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Unlike most animals studied so far in which the activity with no circadian rhythms is pathological or

linked to deteriorating performance, worker bees and ants naturally care for their sibling brood around

the clock with no apparent ill effects. Here, we tested whether bumble-bee queens that care alone for

their first batch of offspring are also capable of a similar chronobiological plasticity. We monitored loco-

motor activity of Bombus terrestris queens at various life cycle stages, and queens for which we manipulated

the presence of brood or removed the ovaries. We found that gynes typically emerged from the pupae with

no circadian rhythms, but after several days showed robust rhythms that were not affected by mating or

diapauses. Colony-founding queens with brood showed attenuated circadian rhythms, irrespective of the

presence of ovaries. By contrast, queens that lost their brood switched again to activity with strong circa-

dian rhythms. The discovery that circadian rhythms in bumble-bee queens are regulated by the life cycle

and the presence of brood suggests that plasticity in the circadian clock of bees is ancient and related

to maternal behaviour or physiology, and is not a derived trait that evolved with the evolution of the

worker caste.
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1. INTRODUCTION
Worker bumble-bees (Bombus terrestris), honeybees (Apis

mellifera) and harvester ants (Pogonomyrmex occidentalis)

show remarkable chronobiological plasticity that is associ-

ated with the division of labour that organizes their

society. Workers that care for the brood (‘nurses’) are

active around the clock with no circadian rhythms in be-

haviour or clock gene expression, whereas foragers have

strong behavioural and molecular rhythms and a consoli-

dated nightly rest [1–7]. Honeybee nurses are active

around the clock even when exposed to a synchronizing

light signal, and foragers continue to exhibit strong circa-

dian rhythms when placed in constant conditions,

suggesting that the variation in the environment experi-

enced by foragers (alternating light : dark regime) and

nurses (mostly constant conditions) cannot account for

task-related plasticity in circadian rhythms (reviewed

in [8]). The evidence for chronobiological plasticity

in taxonomically distinct species (bees and ants) and in

species differing in the organization of the division

of labour (age-related in honeybees versus size-related

in bumble-bees) is consistent with the hypothesis that

this form of plasticity is functionally significant because

it improves task specialization and colony efficiency.

Around-the-clock activity is assumed to improve brood

care, whereas a functioning circadian clock enables foragers

to time their visits to flowers and rely on the constantly

moving sun as a compass for orientation [8]. The lack of

circadian rhythms in nurse bees and ants and in a few

other species (e.g. [9–11]) contrasts with evidence from
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most animals studied so far, including humans, in which

around-the-clock activity is accompanied by increased

pathologies and deterioration in performance [12].

Traits that appear to be specific to the worker caste,

such as those associated with the division of labour, are

commonly thought to represent a derived stage in the

evolution of sociality. However, given the strong associ-

ation between around-the-clock activity and brood care

[5,7], we wondered whether mother bees that need to

nurse their offspring brood exhibit a similar plasticity in

circadian rhythms, as workers do. Egg-laying queens of

ants [13–15] and honeybees [16–18] are indeed active

around the clock. However, the queens of these species

are highly derived; they specialize in reproduction, and

engage in little, if any, brood care. Their around-the-clock

activity can be therefore better explained by selection

acting to improve fecundity rather than care for

the brood. On the other hand, bumble-bees such as

B. terrestris provide an excellent model with which to

test the hypothesis that plasticity in circadian rhythms is

anciently linked to brood care behaviour because their

queens care alone for the first batch of brood. Newly

emerged virgin gynes mate in the late summer, and

spend the winter in diapause. In the spring, each queen

finds a nest site, collects food, lays eggs and cares for

the first batches of brood. When the first workers

emerge, they gradually take over most brood care duties

allowing the queen to devote her time to other activities

such as reproduction and policing [19].

We found that bumble-bee queens indeed exhibit

brood care-related plasticity in circadian rhythms. Since

the ovaries and the steroid hormones they release have

profound influences on circadian rhythms in both mam-

mals and insects [20–23], we next tested whether

plasticity in circadian rhythms in bumble-bee queens is
This journal is q 2011 The Royal Society
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modulated by the queen’s highly active ovaries. We found

that in the presence of brood, queens are active around

the clock even in the absence of ovaries. These findings

unveiled profound brood-related plasticity in circadian

rhythms of bumble-bee queens that is similar to plasticity

in circadian rhythms of nurse workers.
2. MATERIAL AND METHODS
(a) General procedures

For the locomotor activity monitoring, we placed cages with

B. terrestris queens (obtained from Polyam Pollination Ser-

vices, Yad-Mordechai, Israel) in an environmental chamber

(29+18C, 40–50% relative humidity (RH)). The chamber

was constantly illuminated with two dim light sources

(60 V each) covered by a combination of filters (106 primary

red and 126 mauve; ‘Lee filters’) blocking the transmission of

most light wavelengths below 650 nm. Similar dim red light

illumination is commonly used for monitoring locomotor

activity in circadian studies (e.g. [4,5,7,24–26]). We moni-

tored locomotor activity and analysed circadian rhythms

with the CLOCKLAB data acquisition and analysis system

(Actimetrics Co., Wilmette, IL, USA). The distance covered

by a bee during a fixed time interval was used as an index for

locomotor activity. Empty cages served as a control for spon-

taneous background noise. To determine the day of onset of

rhythmicity, we performed a circadian analysis on a sliding

window of overlapping 3 day intervals. The onset of rhythmi-

city was defined as the first day in which a periodogram

analysis over two consecutive intervals produced a statisti-

cally significant rhythm with a period of 19–29 h. Additional

details can be found in Yerushalmi et al. [7], and in Shemesh

et al. [4,5].

(b) Experiment 1: the effect of life stage on circadian

rhythms in queens

We monitored locomotor activity of queens at four different

life stages: (i) virgin gynes (0–1 days of age), (ii) mated

queens before diapause, (iii) mated queens after diapause,

and (iv) colony-founding queens with their first batches of

brood (‘queens þ brood’). We performed an additional trial

for testing the ontogeny of circadian rhythms in virgin

gynes (‘trial 2’). In these two trials, we placed each focal

queen in an individual monitoring cage made of a modified

Petri dish (diameter ¼ 90 mm, height ¼ 30 mm), which was

provisioned with commercial sugar syrup (64% w/w;

obtained from Polyam Pollination Services), and a pea size

ball of pollen (collected by honeybees) mixed with commer-

cial sugar syrup. We performed all treatments under dim

red light. The sample sizes were as follows: ‘virgins’: trial 1,

n ¼ 21; trial 2, n ¼ 8; ‘before diapause’: n ¼ 20; ‘after

diapause’: n ¼ 17 and ‘queens þ brood’: n ¼ 10. We only

included in the analyses queens that had lived for 5 days or

more. The per cent survival after 4 and 10 days, respectively,

was: ‘virgins’: trial 1 ¼ 100 and 64 per cent, trial 2 ¼ 100 and

100 per cent, ‘before diapause’: 100 and 76 per cent; ‘after

diapause’: 95 and 65 per cent and ‘queens þ brood’: 93.5

and 29 per cent. Technical difficulties prevented us from

recording activity between 02.00 and 09.39 h on the fourth

day of the first trial of this experiment. We therefore did not

calculate the power of rhythmicity for bees in this trial, but

the data were good enough to allow us to unequivocally deter-

mine the presence of rhythmicity (electronic supplementary

material, figure S1).
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(c) Experiment 2: the influence of brood presence on

circadian rhythms in queens

Because survival in the modified Petri dishes used in exper-

iment 1, specifically for colony-founding queens, was

relatively low (see above), we used wooden cages (12 � 7 �
4 cm) with glass side walls in experiments 2 and 3. In exper-

iment 2, we monitored locomotor activity for three groups

of queens: (i) virgin gynes, (ii) colony-founding queens

with their first batches of brood (‘queens þ brood’), and

(iii) colony-founding queens for which we removed the first

batches of brood prior to locomotor activity monitoring

(‘queens2brood’). We provisioned all cages with two tubes,

each containing 10 ml of commercial sugar syrup, and a

cube (approx. 2 � 1 � 1 cm) of pollen (see §2b above). The

sample sizes were as follows: ‘virgins’: n ¼ 12, ‘queens þ
brood’: n ¼ 15 and ‘queens2brood’: n ¼ 17. The overall sur-

vival rate was 88–100%. The improved survival of these

queens and the emergence of worker bees inside the cages

of colony-founding queens indicate that this experimental

set-up provided an appropriate environment for the queens.

Importantly, this experimental set-up enabled high-quality

data acquisition for queens, which probably showed the

normal behaviour associated with nest funding and brood

rearing. We performed all treatments under dim red light.

We subtracted the average activity values of the empty cages

from the activity data of all bees because the background

noise was relatively high in this particular experiment.

(d) Experiment 3: the influence of ovariectomy and the

presence of brood on circadian rhythms in queens

We used the same experimental set-up described for exper-

iment 2 to compare the following four groups: (i) virgin

gynes, (ii) ovariectomized colony-founding queens placed

with their first batches of brood (‘O2 Bþ’), (iii) sham-

operated colony-founding queens placed with their first

batches of brood (‘Oþ Bþ’), and (iv) sham-operated

colony-founding queens for which we removed the first

batches of brood prior to the locomotor activity monitoring

(‘Oþ B2’). We performed three trials of this experiment

and pooled the data for the analyses presented in figure 3

and table 1 (sample size for trials 1, 2 and 3, respectively:

‘virgins’: n ¼ 0, 0 and 12; ‘O2 Bþ’: n ¼ 3, 3 and 3; ‘Oþ
Bþ’: n ¼ 4, 4 and 6 and ‘Oþ B2’: n ¼ 5, 7 and 2). The sur-

vival rate was 100 per cent for virgin gynes and ‘Oþ B2’

queens, 93 per cent for ‘Oþ B2’ queens and 56 per cent

for ‘O2 Bþ’ queens. Ten out of the 14 queens for which

we removed the brood (‘Oþ B2’) had laid again during

the course of the experiment. These queens were not

included in the analysis presented in figure 3, but their

data were analysed separately and summarized in table 1.

To determine the presence of brood, we visually inspected

each cage on 2–3 different days (days 6 and 10 in trial 1,

days 2, 4 and 10 in trial 2 and days 4 and 10 in trial 3).

For ovariectomy and sham operation, we used the follow-

ing procedures. Colony-founding queens were anaesthetized

on ice for approximately 20 min and harnessed on an ice-

cold metal mould. We made two small incisions in the

abdominal membrane between the fourth and the fifth ster-

nites from which we pulled out the ovaries with fine

forceps. Following the operation, the queens were reintro-

duced to their cages and placed in an incubator (31+18C,

approx. 70% RH) for 1 day for recovery, before being

transferred to the locomotor activity monitoring chambers.

Sham-operated (control) queens were treated similarly but
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their ovaries were only touched with the forceps, and not

removed. During handling and operation, the queens were

exposed to the normal illumination of the laboratory for

approximately 30 min.

At the end of the experiment, we dissected the ovari-

ectomized queens and found that the entire ovaries were

successfully removed for all of the queens. Importantly, both

ovariectomized and sham-operated colony-founding queens

successfully reared brood that pupated. The adult bees emer-

ging from these pupae look perfectly normal, suggesting that

despite the experimental procedure, the queens showed

normal behaviours associated with brood rearing.
3. RESULTS
(a) Experiment 1: the effect of life stage on circadian

rhythms in queens

Virgin gynes typically showed an ontogeny of circadian

rhythms in locomotor activity (figures 1 and 2a). The

proportion of gynes with circadian rhythms (figure 1a)

and their overall level of activity (see the electronic sup-

plementary material, table S1) increased with age; all

the gynes exhibited significant circadian rhythms by the

end of the experiment (figure 1a; similar results were

also obtained for gynes in experiment 3, see below).

Mated queens before or after diapause were more similar

to virgin gynes than to colony-founding queens in that

most exhibited robust circadian rhythms in locomotor

activity (see the electronic supplementary material,

figure S1). This finding suggests that mating or diapause

does not affect circadian rhythms in B. terrestris queens.

Colony-founding queens that had brood in their cages

(‘queens þ brood’) had no, or only weak, circadian

rhythms in locomotor activity (electronic supplementary

material, figure S1). This experiment shows that the

expression of circadian rhythms in B. terrestris queens

changes during their normal life cycle.

(b) Experiment 2: the influence of brood presence

on circadian rhythms in queens

To investigate whether activity with no circadian rhythms in

colony-founding queens relates to their life cycle stage or to

the presence of brood in their cages, we manipulated the

presence of brood in incipient colonies. As in experiment 1,

colony-founding queens with brood were active around the

clock with no circadian rhythms (figures 1b,c and 2b). How-

ever, nearly all the queens whose brood was removed and

that did not lay eggs again, exhibited robust circadian

rhythms in locomotor activity (figures 1b,c and 2c). The

differences between colony-founding queens with and

without brood were not owing to differences in their over-

all level of activity (electronic supplementary material,

table S1). The free-running period of circadian rhythms

was similar for virgin gynes, colony-founding queens with

brood and without brood (see the electronic supplementary

material, table S1).

To further test the relationship between the presence of

brood and circadian rhythms, we analysed circadian

rhythms of queens for which the presence of brood chan-

ged during the course of the experiment. These queens,

whose data are summarized in the electronic supplemen-

tary material, table S2, were not included in the analysis

presented in figure 1. Eight of the 17 queens for which

we removed the brood had brood in their cages at the
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end of the experiment (see the electronic supplementary

material, table S2), indicating that they had laid again

and reared the brood after their first batches of brood

were removed. In the cage of an additional queen, we

found only dead larvae at the end of the experiment, indi-

cating that she had laid again, but the developing larvae

did not survive (queen 1E5 in the electronic supple-

mentary material, table S2 and figure S2b). This queen

did not show significant circadian rhythms during the

first 8 days (during which she probably had brood devel-

oping in her cage), whereas on day 9 she started to exhibit

strong circadian rhythms again (probably after her brood

had died).

The queens that had laid again after their brood was

removed were active around the clock with no circadian

rhythms, and were as likely to exhibit circadian rhythms

as colony-founding queens for which we did not remove

the brood (only queen 1D5 had significant circadian

rhythms during days 1–4, with a very weak power of

15.4; none of the queens had significant rhythms during

days 5–8; Mann–Whitney test based on days 1–4:

rhythm, p ¼ 0.4; power, p ¼ 0.3; electronic supple-

mentary material, table S2 and figure S2a). Although

we did not monitor the presence of brood during

the course of this experiment, these results indicate that

some queens were active around the clock in the

presence of eggs, or perhaps even prior to egg-laying.

Seven of the 15 colony-founding queens for which we

left the brood lost it before the end of the experiment (see

the electronic supplementary material, table S2). Six of

these queens switched from activity with no circadian

rhythms to activity with significant circadian rhythms over

the course of the experiment (see the electronic supplemen-

tary material, table S2). In the cage of the seventh queen

(queen 2E3; electronic supplementary material, table S2)

who did not show significant circadian rhythms, we found

dead larvae at the end of the experiment, suggesting that

the brood had died shortly before the inspection. This

experiment establishes a strong association between the

presence of brood and attenuated circadian rhythms in

locomotor activity in colony-founding queens.
(c) Experiment 3: the influence of ovariectomy

and the presence of brood on circadian rhythms

in queens

In this experiment, we visually inspected each cage two to

three times during the course of the experiment and

therefore unequivocally determined the presence or

absence of brood. Our observations confirmed and

extended the findings of experiment 2, suggesting that

the expression of circadian rhythms in locomotor activity

by the queen is linked to the presence of brood or her

reproductive state (table 1). Both ovariectomized and

sham-operated queens that were left with their brood

had no circadian rhythms in locomotor activity or their

rhythms were very weak (figure 3). All of the queens for

which we removed the brood but had laid again (n ¼ 10),

were active around the clock with no circadian rhythms.

Importantly, four of these queens (2B2, 2C2, 1A3, and

1D2; table 1; figure 2f and electronic supplementary

material, figure S2c) were active with no circadian rhythms

prior to egg-laying, suggesting that the around-the-clock

activity of these queens is related to their reproductive state.
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We next examined whether the highly active ovaries of

the queens influence circadian rhythmicity. Virgin gynes

had no apparent rhythm in locomotor activity during

their first day following emergence (data not shown), as

in experiments 1 and 2 (figure 1), but latter developed

strong circadian rhythms. Sham-operated queens with

no brood (‘Oþ B2 queens’) also showed strong circadian
Proc. R. Soc. B (2011)
rhythms in locomotor activity (figure 3 and electronic

supplementary material, figure S2e). By contrast, both

ovariectomized and sham-operated queens that were left

with their brood (‘O2 Bþ’ and ‘Oþ Bþ’ queens, respect-

ively) had no circadian rhythms in locomotor activity or

their rhythms were very weak (figure 2e and electronic

supplementary material, figure S2c). In addition, the
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following brood removal (experiment 3). (White boxes
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presented in figure 2 and a hash indicates a queen for
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supplementary material, figure S2.)
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queens with and without ovaries did not differ in their free-

running period and overall level of activity (see the electronic

supplementary material, table S3). These findings show that

the ovaries are not necessary for the expression of around-

the-clock activity by B. terrestris queens.
4. DISCUSSION
Our study reveals remarkable plasticity in circadian

rhythms of bumble-bee queens. Gynes typically emerge

from the pupae with no circadian rhythms in locomotor

activity. They develop robust circadian rhythms during
Proc. R. Soc. B (2011)
the first days following emergence that persist after

mating and diapause. However, queens with their first

batch of brood are again active around the clock with

no circadian rhythms. We further show that the queens

can switch between activity with and without circadian

rhythms in accordance with the presence of brood in

their nest, and that this plasticity is not influenced by

the ovaries.

To the best of our knowledge, this is the first study

showing an ontogeny of circadian rhythms in queens of

any social insect. The ontogeny of circadian rhythms is

endogenous because it occurs under constant conditions

and rhythms free-run with a period of about, but not

exactly, 24 h. Bumble-bee and honeybee workers show a

similar development of rhythm [7,27]. Solitary insects,

by contrast, typically rely on their circadian clock to

time their emergence from the pupa, and shortly after

eclosion show circadian rhythms in locomotor activity

[28–30]. A possible explanation for the apparent associ-

ation between the ontogeny of circadian rhythms and

sociality is that social insects emerge into a protected

environment and therefore do not need to instantly

adjust their behaviour and physiology to the day/night

fluctuation in ambient conditions [8]. Later in life how-

ever, virgin queens probably need to rely on the

circadian clock for timing their mating activity. Species-

specific mating rhythms have been reported for many

species of vertebrates and invertebrates and are thought

to be adaptive because they coordinate the activities of

males and females, reduce risky exposures to predators

and save time and energy (e.g. [31–35]).

In contrast to virgin gynes and mated queens before

and after diapause, colony-founding queens with brood

are active around the clock, with weak or no circadian

rhythms. Colony-founding queens can nonetheless show

robust circadian rhythms again if their brood is removed

or lost. This close association between brood care and

around-the-clock activity in queens is similar to that of

bumble-bee workers that care for the brood around the

clock, but forage with strong circadian rhythms [7]. In

honeybees, it was recently shown that direct contact

with the brood is necessary for nurses to be active

around the clock with no circadian rhythms [5].

What is the mechanism linking the presence of brood

and around-the-clock activity in queens? One possibility

is that interactions with the brood, such as brood care,

modulate the circadian system of the mother queen.

According to this hypothesis, the brood requires
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continuous care and the mother bee is highly sensitive

and responsive to this need. Signals from the brood

repeatedly reset the circadian clock of the queen or alter

it in other ways.

Another, not mutually exclusive hypothesis is that

circadian rhythmicity is modulated by the reproductive

physiology of the queen. This hypothesis can account for

the observations that queens with eggs but no larvae, and

even queens just before egg-laying are active around the

clock with no circadian rhythms (figure 2f and electronic

supplementary material, figure S2c; table 1 and electronic

supplementary material, table S2). Thus, begging signals

from the larvae or the act of food provision are not compul-

sory for inducing around-the-clock activity in mother

queens.

The ovaries are obvious candidates for this influence

because in both mammals and insects, ovariectomy has

diverse and significant effects on circadian rhythms.

Moreover, in many studies, the modifications caused by

ovariectomy were at least partially reversed by treatment

with ovarian steroid hormones [20–23]. In cockroaches,

there is evidence suggesting that active ovaries may

mask circadian rhythms; mated females show low levels

of activity with no circadian rhythms but start to exhibit

strong circadian rhythms following ovary removal [21].

In addition, bumble-bee nurses that are active around

the clock typically have more developed ovaries compared

with foragers [36–38]. Even in honeybee workers, in

which the ovaries are typically at a basal state, there is evi-

dence that the division of labour is influenced by a

reproductive regulatory network that includes the ovaries

[39,40]. Our overiectomy experiments, however, indicate

that in bumble-bee queens the ovaries, or the endocrine

signals they release (e.g. ecdysteroids, [41]), are not

necessary for the queen to be active around the clock.

Ovariectomized queens were indistinguishable from

sham-operated and intact queens; queens from all these

groups had no, or only weak, circadian rhythms in the

presence of brood (figure 3). Additional studies are

needed for identifying the physiological factors regulating

plasticity in circadian rhythms in queens. Nevertheless,

our study suggests that multiple factors including the

presence of brood and the behaviour or physiology associ-

ated with egg cup construction, can induce queens to be

active around the clock; both queens with no ovaries but

with brood (‘O2 Bþ’ queens in experiment 3) and

queens before egg-laying (table 1, figure 2f and electronic

supplementary material, figure S2c) were active around

the clock with no circadian rhythms.

Our findings that mother bees are capable of activity

with no circadian rhythms indicate that brood-related

plasticity in circadian rhythms is not a derived trait lim-

ited to the worker caste. Rather, around-the-clock

activity in nurse bees caring for sibling brood can stem

from the same ancient pathways linking maternal physi-

ology and the circadian system and allowing mother

bees to care for their young around the clock. This expla-

nation is consistent with the hypothesis that nursing

behaviour in workers evolved from maternal traits of

solitary insects [42–44]. Interestingly, an association

between maternal care and around-the-clock activity

was also reported for killer-whales and bottlenose-

dolphins in which neonates and their mothers are active

around the clock for the first postpartum month [9].
Proc. R. Soc. B (2011)
Thus, the interplay between maternal behaviour or physi-

ology and the circadian system may be more common

than previously thought. The adaptive value of this

association is perhaps that around-the-clock activity

enables better care during crucial stages of offspring

development. In social insects, around-the-clock activity

of queens and workers may be further selected to allow

for fast population growth despite the fact that only a

single or a few females produce all the workers, which

are necessary for colony growth and reproduction.
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Itö, J. L. Brown & J. Kikkawa), pp. 35–51. Tokyo,
Japan: Japan Scientific Societies Press.

44 West-Eberhard, M. J. 1996 Wasp societies as microcosms
for the study of development and evolution. In Natural
history and evolution of paper-wasps (eds S. Tiurilazzi &

M. J. West-Eberhard), pp. 290–317. New York, NY:
Oxford University Press, Inc.

http://dx.doi.org/10.1016/0010-406X(67)90418-5
http://dx.doi.org/10.1111/j.1365-3032.1992.tb00988.x
http://dx.doi.org/10.1111/j.1365-3032.1992.tb00988.x
http://dx.doi.org/10.1016/j.jinsphys.2010.01.004
http://dx.doi.org/10.1016/0014-4886(69)90104-6
http://dx.doi.org/10.1016/S0022-1910(98)00069-9
http://dx.doi.org/10.1016/S0022-1910(98)00069-9
http://dx.doi.org/10.1016/0031-9384(92)90271-3
http://dx.doi.org/10.1073/pnas.97.21.11575
http://dx.doi.org/10.1523/JNEUROSCI.4843-06.2007
http://dx.doi.org/10.1523/JNEUROSCI.4843-06.2007
http://dx.doi.org/10.1073/pnas.0606884104
http://dx.doi.org/10.1016/S0022-1910(01)00057-9
http://dx.doi.org/10.1016/S0022-1910(01)00057-9
http://dx.doi.org/10.1023/A:1009984318289
http://dx.doi.org/10.1023/A:1009984318289
http://dx.doi.org/10.1098/rspb.2000.1103
http://dx.doi.org/10.1098/rspb.2000.1103
http://dx.doi.org/10.1016/0006-8993(84)91460-4
http://dx.doi.org/10.1051/apido:2000125
http://dx.doi.org/10.1016/0300-9629(92)90574-A
http://dx.doi.org/10.1073/pnas.151443298
http://dx.doi.org/10.1073/pnas.151443298
http://dx.doi.org/10.1016/j.jinsphys.2004.11.013
http://dx.doi.org/10.1111/j.0307-6962.2004.00388.x
http://dx.doi.org/10.1111/j.0307-6962.2004.00388.x
http://dx.doi.org/10.1163/002829687X00080
http://dx.doi.org/10.1038/nature04340
http://dx.doi.org/10.1016/j.jinsphys.2010.07.013
http://dx.doi.org/10.1016/j.jinsphys.2005.03.009
http://dx.doi.org/10.1016/j.jinsphys.2005.03.009
http://dx.doi.org/10.1086/432266

	Maternity-related plasticity in circadian rhythms of bumble-bee queens
	Introduction
	Material and methods
	General procedures
	Experiment 1: the effect of life stage on circadian rhythms in queens
	Experiment 2: the influence of brood presence on circadian rhythms in queens
	Experiment 3: the influence of ovariectomy and the presence of brood on circadian rhythms in queens

	Results
	Experiment 1: the effect of life stage on circadian rhythms in queens
	Experiment 2: the influence of brood presence on circadian rhythms in queens
	Experiment 3: the influence of ovariectomy and the presence of brood on circadian rhythms in queens

	Discussion
	We thank three anonymous reviewers for their excellent comments on previous versions of this manuscript. This research project was funded by the US-Israel Binational Science Foundation (BSF, no. 2007465), and the Israel Science Foundation (ISF, no. 452/07, and no. 606/02) to G.B.
	REFERENCES


