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Chalkbrood is a fungal disease of honey bee brood caused by Ascosphaera apis. This disease is now found
throughout the world, and there are indications that chalkbrood incidence may be on the rise. In this
review we consolidate both historic knowledge and recent scientific findings. We document the world-
wide spread of the fungus, which is aided by increased global travel and the migratory nature of many
beekeeping operations. We discuss the current taxonomic classification in light of the recent complete
reworking of fungal systematics brought on by application of molecular methods. In addition, we discuss
epidemiology and pathogenesis of the disease, as well as pathogen biology, morphology and reproduc-
tion. New attempts at disease control methods and management tactics are reviewed. We report on
research tools developed for identification and monitoring, and also include recent findings on genomic
and molecular studies not covered by previous reviews, including sequencing of the A. apis genome and
identification of the mating type locus.

Published by Elsevier Inc.
1. Introduction

Chalkbrood is an invasive mycosis in honey bees (Apis mellifera
L.) produced by Ascosphaera apis (Maassen ex Claussen) Olive and
Spiltoir (Spiltoir, 1955; Spiltoir and Olive, 1955) that exclusively
affects bee brood. Although fatal to individual larvae, the disease
does not usually destroy an entire bee colony. However, it can
cause significant losses in terms of both bee numbers and colony
productivity (Bailey, 1963; Wood, 1998), with reductions in honey
production of 5–37% reported (Heath, 1982a; Yacobson et al.,
1991; Zaghloul et al., 2005). Chalkbrood is now found in honey
bee colonies around the world, and there are some indications that
the incidence of chalkbrood has increased in recent years (Heath,
1985; Kluser and Peduzzi, 2007). Aizen et al. (2009) have shown
that human activities related to increased food demand have direct
and indirect effects that could be at least in part responsible for
this trend.

In this review we consolidate historic knowledge and recent
scientific findings focusing on pathogen biology, disease pathogene-
sis, and control methods. Significantly, since previous reviews were
published, the entire genome of A. apis has been sequenced—the first
fungal entomopathogen genome to be sequenced (Qin et al., 2006).
Therefore, recent findings will include genomic and molecular stud-
ies not covered by previous reviews, including identification of the
mating type locus (Aronstein et al., 2007). In the future, genomic re-
search is expected to yield a better understanding of mechanisms
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controlling reproduction and pathogenesis in A. apis, and these dis-
coveries will hopefully translate into increasingly effective disease
control strategies.
2. Historical incidence and geographical distribution

Chalkbrood disease in honey bees was recognized in the early
1900s (Maassen, 1913). Until the latter half of the 20th century,
chalkbrood was not widely seen outside of Europe. It has long been
known in Germany (Dreher, 1938), Scandinavia, Russia (Betts,
1932), and Great Britain (Heath, 1982a, 1985). By 1977, chalkbrood
was recognized as the most serious infectious bee disease in Nor-
way (Heath, 1985). One of the earliest reports of the fungus outside
of Europe was in New Zealand in 1957 (Seal, 1957; Palmer-Jones,
1964). By the mid-1980s, the disease was reported in commercial
hives (Reid, 1988), and by 1987 it had spread throughout most of
the country. The disease was observed in several different areas
in Argentina by 1978, but was still considered only a minor prob-
lem up until 1988. By that time, high apiary infection levels were
occurring throughout a large number of provinces in the country
(Reid, 1993). Chalkbrood was found to be widespread in Mexico
(Wilson et al., 1984), and has now been detected in most beekeep-
ing areas of Chile, Central America, Japan, and the Philippines,
(Heath, 1985; Reynaldi et al., 2003).

By 1987, several Mediterranean countries had no reports of
chalkbrood (Bradbear, 1988), although it is likely to be present.
A. apis was first reported in Israel in 1984, and was present at a
very low level until 1990 when there was a substantial increase
in the rate of infection (Yacobson et al., 1991). Surveys in the spring
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of 1988 showed that chalkbrood was widespread in many honey
producing regions of Turkey. The primary source of this infestation
was contaminated bee wax imported from several different coun-
tries between 1986 and 1988 (Tutkun et al., 1993).

In North America, chalkbrood was found in the mid-1960s, and
by 1971 had begun to have an economic impact (Hitchcock and
Christensen, 1972). The earliest reports of chalkbrood in the United
States were from Utah in 1965 (Baker and Torchio, 1968) and then
California in 1968 (Hitchcock and Christensen, 1972), although it
might have been in the US much earlier (Gilliam et al., 1997). From
1969 to 1975, it spread to Arizona, Nebraska, Wyoming Montana,
Minnesota, North Dakota, Wisconsin, Illinois, Texas, and Florida
(Hitchcock and Christensen, 1972; Gilliam et al., 1978). About the
same time, it was found to be prevalent in the mid-western and
western regions of Canada (Hitchcock and Christensen, 1972).
Since then, chalkbrood has spread throughout the United States,
including to Alaska and Hawaii.

More recently, in Australia, chalkbrood was first identified in
Queensland in 1993, but in just a few years it had spread to all
Australian states (Hornitzky, 2001). The migratory nature of com-
mercial beekeeping in North America and Australia is probably
the most important factor contributing to the rapid spread of
chalkbrood disease within these two continents.
3. Taxonomic classification

Most members of the genus Ascosphaera are associated with social
and solitary bees. Some of them are saprophytes (Skou, 1972, 1988;
Bissett, 1988; Anderson and Gibson, 1998), but several species are
pathogens. A. apis was originally known as Pericystis apis (Maassen,
1913), but was reclassified as Ascosphaera apis by Spiltoir (1955).

The taxonomic classification of the genus Ascosphaera has been
the focus of much debate. For a long time the Ascomycota were
grouped into six classes: Hemiascomycetes, Plectomycetes, Pyreno-
mycetes, Discomycetes, Laboulbeniomycetes, and Loculoascomyce-
tes. The Ascosphaera species were placed with class Plectomycetes,
based on the cleistothecial type of the fruiting bodies (ascomata)
(Skou, 1972). This traditional system of classification has been criti-
cized due to its artificial nature because some phenotypic character-
istics are unstable and dependent on environmental conditions
(Cain, 1972; Malloch, 1981). Considering that in many cases some
characters of ascoma can converge, Hawksworth et al. (1983) pro-
posed to classify according to order in phylum Ascomycota without
a class-level organization. However, Skou (1988) favored giving
Ascosphaerales the rank of class. It became obvious that fungal tax-
onomy required changes in nomenclature.

Indeed, the application of new DNA-based methods in fungal
systematics has recently resulted in a complete reworking of
mycological systematics (James et al., 2006; Hibbett et al., 2007).
However, in some cases the significance of DNA-based data is still
unclear and conclusions drawn from such studies may not clarify
classifications. For example, using PCR amplification and sequenc-
ing of rDNA, Berbee and Taylor (1992) and Anderson et al. (1998)
concluded that genus Ascosphaera should be left in class Plectomy-
cetes, where it was in the traditional classification. This conclusion,
however, has not been widely accepted and the term Plectomyce-
tes has been abandoned in recent years. The current taxonomic
lineage of the chalkbrood fungus is: Ascomycota; Pezizomycotina;
Eurotiomycetes; Eurotiomycetidae; Onygenales; Ascosphaeraceae;
Ascosphaera apis (Lumbsch and Huhndorf, 2007).
4. Disease epidemiology

Chalkbrood disease is typically most prevalent during the
spring, given that fungal growth is enhanced in cool and humid
(poorly ventilated) beehives (Mehr et al., 1976; Gilliam et al.,
1978; Puerta et al., 1994; Flores et al., 1996; Borum and Ulgen,
2008). In addition to environmental conditions, interactions be-
tween biotic factors such as differences in fungal strains and the
genetic background of the bees may affect the incidence and sever-
ity of the disease. Concerning fungal strains, Glinski (1982) re-
ported that various strains of A. apis showed up to a 20-fold
difference in the level of virulence. A high concentration of fungal
spores in the colony substantially increases chances of infection
(Koenig et al., 1987; Gilliam et al., 1988b; Flores et al., 2005a,b),
so the rate of disease incidence is likely dependent on a particular
fungal strain’s level of ascospore production, the rate of spore ger-
mination, and the efficiency of spore dispersal.

The genetic background of bees, general health status, and
stress could also be important factors affecting incidence and
severity of the disease. Over the past several decades, much re-
search has focused on improving honey bee lines by selecting for
resistance to infectious diseases (Gilliam et al., 1983; Gilliam
et al., 1988b; Spivak and Reuter, 1998a, 1998b, 2001; Spivak and
Downey, 1998). The most significant successes are described in
Chapter 10 of this issue (Evans and Spivak, 2010). Furthermore,
pre-existing stressors, both biotic and abiotic, could weaken the
bee’s innate immune responses, making them more vulnerable to
diseases (Mehr et al., 1976; Hale and Menapace, 1980; Bailey,
1981; Heath, 1982a; Flores et al., 1996). A better understanding
of chalkbrood epidemiology will lead to improved management
tactics of this highly prevalent disease.
5. Disease pathogenesis

Sexually produced A. apis spores (ascospores) are historically
considered the primary source of brood infection (Spiltoir, 1955;
Hitchcock and Christensen, 1972; Rose et al., 1984). Early studies
suggested that two avenues of infection by ascospores are possible:
through the cuticle (Roussy, 1962), and by ingestion (Matus and
Sarbak, 1974 Gilliam et al., 1978). It is now widely accepted that
A. apis spores cannot germinate on the larval cuticle, therefore they
must be consumed to infect larvae (Maurizio, 1934; De Jong, 1976;
Heath, 1982a; Puerta et al., 1994; Flores et al., 1996). A. apis can in-
fect brood of any caste (workers, drones, or queens). According to
Bailey (1963, 1981), larvae are most susceptible at 3–4 days of
age, while others report that 1 and 2 day-old larvae are highly sus-
ceptible as well (Maurizio, 1934; De Jong, 1976; Gilliam et al.,
1978).

While adult bees are not susceptible to this pathogen, they can
transmit the disease within and between beehives. Transmission of
infectious materials between adult bees within the colony appears
to be via food sharing (Gilliam and Vandenberg, 1997). Fungal
spores can be carried by foraging bees and passed onto larvae by
nurse bees feeding them with contaminated food. Transmission
between managed colonies is mostly beekeeper assisted due to
contaminated materials (Gilliam and Vandenberg, 1997). Because
spores can accumulate on all parts of the beehive and in all beehive
products (e.g., foundation wax, stored pollen and honey) and re-
main viable for at least 15 years, any hive material contaminated
with fungal spores will serve as a long-lasting source of infection
(Toumanoff, 1951; Gilliam, 1986; Gilliam and Taber, 1991;
Anderson et al., 1997; Flores et al., 2005a, b).

Spores consumed by the honey bee larvae germinate in the lu-
men of the gut, probably activated by CO2 (Heath and Gaze, 1987;
Bailey and Ball, 1991). Infected larvae rapidly reduce food con-
sumption, and then stop eating altogether. Theantana and Chant-
awannakul (2008) recently identified several enzymes produced
by A. apis, some of them implicated in assisting the pathogen in
penetration of the peritrophic membrane of the bee larval midgut.



Fig. 2. Chalkbrood mummies. Chalkbrood mummies are white, brown, or black.
White mummies contain few or no ascospores.
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After penetrating the gut wall, the fungal mycelium grows inside of
the body cavity, eventually breaking out through the posterior end
of the larva (Maurizio, 1934; Nelson and Gochnauer, 1982; Koenig
et al., 1987) (Fig. 1A–C). Death occurs as a result of mechanical and
enzymatic damage, disruption of haemolymph circulation and
general toxicoses (Glinski and Buczek, 2003). A. apis vegetative
growth extends from the posterior end to the anterior end of the
larva, eventually covering the entire larva with a thick layer of
white mycelium (Fig. 1D). Later, fungal growth is mottled with
brown or black spots, due to production of ascomata that may vary
in size and color.

Honey bee cadavers are usually found stretched out in the cells
in an upright condition, swollen to the size of the cell (Flores et al.,
2004). Eventually cadavers dry and form so-called chalkbrood
mummies (Fig. 2) which may be white or black, depending on
whether or not ascospores are present. Each black mummy con-
tains about 108–109 ascospores (Hornitzky, 2001). Microscopic
examination of white mummies revealed primarily cellular debris,
mycelial fragments, but no detectable ascomata or ascospores
(Gochnauer and Hughes, 1976; Aronstein, unpublished).

It has been suggested that white mummies are due to infection
with mycelia of a single mating type (Davis and Ward, 2003). This
seems questionable given that it has never been shown that myce-
lia are infective. Nor has it been shown that a single mating type is
capable of producing asexual spores. In addition, both mating type
idiomorphs were routinely isolated from white mummies (Rose
et al., 1984), and fungal cultures originating from single white
mummies and grown separately consistently produced ascospores
in culture (Aronstein, unpublished). Others hypothesized that one
of the A. apis mating types may inhibit growth of the other or they
may not be equally distributed in the environment (Christensen
and Gilliam, 1983). It may be true that there is an inhibition of
Fig. 1. In vivo bioassay.Three-day-old honey bee larvae were infected by feeding with sp
denote white-colored mass formed by fungal mycelium growing under the skin. (C) Be
larvae 6 days post-infection. Cadaver is fully covered with fungal mycelium (arrow).
one mating type by the other, but that does not seem to occur
when opposite mating types are grown together in the laboratory,
although their behavior may be different in the natural environ-
ment. What seems more likely is that younger mummies are white,
and given enough time and the proper conditions, they will be-
come black due to the eventual development of ascospores.
ore-containing diet. (A) Control bee larva. (B) Bee larvae 72 h post-infection. Arrows
e larvae 78 h post-infection showing clinical signs of chalkbrood (arrows). (D) Bee
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6. Morphology and reproduction

On solid culture media, A. apis grows as a dense white mycelium
containing aerial, surface, and subsurface hyphae. The hyphae are
septate, 2.5–8 lm in diameter and show pronounced dichotomous
branching (Spiltoir, 1955; Skou, 1988). If a hypha is ruptured, the
septum gives it some physical rigidity and limits loss of cytoplasm.
Each septum has a pore that allows movement of cytoplasm and
small nuclei between vegetative cells (Spiltoir, 1955). Scanning
electron microscopy (SEM) revealed mitochondria and numerous
ribosomes in the cytoplasm of the A. apis mycelium (Anderson
and Gibson, 1998).

Sexual reproduction of this and closely related Ascosphaera
species has been well studied (Spiltoir, 1955; Gilliam, 1978;
McManus and Youssef, 1984; Heath and Gaze, 1987; Shimanuki
and Knox, 1990; Gilliam and Taber, 1991; Hornitzky, 2001; Chor-
binski and Rypula, 2003). A. apis belongs to the heterothallic Asco-
mycota, where sexual reproduction typically occurs between
morphologically identical haploid partners, distinguished only by
their mating type (MAT) locus (Bissett, 1988; Anderson and Gib-
son, 1998; Poggeler, 2001). According to Heath (1982a), cultures
of the two A. apis mating types are indistinguishable from one an-
other, with neither pigmentation nor the colony size/growth rate
being different. On the other hand, Spiltoir (1955) described the
two A. apis idiomorphs as sexually dimorphic at the microscopic le-
vel, where hyphae of opposite mating types produce specialized
reproductive structures (Fig. 3A–E).

SEM revealed that the wall of an ascoma is double-layered with
a smooth outer surface (Bissett, 1988; Skou, 1988; Anderson and
Gibson, 1998; Chorbinski and Rypula, 2003). A mature ascoma
measures in the range of 47–140 lm in diameter (Christensen
and Gilliam, 1983; Chorbinski and Rypula, 2003) and contains
numerous spore balls (asci) (Fig. 3F). The asci measure in the range
of 7–18 lm in diameter and contain no visible outer membrane.
Fig. 3. A. apis ascogonial development. Slides were made from a mixed culture of two
medium and incubated at 35 �C under 6% CO2. Slides were stained with the Lactophen
primordia (arrow). (B) The nutriocyte begins to swell during or soon after contact with th
ascoma stained blue with LPCB dye. (E) Mature ascoma have a dark-brown appearanc
observation of a number of small (�10 lm) spherical shaped asci. (F) When ascoma is ru
Scale bars (A–F) 10 lm.
SEM observations of A. apis specimens revealed that mature
ascospores are tightly packed inside the ascus. They have a thick
spore wall, a spore membrane with many depressions, and sporo-
plasm containing numerous ribosomes and mitochondria (Bissett,
1988). The size of the individual ascospore is in the range of 2.7–
3.5 � 1.4–1.8 lm (Skou, 1972; Gochnauer and Hughes, 1976;
Bissett, 1988; Bailey and Ball, 1991; Anderson and Gibson, 1998;
Chorbinski and Rypula, 2003) (Fig. 4A). Ascospores are resistant
to extreme temperatures and can survive for years in the
environment.

In nature, development and growth of A. apis strictly depends
on the nutrients obtained from honey bee larvae. Germination of
spores requires very specific conditions that are found in the larval
gut environment (Bignell and Heath, 1985; Winston, 1991). The
temperature and pH in the larval gut may have a major effect on
the viability and germination of fungal spores (Bamford and Heath,
1989). In the laboratory, spores germinate best at 35 �C in a nearly
anaerobic environment, producing a single germ tube (Fig. 4B). By
contrast, mycelia require an aerobic environment for growth
(Bailey, 1967), with a temperature optimum of about 30 �C.

Over the years, many different A. apis specimens were identified
and deposited into different culture collections (Table 1).

Recently, two opposite A. apis MAT strains (ARSEF 7405, 7406)
were isolated by Murray et al. (2005) and the genome of the ARSEF
7406 isolate (genome size is approximately 24 Mb) has been se-
quenced (Qin et al., 2006) and deposited at DDBJ/EMBL/GENBANK
(Project accession number AARE00000000). Based on genome
sequence analysis and MAT-specific PCR, these two isolates (ARSEF
7405 and 7406) were assigned MAT1-1 and MAT1-2, respectively
(Aronstein et al., 2007), using the nomenclature originally pro-
posed by Turgeon and Yoder (2000).

Asexual reproduction has never been described in A. apis,
though it is a common mode of propagation in the Ascomycota.
In fact, some pathogenic Ascomycota—the mitosporic Ascomycota
opposite mating type idiomorphs (ARSEF 7405 and 7406) plated on YGPSA culture
ol Cotton Blue Stain (LPCB) and photographed using Nikon optics. (A) Ascogonial
e opposite mating type hypha. (C) Development of a crozier (arrow). (D) Developing
e, as they do not absorb LPCB dye. The transparency of the ascoma walls allows

ptured, as seen in this figure, asci containing fungal ascospores are released (arrow).



Fig. 4. A. apis ascospores. The microscopic slides were stained with LPCB and photographed using Nikon optics and Nomarsky Differential Interference Contrast (DIC)
technique. (A) A. apis ascospores produced in a mixed culture of two mating type idiomorphs and purified using a 5.0 lm filter unit (MILLEX�-SV, Millipore). (B) Germinating
ascospore. Upon germination, the ascospore swells, producing a single germ tube.

Table 1
List of A. apis specimens deposited into different culture collections and available to
the public.

Culture collection name/number Depositors

ATCC 13785, 13786 Olive, L.S., 1955.
ATCC 15020, 15021 ATCC cross
ATCC 388506 Samsinakova, A., 1977
ARSEF 691, 692 Vandenberg, J.D., 1979, 1981
ATCC 52320 Takatori, K., 1982
ATCC 56292, 56293 Christensen, M., 1983
ARSEF 5142; CSIRO 101 Anderson, D.L., 1993.
ATCC MYA-4450; ARSEF 7405, 7406 Murray, K.D., 2003
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(fungi imperfecti or anamorphic fungi), have no known sexual
phase in their life cycle. Future studies are needed to fill the gaps
in our understanding of the biology and reproduction of this
fungus.
7. Honey bee defenses against pathogenic fungi

Pathogenic fungi infect insects by breaching their primary phys-
ical barriers—cuticles and peritrophic membranes (Barr and Shope,
1975; Orihel, 1975; Gliński and Jarosz, 2001). However, the chem-
ical components of the cuticle, such as waxes and unsaturated fatty
acids, have a potent antifungal activity (Gliński and Jarosz, 2001).
In addition, the biochemical environment of the midgut provides
some defense against fungal food-borne pathogens. On the other
hand, septic injury rapidly triggers activation of proteolytic cas-
cades at the site of injury that leads to localized blood coagulation
and formation of a melanin clot, thereby preventing loss of hemo-
lymph though the wound. The by-product of melanin production is
a release of reactive oxygen species that have cytotoxic antimicro-
bial properties (Davis et al., 2008).

When the outer physical barriers are breached, the invasive
fungi encounter a variety of physiological immune defenses by
activation of cellular and humoral immune reactions (Gliński and
Jarosz, 2001; Glinski and Buczek, 2003). Cellular immune re-
sponses begin immediately after an invasion is detected in the hae-
molymph, while antimicrobial peptides (AMPs) typically appear in
the haemolymph some hours after infection (Govind, 2008; Strand,
2008; Stanley et al., 2009). Phagocytosis and encapsulation are the
most common defense mechanisms in bees against entomopatho-
genic fungi (Glinski and Buczek, 2003). Haemocytes can directly
kill fungal spores and destroy other small foreign molecules by
the phagocytic mechanism (Strand, 2008; Stroschein-Stevenson
et al., 2009).

Activation of humoral immunity induces synthesis of AMPs and
bacteriolytic enzymes, and activates the prophenoloxidase system.
These act synergistically to inactivate or kill the invading microor-
ganisms (Hedengren-Olcott et al., 2004; Stanley et al., 2009). Most
of the current knowledge related to humoral insect immunity is
based on the studies conducted in Drosophila and mosquito
models. In Drosophila, the humoral response involves two major
NF-jB (Toll and IMD) signaling pathways. Toll/Dif signaling is acti-
vated by fungal and Gram-positive bacterial infections, and the
IMD/Relish signaling is mostly activated by Gram-negative and
some Gram-positive bacterial pathogens (De Gregorio et al.,
2002; Govind, 2008; Evans and Spivak, 2010). Activation of both
pathways leads to synthesis of the AMPs by the fat body cells
and haemocytes (Hoffmann, 1995). Most AMPs kill or inactivate
invaders by pore formation, but other mechanisms of action have
been also described. Furthermore, the NF-jB-like Relish mutant
flies showed increased susceptibility to both fungal and bacterial
infections, thereby implying regulatory cross-talk between the
two major NF-jB signaling pathways (Hedengren-Olcott et al.,
2004).

Most components of the honey bee NF-jB signaling pathways
were recently identified by Evans et al. (2006). However, mecha-
nisms for microbial recognition and signaling in bees are still lar-
gely unknown. Genome analysis revealed that immune related
molecules were substantially reduced in the bee genome com-
pared to the fly orthologues (Evans et al., 2006). This reduction in
the repertoire of immune related molecules may have a profound
effect on the ability of the individual bee to protect itself against
microbial infections. However, some degree of protection is also
provided by the social organization of the honey bee colony, the
major part of which is hygienic behavior (Spivak and Gilliam,
1993; Evans and Spivak, 2010).

Currently, there are very few studies which have investigated
the molecular mechanism of honey bee immune responses to
chalkbrood (Aronstein and Saldivar, 2005; Aronstein et al., 2006).
These studies investigated the expression profiles of one of the
three honey bee lysozymes (XM_001120995) and several AMPs
(defensin, abaecin, apidaecin, and hymenoptaecin) in 5-day-old
larvae injected with A. apis, Paenibacillus larvae (Gram-positive)
spores and Escherichia coli (Gram-negative) cells. Though all types
of septic injections produced rapid induction of AMPs, none of the
responses seemed pathogen-specific. This puzzling result could be
interpreted in light of recent studies by Tanji et al. (2007), which
determined that fungal septic injections (in contrast to the natural
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route of infection) can activate components of both the Toll signal-
ing pathway and the c-Jun N-terminal kinases (JNK) branch of the
IMD signaling pathway (Davis et al., 2008), suggesting more com-
plex cross-regulation of the two pathways (Evans and Spivak,
2010.

It is clear that further research is needed to better understand
how A. apis and other fungal pathogens are recognized by the host
immune system and what signaling pathways are activated in bees
in response to mycoses.
8. Disease control

A broad range of chemotherapeutic compounds have been
tested for their ability to control chalkbrood (Heath, 1982a; Liu,
1991; Glinski and Chmielewski, 1996; Davis and Ward, 2003).
Hornitzky (2001) listed chemicals that seemed promising for con-
trolling fungal growth either in culture or in bee colonies. Unfortu-
nately none of the tested compounds achieved the level of control
required to fight the disease (Hornitzky, 2001).

Over the years, a number of alternative strategies have been
developed and implemented to control chalkbrood disease (Heath,
1982a; Hornitzky, 2001). We describe below some of those which
are most effective and widely accepted by beekeepers. These meth-
ods include chalkbrood resistant bee lines, improved management
and sanitation practices, and use of ecologically safe natural prod-
ucts. Considering that dependence on synthetic pesticides and
antimicrobials could lead to general deterioration of the colony
environment and bee health in general, it is advisable to minimize
use of pesticides inside and outside of bee colonies (Bogdanov
et al., 1998, 2004; Frazier et al., 2008).

8.1. Improving genetic stock

Hygienic behavior in bees is defined as the ability of bees to de-
tect and remove diseased or parasitized brood. It is considered the
primary mechanism of honey bee resistance to a variety of brood
diseases (Rothernbuhler, 1964; Gilliam et al., 1983; Spivak and
Gilliam, 1993; Spivak and Reuter, 2001; Lapidge et al., 2002).
Therefore, replacement of a queen using good hygienic stock has
become one of the most common practices for dealing with chalk-
brood. There appears to be a strong genetic component to chalk-
brood resistance in hygienic bees (Gilliam and Vandenberg,
1997). Over the past several decades, much research has been
focused on enhancement of the hygienic behavior of bees through
breeding (Gilliam et al., 1983; Spivak and Reuter, 1998a, 2001;
Spivak and Downey, 1998). Colonies exhibiting significant hygienic
behavior have reduced numbers of fungal spores in stored food and
comb wax (Gilliam et al., 1983; Gilliam et al. 1988b). In most cases,
hygienic bee colonies did not require any additional treatments for
control of chalkbrood disease.

Recent studies showed that the genetic basis of hygienic
behavior involves a number of genes whose products interact in
a complex way, and demonstrated that increased genetic diver-
sity in bees may have an important function in reducing the like-
lihood of outbreaks of the disease (Lapidge et al., 2002; Spivak
et al., 2003; Tarpy, 2003; Goode et al., 2005; Evans and Spivak,
2010).

8.2. Management and sanitation

Fungal spores can be present on all surfaces within the beehive
(Puerta et al., 1994, 1995), and can remain viable for many years,
providing a continual source of infection. Spores can be found in
bee-stored pollen (Heath, 1982a), in comb wax (Flores et al.,
2005a), and in retail packs of honey (Anderson et al., 1997;
Reynaldi et al., 2003). Viable spores have been isolated from honey
after 2 years of storage at 20 �C and 30 �C (Gilliam and Vandenberg,
1997), and spores can remain viable for 15 years (Toumanoff,
1951).

Management and sanitation strategies are directed toward
helping bees fend off infection or avoiding infection in the first
place. These practices include supplemental feeding to improve
the nutritional and health status of bees, keeping hives clean and
well ventilated (Seal, 1957; Gochnauer et al., 1975), using clean
equipment, replacing storage and brood combs annually, and
avoiding transfer of combs between colonies (Betts, 1951; Nelson
and Gochnauer, 1982; Koenig et al., 1986; Malonova and Titera,
1995; Flores et al., 2005a,b). An additional benefit to replacing
old combs is that they often contain residual pesticides (Bogdanov
et al., 1998, 2004).

Several different sterilization methods have been tested in at-
tempts to reduce the fungal spore load in beehives. Fumigation
of beehive equipment using various chemicals was performed by
Gochnauer and Margetts (1980) and Faucon et al. (1982), but these
were not widely accepted due to residuals found in both wood and
wax. Gamma irradiation from a Cobalt-60 source was effectively
used to sterilize contaminated beekeeping equipment, old frames,
and honey bee combs (Hornitzky and Willis, 1983; Baggio et al.,
2005). Irradiation was also tested to sterilize wax and honey
(Gochnauer and Hamilton, 1970; Wooton et al., 1985). At the opti-
mum level of radiation (10 kGray) there were no negative effects
detected on wax composition; though some physico-chemical ef-
fects were observed in honey, including decreases in enzymatic
activity, change of color, and leakage from frames (Baggio et al.,
2005). However, the accessibility of radiation facilities is the limit-
ing factor in utilizing this technology.

Sterilization of honey using heat showed good results, although
this method had its limitations. Anderson et al. (1997) demon-
strated that A. apis spores can be killed by incubation of honey
for 8 h at 65 �C or at 70 �C for 2 h in water baths. Heating honey
above 90 �C resulted in caramelization, and change of color. The
heating also increases the level of the harmful chemical hydroxym-
ethylfurfural (HMF) and considerably reduces beneficial enzymes
(e.g. diastase) activity in honey. Therefore, current research efforts
are focused on other alternative methods such as microwave radi-
ation, infrared heating, ultra-sonication and ultra-filtration to pre-
serve honey quality (Subramanian et al., 2007).

8.3. Control of chalkbrood with natural products and microorganisms

Considering the worldwide spread of chalkbrood disease and
the lack of registered chemicals to fight it, there is a great interest
in developing alternative control methods (Winston, 1995). Natu-
ral compounds for control of chalkbrood fungus would be a wel-
come alternative to synthetic fungicides. A broad range of
compounds have been tested in honey bee colonies and on A. apis
in culture in an attempt to control chalkbrood (Heath, 1982a).
Some of them include natural plant-derived antimicrobial products
(Hornitzky, 2001; Davis and Ward, 2003; Aronstein and Hayes,
2004; Mourad et al., 2005). The antifungal activity of many natural
compounds has been tested. Essential oils containing citral, gera-
niol and citronellal were reported to have the best inhibiting effect
on fungal growth in vitro (Calderone et al., 1994; Davis and Ward,
2003). These findings need to be tested in field studies to evaluate
the efficacy of the most active products in bee hives.

A broad spectrum antimicrobial compound (lysozyme) was
tested in field studies in Canada and showed promise for the con-
trol of chalkbrood in bee colonies (Van Haga et al., unpublished).
Numerous microbes associated with honey bees, such as certain
Penicillum, Aspergillus, Bacillus species, showed inhibiting effects
on growth of A. apis in culture (Gilliam et al., 1988a; Wood, 1998).
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9. Methods used in A. apis research

9.1. Fungal culture and storage conditions

Many techniques have been used to cultivate A. apis for research
purposes (Maurizio, 1934; Skou, 1972; Christensen and Gilliam,
1983; Bailey and Ball, 1991; Anderson and Gibson, 1998;
Ruffinengo et al., 2000). In culture, A. apis can grow on a wide vari-
ety of media in either aerobic (Spiltoir, 1955; Heath, 1982b; Rose
et al., 1984; Bissett, 1988; Gilliam et al., 1988b) or anaerobic con-
ditions (Thomas and Luce, 1972; Heath and Gaze, 1987; Anderson
et al., 1997; Johnson et al., 2005). A list of 19 different media sup-
porting the growth of A. apis can be found in Heath (1982b). Some
of the most frequently used media are: Potato–Dextrose agar
(PDA), Yeast–Glucose–Starch agar (YGPSA), and Sabouraud Dex-
trose agar (SDA) (Bailey 1981; Anderson and Gibson, 1998).

For morphological examination of fungal cultures, Spiltoir (1955)
recommended using PDA media supplemented with 0.4% yeast ex-
tract that supports a strong vegetative growth and abundant sexual
reproductive structures. Malt agar (2%) has been found better for
microscopic observations on the basis that it limits growth of aerial
hyphae. A. apis can grow in a wide range of temperatures from 22 �C
to 37 �C with the optimum growth at 30 �C (Heath, 1982b; Anderson
et al., 1997; Liang et al., 2000). According to Thomas and Luce (1972)
and Bailey (1981), A. apis mycelium can grow only under aerobic
conditions. Anaerobic conditions seem to facilitate germination of
fungal spores (Bailey and Ball, 1991). Murray et al. (2005) reported
that culturing A. apis on YGPSA (1% yeast extract, 0.2% glucose,
0.1 M KH2PO4, 1% soluble starch, 2% agar) solid culture medium at
35 �C under 6% CO2 produce sufficient vegetative growth and abun-
dant reproductive structures (Fig. 5A and B).

Storage conditions were tested using A. apis spores and hyphae
(Jensen et al., 2009). Both freeze-dried and cryogenically stored A.
apis spores preserved well. In contrast, A. apis hyphae preserved
well only using cryopreservation in 10% glycerol, and remained
highly viable (up to 98%) even after a year of storage at �80 �C.
9.2. Disease diagnostics

Diagnosis of the disease in a bee colony is generally made on the
basis of white, black, or gray mummies at the hive entrance, on the
bottom board, or in sealed and unsealed brood cells (Gilliam et al.,
1978; Heath, 1982a; Shimanuki and Knox, 1990; Gilliam and
Vandenberg, 1997). Mummies are then microscopically examined
for presence of ascomata. If only white mummies are present,
Fig. 5. A. apis culture. (A) Mixed A. apis idiomorphs cultured on solid YGPSA culture mediu
formed at the interface of the opposite mating type colonies can be observed, when fun
the preparation must be plated on the agar medium to detect
reproductive structures. For identification purposes, a heat treat-
ment of the inoculum is routinely performed prior to plating to kill
non-spore forming microbes that are routinely found in chalk-
brood mummies (Johnson et al., 2005). Fungal growth is typically
visible on plates in 2–3 days (Fig. 5A). After 4–6 days of incubation,
black specks of ascomata will appear on the mycelial lawn. When
strains of different mating types are inoculated onto plates a slight
distance apart, ascomata will appear as characteristic black lines
where the mycelia intersect (Fig. 5B).
9.3. Microscopic examination

An A. apis culture can be observed by microscopic examination
of slide preparations at 40� magnification (Anderson and Gibson,
1998). Staining of slides with Lactophenol Cotton Blue Stain (LPCB)
can enhance contrast for better analysis of culture morphology.
The presence of ascomata in samples is diagnostic for the disease
(Fig. 3E and F).
9.4. Molecular Identification of A.apis

Very often, honey bee colonies contaminated with A. apis have
no visible signs of the disease. Therefore, it is useful to have early
detection techniques, such as biochemical assays or molecular
diagnostics that will allow detection of the pathogen at sub-clinical
levels. Gilliam and Lorenz (1993) and Chorbiński (2003) identified
several enzymes present in A. apis. Among them, the enzyme valine
aminopeptidase was produced only by unmated strains and was
proposed for identification of the mycelial stage of the fungus. ß-
galactosidase and a-mannosidase enzymes were suggested for
identification of both mated and unmated strains because few
other honey bee-associated fungi produce these enzymes.

In recent years, a number of different molecular methods have
been developed for identification of Ascosphaera spp. using DNA-
based tools. Most of these studies utilized rDNA and the internal
transcribed spacers (ITS1, ITS2) that have proven especially useful
for elucidating relationships among closely related species. This is
now the most widely sequenced DNA region in fungi. In most of
these studies, the authors used a somewhat labor intensive method
of amplifying the ITS1–5.8S-ITS2 region, followed by cloning and
sequencing of the entire fragment (Anderson et al., 1998;
Chorbinski, 2004; Borum and Ulgen, 2008). A different approach,
repetitive-sequence-based PCR (Rep-PCR) was utilized by Reynaldi
et al. (2003) to characterize A. apis isolates.
m at 35 �C under 6% CO2. (B) Mating type test. Characteristic black lines of ascomata
gal colonies are plated at a distance.
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Recently, two new species-specific methods were developed for
identification of A. apis and other closely related fungi (Murray
et al., 2005; James and Skinner, 2005). Both of these methods uti-
lized species-specific PCR amplification of fungal rDNA. In both
methods, the presence of a band from a PCR amplification using
species-specific primers indicates the presence of DNA from that
species.
9.5. Larval bioassay

Since 1972, researchers have been infecting honey bee larvae
in vivo (De Jong, 1976; Gilliam et al., 1978; Vandenberg and
Shimanuki, 1987; Puerta et al., 1994; Flores et al., 1996, 2004).
The majority of the investigators used ‘‘whole chalkbrood
mummy” inoculums (Gilliam et al., 1988b; Starks et al., 2000; Tar-
py, 2003). Recently, Johnson et al. (2005) showed that in addition
to A. apis, whole mummy inoculums contain various species of mi-
crobes, and therefore may produce unintended results in bioassays.
One of the most common problems in conducting bioassays is
damage to larvae during collection from cells and during transfer
from an old to a new plate. Stress to larvae during collection can
be reduced by using the warm water removal technique. Using this
technique, bee larvae are quickly washed out of their brood cells by
a gentle stream of warm water Also, to reduce injury to larvae, they
can be manipulated using Chinese grafting tools commonly used in
queen rearing, instead of forceps. A high efficiency bioassay incor-
porating these tactics that produced a reliable level of infection
was described by Aronstein et al. (2006).
10. Conclusion

While chalkbrood is a mild annoyance for some beekeepers, for
others it is an economic issue. With the increasing stresses on
managed bees over the past couple of decades in the form of
new parasites and pathogens, increased pesticide use, and in-
creased long-distance transportation to pollination sites, the
resulting weakened immune system may provide additional
opportunity for chalkbrood infections. Requeening with hygienic
queens and replacing combs do solve the problem, but that obvi-
ously does involve cost and labor. In addition, it would not be sur-
prising if A. apis were to evolve mechanisms to persist even with
hygienic bees as hosts. The fact that many chalkbrood mummies
are white and are therefore not involved in fungus propagation
suggests that it is advantageous for the fungus to limit its asco-
spore production. That is, a balance has evolved wherein both
the fungus and the host survive. The practice of managed beekeep-
ing perhaps upsets this natural host-pathogen balance because the
survival and reproduction of the fungus and its host is no longer
dependent on nature alone. Of course, natural balances are not
necessarily compatible with economically-feasible beekeeping. A
goal for future research is to manipulate the beehive environment
in such a way that will keep reproduction of the fungus to a level
below an economic threshold.
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