
1Scientific REPORtS | 7: 11429  | DOI:10.1038/s41598-017-11689-w

www.nature.com/scientificreports

Propolis envelope in Apis mellifera 
colonies supports honey bees 
against the pathogen, Paenibacillus 
larvae
Renata S. Borba & Marla Spivak

Honey bees have immune defenses both as individuals and as a colony (e.g., individual and social 
immunity). One form of honey bee social immunity is the collection of antimicrobial plant resins and the 
deposition of the resins as a propolis envelope within the nest. In this study, we tested the effects of the 
propolis envelope as a natural defense against Paenibacillus larvae, the causative agent of American 
foulbrood (AFB) disease. Using colonies with and without a propolis envelope, we quantified: 1) the 
antimicrobial activity of larval food fed to 1–2 day old larvae; and 2) clinical signs of AFB. Our results 
show that the antimicrobial activity of larval food was significantly higher when challenged colonies had 
a propolis envelope compared to colonies without the envelope. In addition, colonies with a propolis 
envelope had significantly reduced levels of AFB clinical signs two months following challenge. Our 
results indicate that the propolis envelope serves as an antimicrobial layer around the colony that helps 
protect the brood from bacterial pathogen infection, resulting in a lower colony-level infection load.

The nests of densely populated social insect colonies provide a favorable habitat for a wide range of parasites 
and pathogens that have evolved to overwhelm or suppress their hosts’ immune defenses1. In turn, insect soci-
eties have evolved remarkable abilities to counter these challenges via dynamic defense mechanisms at both the 
individual level (individual immunity2; e.g., cell phagocytosis, immune gene up-regulation) and the colony level 
(social immunity3).

An example of social immunity is the collection of antimicrobial plant resins4–12. Social wood ants (Formica 
paralugubris) collect plant resins and place globules of resin near the brood9, resulting in reduced growth of 
microorganisms10, and lower immune system activity of adult worker ants11. Honey bees, Apis mellifera, collect 
plant resins and deposit these resins on the interior walls of the nest, where it is called a propolis envelope4, 7. 
Previous work has shown that the presence of a propolis envelope within the nest provides benefits to adult bees’ 
by lowering constitutive immune gene expression6, 8. The immune system may be the most energetically costly 
physiological system in insects1, 13. Thus, social immune behaviors, such as the collection of plant resins, may have 
evolved to reduce the need to maintain a highly activated immune system (constitutive immune defense) when 
the insect is not pathogen challenged. Additionally, the antimicrobial properties of plant resins may also control 
pathogen loads and promote colony health5, 6, 10, 12.

In vitro studies have demonstrated that propolis, and specific compounds within propolis, inhibit the growth 
of two infectious pathogens of honey bees, Paenibacillus larvae and Ascosphaera apis14–19. When colonies in the 
field were challenged with P. larvae and subsequently treated with propolis per os via an aqueous, alcohol or sugar 
solution, the treatment reduced spore loads and disease signs from the hive16, 20. Simone-Finstrom and Spivak5 
found that colonies with an experimentally applied propolis envelope and challenged with A. apis had signifi-
cantly lower clinical signs of the disease. These results suggest that the antimicrobial properties of propolis may 
aid in reducing pathogen loads, but do not completely kill or render inactive the disease agents.

American foulbrood (AFB), one of the most infectious bacterial diseases of honey bees, is caused by P. larvae. 
Although adult bees may come in contact with P. larvae spores and become carriers, only young bee larvae (1–2 d 
old) are susceptible to this pathogen. One route of AFB transmission to young larvae is via oral intake of contam-
inated larval food supplied by nurse bees21. Young larvae are thought to have lower immune defenses compared 
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to adults as indicated by lower hemolymph cell counts and phenoloxidase activity22, 23. Therefore, young larvae 
may rely mostly on adult bee social immunity to avoid contracting and to fight infectious brood diseases24–28. 
For example, nurse bees secrete antimicrobial compounds into larval food, which help protect the larvae from 
P. larvae infection29–31. Adult bees (e.g., nurse bees) display increased transcription of antimicrobial peptides 
(immune-related genes) 24 h after challenge with P. larvae, even though they are only carriers of the pathogen2.

In this study, we challenged colonies with P. larvae and investigated the effects of the propolis envelope on: 
1) the antimicrobial activity of larval food fed to 1–2 d old larvae; and 2) the overall reduction of clinical signs of 
AFB in the colony. We hypothesized that antimicrobial activity of larval food would be higher, and clinical signs 
of AFB would be reduced in P. larvae challenged colonies with a propolis envelope compared to challenged col-
onies without the envelope. Our findings supported our hypotheses and emphasize the critical importance of the 
propolis envelope to honey bee health and its role in larval defense against bacterial infections.

Results
Larval food antimicrobial activity. Larval food from 1–2 d old larvae from colonies with and without 
a propolis envelope showed differences in the ability to inhibit the growth of P. larvae both before and after the 
appearance of AFB clinical signs in the colonies. Asymptomatic period (August): Larval food collected from 
challenged colonies with a propolis envelope showed significantly higher inhibition of P. larvae growth (lower 
growth relative to controls) compared to larval food from all other three treatment groups (F3,16 = 5.16, P = 0.011; 
Fig. 1a). Symptomatic period (September): When challenged colonies had clinical signs of AFB, larval food col-
lected from challenged colonies with a propolis envelope continued to show significantly higher inhibitory activ-
ity against P. larvae but only compared to larval food from unchallenged colonies without a propolis envelope 
(F3,16 = 3.27, P = 0.049; Fig. 1b). Larval food from unchallenged colonies with a propolis envelope and challenged 
colonies without a propolis envelope had intermediate levels of inhibition.

Level of American foulbrood infection. Colonies first showed clinical signs of AFB 30 days after chal-
lenge. On August 30th, P. larvae challenged colonies with a propolis envelope had low but comparable numbers 
of larvae with clinical signs of AFB (median score of 0.625) compared to challenged colonies without a propolis 
envelope (median score of 0.875; U = 16, P = 0.523). Similar results were observed on September 16th (U = 16.5, 
P = 0.456). Three out of five challenged colonies with a propolis envelope and four out of five challenged colonies 
without a propolis envelope showed signs of AFB infection in both August and September. This difference was 
not statistically significant until October 1st, when colonies with a propolis envelope had significantly fewer larvae 
with clinical signs of AFB (U = 23, P = 0.036; Fig. 2).

The presence of the propolis envelope did not completely prevent AFB infection; all challenged colonies with 
a propolis envelope had clinical signs of infection by the end of the experiment. However, the severity of clinical 
signs in October in colonies with a propolis envelope was relatively mild (median score of 1.17, equivalent to 1-5 
infected larvae per comb) compared to the severity in colonies without the propolis envelope (median score of 
2.43, equivalent to 6–25 infected larvae per comb).

Discussion
The presence of a propolis envelope in healthy managed honey bee colonies provides quantifiable benefits to 
honey bee immunity6, 8. In this study, we demonstrate two benefits of the propolis envelope to bees after field 
colonies were challenged with P. larvae, the causative agent of American foulbrood (AFB) disease. First, before 
the colonies were symptomatic, larval food from challenged colonies with a propolis envelope had significantly 
higher inhibitory activity against P. larvae compared to larval food from challenged colonies without a propolis 
envelope. Second, the presence of a propolis envelope inside a colony resulted in a significant reduction in the 
number of larvae with clinical signs of AFB two months after P. larvae challenge.

Figure 1. Larval food inhibitory activity against Paenibacillus larvae growth in colonies with and without 
a propolis envelope, and challenged or not with Paenibacillus larvae. Antimicrobial activity of larval food 
(mean ± s.e.m.) for samples collected in: (a) Asymptomatic period in August, and (b) Symptomatic period in 
September were measured as percent optical density (OD600) relative to untreated controls (N = 20 replicate 
wells per colony and five colonies per treatment). Low P. larvae growth (y-axis) indicates higher inhibition 
activity of larval food. Significant difference among groups was determined by ANOVA with colony treated as a 
random variable (α = 0.05).
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Paenibacillus larvae can cause lethal infection only to young larvae. Although P. larvae spores do not ger-
minate in adult bees, these bees play an important role in disease spread within the colony. One of the earliest 
studied mechanisms of AFB resistance was associated with anti-foulbrood compounds found in larval food29, 30. 
Data from our preliminary studies indicated that after challenge with P. larvae, nurse-age bees in challenged col-
onies with a propolis envelope were able to mount a significantly higher immune response compared to same-age 
bees in challenged colonies without a propolis envelope32. Although our data require confirmation, they suggest 
one possible mechanism for the increase in antimicrobial activity of the larval food. In the presence of AFB 
infection, nurse bees in colonies with a propolis envelope may be able to induce a stronger up-regulation of 
antimicrobial peptides and incorporate these peptides into larval food. The presence of antimicrobial peptides 
in larval food may protect them from P. larvae infection29–31, and decrease colony-level AFB infection more 
rapidly and efficiently compared to bees from challenged colonies without a propolis envelope. The transfer of 
antimicrobial compounds as a proposed bacterial defense has been observed in another social insect, carpenter 
ants (Camponotus pennsylvanicus). Infected worker ants demonstrate increased trophallaxis to naïve nestmates. 
During trophallaxis, infected workers share droplets of antimicrobial peptides with naïve individuals, improving 
the survival of naïve individuals upon future contact with the same bacterial pathogen33.

There may be a second possible mechanism for the increase in antimicrobial activity of the larval food. 
Although the propolis envelope may not come into direct contact with larval food, volatile compounds present in 
propolis can diffuse through the hive, and possibly into the larval food, contributing to the complex way in which 
bees fight infections. Several studies have confirmed the activity of propolis volatiles against Gram-positive15, 34–36, 
and Gram-negative bacteria35–37, as well as the inhibitory activity of non-volatile compounds against P. larvae19. 
Propolis is a mixture of resins, which may contain different active compounds against P. larvae. For examlpe, 
the most active constituents of Bulgarian propolis against P. larvae growth, comprised of resin from Populus 
spp, were pinocebrin, pinobanksin-3-acetate, and a caffeate mixture15. More recently, six 3-acyl dihydroflavanols 
compounds, active against P. larvae growth, were isolated from U.S. propolis19. All of the active dihydroflavanols 
were present, in varied concentrations, in several North American Populus spp., including P. deltoides, the most 
abundant resin source in our research apiary area on the St. Paul campus of the University of Minnesota. It has 
not been investigated if propolis compounds are present in larval food, although it has been suggested that anti-
microbial compounds found in propolis are present in honey38.

The relatively high bioactivity of the larval food observed only in samples from challenged colonies with a 
propolis envelope suggests there may be synergistic or additive effects between active constituents in propolis and 
antimicrobial substances present or incorporated into larval food by adult bees. A synergism between propolis 
and antimicrobial compounds, including antibacterial compounds, has been previously reported to augment the 
effect of commonly used drugs to combat human diseases39, 40. The source of the growth-inhibiting substances 
put in larval food by nurse bees, from glandular secretions (e.g., antimicrobial peptides;31–33, 41) or midgut con-
tents (e.g., lactic acid bacteria42, 43), requires further study. In sum, the consistently higher antimicrobial activity 
of honey bee larval food in challenged colonies with propolis reveals an inhibitory effect of the propolis envelope 
against P. larvae and a protective physiological response of nurse bees towards the brood.

In regards to the effect of propolis on AFB infection level, our results indicate that the presence of a propolis 
envelope inside a colony significantly reduced the number of larvae with clinical signs of AFB over time, but did 
not eliminate the disease completely. Colonies challenged with P. larvae, with and without a propolis envelope, 
had similar levels of AFB infection in late August and mid-September. By early October when queens were still 

Figure 2. American foulbrood infection level in challenged colonies with and without a propolis envelope. 
Overall severity scores (0 = 0 cells in comb containing sign of AFB; 1 = 1–5 cells; 2 = 6–25 cells; and 3 =≥ 26 
cells per comb) were compared between challenged colonies with and without a propolis envelope using Mann-
Whitney U test (α = 0.05). Three out of five challenged colonies with a propolis envelope and four out of five 
challenged colonies without a propolis envelope showed signs of AFB infection in both August and September. 
High interquartile range in September in challenged colonies with a propolis envelope was a result of one colony 
showing a high AFB infection score level compared to all others. All colonies, in both challenged treatment 
groups, showed signs of AFB infection in October.
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actively laying eggs, infection levels in colonies with a propolis envelope were significantly lower compared to 
levels in colonies without a propolis envelope.

Previous studies have demonstrated several mechanisms of colony resistance to AFB, including: removal of P. 
larvae spores from contaminated honey by action of the proventricular valve in the honey bee crop26; detection 
and removal of infected larvae by adult bees before P. larvae produces infectious spores (hygienic behavior25); 
genetic resistance in larvae27, 28; and high inhibitory activity of larval food on the growth of P. larvae29. Here we 
demonstrate an additional, and novel, mechanism of colony resistance associated with the presence of a propolis 
envelope within the honey bee colony. Specifically, we demonstrate an increased bioactivity of larval food against 
P. larvae growth when honey bees inhabit colonies containing a propolis envelope.

Managing honey bees in man-made hives with smooth interior walls has interfered with a critical, natural 
defense mechanisms of the honey bee colony: the bees do not construct a natural propolis envelope inside the 
hive as they do in natural tree cavities. Our results provide additional evidence for the importance of the propolis 
envelope within the nest, in this case protecting the brood from P. larvae infection, resulting in a lower infection 
load two months following the challenge. The propolis envelope can be viewed as an external component of the 
bees’ immune defense mechanism and thus as a vital part of honey bee colony defense.

Materials and Methods
Experimental design. Twenty, four-frame “nucleus” colonies were purchased in May 2013 and established 
in 10-frame equipment at the University of Minnesota, Saint Paul, MN, U.S.A. Hygienic tests were performed on 
all colonies to ensure the colonies did not display hygienic behavior44, a behavioral mechanism of resistance to 
AFB in which the bees detect and remove immature bees infected with P. larvae25. Ten colonies were provided 
with commercially available propolis traps (Mann lake LTD, Minnesota) stapled to the four inner walls of each 
bee box to encourage the bees to construct a propolis envelope within the nest, following previous methods8. 
Colonies that were provided with propolis traps deposited propolis in more than 80% of the slits in the traps, 
creating a propolis envelope (Supplementary Fig. S1). In total, four treatments were tested in this study. Five of 
the ten colonies with a propolis envelope were challenged with P. larvae (propolis + P. larvae − Treatment 1) 
and the other five colonies were left unchallenged (propolis + no P. larvae − Treatment 2). The remaining ten 
colonies were not provided with propolis traps and the bees deposited small, scattered amounts of propolis in the 
cracks and crevices within the boxes. Five of the ten colonies without a propolis envelope were challenged with 
P. larvae (no propolis + P. larvae − Treatment 3) and the other five were left unchallenged (no propolis + no P. 
larvae − Treatment 4).

Colony inoculation with P. larvae. Sugar solution containing 107 P. larvae spores/ml as prepared by 
removing 100 desiccated larvae that died from AFB infection (i.e., AFB “scales”) from diseased colonies, and 
macerating and suspending the crushed scales in sucrose-water (1:10 w/v)45. Spore concentration was confirmed 
using a haemocytometer. Colonies were challenged with P. larvae on July 31st 2013 by spraying 5 ml of the spore 
solution on each comb within the colony46. Unchallenged colonies were sprayed with 5 ml of sugar solution 
(1:10 w/v) on each comb within the colony.

Larval food collection. Prior to larval food collection, an empty frame was introduced into the colony and 
marked when eggs were present. Three days after the frames were marked, when 1–2 d old larvae were present, 
the frames were removed and larval food was collected following Schmitzová et al.47. Larval food from cells 
containing 1–2 d old larvae was collected 9 days after colony inoculation with P. larvae (asymptomatic period, 
August 9th) and after the presence of clinical signs (symptomatic period, September 12th, 43 days after challenge). 
Larval food from 20 cells, located in the same frame, was collected from each colony and stored individually. In a 
temperature-controlled room, each young larva was removed from the cell using a sterile grafting tool, the larval 
food from each cell was individually homogenized in 30 μl of phosphate buffer (50 mM NaH2PO4/Na2HPO4, pH 
7.0; 100 mM NaCl; 20 mM EDTA, pH 8.0) by repeated pipetting and then transferred to a 1.5 ml microcentrifuge 
tube. An average of 2 μl of larval food was collected from each larval cell.

Larval food antimicrobial assay. Prior to the assay, P. larvae (from stock strains obtained from the USDA 
Agricultural Research Service culture collection; NRRL# B-2605) were cultured in brain/heart infusion broth for 
48 h. A bacterial growth assay was performed to assess the inhibitory activity of larval food collected from cells 
containing 1–2 d old larvae against the growth of P. larvae. The bacterial growth assay was conducted follow-
ing Wilson et al.18 with minor modifications. Larval food in phosphate buffer and controls (30 μl of phosphate 
buffer) were freeze-dried and solubilized in 100 μl of brain/heart infusion broth, transferred to 96-well plates and 
placed in a plate shaker for 30 min at 400 rpm to improve homogenization. A volume of 100 μl of P. larvae liquid 
culture (cultured for 48 h prior to the assay) was transferred into the well plates, and the well plates were incu-
bated at 37 °C at 400 rpm for six hours. Bacterial growth inhibition was evaluated in 96-well plates by measuring 
turbidity of treated cultures (containing larval food) relative to untreated controls (phosphate buffer only) using 
a microplate spectrophotometer. Turbidity was measured as the optical density at time 0 h subtracted from the 
optical density at time 6 h (OD600).

Level of American foulbrood (AFB) infection assessment. The number of larvae with clinical signs of 
AFB (sunken wax capping and uncapped cells containing discolored, “ropy” brood) was quantified every 16 days 
( ± 1 day) after the appearance of the first clinical signs (i.e., August 30, September 16 and October 1, 2013). A 
severity score ranging from 0–3 was given for each comb (both sides combined) that contained larvae: 0 = 0 cells 
containing signs of AFB; 1 = 1–5 cells; 2 = 6–25 cells; and 3 =≥ 26 cells per comb25.

http://S1
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Statistical analysis. P. larvae growth was calculated by subtracting the optical density (OD) at time 0 h from time 
6 h (OD600). The percentage of P. larvae growth was calculated as follows: = ×

−
growth% 100

growth growth

growth
(larval food) (PBS)

(PBS)
. 

Percentage of P. larvae growth in the presence of larval food relative to untreated controls (phosphate buffer only) was 
transformed using arcsine square root transformation y arcsine( ( growth%))= √  and compared among treatment 
groups by ANOVA with colony as a random factor and treatment as a fixed effect. R version 2.15 was used for analysis, 
α = 0.05. After transformation, the data fitted a normal distribution and the residuals were equally distributed.

Unchallenged colonies did not show AFB clinical signs; therefore, AFB infection level was compared only 
between the treatments with propolis + P. larvae and no propolis + P. larvae. An overall AFB severity score for 
each colony by each month (i.e., August, September and October) was obtained by calculating the median of the 
individual comb scores. AFB severity scores were compared between challenged colonies with and without a 
propolis envelope using Mann-Whitney U test. R version 2.15 was used for analysis, α = 0.05.

References
 1. Schmid-Hempel, P. Evolutionary ecology of insect immune defenses. Annu. Rev. Entomol. 50, 529–551, doi:https://doi.org/10.1146/

annurev.ento.50.071803.130420 (2005).
 2. Evans, J. D. et al. Immune pathways and defence mechanisms in honey bees Apis mellifera. Insect Mol. Biol. 15, 645–656, doi:https://

doi.org/10.1111/j.1365-2583.2006.00682.x (2006).
 3. Cremer, S., Armitage, S. A. O. & Schmid-Hempel, P. Social Immunity. Curr. Biol. 17, 693–702, doi:https://doi.org/10.1016/j.

cub.2007.06.008 (2007).
 4. Seeley, T. D. & Morse, R. A. The nest of the honey bee (Apis mellifera L.). Insect. Soc. 23, 495–512, doi:https://doi.org/10.1007/

BF02223477 (1976).
 5. Simone-Finstrom, M. D. & Spivak, M. Increased resin collection after parasite challenge: A case of self-medication in honey bees? 

PLoS One 7, e34601, doi:https://doi.org/10.1371/journal.pone.0034601 (2012).
 6. Simone, M., Evans, J. D. & Spivak, M. Resin collection and social immunity in honey bees. Evolution 63, 3016–3022, doi:https://doi.

org/10.1111/j.1558-5646.2009.00772.x (2009).
 7. Simone-Finstrom, M. & Spivak, M. Propolis and bee health: the natural history and significance of resin use by honey bees. 

Apidologie 41, 295–311, doi:https://doi.org/10.1051/apido/2010016 (2010).
 8. Borba, R. S., Klyczek, K. K., Mogen, K. L. & Spivak, M. Seasonal benefits of a natural propolis envelope to honey bee immunity and 

colony health. J. Exp. Biol. 218, 3689–3699, doi:https://doi.org/10.1242/jeb.127324 (2015).
 9. Brütsch, T. & Chapuisat, M. Wood ants protect their brood with tree resin. Anim. Behav. 93, 157–161, doi:https://doi.org/10.1016/j.

anbehav.2014.04.024 (2014).
 10. Christe, P., Oppliger, A., Bancalà, F., Castella, G. & Chapuisat, M. Evidence for collective medication in ants. Ecol. Lett. 6, 19–22, 

doi:https://doi.org/10.1046/j.1461-0248.2003.00395.x (2003).
 11. Castella, G., Chapuisat, M., Moret, Y. & Christe, P. The presence of conifer resin decreases the use of the immune system in wood 

ants. Ecol. Entomol. 33, 408–412, doi:https://doi.org/10.1111/j.1365-2311.2007.00983.x (2008).
 12. Chapuisat, M., Oppliger, A., Magliano, P. & Christe, P. Wood ants use resin to protect themselves against pathogens. Proc. R. Soc. B 

274, 2013–2017, doi:https://doi.org/10.1098/rspb.2007.0531 (2007).
 13. Evans, J. D. & Pettis, J. S. Colony-level impacts of immune responsiveness in honey bees. Apis mellifera. Evolution 59, 2270–2274, 

doi:https://doi.org/10.1554/05-060.1 (2005).
 14. Bastos, E. M. A. F., Simone, M., Jorge, D. M., Soares, A. E. E. & Spivak, M. In vitro study of the antimicrobial activity of Brazilian 

propolis against Paenibacillus larvae. J. Invertebr. Pathol. 97, 273–281, doi:https://doi.org/10.1016/j.jip.2007.10.007 (2008).
 15. Bilikova, K., Popova, M., Trusheva, B. & Bankova, V. New anti-Paenibacillus larvae substances purified from propolis. Apidologie 44, 

278–285, doi:https://doi.org/10.1007/s13592-012-0178-1 (2013).
 16. Lindenfelser, L. A. In vivo activity of propolis against Bacillus larvae. J. Invertebr. Pathol. 12, 129–131, doi:https://doi.

org/10.1016/0022-2011(68)90252-8 (1968).
 17. Wilson, M. B., Spivak, M., Hegeman, A. D., Rendahl, A. & Cohen, J. D. Metabolomics Reveals the Origins of Antimicrobial Plant 

Resins Collected by Honey Bees. PLoS One 8, e77512, doi:https://doi.org/10.1371/journal.pone.0077512 (2013).
 18. Wilson, M. B., Brinkman, D., Spivak, M., Gardner, G. & Cohen, J. D. Regional variation in composition and antimicrobial activity of 

US propolis against Paenibacillus larvae and Ascosphaera apis. J. Invertebr. Pathol. 124, 44–50, doi:https://doi.org/10.1016/j.
jip.2014.10.005 (2015).

 19. Wilson, M. et al. 3-Acyl dihydroflavonols from poplar resins collected by honey bees are active against the bee pathogens 
Paenibacillus larvae and Ascosphaera apis. Phytochemistry 138, 83–92, doi:https://doi.org/10.1016/j.phytochem.2017.02.020 (2017).

 20. Antúnez, K. et al. Efficacy of natural propolis extract in the control of American Foulbrood. Vet. Microbiol. 131, 324–331, doi:https://
doi.org/10.1016/j.vetmic.2008.04.011 (2008).

 21. Shimanuki, H. In Honey bee pests, predators, and diseases (eds Morse, R. A. & Nowogrodzki, R.) 33–54 (Comstock Publishing 
Associates, 1990).

 22. Chan, Q. W. T., Melathopoulos, A. P., Pernal, S. F. & Foster, L. J. The innate immune and systemic response in honey bees to a 
bacterial pathogen. Paenibacillus larvae. BMC Genomics 10, 387, doi:https://doi.org/10.1186/1471-2164-10-387 (2009).

 23. Wilson-Rich, N., Dres, S. T. & Starks, P. T. The ontogeny of immunity: Development of innate immune strength in the honey bee 
(Apis mellifera). J. Insect Physiol. 54, 1392–1399, doi:https://doi.org/10.1016/j.jinsphys.2008.07.016 (2008).

 24. Rothenbuhler, W. C. Behaviour genetics of nest cleaning in honey bees. I. Responses of four inbred lines to disease-killed brood. 
Anim. Behav. 12, 578–583, doi:https://doi.org/10.1016/0003-3472(64)90082-X (1964).

 25. Spivak, M. & Reuter, G. S. Resistance to American foulbrood disease by honey bee colonies Apis mellifera bred for hygienic behavior. 
Apidologie 32, 555–565, doi:https://doi.org/10.1051/apido:2001103 (2001).

 26. Sturtevant, A. P. & Revell, I. L. Reduction of Bacillus larvae spores in liquid food of honey bees by action of the honey stopper, and 
its relation to the development of American foulbrood. J. Econ. Entomol. 46, 855–860, doi:https://doi.org/10.1093/jee/46.5.855 
(1953).

 27. Evans, J. D. Transcriptional immune responses by honey bee larvae during invasion by the bacterial pathogen. Paenibacillus larvae. 
J. Invertebr. Pathol. 85, 105–111, doi:https://doi.org/10.1016/j.jip.2004.02.004 (2004).

 28. Rothenbuhler, W. C. & Thompson, V. C. Resistance To American Foulbrood in Honey Bees.1. Differential Survival of Larvae of 
Different Genetic Lines. J. Econ. Entomol. 49, 470–475, doi:https://doi.org/10.1093/jee/49.4.470 (1956).

 29. Rose, R. I. & Briggs, J. D. Resistance to American foulbrood in honey bees IX. Effects of honey-bee larval food on the growth and 
viability of Bacillus larvae. J. Invertebr. Pathol. 13, 74–80, doi:https://doi.org/10.1016/0022-2011(69)90240-7 (1969).

 30. Thompson, V. C. & Rothenbuhler, W. C. American Foulbrood in Honey Bees. II. Differential Protection of Larvae by Adults of 
Different Genetic Lines. J. Econ. Entomol. 50, 731–737, doi:https://doi.org/10.1093/jee/50.6.731 (1957).

 31. Vezeteu, T. V., Bobiş, O., Moritz, R. F. A. & Buttstedt, A. Food to some, poison to others honeybee royal jelly and its growth inhibiting 
effect on European Foulbrood bacteria. Microbiol. Open 6, e00397, doi:https://doi.org/10.1002/mbo3.397 (2017).

http://dx.doi.org/10.1146/annurev.ento.50.071803.130420
http://dx.doi.org/10.1146/annurev.ento.50.071803.130420
http://dx.doi.org/10.1111/j.1365-2583.2006.00682.x
http://dx.doi.org/10.1111/j.1365-2583.2006.00682.x
http://dx.doi.org/10.1016/j.cub.2007.06.008
http://dx.doi.org/10.1016/j.cub.2007.06.008
http://dx.doi.org/10.1007/BF02223477
http://dx.doi.org/10.1007/BF02223477
http://dx.doi.org/10.1371/journal.pone.0034601
http://dx.doi.org/10.1111/j.1558-5646.2009.00772.x
http://dx.doi.org/10.1111/j.1558-5646.2009.00772.x
http://dx.doi.org/10.1051/apido/2010016
http://dx.doi.org/10.1242/jeb.127324
http://dx.doi.org/10.1016/j.anbehav.2014.04.024
http://dx.doi.org/10.1016/j.anbehav.2014.04.024
http://dx.doi.org/10.1046/j.1461-0248.2003.00395.x
http://dx.doi.org/10.1111/j.1365-2311.2007.00983.x
http://dx.doi.org/10.1098/rspb.2007.0531
http://dx.doi.org/10.1554/05-060.1
http://dx.doi.org/10.1016/j.jip.2007.10.007
http://dx.doi.org/10.1007/s13592-012-0178-1
http://dx.doi.org/10.1016/0022-2011(68)90252-8
http://dx.doi.org/10.1016/0022-2011(68)90252-8
http://dx.doi.org/10.1371/journal.pone.0077512
http://dx.doi.org/10.1016/j.jip.2014.10.005
http://dx.doi.org/10.1016/j.jip.2014.10.005
http://dx.doi.org/10.1016/j.phytochem.2017.02.020
http://dx.doi.org/10.1016/j.vetmic.2008.04.011
http://dx.doi.org/10.1016/j.vetmic.2008.04.011
http://dx.doi.org/10.1186/1471-2164-10-387
http://dx.doi.org/10.1016/j.jinsphys.2008.07.016
http://dx.doi.org/10.1016/0003-3472(64)90082-X
http://dx.doi.org/10.1051/apido:2001103
http://dx.doi.org/10.1093/jee/46.5.855
http://dx.doi.org/10.1016/j.jip.2004.02.004
http://dx.doi.org/10.1093/jee/49.4.470
http://dx.doi.org/10.1016/0022-2011(69)90240-7
http://dx.doi.org/10.1093/jee/50.6.731
http://dx.doi.org/10.1002/mbo3.397


www.nature.com/scientificreports/

6Scientific REPORtS | 7: 11429  | DOI:10.1038/s41598-017-11689-w

 32. Borba, R. Constitutive and therapeutic benefits of plant resins and a propolis envelope to honey bee, Apis mellifera L., immunity and 
health. (University of Minnesota, 2015).

 33. Hamilton, C., Lejeune, B. T. & Rosengaus, R. B. Trophallaxis and prophylaxis: social immunity in the carpenter ant Camponotus 
pennsylvanicus. Biol. Lett. 7, 89–92, doi:https://doi.org/10.1098/rsbl.2010.0466 (2011).

 34. Bankova, V., Boudourova-Krasteva, G., Popov, S., Sforcin, J. M. & Funari, S. R. C. Seasonal Variations in Essential Oil from Brazilian 
Propolis. J. Essent. Oil Res. 10, 693–696, doi:https://doi.org/10.1080/10412905.1998.9701012 (1998).

 35. Melliou, E., Stratis, E. & Chinou, I. Volatile constituents of propolis from various regions of Greece - Antimicrobial activity. Food 
Chem. 103, 375–380, doi:https://doi.org/10.1016/j.foodchem.2006.07.033 (2007).

 36. Oliveira, A., França, H., Kuster, R., Teixeira, L. & Rocha, L. Chemical composition and antibacterial activity of Brazilian propolis 
essential oil. J. Venom. Anim. Toxins Incl. Trop. Dis. 16, 121–130, doi:https://doi.org/10.1590/S1678-91992010005000007 (2010).

 37. Simionatto, E., Facco, J. T., Morel, A. F., Giacomelli, S. R. & Linares, C. E. B. Chiral analysis of monoterpenes in volatile oils from 
propolis. J. Chil. Chem. Soc. 57, 1240–1243, doi:https://doi.org/10.4067/S0717-97072012000300009 (2012).

 38. Mao, W., Schuler, M. A. & Berenbaum, M. R. Honey constituents up-regulate detoxification and immunity genes in the western 
honey bee Apis mellifera. Proc. Natl. Acad. Sci. 110, 8842–8846, doi:https://doi.org/10.1073/pnas.1303884110 (2013).

 39. Orsi, R. O., Fernandes, A., Bankova, V. & Sforcin, J. M. Antibacterial effects of Brazilian and Bulgarian propolis and synergistic 
effects with antibiotics acting on the bacterial DNA and folic acid. Nat. Prod. Res. 26, 344–349, doi:https://doi.org/ 
10.1080/14786411003754355 (2012).

 40. Pippi, B. et al. In vitro evaluation of the acquisition of resistance, antifungal activity and synergism of Brazilian red propolis with 
antifungal drugs on Candida spp. J. Appl. Microbiol. 118, 839–850, doi:https://doi.org/10.1111/jam.12746 (2015).

 41. Bilikova, K., Wu, G. S. & Simuth, J. Isolation of a peptide fraction from honeybee royal jelly as a potential antifoulbrood factor. 
Apidologie 32, 275–283, doi:https://doi.org/10.1051/apido:2001129 (2001).

 42. Forsgren, E., Olofsson, T. C., Vásquez, A. & Fries, I. Novel lactic acid bacteria inhibiting Paenibacillus larvae in honey bee larvae. 
Apidologie 41, 99–108, doi:https://doi.org/10.1051/apido/2009065 (2010).

 43. Crailsheim, K. & Riessberger-Gallé, U. Honey bee age-dependent resistance against American foulbrood. Apidologie 32, 91–103, 
doi:https://doi.org/10.1051/apido:2001114 (2001).

 44. Büchler, R. et al. Standard methods for rearing and selection of Apis mellifera queens in the COLOSS BEEBOOK, Volume I: standard 
methods for Apis mellifera research (eds Dietemann, V. Ellis, J. D. & Neumann, P.) J. Apic. Res. 52, 1–30, https://doi.org/10.3896/
IBRA.1.52.1.07 (2013).

 45. de Graaf, D. C. et al. Standard methods for American foulbrood research in the COLOSS BEEBOOK, Volume II: standard methods 
for Apis mellifera pest and pathogen research (eds Dietemann, V. Ellis, J. D. & Neumann, P.) J. Apic. Res. 52, 1–28, https://doi.
org/10.3896/IBRA.1.52.1.11 (2013).

 46. Seeley, T. D. & Tarpy, D. R. Queen promiscuity lowers disease within honeybee colonies. Proc. R. Soc. B 274, 67–72, doi:https://doi.
org/10.1098/rspb.2006.3702 (2007).

 47. Schmitzová, J. et al. A family of major royal jelly proteins of the honeybee Apis mellifera L. Cell. Mol. Life Sci. 54, 1020–1030, 
doi:https://doi.org/10.1007/s000180050229 (1998).

Acknowledgements
We would like to thank Gary Reuter and Christine Kulhanek (University of Minnesota) for assistance with 
honey bee colony management. Dr. Mike Goblirsch (University of Minnesota) and Dr. Jay Evans (USDA-ARS) 
for valuable discussions. We also acknowledge the support of all the members of the Bee Lab at University of 
Minnesota. This research was funded by the National Science Foundation IOS 1256992 to M. Spivak.

Author Contributions
R.S.B. and M.S. conceived and designed the experiment. R.S.B. carried out the lab work, the statistical analyses 
and, collected field data. R.S.B. and M.S. drafted the manuscript. Both authors gave final approval for publication.

Additional Information
Supplementary information accompanies this paper at doi:10.1038/s41598-017-11689-w
Competing Interests: The authors declare that they have no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2017

http://dx.doi.org/10.1098/rsbl.2010.0466
http://dx.doi.org/10.1080/10412905.1998.9701012
http://dx.doi.org/10.1016/j.foodchem.2006.07.033
http://dx.doi.org/10.1590/S1678-91992010005000007
http://dx.doi.org/10.4067/S0717-97072012000300009
http://dx.doi.org/10.1073/pnas.1303884110
http://dx.doi.org/10.1080/14786411003754355
http://dx.doi.org/10.1080/14786411003754355
http://dx.doi.org/10.1111/jam.12746
http://dx.doi.org/10.1051/apido:2001129
http://dx.doi.org/10.1051/apido/2009065
http://dx.doi.org/10.1051/apido:2001114
http://dx.doi.org/10.3896/IBRA.1.52.1.07
http://dx.doi.org/10.3896/IBRA.1.52.1.07
http://dx.doi.org/10.3896/IBRA.1.52.1.11
http://dx.doi.org/10.3896/IBRA.1.52.1.11
http://dx.doi.org/10.1098/rspb.2006.3702
http://dx.doi.org/10.1098/rspb.2006.3702
http://dx.doi.org/10.1007/s000180050229
http://dx.doi.org/10.1038/s41598-017-11689-w
http://creativecommons.org/licenses/by/4.0/

	Propolis envelope in Apis mellifera colonies supports honey bees against the pathogen, Paenibacillus larvae
	Results
	Larval food antimicrobial activity. 
	Level of American foulbrood infection. 

	Discussion
	Materials and Methods
	Experimental design. 
	Colony inoculation with P. larvae. 
	Larval food collection. 
	Larval food antimicrobial assay. 
	Level of American foulbrood (AFB) infection assessment. 
	Statistical analysis. 

	Acknowledgements
	Figure 1 Larval food inhibitory activity against Paenibacillus larvae growth in colonies with and without a propolis envelope, and challenged or not with Paenibacillus larvae.
	Figure 2 American foulbrood infection level in challenged colonies with and without a propolis envelope.




