene expression. Thus,
in some important facets of their physiology and behavior, they
were not in a nurse state any more. This evidence of rapid changes
in the molecular organization of a complex and conserved system
such as the circadian clock illustrates the importance of preserv-
ing an ecologically relevant context in studies of natural complex
behavior.
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