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Eusocial insect colonies form superorganisms, in which nestmates cooperate and use social immunity
to combat parasites. However, social immunity may fail in case of emerging diseases. This is the case
for the ectoparasitic mite Varroa destructor, which switched hosts from the Eastern honeybee, Apis
cerana, to the Western honey bee, Apis mellifera, and currently is the greatest threat to A. mellifera
apiculture globally. Here, we show that immature workers of the mite’s original host, A. cerana, are
more susceptible to V. destructor infestations than those of its new host, thereby enabling more
efficient social immunity and contributing to colony survival. This counterintuitive result shows that
susceptible individuals can foster superorganism survival, offering empirical support to theoretical
arguments about the adaptive value of worker suicide in social insects. Altruistic suicide of immature
bees constitutes a social analogue of apoptosis, as it prevents the spread of infections by sacrificing
parts of the whole organism, and unveils a novel form of transgenerational social immunity in honey
bees. Taking into account the key role of susceptible immature bees in social immunity will improve
breeding efforts to mitigate the unsustainably high colony losses of Western honey bees due to V. destructor
infestations worldwide.
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Honningbiens stik
• Når en bi stikker dør den
• Den ofre sig i forsvar af bifamilien
• Her har man taget samme tema op
• Bilarver eller pupper dør når varroa angriber
• Varroamiden får intet afkom

Figure 1. Mite-infested brood (above row) and control brood (bottom row) from an A. cerana colony
(Phatthalung, Thailand). Individuals were removed from their cells one day before emergence was expected.
Most infested individuals stopped development at the larval and prepupal stages and died, Photo by Paul Page.
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Here, we took an alternative approach to address the apparent gaps in our understanding of the mechanisms
Celler blev
døgn inden
ville
klække.
DeA.fleste
celler
underlying
the åbnet
principaletresistance
traits ofde
thenormalt
original host
of V.
destructor,
cerana. angrebne
The traditional
approach
indeholdt
yngel
der kun
udviklet
som we
larver
eller præ-pupper
og var of our
to
dealing with
complexity
is tohavde
reduce or
constrainsig
it. Here,
experimentally
reduce the complexity
system
døde.by excluding one level (adult workers), thereby allowing for the first time to distinguish between the
effects of brood and adult workers in the hygienic behaviour. By monitoring the development and survival of
mite-infested honey bee brood of A. cerana and A. mellifera colonies in both the absence and presence of adult
Det er hvad de kalder social immunitet og sammenligner med celler der dør
workers, we separated the respective roles of the developing brood from that of adult nestmates in the resulting
for at undgå
at We
en hypothesised
infektion skal
sig.
hygienic
behaviour.
that brede
the brood
of A. cerana is more susceptible compared to A. mellifera,
thereby providing the basis for a more efficient removal behaviour by adult nestmates. A higher susceptibility of

Figure 2. Delay in brood development calculated as the difference in number of developmental stages
(x axis) separating infested brood from non-infested (control) brood in three populations of A. cerana
and one of A. mellifera (y axis). The average developmental delays within were compared by using a one-way
ANOVA on log-transformed values combined with a Dunnett’s post hoc test using A. mellifera as control group.
Values represented are means ± 1 S.E.M. ***P < 0.001.

Forsinkelse i yngeludvikling, mellem angrebet og ikke-angrebet yngel
i tre populationer af A. cerana og en A. mellifera population i Thailand.
Den angrebne yngel er forsinket hos A. cerana.

Dødelighed af såret yngel hos A. cerana
og A. mellifera, i forhold til kontrolyngel.
Ynglen blev prikket med en steril glasnål.

Yngeludrensning hos A. cerana
og A. mellifera, i forhold til kontrolyngel,
samme metode som ovenfor.

Figure 3. (a) Mortality of wounded brood in A. cerana and A. mellifera developing in an incubator. The survival
status of larvae pricked with a sterile glass-pulled needle and of control larvae was monitored every 12 hours
during three days; (b) Removal of wounded brood in A. cerana and A. mellifera colonies. Larvae pricked with a
sterile glass-pulled needle and controls were exposed to workers and their removal via hygienic behaviour was
monitored every 12 hours during three days. Brood mortality and removal rates were compared with log-rank
Mantel-tests. Values are means ± 1 S.E.M. **P < 0.01.

Konklusion
• Arbejder yngel angribes af varroamider
også hos A. cerana

• Ynglen hos asiatiske bier er mere følsom for
varroaangreb end hos europæiske bier

• “Overraskende” resultat at bifamilier hvor

ynglen dør, klare sig bedre end bifamilier hvor
ynglen overlever!
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The poor health status of the Western honey bee, Apis mellifera, compared to its Eastern
counterpart, Apis cerana, is remarkable. This has been attributed to lower pathogen prevalence in A. cerana colonies and to their ability to survive infestations with the ectoparasitic
mite, Varroa destructor. These properties have been linked to an enhanced removal of
dead or unhealthy immature bees by adult workers in this species. Although such hygienic
behavior is known to contribute to honey bee colony health, comparative data of A. mellifera
and A. cerana in performing this task are scarce. Here, we compare for the first time the
removal of freeze-killed brood in one population of each species and over two seasons in
China. Our results show that A. cerana was significantly faster than A. mellifera at both
opening cell caps and removing freeze-killed brood. The fast detection and removal of diseased brood is likely to limit the proliferation of pathogenic agents. Given our results can be
generalized to the species level, a rapid hygienic response could contribute to the better

Copyright: © 2016 Lin et al. This is an open access
The
poor health status of the Western honey bee, Apis mellifera, compared to its Eastern
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Åbnede yngelceller A. cerana
og A. mellifera forår og efterår.

Fjernet yngel hos A. cerana
og A. mellifera forår og efterår.

Åbnede yngelceller A. cerana
Og A. mellifera efterår i
observationsstade.
Fig 1. Uncapping of freeze-killed brood cells and brood removal over time in colonies of Apis mellifera
and A. cerana. Kaplan-Meier plots are shown for cell uncapping (a) and brood removal (b) in Langstroth
hives, as well as for cell uncapping in observation hives (c). For consistency with the text, we express the
percentage as an increase in brood targeted by hygienic behavior instead of displaying brood survival based
on the decreasing percentage of cells remaining capped. The percentage of brood uncapped or removed at a

Åbnet yngel i %
efter 3 timer
Langstroth
stade og 2
timer i
observationsstade. Forår og
efterår.

Fig 2. Uncapping of freeze-killed brood cells in colonies of A. mellifera and A. cerana three hours (Langstroth hives) and two
hours (observation hives) after freeze-killing. Measurements are reported for spring and autumn. Means, standard errors and results of
the independent samples t-test are shown (*: p < 0.05; **: p < 0.01).
doi:10.1371/journal.pone.0162647.g002

Hvordan?
• Hvad sker der?
• Er det virus angreb? - Nej
• Kan det være en type Kamikaze? - Ja
• Individer ofre sig, men bifamilien overlever?
• Mekanisme?
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A Saliva Protein of Varroa Mites
Contributes to the Toxicity toward
Apis cerana and the DWV Elevation
in A. mellifera
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Eusocial insect colonies form superorganisms, in which nestmates cooperate and use social immunity
to combat parasites. However, social immunity may fail in case of emerging diseases. This is the case
for the ectoparasitic mite Varroa destructor, which switched hosts from the Eastern honeybee, Apis
cerana, to the Western honey bee, Apis mellifera, and currently is the greatest threat to A. mellifera
apiculture globally. Here, we show that immature workers of the mite’s original host, A. cerana, are
more susceptible to V. destructor infestations than those of its new host, thereby enabling more
efficient social immunity and contributing to colony survival. This counterintuitive result shows that
susceptible individuals can foster superorganism survival, offering empirical support to theoretical
arguments about the adaptive value of worker suicide in social insects. Altruistic suicide of immature
bees constitutes a social analogue of apoptosis, as it prevents the spread of infections by sacrificing
parts of the whole organism, and unveils a novel form of transgenerational social immunity in honey
bees. Taking into account the key role of susceptible immature bees in social immunity will improve
breeding efforts to mitigate the unsustainably high colony losses of Western honey bees due to V. destructor
infestations worldwide.

Honey bee, Apis spp., colonies can be regarded as superorganisms, in which cooperating individuals in overlapping generations support functions comparable to those of cells in a multicellular organism1. Such cooperation
can foster the survival of parasite-infested colonies via social immunity2,3, e.g. social analogues of encapsulation4 or fever5. However, social immunity might be inefficient if parasites shift host species such as in the case
of the ectoparasitic mite Varroa destructor, which originally infested the Eastern honey bee A. cerana, and now
infests the Western honey bee, A. mellifera, at a global scale6. There is general consensus that this ubiquitous mite,
together with the viruses it vectors6, is the main biotic factor threatening A. mellifera colony survival, because
infestations usually result in colony death within 2–3 years 6–9. This is due to the exponential growth of mite
populations sustained by developing worker brood throughout the year and seasonal male brood6. In sharp contrast, infested colonies of the original host, A. cerana, are surviving. Among several potential resistance traits of
A. cerana6, the apparent absence of mite population growth in association with worker brood is likely to be
most significant10. Other A. cerana populations naturally infested with different mite species and haplotypes
also appear resistant to the ubiquitous invasive V. destructor Korean haplotype infesting sympatric A. mellifera in
Asia11. Social immunity2 is likely to play a major role as resistance mechanism; for instance, adult honey bee workers cooperate to detect and remove worker brood infested by this mite, thereby interrupting its reproduction6,12.
The trigger of this hygienic behaviour by workers is based on signals from infested brood13 and/or by cues from
the parasite14, on the ability of workers to detect this information as well as on their response thresholds11,15,16.
The ability of A. cerana workers to perform hygienic behaviour towards V. destructor-infested brood is greater
than that of the new host, A. mellifera17. However, the mechanisms underlying this major resistance trait of A.
cerana are unknown. In particular, the crucial role of mite-infested brood in inducing this behaviour has not yet
been fully investigated, since all previous studies have been performed in the presence of adult workers, thereby
confounding the respective roles of signals/cues, of detection abilities and of response thresholds, which may all
contribute to efficient hygienic brood removal.

Yi Zhang & Richou Han

Varroa destructor mites express strong avoidance of the Apis cerana worker brood in the field. The
molecular mechanism for this phenomenon remains unknown. We identified a Varroa toxic protein
(VTP), which exhibited toxic activity toward A. cerana worker larvae, in the saliva of these mites, and
expressed VTP in an Escherichia coli system. We further demonstrated that recombinant VTP killed
A. cerana worker larvae and pupae in the absence of deformed-wing virus (DWV) but was not toxic to
A. cerana worker adults and drones. The recombinant VTP was safe for A. mellifera individuals, but
resulted in elevated DWV titers and the subsequent development of deformed-wing adults. RNAiroscope wiss ee esearc
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Sammenligning af yngeludvikling
hos Apis cerana og A. mellifera.
Kontrol, PBS givet buﬀer, TAG
et protein fra E. coli, og
fortyndinger VTP (Varroa Toxic
Protein/Varroa gift protein),
varroaspyt og en varroamide.
Bemærk samme resultat som
i studiet fra Thailand, A. cerana
arbejderyngel går til grunde.
Hvad er det for et protein?

a) Oprenset klonet varroa toxic protein.
c) Virkning på droneyngel og droner af
A. cerana til venstre og A. mellifera til højre

Virkning på
arbejderyngel
og bier.
A. cerana og
A. mellifera.
Der ses
dødelig
giftvirkning
hos A. cerana.

Overlevelse af A. cerana Overlevelse af A. Mellifera
yngel i larvestadie 5.
yngel i larvestadie 5, samt
udvikling af deform
vingevirus symptomer.

Figure 1. Effects of the purified Varroa toxic protein (VTP) expressed in E. coli on A. cerana and A. mellifer
(a-(1)) Purified recombinant VTP (lane 1). (a-(2)) The purified E-VTP and different dilutions as visualized
using silver staining. (b) Mortality rates of A. cerana and A. mellifera worker L3 larvae, L5 larvae, white-eyed
pupae and adults injected with the purified E-VTP at different concentrations (0.1, 1.0, 2.0, and 5.0 ng/µL).
CK, L5 larvae not injected; PBS, L5 larvae injected with PBS (10 mM, pH 7.4); TAG, injected with tag protei
purified from E. coli Transetta pET32 (a). (c) Mortality rates of A. cerana and A. mellifera drone L3 larvae, L
larvae and adults injected with the purified E-VTP at different concentrations (0.1, 1.0, 2.0, and 5.0 ng/µL).
Emergence rates and deformed wings rates of A. mellifera worker L5 larvae injected with the purified E-VTP
different concentrations (0.1, 1.0, 2.0, and 5.0 ng/µL). (e) Morphology of A. cerana and A. mellifera develope
from worker L5 larvae with different treatments. One-way ANOVA with post hoc multiple comparison test
NS, not significant; *P < 0.05, ***P < 0.001, n = 8 for L5 larvae, n = 10 for white-eyed pupae and adults, in e
replicate per treatment. Three replicates were established. The data are presented as the mean values ± S.D.

Varroa toxic protein
• Stort anlagt forsøg og spændende resultat
• Resultater stemmer med social apoptosis
• Dog ikke kamikaze, det er midemord!
• Hvad tænker I? Kan det passe?
• Alternative ideer?

Sølvkugle
• Mest kendt fra vampyrfilm
• Man arbejder på at bekæmpe varroa ved at
slukke for vigtige gener

• Fine resultater i kontrolgruppen, altså mider
der ikke blev udsat for genslukning

• Lithium viste sig at være eﬀektivt uden gener

Tarmbakterier til hjælp
• I biernes tarm findes en række bakterier
• En af disse for indsat gener fra deform
vingevirus eller varroamider

• Bakterierne frigiver dobbelt strenget-RNA

som kan lukke for gener i varroa eller virus

• Konceptet virker i laboratoriet

Ny ide med at slukke gener

Robert J. Paxton Science 2020;367:504-506

and hemolymph of bees colonized with dsRNAproducing bacteria at all sampling times (fig.
S2). The presence of GFP RNA in the hemolymphs and heads of bees, where no bacteria reside, suggests that RNA is transported
throughout their bodies, as previously reported
1,2
1
2
2
1
1
(8). We also detected up-regulation and differSean P. Leonard , J. Elijah Powell , Jiri Perutka , Peng Geng , Luke C. Heckmann , Richard D. Horak ,
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Bryan W. Davies2, Andrew D. Ellington2, Jeffrey E. Barrick2*, Nancy A. Moran1*
in the bees colonized with S. alvi bearing the
pDS-GFP plasmid, and for some genes this
Honey bees are essential pollinators threatened by colony losses linked to the spread of parasites and
up-regulation correlated with the amount of
pathogens. Here, we report a new approach for manipulating bee gene expression and protecting bee
dsRNA produced in the gut (fig. S2). The uphealth. We engineered a symbiotic bee gut bacterium, Snodgrassella alvi, to induce eukaryotic RNA
regulated genes included DDX52 and DHX33,
interference (RNAi) immune responses. We show that engineered S. alvi can stably recolonize bees and
which
encode RNA helicases previously improduce double-stranded RNA to activate RNAi and repress host gene expression, thereby altering
plicated
in the bee immune response to dsRNA
bee physiology, behavior, and growth. We used this approach to improve bee survival after a viral
(8).
Other
up-regulated genes included cact1
challenge, and we show that engineered S. alvi can kill parasitic Varroa mites by triggering the mite RNAi
and cact2 (in abdomens), which remained upresponse. This symbiont-mediated RNAi approach is a tool for studying bee functional genomics and
regulated for the entire 15-day trial; cact1 and
potentially for safeguarding bee health.
cact2 were previously shown to be up-regulated
after injection of dsRNA, but only for a few
oney bees (Apis mellifera) are dominant
as dsRNA is expensive to produce and degrades
hours (8). The RNAi components dicer and
crop pollinators worldwide and a model
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organism for studying development, beHere, we describe successful efforts to enbut dicer expression in abdomens did increase
havior, and learning. Recently, high honey
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5 to 10 days after colonization, as reported for
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dicer shortly after dsRNA injection (8). Thus,
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mites (Varroa destructor) and RNA viruses (2),
pression and protect bees against pathogens
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has become a critical problem for agriculture
and parasites.
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and the maintenance of natural biodiversity.
S. alvi is a core member of the conserved gut
Next, we tested whether symbiont-produced
Despite the importance of honey bees, studies
microbiota of honey bees (15). To test whether
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of honey bee biology are limited by bees’ unengineered S. alvi robustly colonizes bees, we
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signaling pathway controls bee feeding behavNew genetic tools and methods for deterring
bees en masse with S. alvi transformed with a
ior and development, including the transition
pathogens are vital for understanding and
plasmid expressing green fluorescent protein
of worker bees from nurses to foragers (16).
protecting honey bees.
(GFP) and then monitored bacterial colonization
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Engineered symbionts activate honey bee immunity
and limit pathogens
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mediated RNAi reduces expression of a specific host gene and alters feeding
siology. (A) Plasmid design for off-target dsRNA control plasmid (pDS-GFP) and InR1
d (pDS-InR1). (B) Bees colonized with engineered S. alvi expressing InR1 dsRNA
) show reduced expression of InR1 throughout body regions for 10 days compared to
h off-target dsRNA control (pDS-GFP). Total N = 29 bees from one hive. (C) pDS-InR1
host feeding activity (sucrose sensitivity response), measured 5 days after inoculation.
mial family generalized linear model fit to the response data for N = 67 bees from two hives.
mid significantly increases bee weight, measured 10 and 15 days postinoculation
can fig.
improve
est). Fig.
Total3.NSymbiont-produced
= 135 bees from one RNAi
hive. See
S4 for data from an additional trial.
beeSEs.
survival
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**P <after
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Fig. 3. Symbiont-produced RNAi can improve
honey bee survival after viral injection.
(A) Design of the DWV knockdown construct
pDS-DWV2. (B) Survival curves of bees monitored
for 10 days after injection with DWV or the
phosphate-buffered saline (PBS) control. Bees
inoculated with pNR, pDS-GFP, or pDS-DWV2 and
then injected with PBS showed no significant change
in survival (dotted lines). When injected with DWV,
bees inoculated with pDS-DWV2 showed increased
survival compared with bees inoculated with pNR
(no dsRNA control) or pDS-GFP (off-target dsRNA
control). ***P < 0.001 (Wald test); NS, not
significant. Total N = 980 bees, sourced from three
separate hives.

microbiota. Use of this approach outside of
the laboratory would require an understand-

For example, co-infecting viruses that encode
RNAi suppressors may limit the efficacy of
symbiont-mediated RNAi (21); thus, a strategy that exploits the RNAi machinery of both
bees and mites could ensure more consistent
benefits to bee health.
We have shown that microbiome engineering can increase resistance to pathogens, a
strategy proposed for humans (22) and honey
bees (23, 24). Insect-associated microbes have
been engineered to interfere with mosquito
transmission of malaria (25) and to kill crop
pests (26), but not to improve pollinator health.
Our results imply movement of symbiontproduced dsRNA from the gut lumen into bee
cells but do not identify the mechanism of
transfer. Possibly, lysis of S. alvi cells releases
dsRNA to be taken up through the same route
as orally administered dsRNA. Alternatively,
symbiont-mediated dsRNA delivery may co-opt
an uncharacterized interaction of S. alvi with
its bee host, such as outer membrane vesicle
production (27) or direct RNA export (28).
Symbiont-mediated RNAi provides a new tool
to study bee biology and to improve resilience
against current and future challenges to honey
bee health.

Man kan alternativt
indsætte varroa gen
elementer som er
livsvigtige for miden.
Varroamiderne dør kort
efter at bierne fodres
med bakterien.

Fig. 4. Symbiont-produced RNAi kills Varroa
mites feeding on honey bees. (A) Design of
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