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Honeybees (Apis mellifera) are incredibly important pollinators; they, along with other 

organisms like wasps, moths, ants, and bats, are responsible for helping the reproduction of 

over three quarters of the world's plants. They are also unique in many ways: they are eusocial 

insects, which means that they live in a group, work together to care for offspring, have 

overlapping generations, and have a division of reproduction & labor.  

Researchers use the honeybee to study many things, including learning and memory (how do 

bees remember where necar is located?), communication (how do they use waggle dances to 

tell other bees where to find flowers?), and the evolution of social behavior (why do they have 

only one breeding female in a large group?) 

Honeybees have been called the world's third most economically important livestock; 

however, you and your students are probably aware of “colony collapse disorder,” a term used 

to describe the decline in bee populations.  

This collection lets you help your students explore the evolution of eusocial behavior, what a 

honeybee colony looks like, what honeybee research is helping us to understand, what may be 

contributing to the decline of the honeybees, and more. It includes two Science in the 

Classroom annotated articles as well as suggested articles and multimedia resources. 
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Background 

The genetics of society: http://www.the-scientist.com/?articles.view/articleNo/41704/title/The-Genetics-of-Society/  

A feature article in the January 2015 issue of The Scientist, this review from Claire Asher and Seirian 

Sumner examines research into the molecular evolution of social behavior, succinctly describing eusociality and 

current research. 

Being queen: http://www.pbs.org/wgbh/nova/nature/being-queen.html 

This feature from NOVA, written by Peter Tyson, explores the role of a queen in a colony of eusocial insects, 

providing a clearly written overview of division of labor, life cycle, the role of pheromones, and more. 

People, plants, and pollinators: https://youtu.be/rmL_XTrPOMw 

A National Geographic Live video featuring entomologist Dino Martins explaining the importance of pollinators, 

as well as giving an overview of the danger pollinators are facing. Honeybees are featured. 

  

http://www.the-scientist.com/?articles.view/articleNo/41704/title/The-Genetics-of-Society/
http://www.pbs.org/wgbh/nova/nature/being-queen.html
https://youtu.be/rmL_XTrPOMw
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Student Learning Goals 

Connections to the nature of science from the article 
 

 This paper links pollinator behavior with defense compounds produced by flowering plants. 

 The results of this study have important implications for plant-pollinator interactions and how these 

interactions can drive selection in plant populations. 

 
The importance of this scientific research  
 

 This study shows that compounds produced by plants can manipulate pollinator behavior and 

memory in order to improve reproductive success. Additionally, it implies that pollinator behavior 

can drive selection within plant populations. 

 
 
 



 
 

The actual science involved 
 

 Neurobiology 

 Animal learning behavior 

 Liquid chromatography-mass spectrometry 

 
Connect to Learning Standards: 
 

The Next Generation Science Standards 

 

 Practice 1: Asking questions (for science) and defining problems (for engineering) 

 Practice 2: Developing and using models 

 Practice 3: Planning and carrying out investigations 

 Practice 4: Analyzing and interpreting data 

 Practice 6: Constructing explanations (for science) and designing solutions (for engineering) 

 Practice 7: Engaging in argument from evidence 

 Practice 8: Obtaining, evaluating, and communicating information 

The AP Biology Standards 

 

 Practice 1: The student can use representations and models to communicate scientific 

phenomena and solve scientific problems. 

 Practice 3: The student can engage in scientific questioning to extend thinking or to guide 

investigations within the context of the AP course. 

 Practice 4: The student can plan and implement data collection strategies appropriate to a 

particular scientific question. 

 Practice 5: The student can perform data analysis and evaluation of evidence. 

 Practice 6: The student can work with scientific explanations and theories. 

 Practice 7: The student is able to connect and relate knowledge across various scales, concepts, 

and representations in and across domains. 

Common Core English Language Arts 

 

 11-12.1:  Cite specific textual evidence to support analysis of science and technical texts, 
attending to important distinctions the author makes and to any gaps or inconsistencies in the 
account. 

 11-12.2:  Determine the central ideas or conclusions of a text; summarize complex concepts, 
processes, or information presented in a text by paraphrasing them in simpler but still accurate 
terms. 

 11-12.3:  Follow precisely a complex multistep procedure when carrying out experiments, taking 
measurements, or performing technical tasks; analyze the specific results based on explanations 
in the text. 

http://www.nextgenscience.org/get-to-know
http://media.collegeboard.com/digitalServices/pdf/ap/10b_2727_AP_Biology_CF_WEB_110128.pdf
http://media.collegeboard.com/digitalServices/pdf/ap/10b_2727_AP_Biology_CF_WEB_110128.pdf
http://www.corestandards.org/ELA-Literacy/RST/11-12/


 
 

 11-12.4:  Determine the meaning of symbols, key terms, and other domain-specific words and 
phrases as they are used in a specific scientific or technical context relevant to grades 11–12 texts 
and topics. 

 11-12.6:  Analyze the author's purpose in providing an explanation, describing a procedure, or 
discussing an experiment in a text, identifying important issues that remain unresolved. 

 11-12.8:  Evaluate the hypotheses, data, analyses, and conclusions in a science or technical text, 
verifying the data when possible and corroborating or challenging conclusions with other sources 
of information. 

 

 

Summary of the Article for the Teacher: 
 
It is recommended that this not be used by students in place of reading the article.   
 
General Overview: 
 
Many drugs regularly used by humans, including caffeine and nicotine, are produced by plants as 
toxic defenses against herbivores. These compounds may deter mammals from eating those plants, 
but how do they affect the pollinating insects that help these plants reproduce? Because these 
pollinators play such an important role in flowering plant reproduction, do they affect the production of 
these toxic defense compounds in plants?  
 
Caffeine-producing plants like coffee and citrus plants produce more flowers and fruits when 
pollinated by bees, improving their reproductive success. Caffeine in the nectar of these plants exists 
at lower concentrations than in their vegetative material — enough to affect bee neuronal function 
without being bitter-tasting or toxic. Caffeine in plant nectar stimulates bee neurons, increasing their 
ability to remember the reward of sugary nectar derived from visiting the caffeinated plant. As a result, 
the bees visit the same plants more often, improving the reproductive success of that plant. Together, 
these results show that plant compounds can affect pollinator behavior. In turn, pollinator behavior 
can also drive selection within plant populations for the production of defense compounds at levels 
that will have an effect on, but not deter, pollinators. 
 
Topics Covered: 
 

 Animal behavior 

 Memory formation 

 Neuron action potential/neuroelectrophysiology 

 Liquid chromatography-mass spectrometry 

 
Why this research is important: 
 
Understanding how associative learning behaviors affect interactions among natural partners like 
pollinators and flowering plants gives us important information on how such partnerships may drive 
selection of a species. Organisms within an ecosystem adapt and evolve to each other’s behavior, 
producing compounds to ward off predators or to encourage mutualistic behavior by symbionts. It is 
known that caffeine present in plant vegetative material serves to discourage herbivory; however, it is 
unknown whether caffeine present in plant nectar plays an ecological role.  
 



 
 

This study showed that caffeine present in plant nectar affects pollinator learning behavior, thereby 
improving pollinator fidelity and increasing reproductive success. Further, this affect on pollinator 
associative learning in turn drives selection of the concentration of the compound specifically in plant 
reproductive tissues to levels that are pharmacologically active but not repulsive to pollinators. The 
implications of this research are that interactions between species can be very complex and can 
direct the evolution of a species. A thorough understanding such complexities is crucial to understand 
related issues, such as optimizing effective agricultural practices and anticipating and mitigating the 
effects of human actions on ecosystems. 
 
Methods used in the Research: 
 

 Liquid chromatography-mass spectrometry 

 Whole-cell patch clamp electrophysiology 

 Classical conditioning 
 
Conclusions: 
 

 Alkaloids like caffeine are not just defense compounds; they also increase reproductive success 
by pharmacologically manipulating pollinator behavior. 

 Bees simultaneously exposed to caffeine, floral scent, and a reward (nectar) are more likely to 
associate that scent with the reward and return to that plant.  

 
Areas of Further Study: 
 

 Does caffeine have a similar effect on associative learning of other important pollinator species? 

 Do non–caffeine-producing plants have compounds that similarly increase pollinator fidelity, or do 
they rely on different mechanisms to draw pollinators and ensure reproductive success? 

 
 

Discussion Questions: 
 
1. What are plant defense compounds and how have they been used by humans? What are some 
examples of plant defense compounds other than caffeine that you might encounter in your daily life? 
 
2. What is a selective advantage? 
 
3. Why did the authors of the paper expect to find caffeine in the nectar of the flowering plants tested?  
 
4. Explain “classical conditioning” as used by the study’s authors. How would this method help reveal 
the effect caffeine has on memory formation in honey bees? 
 
5. What is an action potential firing threshold?  
 
 
 
 
 
 
 



 
 

Discussion questions associated with the figures 
 
Fig. 1: 
 

1. Describe the technique the authors used to measure caffeine concentrations in Figure 1. What 
could be some other potential uses for this technique? 

 
Fig. 2:  
 

1. How did adding caffeine affect honey bees’ ability to learn? (Be descriptive! For example, did it 
help with short- or long-term memory? Did it help them learn faster, cause them to learn more 
slowly, or neither?) 

 
Fig. 3:  
 

1. What technique did the authors use to obtain the trace recordings in Figure 3? What does this 
technique measure? 
 

2. What is a representative sample? Why would a representative sample be shown instead of the 
sum of all the data available? 

 
3. Why were the study’s authors interested to find that adding caffeine to honey bee neurons 

pushed the membrane potential toward the action potential firing threshold? 
 

4. Why did adding DPCPX eliminate the changes in holding current and membrane potential 
induced by caffeine? What did the authors learn as a result of this observation? 

 
Fig. 4: 

1. What is the significance of a caffeine concentration of 1 mM? How does that concentration 
correlate to the concentrations observed in plant nectar in Figure 1? 

2. Explain the conclusions drawn by authors on the effect of honey bees on flowering plant 
selection based on the data presented in Figure 4. Do you agree with their reasoning? Why or 
why not? What evidence presented in this paper confirms their conclusion or calls it into 
question? 
 

 

Related Article: Bees Buzzing on Caffeine 

A feature from National Geographic describing the Science article 

http://news.nationalgeographic.com/news/2013/03/130308-bees-caffeine-animal-behavior-science/  

 

 

 

  

http://news.nationalgeographic.com/news/2013/03/130308-bees-caffeine-animal-behavior-science/


Caffeine in Floral Nectar Enhances a
Pollinator’s Memory of Reward
G. A. Wright,1* D. D. Baker,2 M. J. Palmer,3 D. Stabler,1,2 J. A. Mustard,4 E. F. Power,1,2

A. M. Borland,2 P. C. Stevenson5,6

Plant defense compounds occur in floral nectar, but their ecological role is not well understood.
We provide evidence that plant compounds pharmacologically alter pollinator behavior by
enhancing their memory of reward. Honeybees rewarded with caffeine, which occurs naturally in
nectar of Coffea and Citrus species, were three times as likely to remember a learned floral scent
as were honeybees rewarded with sucrose alone. Caffeine potentiated responses of mushroom
body neurons involved in olfactory learning and memory by acting as an adenosine receptor
antagonist. Caffeine concentrations in nectar did not exceed the bees’ bitter taste threshold,
implying that pollinators impose selection for nectar that is pharmacologically active but not
repellent. By using a drug to enhance memories of reward, plants secure pollinator fidelity and
improve reproductive success.

Many drugs commonly consumed by hu-
mans are produced by plants as a form
of toxic defense against herbivores

(1, 2). Although plant-derived drugs like caffeine
or nicotine are lethal in high doses (3–5), at low
doses they have pharmacological effects on mam-
malian behavior. For example, low doses of caf-

feine are mildly rewarding and enhance cognitive
performance and memory retention (6). Caffeine
has been detected in low doses in the floral nectar
and pollen of Citrus (7), but whether it has an
ecological function is unknown.

Two caffeine-producing plant genera, Citrus
and Coffea, have large floral displays with strong
scents and produce more fruits and seeds when
pollinated by bees (8, 9). If caffeine confers a se-
lective advantage when these plants interact with
pollinators, we might expect it to be commonly
encountered in nectar. We measured caffeine in
the nectar of three species of Coffea (C. canephora,
C. arabica, and C. liberica) and four species of
Citrus (C. paradisi, C. maxima, C. sinensis, and
C. reticulata) using liquid chromatography–mass
spectrometry (10) (fig. S1A). When caffeine was
present, its concentration ranged from 0.003

to 0.253 mM. The median caffeine concentra-
tion in both genera was not significantly dif-
ferent (Fig. 1A, Mann-Whitney, Z = –1.09, P =
0.272). Caffeine was more common in the nec-
tar of C. canephora than in that of C. arabica
or C. liberica (Coffea: logistic regression c2

2 =
11.1, P = 0.004); it was always present in Citrus
nectar. The mean total nectar sugar concentra-
tion ranged from 0.338 to 0.843 M (Fig. 1B; see
fig S1B for individual sugars). Caffeine concen-
tration in nectar did not correlate with total sugar
concentration (Pearson’s r = 0.063, P = 0.596).

We hypothesized that caffeine could affect
the learning and memory of foraging pollinators.
To test this, we trained individual honeybees to
associate floral scent with 0.7 M sucrose and
seven different concentrations of caffeine and
tested their olfactory memory. Using a method
for classical conditioning of feeding responses
(proboscis extension reflex) (11), we trained bees
for six trials with 30 s between each pairing of
odor with reward. This intertrial interval ap-
proximated the rate of floral visitation exhibited
by honeybees foraging from multiple flowers on
a single Citrus tree (see methods). The presence
of low doses of caffeine in reward had a weak
effect on the rate of learning (Fig. 2A), but it had
a profound effect on long-term memory. When
rewarded with solutions containing nectar levels
of caffeine, three times as many bees remembered
the conditioned scent 24 hours later and re-
sponded as if it predicted reward (Fig. 2B, lo-
gistic regression, c7

2 = 41.9, P < 0.001). Twice as
many bees remembered it 72 hours later (Fig. 2C).
This improvement in memory performance was
not due to a general increase in olfactory sensi-
tivity resulting from caffeine consumption (fig.
S2A). Indeed, the effect of caffeine on long-term

1Centre for Behaviour and Evolution, Institute of Neuro-
science, Newcastle University, Newcastle upon Tyne NE1 7RU,
UK. 2School of Biology, Newcastle University, Newcastle upon
Tyne NE1 7RU, UK. 3Division of Neuroscience, Medical Re-
search Institute, Ninewells Medical School, University of Dundee,
Dundee DD1 9SY, UK. 4School of Life Sciences, Arizona State
University, Tempe, AZ 85287, USA. 5Jodrell Laboratory, Royal
Botanic Gardens, Kew, Surrey TW9 3AB, UK. 6Natural Resources
Institute, University of Greenwich, Chatham, Kent ME4 4TB, UK.

*To whom correspondence should be addressed. E-mail:
jeri.wright@ncl.ac.uk

Fig. 1. (A) Caffeine concentration in Coffea and Citrus spp. and a cup of
instant coffee. Caffeine concentration depended on species within each
genus (Coffea: Kruskal-Wallis, c2

2 = 28.1, P < 0.001; Citrus: Kruskal-Wallis,
c2

2 = 6.98, P = 0.030); C. canephora had the highest mean concentration of
all species sampled. (B) The sum of the concentration of sucrose, glucose,
and fructose (total nectar sugars) depended on species (one-way analysis of

variance: F5, 161 = 4.64, P < 0.001) and was greatest in Citrus maxima and
hybrids (citron, lemons, clementines). [C. can., Coffea canephora, N = 34;
C. lib., Coffea liberica, N = 31; C. arab., Coffea arabica, N = 27; C. par., Citrus
paradisi and hybrids, Ncp = 17; C. max., Citrus maxima and hybrids, N = 5;
C. sin. and C. ret., Citrus sinensis and Citrus reticulata, NCS = 7, NCR = 5 (data
for these two species were pooled).] Mean responses T SE.
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Fig. 2. (A) The rate of learning of bees conditioned with an odor stimulus paired with a 0.7 M
sucrose reward containing caffeine. The rate of learning was slightly greater for the bees fed
caffeine in reward during conditioning (logistic regression, c1

2 = 4.85, P = 0.028). N ≥ 79 for all
groups. (B) Memory recall test for odors at 10 min (white bars) or 24 hours (red bars) after bees
had been trained as in (A). Bright red bars indicate that the response at 24 hours was significantly
different from the control (0.7 M sucrose) (least-squares contrasts: P < 0.05); dark red bars were
not significantly different. Nectar levels of caffeine are indicated by hatching. N > 79 for each
group. (C) Bees fed 0.1 mM caffeine in sucrose (orange bars) were more likely to remember the
conditioned odor than sucrose alone (white bars) (logistic regression, c1

2 = 9.04, P < 0.003) at
24 hours and 72 hours after conditioning. N = 40 per group.
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Fig. 3. The effect of caffeine on Kenyon cells. (A andB) Example traces from a
KC in intact honeybee brain recorded under voltage-clamp [(A), VH = –73 mV)
and current-clamp [(B), at resting VM), showing the increase in IM and de-
polarization evoked by bath application of caffeine (100 mM) and subsequent
reversal by the nAChR antagonist d-TC (500 mM). (C and D) Mean data
showing the reversal by d-TC (500 mM) of the effect of caffeine (Caff; 100 mM)
on IM [(C);N= 6, t5 = 4.03, P= 0.010; t5 = 4.07, P= 0.010] and VM [(D);N= 6,
t5 = 34.1, P < 0.001; t5 = 12.0, P < 0.001]. (E and F) Comparison of the mean

effects of caffeine and DPCPX on IM [(E); Caff: N = 10, t9 = 3.84, P = 0.004;
DPCPX: N = 6, t5 = 4.04, P = 0.010] and VM [(F) Caff: N = 6, t5 = 34.1, P <
0.001; DPCPX: N = 6, t5 = 3.39, P = 0.019]. (G and H) Example traces [(G);
rising phase shown on an expanded time scale below] andmean data [(H); rate
of rise:N = 6, t5 = 2.20, P= 0.079; tdecay:N = 9, t8 = 3.54, P = 0.008] showing
that DPCPX (100 nM) and caffeine (100 mM) slowed the decay and, in six of
nine KCs, potentiated the fast component of the response evoked by exogenous
ACh. (Student’s paired t test used in all comparisons.) Mean responses T SE.
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olfactory memory in bees was greater than that
produced by high concentrations of sucrose when
the same experimental methods were used (e.g.,
2.0 M, fig. S2B).

Caffeine’s influence on cognition in mam-
mals is in part mediated by its action as an aden-
osine receptor antagonist (6). In the hippocampal
CA2 region, inhibition of adenosine receptors
by caffeine induces long-term potentiation (12),
a key mechanism of memory formation (13). The
Kenyon cells (KCs) in mushroom bodies of the
insect brain are similar in function to hippocam-
pal neurons: They integrate sensory input during
associative learning, exhibit long-term potentiation,
and are involved in memory formation (14–16).
To determine whether nectar-caffeine doses affect
mushroom body function, we made whole-KC
recordings in the intact honeybee brain. Caffeine
(100 mM) evoked a small increase in the holding
current (IM) and depolarized KC membrane po-
tential (VM) toward the action potential firing
threshold, by increasing nicotinic acetylcholine
receptor (nAChR) activation (Fig. 3, A to D).
To determine whether the observed effects of
caffeine were due to interactions with adeno-
sine receptors, we applied the adenosine re-
ceptor antagonist DPCPX and observed that it
similarly increased IM and depolarized VM, but
to a lesser extent (Fig. 3, E and F). Both caffeine
and DPCPX affected KC response kinetics evoked
by brief, local application of ACh, increasing the
activation rate and slowing the decay (Fig. 3, G
and H). Our data show that caffeine modulates
cholinergic input via a postsynaptic action, but
could act via presynaptic adenosine receptors to
potentiate ACh release (17). The resulting increase
in KC excitability should lead to an increased
probability of action potential firing in response
to sensory stimulation (18), thereby facilitating
the induction of associative synaptic plasticity in
KCs (19). The enhanced activation of KCs may
also facilitate plasticity at synapses with mush-

room body extrinsic neurons (20), which exhibit
spike-timing–dependent plasticity (21). In this
way, a “memory trace” could be formed for the
odor associated with reward during and after
conditioning (22, 23).

Caffeine is bitter tasting to mammals and is
both toxic (24) and repellent to honeybees at
high concentrations (25, 26). If bees can detect
caffeine, theymight learn to avoid flowers offering
nectar containing it (27).We found that honeybees
were deterred from drinking sucrose solutions
containing caffeine at concentrations greater than
1 mM (Fig. 4); they also have neurons that detect
caffeine in sensilla on their mouthparts (fig. S3).
However, nectar concentrations did not exceed
0.3 mM (0.058 mg/ml), even though levels of
caffeine in vegetative and seed tissues of Coffea
have been reported to be as great as 24 mg/ml
(28). This implies that pollinators drive selection
toward concentrations of caffeine that are not
repellent but still pharmacologically active.

Our data show that plant-produced alkaloids
like caffeine have a role in addition to defense:
They can pharmacologically manipulate a pol-
linator’s behavior. When bees and other polli-
nators learn to associate floral scent with food
while foraging (29), they are more likely to visit
flowers bearing the same scent signals. Such
behavior increases their foraging efficiency (30)
while concomitantly leading to more effective pol-
lination (31, 32). Our experiments suggest that
by affecting a pollinator’s memory, plants reap
the reproductive benefits arising from enhanced
pollinator fidelity.
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Fig. 4. Bees are more
likely to reject sucrose
solutions containing caf-
feine at concentrations
greater than 1 mM (lo-
gistic regression, c4

2 =
23.4, P < 0.001; for 0.7
and 1.0 M, 1 mM caf-
feine versus sucrose post
hoc, P < 0.05; for 0.3 M,
100 mM caffeine versus
sucrose post hoc, P <
0.05). Bees were less like-
ly to drink 0.3 M sucrose
(pale pink diamonds) than
0.7M (pink circles) or 1.0M
solutions (red triangles) (lo-
gistic regression,c2

2=8.69,
P= 0.013). Mean responses
T SE. N0.3M = 29, N0.7M =
100, N1.0M = 20.
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Global Honey Bee Viral Landscape
Altered by a Parasitic Mite
Stephen J. Martin,1* Andrea C. Highfield,2 Laura Brettell,1 Ethel M. Villalobos,3

Giles E. Budge,4 Michelle Powell,4 Scott Nikaido,3 Declan C. Schroeder2*

Emerging diseases are among the greatest threats to honey bees. Unfortunately, where and when
an emerging disease will appear are almost impossible to predict. The arrival of the parasitic
Varroa mite into the Hawaiian honey bee population allowed us to investigate changes in the
prevalence, load, and strain diversity of honey bee viruses. The mite increased the prevalence
of a single viral species, deformed wing virus (DWV), from ~10 to 100% within honey bee
populations, which was accompanied by a millionfold increase in viral titer and a massive reduction
in DWV diversity, leading to the predominance of a single DWV strain. Therefore, the global
spread of Varroa has selected DWV variants that have emerged to allow it to become one of the
most widely distributed and contagious insect viruses on the planet.

The emergence of infectious diseases is
driven largely by socioeconomic, environ-
mental, and ecological factors (1), and these

diseases have significant effects on biodiversity,
agricultural biosecurity, global economies, and
human health (2, 3). The honey bee is one of the
most economically important insects, providing
crop pollination services and valuable hive pro-
ducts (4). During the past 50 years, the global
spread of the ectoparasitic mite Varroa destructor
has resulted in the death of millions of honey bee
(Apis mellifera) colonies (5). There is general
consensus that the mites’ association with a range
of honey bee RNAviruses is a contributing factor
in the global collapse of honey bee colonies
(5–10), because the spread ofmites has facilitated
the spread of viruses (11, 12) by acting as a viral
reservoir and incubator (13). In addition, the
mites’ feeding behavior allows virus to be trans-
mitted directly into the bees’ hemolymph, thus
bypassing conventional, established oral and sex-
ual routes of transmission. In particular, deformed
wing virus (DWV) has been associated with the

collapse of Varroa-infested honey bee colonies
(5, 8, 14–16), because it is ubiquitous in areas
where Varroa is well established (6, 9, 17, 18).
The rapid global spread of Varroa means that
very little is known about the natural prevalence,
viral load, and strain diversity of honey bee
viruses before the Varroa invasion (15). Such
data are important, because most honey bee viral
infections were considered harmless before the
spread of Varroa (9). Large-scale loss of honey
bee colonies has been associated with viruses
vectored by Varroa (5). The recent arrival and

subsequent spread of Varroa across parts of the
Hawaiian archipelago has provided an opportu-
nity to study the initial phase of the evolution of
the honey bee–Varroa–DWVassociation. So far,
colony collapse disorder (CCD) (6) has not been
reported in Hawaii (19), but all of the associated
pests and pathogens are present.

European honey bees (Apis melliferaL.) were
first introduced toHawaii fromCalifornia in 1857.
Theywere largelymanaged, but feral populations
were soon established on every major island in
the archipelago (20). Hawaii remained Varroa-
free until August 2007, when the mite was dis-
covered throughout Oahu Island. A subsequent
survey by S. Nikaido and E. Villalobos during
2007–2008 recorded the collapse of 274 of 419
untreated colonies belonging to beekeepers. The
disappearance of feral colonies from urban areas
on Oahu was also noticed by beekeepers and pest
control officers. Despite quarantine measures, the
mite spread to Hilo on the Big Island in January
2009, where it survived an eradication attempt
and by November 2009 had spread throughout
the southern region of the island (Fig. 1). By
November 2010, Varroa occurred throughout
the Big Island. However, the islands of Kauai
and Maui remained mite-free, and no unusual
colony losses or disease problems have been
reported there (19). The aim of this study was to
investigate the influence that Varroa has in the
spread of honey bee viruses during the initial
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United Kingdom, Citadel Hill, Plymouth PL1 2PB, UK. 3Depart-
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Fig. 1. (A) The four main Hawai-
ian Islands, showing the distribu-
tion of Varroa during 2009. Green
and brown indicate Varroa-free
and Varroa infested areas respec-
tively. Dots indicate the location
of each study apiary. By November
2010,Varroawas present through-
out theBig Island. The co-occurrence
of the Varroa mite (B) and DWV
can result in overt symptoms of (C)
deformed wings in honey bees, al-
though many nondeformed bees
also carry high DWV loads.

Kauai

Oahu Maui

Big Island

100 km

A
B

C

8 JUNE 2012 VOL 336 SCIENCE www.sciencemag.org1304

REPORTS

 o
n 

O
ct

ob
er

 2
6,

 2
01

5
w

w
w

.s
ci

en
ce

m
ag

.o
rg

D
ow

nl
oa

de
d 

fr
om

 
 o

n 
O

ct
ob

er
 2

6,
 2

01
5

w
w

w
.s

ci
en

ce
m

ag
.o

rg
D

ow
nl

oa
de

d 
fr

om
 

 o
n 

O
ct

ob
er

 2
6,

 2
01

5
w

w
w

.s
ci

en
ce

m
ag

.o
rg

D
ow

nl
oa

de
d 

fr
om

 

http://www.sciencemag.org/
http://www.sciencemag.org/
http://www.sciencemag.org/


phase of establishment. The spread of Varroa is
normally from point introductions characteristic
of pest species, so the arrival and spread of the
mite across Hawaii are typical for this species.

In 2009, our study of 293 honey bee colonies,
from 35 apiaries on the four main Hawaiian
Islands (Fig. 1), revealed that the exposure to
Varroa had a significant effect on the prevalence,
viral load, and strain diversity of DWV (Fig. 2).
In contrast, neither the prevalence nor the viral
load of any of the other four viruses investigated
[Kashmir bee virus (KBV), slow paralysis virus
(SPV), acute bee paralysis virus (ABPV), or Israeli
acute paralysis virus (IAPV)] was affected by the
presence of Varroa (fig. S1).

In Varroa-free areas, DWV was detected in 6
to 13% of colonies, but it increased to 75 to 100%
where Varroa had been established (Fig. 2). In-
creased DWV prevalence was accompanied by a
millionfold difference in viral load between
Varroa-free areas (<1000 DWV copies per bee)
and Varroa-infested areas (>1,000,000,000 DWV
copies per bee) (Fig. 2), although there was a
time lag associated with changes in strain di-
versity (that is, between 2009 and 2010 on the
Big Island) (Fig. 2 and fig. S2). High-resolution
melting (HRM) analysis of DWV–reverse tran-
scription polymerase chain reaction (RT-PCR)
products showed that in 2009, 20 colonies from
five apiaries, each maintained by independent
bee farmers on Oahu, were primarily dominated
by a single genotype cluster (Fig. 2 and fig. S2),
and sequencing showed that this sequence was
identical to DWV sequences previously detected
in the United Kingdom, Italy, Denmark, Spain,
and France (fig. S3). In 2009, the HRM profiles
for Kauai, Maui, and Big Island samples ex-
hibited multiple peaks, indicating the presence of

a range of DWV variant sequences (Fig. 2 and
fig. S2). Rarefaction analysis of DWV diversity
on each island confirmed these findings, with
the cumulative number of strains reaching
saturation in areas where Varroa had been es-
tablished. In recently invaded or Varroa-free re-
gions, the rarefaction curves did not approach
saturation, which is typical of highly diverse
systems (fig. S4). One year later, Varroa had
spread across the Big Island, and a follow-up
study of 38 colonies from six apiaries showed the
same pattern as previously seen on Oahu: an in-
crease in viral load and a decrease in variant
diversity (Fig. 2 and figs. S2 and S4). After 1 year
of effective Varroa control on Oahu, data from 11
colonies in one apiary in 2010 indicated that the
same DWV strain remained dominant (fig. S2),
suggesting that Varroa-induced changes to the
viral landscape are capable of persisting despite
the Varroa populations being under control.

Using 40 clones, sequence analysis revealed
10 virus variants in single bee colonies from each
of the four islands, with Kauai, Maui, and the
Big Island each having a unique DWV variant
(fig. S5). This indicated that a single colony from
a Varroa-free area contained more viral diversity
than that detected across Oahu or the Big Island
(in 2010) after Varroa had become well estab-
lished. Subsequent analysis of sequence data sep-
arated two distinguishable DWV variant groups
(figs. S3 and S5): (i) the “classic”DWV sequence
known from symptomatic and asymptomatic hon-
ey bees in both Varroa-free and Varroa-infested
colonies; and (ii) a DWV sequence sharing ap-
proximately 18 nucleotide substitutions with the
closely related Varroa destructor virus (VaDV-1)
and only 82% sequence homology to the classic
DWV sequence (fig. S3).

Varroa populations are largely controlled by
the use of pesticides, but depending on the
season, nearly all bee colonies are infected by
DWV (9). Such observations are probably due to
the fact that Varroa is never fully eradicated from
infested colonies, and vertical transmission through
males (drones) and queens exists (21). Varroa’s
arrival at Hawaii has fundamentally altered the
viral landscape in both managed and feral bee
colonies. On Oahu, all six feral colonies tested
had high levels of DWV (6.1 × 108 copies per
bee), similar to that found in managed colonies
(Fig. 2), whereas only one of nine feral colonies
from the Varroa-free area of the Big Island carried
DWV, and this was the only honey bee colony in
a Varroa-free area with a high viral level (4.6 ×
107 copies per bee) (Fig. 2). This colony had a
similar melt curve to that produced by the Oahu
cluster and subsequently died within a year. High
DWV loads (>107 copies per bee) have also
been associated with colony death in Varroa-free
areas, indicating that naturally virulent variants
can cause colony death, with or without signs of
wing deformity, although rarely (15).

Variant group A virus is usually associated
with symptomatic DWV in the presence of
Varroa, although it has also been found in
Varroa-free colonies at significantly lower levels,
such as those from Kauai. Rather than resulting
from recent recombination events, the B variant
and putative DWV/VaDV-1 hybrids (22) may
simply represent sequence variants that have
always existed, and perhaps they highlight the
extent of the natural genetic diversity within the
collective DWVvariants. Furthermore, we found
that the Oahu variants had a greater similarity
to DWV than to VaDV-1 at regions sequenced
on both sides of the proposed recombination
points (22) (fig. S6). Additionally, leader protein
sequence data from Oahu variants clustered with
DWVand not VaDV-1 sequences (fig. S7). These
findings indicate that the increase in viral load on
Oahu is not a result of the formation of DWV/
VaDV-1 hybrids. The replicative form of DWV
has been detected in mites (23), and this study
indicates that the presence of Varroa over time
is selecting for particular variants that may give
them a competitive advantage. In Hawaii, the
main Oahu strain was also detected in colonies
from the Big Island, Maui, and Kauai during
2009 but at much lower frequencies (Fig. 2),
supporting the hypothesis that Varroa facilitates
the dominance of certain strains (23), which is
strengthened by the loss of strain diversity be-
tween 2009 and 2010 as Varroa became estab-
lished on the Big Island (Fig. 2 and fig. S2).
Many factors are likely to influence the DWV
variant population in different colonies, but the
arrival of DWV variants that can replicate in the
mite (13) means that these strains would rapidly
increase in abundance. There have been nomajor
introductions of honey bees into Hawaii, because
strict importation regulations have been enacted
since the widespread occurrence of Varroamites.
It seems likely that the now mite-associated

Fig. 2. Viral load, prevalence, and genetic
diversity of DWV across the four main Ha-
waiian Islands that have been exposed to
Varroa for different periods of time. 1.E + 04=
1 × 104, etc. The asterisk indicates a Varroa-
free feral colony that died. Red indicates the
proportion of positive colonies (supported
by two or more positive RT-PCR tests) in the
DWV prevalence pie charts, with the total
number of colonies sampled from each pop-
ulation shown beneath. Strain diversity is
based on HRM analysis of three randomly
selected colonies from each population (figs.
S2 and S5) and is supported by the rarefac-
tion curves (fig. S4).
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European DWV variants were already present
in honey bee populations before the arrival of
the mites. Studies in the United Kingdom (14)
and New Zealand (24) have found that DWV
infections and colony collapse did not coincide
with the arrival and establishment of Varroa, but
there was with a 1- to 3-year time lag, which we
also observed on Hawaii. This lag appears to be
the time required for the selection of virus var-
iants adapted to mite transmission.

Recent studies have found no correlation
between the presence of Varroa and changes in
host immune responses (10, 25, 26), and the
common occurrence of time lags between mite
introduction and establishment suggests that the
increase in DWV titer and reduction in variant
diversity cannot be explained by Varroa-induced
immunosuppression of honey bees (27). The ap-
parent lack of association between ABPV, IAPV,
and KBVand Varroa in this study may reflect the
fact that the latter viruses require a longer lag
period to become established in Varroa than does
DWV, although the prevalence of these viruses
varies greatly in Varroa-infected areas. Further
work is required to elucidate the precise role that
Varroamay have in influencing the prevalence of
the range of viruses that infect bees and their
role in colony collapse.

Complete viral genome sequencing and ex-
perimental infections of honey bees with differ-
ent DWV strains are required for testing virulence
and Varroa-associated honey bee colony losses
as was seen on Oahu and the Big Island. The
current Varroa-adapted DWV variants will con-
tinue to evolve, and investigations of virus strain

differences may explain the different pathologies
currently seen globally in honey bee colonies
(7). Such variants may interact with other pests,
pathogens, environmental factors, and regional
beekeeping practices, resulting in recent large-
scale losses of honey bee colonies (6). This study
shows that the spread of Varroa in Hawaii has
caused DWV, originally an insect virus of low
prevalence, to emerge. This association may be
responsible for the death of millions of colonies
worldwide wherever Varroa and DWV co-occur.
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Vitamin K2 Is a Mitochondrial
Electron Carrier That Rescues
Pink1 Deficiency
Melissa Vos,1,2 Giovanni Esposito,1,2 Janaka N. Edirisinghe,3 Sven Vilain,1,2

Dominik M. Haddad,1,2 Jan R. Slabbaert,1,2 Stefanie Van Meensel,1,2 Onno Schaap,1,2

Bart De Strooper,1,2 R. Meganathan,3 Vanessa A. Morais,1,2 Patrik Verstreken1,2*

Human UBIAD1 localizes to mitochondria and converts vitamin K1 to vitamin K2. Vitamin K2 is
best known as a cofactor in blood coagulation, but in bacteria it is a membrane-bound electron
carrier. Whether vitamin K2 exerts a similar carrier function in eukaryotic cells is unknown.
We identified Drosophila UBIAD1/Heix as a modifier of pink1, a gene mutated in Parkinson’s
disease that affects mitochondrial function. We found that vitamin K2 was necessary and sufficient
to transfer electrons in Drosophila mitochondria. Heix mutants showed severe mitochondrial
defects that were rescued by vitamin K2, and, similar to ubiquinone, vitamin K2 transferred
electrons in Drosophila mitochondria, resulting in more efficient adenosine triphosphate (ATP)
production. Thus, mitochondrial dysfunction was rescued by vitamin K2 that serves as a
mitochondrial electron carrier, helping to maintain normal ATP production.

Parkinson’s disease (PD) is a common neu-
rodegenerative disorder, and genetic causes
of the disease allow us to elucidate the

molecular pathways involved (1, 2). Mutations
in pink1, encoding an evolutionarily conserved

mitochondrial kinase, cause PD in humans and
mitochondrial defects in model organisms (3–6).
To understand Pink1 function in vivo, we per-
formed a genetic modifier screen in Drosoph-
ila. Because PD affects the nervous system we

screened 193 chemically induced recessive lethal
mutants that were selected for defects in neuro-
communication (7–9). We tested dominant mod-
ification of pink1B9 null mutant flight defects
(fig. S1A). Although none of the chemically in-
duced mutants showed dominant flight defects
when crossed to a wild-type pink1RV allele, 24
mutants suppressed and 32 enhanced the pink1B9

flight defect, such that pink1B9 flies failed to fly
(fig. S1A).

To reveal the mechanism by which the mod-
ifiers affected Pink1, we mapped one of the stron-
gest enhancers that, in combination with pink1B9,
results in enhanced lethality to heixuedian (heix).
We named this allele heix2 and identified sev-
eral additional heix alleles (fig. S1, B to E) (10).
To test whether loss of heix specifically exac-
erbated pink1 phenotypes, we assessed flight,
adenosine triphosphate (ATP) levels, and neu-
ronal mitochondrial membrane potential (Ym)
(10). Heterozygosity for heix combined with

1VIB Center for the Biology of Disease, 3000 Leuven, Belgium.
2KU Leuven, Center for Human Genetics and Leuven Research
Institute for Neurodegenerative Diseases (LIND), 3000 Leuven,
Belgium. 3Department of Biological Sciences, Northern Illinois
University, DeKalb, IL 60115, USA.
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Other Resources 

Bee declines driven by combined stress from parasites, pesticides, and lack of flowers: 

http://science.sciencemag.org/content/347/6229/1255957.full  

A review article from a March 2015 issue of Science details the various stresses leading to colony collapse 

disorder in honeybees, including parasites, pesticides, and a decline in available flowers. 

Presidential Memorandum - Creating a federal strategy to promote the health of honey bees and other pollinators: 

http://www.fs.fed.us/wildflowers/pollinators/documents/PresMemoJune2014/PresidentialMemo-

PromoteHealthPollinators.pdf  

A memo issued in June 2014 by U.S. President Barack Obama directs federal agencies to address colony collapse 

disorder in honeybees and other problems resulting in a decrease in pollinator populations.  

RoboBees to the rescue: http://www.pbs.org/wgbh/nova/tech/robobees-rescue.html  

A video from NOVA addressing a method of artificial pollination: “As colony collapse disorder decimates 

beehives, scientists are developing mini drones, called RoboBees, to help pollinate our crops.” 
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