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Social apoptosis in honey bee 
superorganisms
Paul Page1,*, Zheguang Lin2,*, Ninat Buawangpong3,*, Huoqing Zheng2, Fuliang Hu2, 
Peter Neumann3,4,5, Panuwan Chantawannakul3 & Vincent Dietemann1,5

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 overlap-
ping 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 encapsula-
tion4 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 years6–9. This is due to the exponential growth of mite 
populations sustained by developing worker brood throughout the year and seasonal male brood6. In sharp con-
trast, 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 work-
ers 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.
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Social programmeret celledød i 
honningbi superorganismer

Biyngel dør for at redde bifamilien 



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
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Here, we took an alternative approach to address the apparent gaps in our understanding of the mechanisms 
underlying the principal resistance traits of the original host of V. destructor, A. cerana. The traditional approach 
to dealing with complexity is to reduce or constrain it. Here, we experimentally reduce the complexity of our 
system 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 
workers, we separated the respective roles of the developing brood from that of adult nestmates in the resulting 
hygienic behaviour. We hypothesised that 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 
infested or wounded worker brood associated with efficient hygienic behaviour in adult workers is expected to 
reinforce the social immunity of a honey bee colony infested by brood parasites or pathogens and may contribute 
to colony survival.

Results and Discussion
We infested 314 worker larvae from 6 colonies in one population of A. mellifera and from 4–5 colonies in each of 
three distant populations of A. cerana. For infestations, we used the invasive Korean haplotype of V. destructor18. 
Wax combs containing infested and non-infested control brood cells were placed in an incubator mimicking hive 
conditions for optimal brood development19. The cells were opened one day prior to the expected emergence date 
of the adult bees and the developmental stages of the individuals were recorded20.

The data shows a striking difference in the effect of parasitism between A. cerana and A. mellifera. The devel-
opment of A. mellifera worker brood infested by V. destructor was similar to the non-infested controls. In con-
trast, in the three A. cerana populations, we found a higher frequency of individuals at early developmental 
stages in infested worker brood than in control brood (Fig. 1; Supplementary Fig. S1). Overall, the development 
of infested individuals was significantly delayed in A. cerana compared to A. mellifera (one-way ANOVA on 
log-transformed values with a Dunnett’s post hoc test using A. mellifera as control group, df =  3, F =  7.2, p =  0.003, 
Fig. 2). Whenever we observed larvae or pre-pupae (earliest developmental stages) one day prior to expected 
emergence, most of them were decomposed and were obviously dead (Fig. 1).

In the presence of workers, and even when assuming an equal ability of both honey bee species to detect signals 
triggering hygienic behaviour as well as equal response thresholds towards them, this observed difference in brood 
susceptibility is likely to elicit an earlier and more frequent production of such signals, ultimately leading to more 
efficient removal behaviour and overall enhanced social immunity. In order to test this hypothesis, we subjected 
larvae of both species to a benign wounding and either placed them in an incubator to monitor their development 
or back into their colony of origin. A. cerana brood died more quickly and in greater proportions than A. mellifera  
in incubator conditions (Log-rank Mantel test, df =  1, Chi2 =  12.8, p <  0.001, Fig. 3a; Supplementary Fig. S2)  
and in colonies, A. cerana workers removed the wounded brood significantly more and faster than A. mellifera 
(Log-rank Mantel test, df =  1, Chi2 =  67.8, p <  0.001, Fig. 3b). These results indicate that A. cerana brood was 
affected faster and to a higher degree by wounding than A. mellifera and that wounded brood could be detected by 
workers for a more efficient hygienic removal. The higher proportion of brood removed by the workers in the col-
onies compared to our estimate of brood death in the incubator (Fig. 3) is likely due to the sensitivity of workers 
to dysfunctional individuals that could have survived in incubator conditions. Nonetheless, a benign wounding 
of A. cerana larvae appears to be sufficient to yield a reaction analogous to apoptosis in multicellular organisms. 
Given the use of a sterile pin for the pricking, these results also allow the exclusion of secondary pathogens com-
monly carried by V. destructor6 in the mortality observed.

Hence, the significantly higher susceptibility of mite-infested brood of the original host of V. destructor leads 
to more efficient hygienic behaviour, thereby providing a basis for honey bee colony survival to parasitism and 
constituting an additional resistance trait of the original host of this parasite. Our results provide a most parsi-
monious explanation for the striking differences in the impact of infestations by the invasive Korean haplotype 

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.

Mide angrebet yngel øverste række og yngel uden mider nederst, Apis cerana. 

Celler blev åbnet et døgn inden de normalt ville klække. De fleste angrebne celler 
indeholdt yngel der kun havde udviklet sig som larver eller præ-pupper og var 
døde.  
 
Det er hvad de kalder social immunitet og sammenligner med celler der dør 
for at undgå at en infektion skal brede sig.
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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.

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.

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. 
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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.



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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Abstract
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 preva-
lence 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 dis-
eased 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
health of A. cerana. Promoting the fast detection and removal of worker brood through
adapted breeding programs could further improve the social immunity of A.mellifera colo-
nies and contribute to a better health status of the Western honey bee worldwide.

Introduction
Due to major and widespread losses of colonies [1], the health status of A.mellifera, the most
widespread managed pollinator of crops and wild flora [2–3 ] has triggered much attention in
the beekeeping as well as in the scientific communities [1,4 ]. Meanwhile, its Eastern counter-
part, A. cerana, harbors far fewer parasites and pathogens [5–12 ], suggesting that it benefits
from an overall higher resilience to biotic threats, and this despite its exposure to heterospecific
pathogens (e.g. deformed wing virus) [12–13 ].
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Rejs østpå, for bedre honningbi sundhed: 
Apis cerana har hurtigere hygiejnisk adfærd 
end A. mellifera.



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

Apis cerana Is Faster at Hygienic Behavior than A.mellifera

PLOSONE | DOI:10.1371/journal.pone.0162647 September 8, 2016 4 / 10

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.



removed more dead pupae (Student’s t-test, p = 0.258 in spring, p = 0.287 in autumn). Both A.
cerana and A.mellifera, showed significantly higher brood uncapping and removal in autumn
than in spring (log-rank test, uncapping: A. cerana, χ2 = 797.22, p< 0.001, A.mellifera, χ2 =
26.90, p< 0.001, Fig 1a; removal: A. cerana, χ2 = 312.96, p< 0.001, A.mellifera, χ2 = 66.02,
p< 0.001, Fig 1b).

In the observation hives, although one of the five A. cerana colonies did not complete the
task by uncapping only 88.2% of the frozen brood cells over three days, this species exerted a

particular observation time is indicated by the value reached by the vertical line at this time and the horizontal
line to the next observation.

doi:10.1371/journal.pone.0162647.g001

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
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A Saliva Protein of Varroa Mites 
Contributes to the Toxicity toward 
Apis cerana and the DWV Elevation 
in A. mellifera
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. RNAi-
mediated suppression of vtp gene expression in the mites partially protected A. cerana larvae. We 
propose a modified mechanism for Varroa mite avoidance of worker brood, due to mutual destruction 
stress, including the worker larvae blocking Varroa mite reproduction and Varroa mites killing worker 
larvae by the saliva toxin. The discovery of VTP should provide a better understanding of Varroa 
pathogenesis, facilitate host-parasite mechanism research and allow the development of effective 
methods to control these harmful mites.

Varroa destructor Anderson & Trueman (Acari: Varroidae) was originally identified as an ectoparasite of the 
Asian honeybee Apis cerana. Before the year 2000, V. destructor was miscalled V. jacobsoni. In fact, these two 
species are different in body shape, cytochrome oxidase (CO-I) gene sequence, and virulence to honey bees1. 
Importantly, V. destructor can reproduce on A. mellifera but V. jacobsoni cannot1. V. destructor was transmitted 
to the European honeybee A. mellifera in the 1950s1,2 and is now a worldwide ectoparasite of the economically 
important honeybee, except in Australia3. Adult females of this species can be found within sealed drones and 
worker cells and attached to adult bees4. Adult female mites feed on the hemolymph of sealed brood and adult 
bees4. In addition to weakening bee hosts by extracting hemolymph, V. destructor transmits a number of patho-
gens to these hosts, notably deformed-wing virus (DWV)5–8. Occasionally, DWV may cause deformed-wings in 
40% A. mellifera adults following conditioned artificial infestation8,9. The V. destructor mite has been associated 
with widespread losses of honeybee colonies in the United States and Europe since 20063, but not in China.

The balanced relationship between the original host A. cerana and V. destructor is the most striking aspect of 
this ectoparasite. Three host factors control the growth of the Varroa population and preserve the infested bee 
colonies as follow: mite infertility in the worker brood9, hygienic behaviors10–13 and the “entombing” of the drone 
brood10,13. In nature, Varroa mites show a marked preference for the drone brood and a strong avoidance of the 
worker brood in A. cerana colonies4,13. The reason for Varroa mites expressing a strong avoidance of the worker 
brood remains unclear. Recently, we injected crude saliva collected from female Varroa mites into A. cerana and 
A. mellifera larvae and observed that this treatment killed A. cerana worker larvae, while injected A. mellifera 
larvae developed into adults with deformed wings. To explore the potential involvement of salivary proteins 
in the toxicity towards A. cerana worker larvae, a salivary secretome was established and analyzed (Zhang and 
Han, unpublished data). Based on the secretome results, we identified a Varroa saliva toxic protein (VTP) that 
exhibited toxic activity towards A. cerana worker larvae from freshly capped cells in the absence of DWV and 
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Social apoptosis in honey bee 
superorganisms
Paul Page1,*, Zheguang Lin2,*, Ninat Buawangpong3,*, Huoqing Zheng2, Fuliang Hu2, 
Peter Neumann3,4,5, Panuwan Chantawannakul3 & Vincent Dietemann1,5

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 overlap-
ping 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 encapsula-
tion4 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 years6–9. This is due to the exponential growth of mite 
populations sustained by developing worker brood throughout the year and seasonal male brood6. In sharp con-
trast, 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 work-
ers 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.
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Figure 1. Effects of the purified Varroa toxic protein (VTP) expressed in E. coli on A. cerana and A. mellifera. 
(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 protein 
purified from E. coli Transetta pET32 (a). (c) Mortality rates of A. cerana and A. mellifera drone L3 larvae, L5 
larvae and adults injected with the purified E-VTP at different concentrations (0.1, 1.0, 2.0, and 5.0 ng/µL). (d) 
Emergence rates and deformed wings rates of A. mellifera worker L5 larvae injected with the purified E-VTP at 
different concentrations (0.1, 1.0, 2.0, and 5.0 ng/µL). (e) Morphology of A. cerana and A. mellifera developed 
from worker L5 larvae with different treatments. One-way ANOVA with post hoc multiple comparison tests, 
NS, not significant; *P < 0.05, ***P < 0.001, n = 8 for L5 larvae, n = 10 for white-eyed pupae and adults, in each 
replicate per treatment. Three replicates were established. The data are presented as the mean values ± S.D.

Sammenligning af yngeludvikling 
hos Apis cerana og A. mellifera.  
Kontrol, PBS givet buffer, TAG  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Protein/Varroa gift protein),  
varroaspyt og en varroamide.  

Bemærk samme resultat som  
i studiet fra Thailand, A. cerana 
arbejderyngel går til grunde. 
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BEE HEALTH

Engineered symbionts activate honey bee immunity
and limit pathogens
Sean P. Leonard1,2, J. Elijah Powell1, Jiri Perutka2, Peng Geng2, Luke C. Heckmann1, Richard D. Horak1,
Bryan W. Davies2, Andrew D. Ellington2, Jeffrey E. Barrick2*, Nancy A. Moran1*

Honey bees are essential pollinators threatened by colony losses linked to the spread of parasites and
pathogens. Here, we report a new approach for manipulating bee gene expression and protecting bee
health. We engineered a symbiotic bee gut bacterium, Snodgrassella alvi, to induce eukaryotic RNA
interference (RNAi) immune responses. We show that engineered S. alvi can stably recolonize bees and
produce double-stranded RNA to activate RNAi and repress host gene expression, thereby altering
bee physiology, behavior, and growth. We used this approach to improve bee survival after a viral
challenge, and we show that engineered S. alvi can kill parasitic Varroa mites by triggering the mite RNAi
response. This symbiont-mediated RNAi approach is a tool for studying bee functional genomics and
potentially for safeguarding bee health.

H
oney bees (Apismellifera) are dominant
crop pollinators worldwide and amodel
organism for studying development, be-
havior, and learning. Recently, high honey
bee colonymortality (1), attributed large-

ly to synergistic interactions between parasitic
mites (Varroa destructor) and RNA viruses (2),
has become a critical problem for agriculture
and the maintenance of natural biodiversity.
Despite the importance of honey bees, studies
of honey bee biology are limited by bees’ un-
usual social structure and reproductive biology.
New genetic tools and methods for deterring
pathogens are vital for understanding and
protecting honey bees.
Honey bees possess themolecularmachinery

for RNA interference (RNAi) (3), a eukaryotic
antiviral immune system in which double-
stranded RNA (dsRNA) triggers degradation
of other RNAs with similar sequences. RNAi
can be induced by feeding or injecting dsRNA,
and this has been used to knock down ex-
pression of bee genes and to impair repli-
cation of RNA viruses, including deformed
wing virus (DWV) (4–8). dsRNA administered
to bees is transmitted to their eukaryotic par-
asites and can induce parasite RNAi responses.
This approach has been used to suppress
Varroa (9) andNosema (10) by using dsRNAs
that silence essential parasite genes. How-
ever, use of dsRNA for sustained manipula-
tion of bee gene expression or control of bee
pests has proven difficult. Even administration
of dsRNA to individual bees yields patchy and
transient gene knockdown (11), and dsRNA can
have off-target effects (12–14). There are even
greater obstacles to using dsRNA to defend en-
tire hives located in the field against pathogens,

as dsRNA is expensive to produce anddegrades
rapidly in the environment.
Here, we describe successful efforts to en-

gineer Snodgrassella alvi wkB2, a symbiotic
bacterium found in bee guts, to continuously
produce dsRNA to manipulate host gene ex-
pression and protect bees against pathogens
and parasites.
S. alvi is a coremember of the conserved gut

microbiota of honey bees (15). To test whether
engineered S. alvi robustly colonizes bees, we
inoculated newly emerged, antibiotic-treated
bees en masse with S. alvi transformed with a
plasmid expressing green fluorescent protein
(GFP) and thenmonitoredbacterial colonization
(Fig. 1). Even at a dose of 500 colony-forming
units (CFU), engineered S. alvi establishes
within worker bees, grows to ~5.0 × 107 CFU
after 5 days (Fig. 1A), and persists stably
throughout the life span of bees reared in the
lab (Fig. 1B). Most engineered S. alvi cells
remained functional throughout our 15-day
experiments, although some bees contained
cells that lost fluorescence at the final time
point (Fig. 1C). We also confirmed that, 11 days
after colonization, engineered S. alviwas found
along the gut wall with the same localization
as the wild-type strain (Fig. 1, D to F) (15).
To test whether S. alvi can deliver dsRNA

in situ, we designed a modular platform to
assemble plasmids that produce dsRNA from
an inverted arrangement of two promoters
(fig. S1). First, we assessed whether S. alvi
produced dsRNA during colonization and
whether there was a general bee immune
response to symbiont production of dsRNA.
We inoculated bees with S. alvi wkB2 trans-
formed with either a plasmid that expressed
no dsRNA (pNR) or a plasmid that expressed
dsRNA corresponding to the GFP coding se-
quence (pDS-GFP). At 5, 10, and 15 days after
inoculation, we sampled and dissected bees
to measure RNA levels in different body re-
gions. We detected GFP RNA in the head, gut,

and hemolymph of bees colonized with dsRNA-
producing bacteria at all sampling times (fig.
S2). The presence of GFP RNA in the hemo-
lymphs and heads of bees, where no bacte-
ria reside, suggests that RNA is transported
throughout their bodies, as previously reported
(8). We also detected up-regulation and differ-
ential expression of immune pathway genes
in the bees colonized with S. alvi bearing the
pDS-GFP plasmid, and for some genes this
up-regulation correlated with the amount of
dsRNA produced in the gut (fig. S2). The up-
regulated genes includedDDX52 andDHX33,
which encode RNA helicases previously im-
plicated in the bee immune response to dsRNA
(8). Other up-regulated genes included cact1
and cact2 (in abdomens), which remained up-
regulated for the entire 15-day trial; cact1 and
cact2were previously shown to be up-regulated
after injection of dsRNA, but only for a few
hours (8). The RNAi components dicer and
argonaute were not consistently up-regulated,
but dicer expression in abdomens did increase
5 to 10 days after colonization, as reported for
dicer shortly after dsRNA injection (8). Thus,
engineered S. alvi persistently produces dsRNA
in situ, and the bee host responds by activating
immune pathway genes.
Next, we testedwhether symbiont-produced

dsRNA can be used to silence specific host
genes. The insulin/insulin-like growth factor
signaling pathway controls bee feeding behav-
ior and development, including the transition
of worker bees from nurses to foragers (16).
We built a dsRNA plasmid targeting the in-
sulin receptor InR1 (pDS-InR1) (Fig. 2A and
fig. S3), transformed this plasmid into S. alvi,
and assayed its effects on bees. Comparedwith
the pDS-GFP off-target control, we saw signif-
icantly lower expression of InR1 over multiple
days and in all tested body regions (Fig. 2B). In
contrast, previous studies found that direct
injections of dsRNA into honey bee brains
cause only transient (<1 day) knockdown (17).
Bees colonized by bacteria harboring the pDS-
InR1 plasmid showed increased sensitivity to
low concentrations of sucrose (Fig. 2C) and
gained more weight over time in each of two
independent trials (Fig. 2D and fig S4). InR1-
suppressing bacteria led to significantly heav-
ier bees at 10 and 15 days after colonization,
likely a product of increased feeding behavior.
Thus, symbiont-mediated RNAi systemically
silences bee genes and can lead to persistent
behavioral and physiological changes.
Next, we testedwhether symbiont-produced

dsRNA can protect bees against a common
viral pathogen. We designed three dsRNA-
producing plasmids targeting different sections
of theDWVgenome (pDS-DWV1 topDS-DWV3)
(fig. S5) and then initially assessed whether
S. alviwith these plasmids could help bees re-
sistDWV infection (fig. S6).Weorally inoculated
beeswithDWVand48hours later assessed viral

RESEARCH

Leonard et al., Science 367, 573–576 (2020) 31 January 2020 1 of 4

1Department of Integrative Biology, The University of Texas
at Austin, Austin, TX 78712, USA. 2Department of Molecular
Biosciences, The University of Texas at Austin, Austin, TX
78712, USA.
*Corresponding author. Email: nancy.moran@austin.utexas.edu
(N.A.M.); jbarrick@cm.utexas.edu (J.E.B.)

on January 30, 2020
 

http://science.sciencem
ag.org/

D
ow

nloaded from
 

replication in the hemolymph using a quan-
titative polymerase chain reaction assay. DWV
levels were lower, on average, in bees colonized
by S. alvi with any dsRNA-producing plasmid,
including the off-target pDS-GFP control (figs.
S6A and S7). The dicer gene was also up-
regulated in bees inoculatedwithmost dsRNA-
producing plasmids after virus exposure (fig.
S6B). These results suggest some nonspecific
induction of an immune response in bees
colonized with S. alvi expressing dsRNA.
However, only the pDS-DWV2 plasmid sig-
nificantly increased survival in a separate ex-
periment in which bees were injected with
purified virus (fig. S6C).

To validate the latter finding, we performed
a larger experiment to assess whether dsRNA-
producing bacteria improved survival after
DWV injection. This procedure mimics the
natural route of DWV transmission viaVarroa
mites feeding on bees (2). We injected cohorts
of 7-day-old bees with DWV and monitored
their survival over 10 days (Fig. 3). After DWV
injection, bees with bacteria bearing pNR died
rapidly. Likewise, pDS-GFP provided no sig-
nificant protection. In contrast, pDS-DWV2
significantly improved survival of virus-injected
bees. Thus, symbiont-mediated RNAi can pro-
tect honey bees fromDWV, and it does so in a
targeted, sequence-specific manner.

Finally, we tested whether symbiont-produced
dsRNA can protect bees against Varroamites.
When Varroa mites parasitize bees, they feed
on fat bodies (18) and ingest dsRNA present in
that tissue, triggering their ownRNAi response.
Using mite RNAi to target essential mite genes
results in mite death or lowered reproduction
(8). We designed a dsRNA-producing plasmid
with 14 concatenated sequences from essential
genes previously shown to kill Varroa (pDS-
VAR) (Fig. 4A and fig. S8) (8). We inoculated
bees with S. alvi bearing pNR, pDS-GFP, or
pDS-VAR; introduced adultVarroamites 5 days
later; and monitored mite survival for 10 days.
Mites that fed on bees colonized with pDS-VAR
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Fig. 1. Engineered S. alvi colonizes and functions in bee guts. (A) Colonization of newly emerged honey bees by different inoculum sizes. The percentage of
bees colonized in each treatment is annotated above the inoculation dose. N = 53 bees from two hives. (B) Stability of S. alvi colonization over time. N = 48 bees
from three hives. Colors in (A) and (B) correspond to different source hives. (C) Stability of GFP expression by engineered S. alvi over time. (D) Photograph of
dissected bee. S. alvi resides in the ileum (gray box). (E and F) Ilea of bees 11 days after colonization with nonfluorescent (E) or fluorescent (F) S. alvi. E2-Crimson
fluorescence from engineered S. alvi is blue. Scale bars, 150 mm. Error bars in (A) to (C) are 95% bootstrap confidence intervals.
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bacteria died more quickly than mites that
fed on control bees (Fig. 4B).
Determining whether engineered symbiotic

bacteria can improve whole hive health will
require further testing. It is promising that
inoculating beeswith dsRNA-producing strains
alone has no negative effect on their survival
(fig. S9). Ongoing within-hive transmission could
increase the effectiveness of this treatment by

promoting the persistence and spread of en-
gineered strains to new bees. Natural trans-
mission of S. alvi and other bee gut symbionts
occurs through direct social contact within
hives (15), and engineered S. alvi strains are
transferred between cohoused bees in the
lab (fig. S10), suggesting that within-hive
transmission is likely. Less is known about
between-hive transmission of the bee gut

microbiota. Use of this approach outside of
the laboratory would require an understand-
ing of these processes and the necessary bio-
containment safeguards.
The degree of protection of bees that we

observed in our experiments could likely be
improved by further optimizing this symbiont-
mediated RNAi delivery system. The specific
dsRNA sequence chosenwill affect the efficacy
of targeted RNAi knockdown, as has been
shown for suppression of DWV by oral de-
livery of RNAi (19). Engineering S. alvi to
deliver more dsRNA to bees (e.g., by reducing
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Fig. 2. Symbiont-mediated RNAi reduces expression of a specific host gene and alters feeding
behavior and physiology. (A) Plasmid design for off-target dsRNA control plasmid (pDS-GFP) and InR1
knockdown plasmid (pDS-InR1). (B) Bees colonized with engineered S. alvi expressing InR1 dsRNA
(pDS-InR1 plasmid) show reduced expression of InR1 throughout body regions for 10 days compared to
bees colonized with off-target dsRNA control (pDS-GFP). Total N = 29 bees from one hive. (C) pDS-InR1
plasmid increases host feeding activity (sucrose sensitivity response), measured 5 days after inoculation.
Curves are a binomial family generalized linear model fit to the response data for N = 67 bees from two hives.
(D) pDS-InR1 plasmid significantly increases bee weight, measured 10 and 15 days postinoculation
(Mann-Whitney U test). Total N = 135 bees from one hive. See fig. S4 for data from an additional trial.
Error bars and shading represent SEs. **P < 0.01; ***P < 0.001.

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.
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Man indsætter gen element  
fra Deform vingevirus, så  
det bliver udtrykt i  
Snodgrassella alvi i biens tarm.
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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.
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ribonuclease III activity) could also improve
efficacy (20). The deleterious effects of Varroa
mites and viruses for which the mites act as
vectors are interdependent (2); both types of
pests could be targeted simultaneously by
symbiont-mediated RNAi, which might lead
to synergistic improvements in bee health or
more robust protection in the context of the
fluctuating biotic interactions within hives.

For example, co-infecting viruses that encode
RNAi suppressors may limit the efficacy of
symbiont-mediated RNAi (21); thus, a strat-
egy that exploits the RNAi machinery of both
bees and mites could ensure more consistent
benefits to bee health.
We have shown that microbiome engineer-

ing can increase resistance to pathogens, a
strategy proposed for humans (22) and honey
bees (23, 24). Insect-associatedmicrobes 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 symbiont-
produced 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. alviwith
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.
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Fig. 4. Symbiont-produced RNAi kills Varroa
mites feeding on honey bees. (A) Design of
pDS-VAR plasmid targeting essential Varroa genes.
(B) Survival curves for Varroa mites that fed on bees
colonized with engineered S. alvi. Total N = 253
mites. All mites came from a single infested hive.
Bees were sourced from three separate hives.
**P < 0.01 (Wald test); NS, not significant.
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