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Abstract
Introduction: Honey bees, Apis mellifera, have a diverse community of pathogens. Previous research has mostly
focused on bacterial brood diseases of high virulence, but milder diseases caused by fungal pathogens have
recently attracted more attention. This interest has been triggered by partial evidence that co-infection with
multiple pathogens has the potential to accelerate honey bee mortality. In the present study we tested whether
co-infection with closely related fungal brood-pathogen species that are either specialists or non-specialist results
in higher host mortality than infections with a single specialist. We used a specially designed laboratory assay to
expose honey bee larvae to controlled infections with spores of three Ascosphaera species: A. apis, the specialist
pathogen that causes chalkbrood disease in honey bees, A. proliperda, a specialist pathogen that causes chalkbrood
disease in solitary bees, and A. atra, a saprophytic fungus growing typically on pollen brood-provision masses of
solitary bees.
Results: We show for the first time that single infection with a pollen fungus A. atra may induce some mortality
and that co-infection with A. atra and A. apis resulted in higher mortality of honey bees compared to single
infections with A. apis. However, similar single and mixed infections with A. proliperda did not increase brood
mortality.
Conclusion: Our results show that co-infection with a closely related fungal species can either increase or have no
effect on host mortality, depending on the identity of the second species. Together with other studies suggesting
that multiple interacting pathogens may be contributing to worldwide honey bee health declines, our results
highlight the importance of studying effects of multiple infections, even when all interacting species are not
known to be specialist pathogens.
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Introduction
Variation in virulence (i.e. disease-induced host mortality) among pathogens is shaped by evolutionary pressure
emanating from the combined life histories of pathogens
and hosts [1]. However, virulence is difficult to predict
when interactions are not restricted to a single host and
pathogen, but involve multiple infections [2,3]. Conflict
between co-infecting strains can lead to different withinhost dynamics, with consequences for virulence, transmission and host resistance [4,5]. Examples illustrating
aspects of this interaction-complexity are Daphia magna
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infections with bacteria Pasteuria ramosa and microsporidium Octosporea bayeri [6], helminths occupying
mammalian guts [7], Plasmodium chabaudi clones
infecting mice [8], and Metarhizium anisopliae var. anisopliae and Aspergillus flavus fungi infecting leaf-cutting
ants [9]. Increased virulence of mixed infections can be
due to increased pathogen densities [10-12] or to the
host immune system being less efficient in clearing up
multiple infections e.g. [13]. However, in some cases,
the virulence of a mixed infection merely reflects the
virulence of the most virulent strain/species e.g.
[5,14,15]. The outcome of parasite interactions can also
result in under-exploitation of the host and a reduction
in virulence, possibly as a result of cooperation between
parasites when benefits are shared [16,17].
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A diverse assembly of pathogens has been described
for honey bees suggesting that colonies face considerable risks of reduced productivity and death due to disease [18-20]. In addition to pathogenic microbes, a large
diversity of non-pathogenic bacteria, yeasts, and molds
have been found in the gut of adult honey bees [21,22],
in larval feces upon pupation [23], and in dead honey
bee larvae [24]. To understand the epidemiology of
honey bee diseases it thus appears increasingly apposite
to consider the entire community of microorganisms in
which single pathogens operate, an approach that is also
increasingly used in issues of human health and disease
[25]. The goal of the current study was to investigate
part of the honey bee microbial community, focusing on
two non-pathogenic fungal species and the effect they
can have on the known chronic fungal disease of honey
bees, chalkbrood.
Ascosphaera is a fungal genus that has evolved to exclusively thrive in bee-habitats. We used Ascosphaera apis, an
obligate specialist pathogen that causes chalkbrood disease
in honey bee larvae, and two other Ascosphaera species
that are found in association with honey bees, but are
usually pathogens (A. proliperda) or saprophytes (A. atra)
of solitary bee species. Chalkbrood disease develops after
larvae ingest fungal spores, after which hyphal growth kills
the larvae and leads to new spore formation on the cuticle
of the cadavers. These are either transmitted within the
colony via contaminated wax [26] and worker bees, or
between colonies via contaminated pollen on flowers [21],
or handling by bee keepers [27]. Solitary bees have been
proposed as a potential natural reservoir of Ascosphaera
pathogens for managed honey bees [19], but the infectiveness of other Ascosphaera species on honey bee larvae has
never been investigated. We exposed honey bee larvae to
single and mixed infections of the three Ascosphaera species in order to investigate pathogen-specific and combined virulence. Any potential environmental effect and
presence of other microbes was minimized by artificially
rearing honey bee larvae under controlled laboratory
conditions.

Results
Mortality in the controls was less than 10% on Day 7 and
no honey bee larvae in the control group died from visible Ascosphaera infections, validating that the experimental methodology was sound. Larvae exposed to a
single species of the solitary-bee pathogen A. proliperda
and the pollen saprophyte A. atra caused 17% and 20%
mortality induced by either the pathogen or natural mortality, respectively. The mortality on Day 7 induced by
each of the two single infections of A. atra and A. proliperda did not differ (c 2 = 0.42, d.f. = 1, P = 0.519),
although the analysis including the single and both of the
mixed infections with A. apis indicated that A. atra did

Page 2 of 6

in fact cause a significantly higher mortality than the control (c2 = 4.24, d.f. = 1, P = 0.04) (Figure 1).
Ascosphaera apis induced a total mortality of 64% on
Day 7 of the experiment, whereas A. apis + A. proliperda did not significantly enhance mortality compared
to the single infection of A. apis (c2 = 0.49, d.f. = 1, P =
0.482; the 60% mortality was in fact slightly lower).
However, the A. apis + A. atra infection treatment
caused 83% mortality on the same day, significantly
higher than the single A. apis infections (c2 = 9.08, d.f.
= 1, P = 0.003), and the A. apis + A. proliperda mixed
infections (c2 = 13.36, d.f. = 1, P = 0.003).
Survival curves over a period of 7 days indicated that
host survival after exposure to A. apis was not significantly different from survival after exposure to a mixed
treatment of A. apis + A. proliperda (Log Rank c 2 =
0.314, d.f. = 1, P = 0.575). However, the survival curve
after infection with A. apis alone differed significantly
from the curve obtained from combined exposure with
A. apis + A. atra (Log Rank c 2 = 4.480, d.f. = 1, P =
0.034). The two mixed treatments (A. apis + A. atra
and A. apis + A. proliperda) were also significantly different from each other (Log Rank c2 = 7.126, d.f. = 1,
P = 0.008).

Discussion
In vitro reared honey bee larvae infected with A. apis predictably developed chalkbrood disease, but also infections
with A. proliperda and A. atra produced disease albeit at
a very low frequency. In mixed infections, combining
A. atra and A. apis spores increased larval death rate significantly compared to A. apis treatment alone, whereas
A. proliperda co-infection with A. apis had similar effect
as the A. apis treatment alone. These differences shed
interesting light on the interaction dynamics between
Ascosphaera species and bees, as well as generate novel
questions on the evolution of virulence in these fungi.
The specialized pathogen A. apis can be expected to
have a life cycle that is exclusively adapted to infect honey
bee larvae, with factors such as pH in the host gut and colony temperature and humidity affecting the details of
spore germination [28,29]. The other Ascosphaera species
used in this study have been found in association with
honey bees, but they have not been previously recorded as
disease-inducing pathogens of honey bee larvae [30,31],
and would thus be unlikely to share any such adaptations
with A. apis. In the current study A. atra strains were isolated from honey bee colonies and not from solitary bees,
which demonstrates that honey bees are exposed to this
solitary bee saprophyte. The three Ascosphaera species
were selected because of their close phylogenetic relationship and their different host specialization. Ascosphaera
proliperda spores can induce disease in the solitary leafcutting bee Megachile rotundata [32,33], but experiments
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Figure 1 Survival of honey bee larvae following single infections with Ascosphaera proliperda, A. atra, and A. apis, and a mixed
infections with A. apis + A. proliperda and A. apis + A. atra. Larvae in the control were treated with distilled water and all treatments were
replicated at three time periods giving a total of 540 larvae per experiment (i.e. 30 larvae × 6 treatment groups × 3 replicates). Different letters
indicate significantly different survival at the last day (Day 7) of the experiment (P <0.05).

on leaf-cutting bee larvae have shown that A. atra does
not induce pathological symptoms in Megachile bees [34].
Furthermore, a survey of leafcutting bee larvae infected
with chalkbrood has shown that ca 25% of all infected larvae were infected with the honey bee pathogen A. apis, in
addition to A. aggregate, a specialist pathogen of leafcutting bees [35]. These results suggest that transmission of
Ascosphaera pathogens among honey bees and solitary
bees is likely. However, our study is the first to show that
multiple Ascosphaera infections may also negatively affect
honey bee hosts.
Mixed infections are expected to be common in nature
and to act independently, synergistically, or antagonistically. These interactions are often influenced by environmental conditions and by the order in which infections
happened [13,14]. The mechanisms of interactions
between the specialist honey bee pathogen and the pollen
saprophyte A. atra are unknown. We observed that a
small number of larvae exposed to spores of A. atra and
A. proliperda in fact had fungal mycelia growing on the
larval cuticle. We were not able to determine whether
this growth had caused larval death, but it was interesting
to observe that several of the larvae/pupae that were covered with mycelia of A. atra or A. proliperda were still
alive, suggesting that these fungi can grow superficially,
possibly on the host feces. In fact the mean survival times
of honey bees after infection with A. proliperda did not
differ from control survival, contrary to the A. atra treatment, suggesting that the pathogenicity (pathogen ability
to produce infection) of A. proliperda was negligible
compared to A. atra.
Studies that investigated the virulence of mixed infections have often used virulent clones or strains of the
same pathogen or closely related pathogen species. In
those cases factors such as limited supply of host

resources, host immune responses, or direct interference
between pathogens have been the outcome of the mixed
infections e.g. [9,12,13]. Few recent studies have explored
the interactions among lethal and non-lethal pathogens,
but those available showed that competition for resources
or infection sites can occur [36] and that antagonistic
competition among stains can be enhanced [37]. Even
among endocommensal fungal symbionts, competition
can result in the displacement of symbionts within the
host, possibly due to resource competition [38]. These
studies show that competitive success in mixed infections
cannot easily be predicted by pathogen growth or, in the
case of virulent pathogens, by host mortality rate after a
single infection.
Our present study shows that significant epidemiological effects are not only caused by diseases that can wipe
out entire honey bee colonies (e.g. bacterial foulbrood),
but also by milder diseases such as chalkbrood that are
normally not a threat to entire colonies although they are
lethal to individual larvae. Recent theoretical models that
explore interactions among host pathogens and nonlethal synergists have shown that host investments in disease tolerance or resistance can affect population and
evolutionary dynamics [39]. Empirical studies have
shown that honey bee colonies that are relatively resistant
to A. apis have a higher concentration of symbiotic
microbes (e.g. yeasts) in the pollen provision masses (bee
bread) and some of these microbes (e.g. Mucorales
molds) can apparently inhibit A. apis growth [21].
Furthermore, honey bee colonies vary in resistance/tolerance to chalkbrood and chalkbrood strains differ significantly in virulence [40-42]. One should keep in mind that
some of these differences in resistance refer to individual
larvae in the same lab-assays as in the present study e.g.
[42], and not necessarily to entire colonies, as chalkbrood
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is generally considered to be a mild disease that can affect
every colony under certain circumstances.
Future controlled laboratory assays such as the one
applied in the present study may add considerable precision to our understanding of disease pressure in honey
bees, not only because they allow more microorganisms
to be identified as potential pathogens, but also because
they may reveal co-infection synergies that could help
induce more devastating stress symptoms that threaten
the survival of entire colonies. The main result of our
study is that co-infection with related but relatively
harmless pathogens can increase host mortality beyond
what specialist pathogens achieved on their own. Understanding interactions among specialist pathogens and
saprophytes and the forces that drive their respective
pathogenic abilities are important not only from an evolutionary perspective, but also in applied contexts, for
example in the case of chalkbrood disease management.

Conclusions
Fungal pathogens of the family Ascosphaera are found as
pathogens of either honey bee brood or solitary bee brood,
or as saprophytes on pollen. Different species of Ascosphaera have been found in both honey bee and solitary
bee guts, but the specific and combined effects of these
fungi on honey bee larvae have not been quantitatively
tested. Considering the economic importance and current
health threat to honey bees worldwide, knowledge of possible synergistic effects of these pathogens is warranted.
Our study demonstrates that the host mortality induced
by A. apis , causative agent of chalkbrood disease in honey
bee brood, can be increased by the presence of the avirulent pollen saprophyte A. atra. In contrast, co-infections
of the solitary bee pathogen A. proliperda and A. apis did
not result in higher host mortality than single A. apis
infections. This poses interesting questions relating to the
ways in which the honey bee immune system handles (co)
infections by related pathogens. Specific knowledge of the
life histories and phylogenetic relationships of pathogens
may therefore help to predict the outcomes of mixed
infections. Insights like this are important not only for
understanding host-pathogen coevolution, but also for
applied perspectives in managing and protecting key pollinator species.
Material and methods
Maintenance of cultures and inoculum preparation

The Ascosphaera strains used in this study came from
the USDA-ARS Collection of Entomopathogenic Fungal
Cultures in Ithaca, New York, USA. Two A. apis strains
(ARSEF 7405 and ARSEF 7406) were isolated from
A. mellifera, whereas the Ascosphaera proliperda strain
(ARSEF 696) was isolated from Megachile rotundata
and the A. atra strain (ARSEF 5147) from honey of
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A. mellifera. The cultures of these fungal species were
maintained on Sabouraud Dextrose Agar (SDA) at 25°C
with monthly transfer to new plates. Of the three species of Ascosphaera used in this study, only A. apis has
its sexual reproductive structures on different strains, so
that strains of different mating types had to be maintained on individual plates. Ascosphaera apis subcultures
from each of these two mating types were transferred
onto a single agar plate three weeks prior to the experiment to allow sexual reproduction and spore formation.
Inocula were prepared as described in [29].
Spore viability for A. apis was tested following the protocol of James and Buckner [43] with a few modifications.
Spore suspensions were made with 2 × 107 spores per ml
mixed with 150 μl GLEN, a liquid medium suitable for
germination and in vitro growth of insect pathogenic fungi
[44]. Droplets of 10 μl of this mixture were placed on each
of three spot of a sterile six-well Teflon coated slide,
which were then placed in a sterile Petri dish lined with
wet filter paper. Each Petri dish was subsequently placed
in an airtight container and flushed with CO2 to ensure
spore activation and germination as suggested by Heath
and Gaze [45]. The containers were incubated for 48 h at
34°C and the germination percentages were determined
using differential interference contrast microscopy at
400 × magnification. One hundred spores were evaluated
for germination by recording enlargement or germ tube
formation in three different randomly chosen fields of
view. The spore germination rate for A. apis ranged from
70 to 100%, but the exact spore germination in the host
gut is hard to predict so that spore germination was used
only as an indicator of the spore viability.
Larval rearing and inoculation

Honey bee (A. mellifera) larvae were obtained from an apiary located at the University of Copenhagen. Colonies
were checked regularly and were free of any noticeable
brood or adult bee diseases. For each experiment larvae
were transferred from the hive and reared in vitro following the protocol of Aupinel et al. [46]. Larval age was estimated by size [47] and only 1st instar larvae (which were
not older then 24 h) were taken from the combs. After
removal from the comb each larva was placed into an individual cell on a 48-well tissue culture plate with 20 μl of
larval diet per cell. The larval diet consisted of 50% Chinese fresh frozen royal jelly (v/v) (Sonnentracht Imkerei
GmbH, Bremen, Germany), 6% D-glucose (w/v), 6%
D-fructose (w/v), 1% (w/v) yeast extract and sterile deionized water. The diet was mixed and frozen in smaller aliquots and was pre-heated to 34°C before being used for
feeding. The larvae were fed once a day with 20 μl diet on
the first day, and 40 μl on four consecutive days. The tissue culture plates with the larvae were stored in a humid
bath with 80% RH and incubated at 34°C in constant
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darkness. Wells were gently cleaned with cotton wool
when larvae defecated shortly before pupation.
Two days before the experiment larvae were removed
from a colony and reared in vitro as described above.
After a 48 h acclimatization period each larva was fed 5
μl of a designated spore suspension of a single pathogen,
with a combination of two pathogens, or with distilled
water as control. The spore dosage used was close to
the LC50 of A. apis, as determined previously [29]. We
doubled the stock concentrations prior to mixing pathogens so that the mixed infection of each pathogen is
directly comparable to the single pathogen concentration (e.g. each single inoculum had 5 × 105 spores/ml
and each mixed inoculum had 1 × 106 spores/ml with
equal shares of the two pathogens). In other words the
mixed spore inocula contained the same total number
of spores of each pathogen as the single species inocula,
but the overall concentration of spores in the mixed
inocula was doubled. A total of 5 μl of spores suspended
in deionized water were fed to each individual larva and
the control group received deionized water without
spores. Within a period of one day, the larvae ate all the
diet including the spores, so that no spores remained in
the wells that could have given later infection. Each
treatment group (i.e. A. apis, A. atra, A. proliperda, A.
apis + A. atra, A. apis + A. proliperda, and controls)
was replicated at three time periods giving a total of 540
larvae per experiment (i.e. 30 larvae × 6 treatment
groups × 3 replicates). The culture plates with experimental larvae were kept in a humid chamber at a constant temperature of 34°C for 7 days. Within the 7 day
period (usually at day 5) honey bee larvae defecate and
turn into pupae. By that time new infections are extremely unlikely as defecation expels any Ascosphaera
spores from the gut. The number of diseased, surviving,
and infected larvae were examined microscopically and
recorded daily. Infected host larvae were identified by
the presence of fungal hyphae on the cuticle. Larvae
that died without any visual presence of fungal hyphae
were re-examined the following day. If the pathogen was
observed protruding through the host cuticle, these larvae were considered dead from the pathogen on the
previous day. If the pathogen was not visually present
on dead larvae, they were recorded as dead from natural
causes.
Statistical analysis

The effect of each fungal species on the survival of
honey bee larvae was analyzed with Kaplan-Meier survivorship analysis (PROC LIFETEST, SAS ver. 9.1). Posthoc analysis was performed on larval survival on the last
day of the experiment (day 7) using a generalized linear
model (PROC GENMOD, SAS ver. 9.1).

Page 5 of 6

Acknowledgements
We thank S. T. Schmidt for help with the experiments, C. Nielsen and P. M.
Jensen for help with the statistical analyses, A. A. Wynns for stimulating
discussions, T. A. Linksvayer and J. F. Broch for their valuable comments
during the manuscript preparation, and the Danish Beekeeper Association
for providing the honey bees. Financial support for this study was obtained
from the Danish National Research Foundation.
Author details
1
Center for Social Evolution, Department of Agriculture and Ecology Faculty
of Life Sciences, University of Copenhagen, Thorvaldsensvej 40, DK 1871
Frederiksberg C, Denmark. 2Current address: Center for Insect Science,
University of Arizona 1007 E. Lowell Street, P.O. Box 210106, Tucson AZ
85721-0106, USA. 3Centre for Social Evolution, Department of Biology,
University of Copenhagen, Universitetsparken 15, 2100 Copenhagen,
Denmark.
Authors’ contributions
SV designed experiment, performed analysis, and wrote the manuscript. JJB,
JE, and ABJ contributed to the manuscript preparation. All authors read and
approved the final manuscript.
Competing interests
The authors declare that they have no competing interests.
Received: 23 October 2011 Accepted: 23 March 2012
Published: 23 March 2012
References
1. Day T: On the evolution of virulence and the relationship between
various measures of mortality. Proc R Soc Lond B 2002, 269:1317-1323.
2. Sasaki A, Iwasa Y: Optimal growth schedule of pathogens within a host:
switching between lytic and latent cycles. Theor Popul Biol 1991,
39:201-239.
3. Brown SP, Hochberg ME, Grenfell BT: Does multiple infection select for
raised virulence? Trends Microbiol 2002, 10:401-405.
4. Kew O, Morris-Glasgow V, Landaverde M, Burns C, Shaw J, Garib Z, Andre J:
Outbreak of poliomyelitis in Hispaniola associated with circulating type
1 vaccine-derived poliovirus. Science 2002, 296:356-359.
5. Wargo AR, Huijben S, de Roode JC, Shepherd J, Read AF: Competitive
release and facilitation of drug-resistant parasites after therapeutic
chemotherapy in a rodent malaria model. Proc Natl Acad Sci USA 2007,
104:19914-19919, doi:10.1098/rspb.2007.0873.
6. Ben-Ami F, Rigaud T, Ebert D: The expression of virulence during double
infections by different parasites with conflicting host exploitation and
transmission strategies. J Evol Biol 2011, 24:1307-1316.
7. Lello J, Boag B, Fenton A, Stevenson IR, Hudson PJ: Competition and
mutualism among gut helminths of a mammalian host. Nature 2004,
428:840-844.
8. Taylor LH, Mackinnon MJ, Read AF: Virulence of mixed-clone and single
clone infections of the rodent malaria Plasmodium chabaudi. Evolution
1998, 52:583-591.
9. Hughes WOH, Boomsma JJ: Let your enemy do the work: within-host
interactions between two fungal parasites of leaf-cutting ants. Proc R Soc
Lond B 2004, 271:S104-S106.
10. Read AF, Taylor LH: The ecology of genetically diverse infections. Science
2001, 292:1099-1102, doi:10.1126/science.1059410.
11. Brockhurst MA, Morgan AD, Rainey PB, Buckling A: Population mixing
accelerates coevolution. Ecol Lett 2003, 6:975-979.
12. Choisly M, de Roode JC: Mixed infections and the evolution of virulence:
effects of resource competition, parasite plasticity, and impaired host
immunity. Am Nat 2010, 175:E105-E118.
13. de Roode JC, Helinski MEH, Anwar MA, Read AF: Dynamics of multiple
infection and within-host competition in genetically diverse malaria
Infections. Am Nat 2005, 166:531-542.
14. Thomas MB, Watson EL, Valverde-Garcia P: Mixed infections and insectpathogen interactions. Ecol Lett 2003, 6:183-188.
15. Hughes WOH, Petersen KS, Ugelvig LV, Pedersen D, Thomsen L, Poulsen M,
Boomsma JJ: Density-dependence and within-host competition in a
semelparous parasite of leaf-cutting ants. BMC Evol Biol 2004, 4:45.

Vojvodic et al. Frontiers in Zoology 2012, 9:5
http://www.frontiersinzoology.com/content/9/1/5

16. Chao L, Hanley KA, Burch CL, Dahlberg C, Turner PE: Kin selection and
parasite evolution: higher and lower virulence with hard and soft
selection. Q Rev Biol 2000, 75:261-275.
17. Schjørring S, Koella JC: Sub-lethal effects of pathogens can lead to the
evolution of lower virulence in multiple infections. Proc R Soc Lond B
2003, 270:189-193.
18. Morse RA, Flottum K: Honey bee pests, predators and diseases Medina: The AI
Root Company; 1997.
19. Schmid-Hempel P: Parasites in Social Insects Princeton: Princeton University
Press; 1998.
20. Cox-Foster DL, Conlan S, Holmes EC, et al: A metagenomic survey of
microbes in honey bee colony collapse disorder. Science 2007,
318:283-287.
21. Gilliam M, Lorenz BJ, Richardson GV: Digestive enzymes and
microorganisms in honey bees, Apis mellifera - influence of
streptomycin, age, season and pollen. Microbios 1988, 55:95-114.
22. Gilliam M: Identification and roles of non-pathogenic microflora
associated with honey bees. FEMS Microbiol Lett 1997, 155:1-10.
23. Gilliam M, Prest DB: Microbiology of feces of the larval honey bee, Apis
mellifera. J Invertebr Pathol 1987, 49:70-75.
24. Johnson RN, Zamen MT, Decelle MM, Siegel AJ, Tarpy DR, Siegel EC:
Multiple organisms in chalkbrood mummies: evidence and implications.
J Apicult Res 2005, 44:29-33.
25. Qin JJ, Li RQ, Raes J, et al: A human gut microbial gene catalogue
established by metagenomic sequencing. Nature 2010, 464:59-65.
26. Flores JM, Gutiérrez I, Espejo R: The role of pollen in chalkbrood disease
in Apis mellifera: transmission and predisposing conditions. Mycologia
2005, 97:1171-1176.
27. Gilliam M, Vandenberg JD: Fungi. In Honey bee pests, predators and
diseases.. 3 edition. Edited by: Morse R, Flottum K. AI Root Company, Ohio
OH; 1997:81-110.
28. Bamford S, Heath LAF: The effect of temperature and pH on the
germination of spores of the chalkbrood fungus Ascosphaera apis. J
Apicult Res 1989, 28:36-40.
29. Vojvodic S, Jensen AB, James RR, Boomsma JJ, Eilenberg J: Opposing
temperature-dependent mortality after infection with an obligate and
facultative fungal pathogen of honeybees. Vet Microbiol 2011,
149:200-205, doi:10.1016/j.vetmic.2010.10.001.
30. Anderson DL, Gibson NL: New species and isolates of spores-cyst fungi
(Plectomycetes: Ascosphaerales) from Australia. Aust Syst Bot 1998,
11:53-72.
31. Bissett J: Contribution toward a monograph of the genus Ascosphaera.
Can J Bot 1988, 66:2541-2560.
32. Vandenberg JD, Stephen WP: Pathogenesis of chalkbrood in the alfalfa
leafcutting bee, Megachile rotundata. Apidologie 1983, 1:333-341.
33. Youssef NN, Roush CF, McManus WR: In vivo development and
pathogenicity of Ascosphaera proliperda (Ascosphaeraceae) to the alfalfa
leafcutting bee, Megachile rotundata. J Invertebr Pathol 1984, 43:11-20.
34. Skou JP, Hackett K: A new homothallic species of Ascosphaera. Friesia
1979, 11:265-277.
35. Rose JB, Christensen M: Ascosphaera species inciting chalkbrood in North
America and a taxonomic key. Mycotaxon 1984, 19:41-55.
36. Olivain C, Humbert C, Nahalkova J, Fatehi J, L’Haridon F, Alabouvette C:
Colonization of tomato root by pathogenic and non-pathogenic
Fusarium oxysporum strains inoculated together and separately into the
soil. Appl Environ Microb 2006, 72:1523-1531.
37. Raymond B, Davis D, Bonsall MB: Competition and reproduction in mixed
infections of pathogenic and non-pathogenic Bacillus spp. J Invertebr
Pathol 2007, 96:151-155.
38. Vojvodic S, McCreadie JW: Do different species of Smittium (Harpellales,
Legeriomycetacea) influence each other in the host gut? Mycol Res 2008,
112:1409-1413, doi:10.1016/j.mycres.2008.06.024.
39. Bonsall MB: The impact of non-lethal synergists on the population and
evolutionary dynamics of host-pathogen interactions. J Theor Biol 2010,
262:567-575.
40. Tarpy DR: Genetic diversity within honeybee colonies prevents severe
infections and promotes colony growth. Proc R Soc Lond B 2003,
270:99-103, doi:10.1098/rspb.2002.2199.
41. Invernizzi C, Peñagaricano F, Tomasco IH: Intracolonial genetic variability
in honeybee larval resistance to the chalkbrood and American

Page 6 of 6

42.

43.

44.
45.
46.

47.

foulbrood parasites. Insec Soc 2009, 56:233-240, doi:10.1007/s00040-0090016-2.
Vojvodic S, Jensen AB, Markussen B, Eilenberg J, Boomsma JJ: Genetic
variation in virulence among chalkbrood strains infecting honeybees.
PLoS One 2011, 6(9):e25035.
James RR, Buckner JS: Lipids stimulate spore germination in the
entomopathogenic ascomycete Ascosphaera aggregata. Mycozpathology
2004, 158:293-302.
Beauvais A, Latgé JP: A simple medium for growing entomophthoralean
protoplasts. J Invertebr Pathol 1988, 51:175-178.
Heath LAF, Gaze BM: Carbon dioxide activation of spores of the
chalkbrood fungus Ascosphaera apis. J Apicult Res 1987, 26:243-246.
Aupinel P, Fortini D, Dufour H, Tasei JN, Michaud B, Odoux JF, PhamDelègue MH: Improvement of artificial feeding in a standard in vitro
method for rearing Apis mellifera larvae. Bull Insectol 2005, 58:107-111.
Brødsgaard CF, Ritter W, Hansen H: Response of in vitro reared honey bee
larvae to various doses of Paneibacillus larvae larvae spores. Apidologie
1998, 29:569-578.

doi:10.1186/1742-9994-9-5
Cite this article as: Vojvodic et al.: Virulence of mixed fungal infections
in honey bee brood. Frontiers in Zoology 2012 9:5.

Submit your next manuscript to BioMed Central
and take full advantage of:
• Convenient online submission
• Thorough peer review
• No space constraints or color figure charges
• Immediate publication on acceptance
• Inclusion in PubMed, CAS, Scopus and Google Scholar
• Research which is freely available for redistribution
Submit your manuscript at
www.biomedcentral.com/submit

