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ABSTRACT

Chalkbrood Ascosphaera apis is a fungal brood pathogen that exerts considerable biotic stress on
honey bees worldwide. Chalkbrood was noticed at Coimbatore in Apis mellifera colonies for the first
time. Precise identification of the fungal pathogen and their mating types is crucial to develop effective
disease management strategies. Hence, the present study aimed to isolate and identify fungal pathogen
morphologically and genomically. Scanning Electron Microscopic (SEM) analysis was done and confirmed
the essential morphological characteristics of the isolated fungus such as spore cysts (51-86 pm in diameter),
spore balls (8-15 pm in diameter), and ascospores (1.7-2.6 pm in length). Molecular characterization using
internal transcribed sequence (ITS)-PCR of the fungal isolate indicated 99-100% sequence similarity to
A. apis. In addition, the multiplex PCR assay was performed and the mating types MAT1-1 and MAT1-2
were successfully detected and named TNAU CBD MAT1 and TNAU CBD MAT?2, respectively.
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The honey bee fungal brood pathogen Ascosphaera
apis Olive and Spiltoir, heterothallic fungus is a global
threat to the beekeeping industry, causing individual
larval mortality, and greatly affects the colony
productivity (Spiltoir, 1955; Spiltoir and Olive, 1955;
Baily, 1963; Wood, 1998). The genus 4scosphaera
comprises four species known to occur in honey bee
colonies: Ascosphaera apis (Chalkbrood), A. major, A.
atra, and A. duoformis (Anderson and Gibson, 1998).
The defining character of the Ascosphaera genus is the
formation of spherical ascomata or sporocysts containing
multiple spore balls composed of numerous ascospores.
These species exhibit differences in spore cyst size and
variations in the shape and size of ascospores (Bissett
etal., 1997). Chalkbrood opportunistically infects bees
combined with other forms of stress (Yoder et al., 2014),
while recent research indicates that honey bee viruses
may have the capability to infect and multiply within
the fungal pathogen A. apis (Li et al., 2014; Cheng
et al., 2022). The development of chalkbrood fungus
takes place when bee colonies experience cool, damp
environments with inadequate airflow, particularly
during the spring season (Mehr et al., 1976; Gilliam et
al., 1978; Puerta et al., 1994; Flores et al., 1996; Borum
and Ulgen, 2008).

Chalkbrood disease was first reported in Europe

in the early 1900s (Maassen, 1913), and the incidence
was inconspicuous outside Europe until the early 20™
century. Currently, the disease has spread globally with
an increasing incidence in many countries (Kluser and
Peduzzi, 2007; Sevim et al., 2022: Das et al., 2023).
The honey bee larvae aged 1-4 days old are most
susceptible to the chalkbrood fungal infection, mainly
transmitted through contaminated food fed by the nurse
bees (Bailey 1963; Gilliam et al., 1978; Holloway et al.,
2012). Initially, the ingested spores get activated in an
anaerobic environment of the larval gut under the CO,
condition followed by hyphal ramification, resulting in
cessation of feeding by larvae (Nelson and Gochnauer,
1982; Koenig et al., 1987; Bamford and Heath, 1989).
The spores of A. apis remain persistent and viable for 15
years in the hive environment, serving as the source of
inoculum for further infection (Bailey and Ball, 1991).
All castes of honey bee broods (worker, drone, queen)
can be infected by a chalkbrood fungus (Wynns, 2012).
Apis cerana was the major honey bee species in northern
India till 1960s. A. mellifera, the Italian honey bee was
introduced successfully into northern India during the
1960s and southern India during the 1990s (Atwal and
Sharma, 1968; Chaudhary, 1997). Now A. mellifera has
been successfully established throughout northern India
while A. cerana is still an important honey bee species
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contributing to honey production in south India. At
present, in south India beekeepers have started rearing
the Italian honey bees, utilizing the major honey crops
such as moringa and sunflower (Kishan et al., 2017).
For the first time in the Coimbatore district of Tamil
Nadu, we detected the occurrence of chalkbrood in Apis
mellifera colonies during June 2022. The occurrence of
the chalkbrood disease was so serious in 4. mellifera
that it caused infection in 80% of the colonies and
caused a colony loss of up to 45% during Oct 2022. In
some parts of the world, the chalkbrood fungus 4. apis
was found to infect the otherwise less susceptible 4pis
cerana cerana and even resulted in high bee mortality
(Gilliam et al., 1993; Chen et al., 2018). Since most of
the Tamil Nadu beekeepers depend on the Indian honey
bee Apis cerana indica, for their honey production and
livelihood, any possible cross-infection of chalkbrood
A. apis might pose a serious threat to the Tamil Nadu
beekeeping industry. Hence, as a prerequisite, the fungal
pathogen’s precise identification is highly essential for
effective disease management.

Understanding the molecular basis of fungal
development and reproduction could directly contribute
to improving disease control strategies. Typically, the
existence of chalkbrood mummies validates disease
presence during field diagnosis. Consequently,
confirming the presence of spore cysts using microscopy
in the laboratory is crucial (Jensen et al., 2013).
Polymerase Chain Reaction (PCR) and Internal
Transcribed Spacer (ITS) gene region-based DNA
markers are widely used to identify fungi at genus to
species level. Furthermore, molecular techniques are
used to obtain rapid, reliable, and accurate identification.
The fungus 4. apis exhibit heterothallism, possessing
two mating types (Mat-1 and Mat-2) that cannot be
differentiated based on morphology (Aronstein and
Murray, 2010; Aronstein et al., 2007). Recognition of
the mating types is crucial for gaining a deeper insight
into fungal reproduction, biology, and pathogenic
characteristics. To conduct the mating type assay,
the reference strains namely ARSF 7405 and ARSF
7406 are required. Unfortunately, no reference strain
is available in India. Hence, we initially separated the
unknown mating type isolates as described by Jensen
et al. (2013), and the mating type was determined by a
multiplex PCR assay developed by Aronstein and Colby
(2015). Probably, this could be the first report on the
mating type detection of the fungus 4. apis in India.
Considering the above conditions, the current study
intended to determine the mating type and identify the
fungus A. apis phenotypically by Scanning Electron
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Microscopy (SEM) and genomically by using an ITS
gene marker; phylogenetic analysis was also performed
to study its close relatives.

MATERIALS AND METHODS

The A. apis infected Apis mellifera colonies were
identified by the presence of mummified larvae in
the brood comb, bottom board, and hive entrance,
preferably the white mummies were collected to
facilitate mate separation, and black mummies were
collected for microscopic examination. All the samples
were collected from the Apis mellifera colonies located
at the Apiary (11°0°59”°N; 76°55°47”E), Department
of Agricultural Entomology, Tamil Nadu Agricultural
University, Coimbatore, Tamil Nadu, India in June
2022. All the samples were stored in a deep freezer
at -20°C until used for isolation. The fungal strain
was isolated from the fresh white mummies that were
collected from infected brood frames or bottom boards.
Then, the collected mummies were surface sterilized
with 10% sodium hypochlorite for 10 min followed
by rinsing with sterile distilled water for 2 min under
aseptic conditions. Sterilized mummies were incised
into small pieces, placed on the Potato Dextrose Agar
(PDA) plates amended with 50 ppm of streptomycin to
prevent bacterial contamination, and incubated in dark
condition at 30-34°C for 3-6 days in an incubator. During
incubation, the growth of mycelia and sporulation was
observed. Once the sporulation point was observed,
mating types were separated on PDA plates without
antibiotics and purified by the hyphal tipping technique
with the aid of a microscope. For further studies, the
separated fungal strains were maintained at -20°C with
15% glycerol (v/v).

Initially, the presence of sporocysts in the field-
collected samples was verified under a stereo
microscope (Leica M205A stereo microscope, Leica
Microsystems) followed by fungal hyphae were slide-
mounted with distilled water and seen under a phase
contrast microscope. Furthermore, the ultrastructure of
sporocyst, spore balls, and ascospores were observed
under an SEM. For SEM analysis, the matured
sporocysts harvested from PDA plates were used.
The harvested sporocysts were mounted on pin stubs
supported with double-sided tape. Then the mounted
sporocysts were randomly incised with a sterile scalpel
to ensure the release of spore balls. Mounted specimens
were subjected to gold sputter coating and observed
under the SEM (FEI Quanta 250, Netherlands) having
an Everhart Thornley Detector with tungsten as an
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electron source. The size of the sporocyst, spore balls,
and ascospore were also determined.

Morphologically confirmed fungal strains were
further subjected to molecular analysis by rDNA-
ITS studies. A total of 50mg of fresh mycelium was
taken in 2% CTAB (Cetyl trimethyl ammonium
bromide) buffer and the genomic DNA was
extracted as per the protocol given by Wu et al.
(2001). The extracted DNA samples were stored at
-20°C for further studies. The primer pair of ITSI
(5’-TCCGTAGGTGAACCTGCGG-3’) as a forward
and ITS 4 (5’-TCCTCCGCTTATTGATATGC-3’) as
a reverse was used for the PCR amplification of ITS1-
5.8S-ITS2 and 18S regions of fungal isolates. The
total volume of the reaction mixture was 40 ul, which
comprised of 4 pl genomic DNA, 4 ul forward primer,
4 ul reverse primer, 8 pl of nuclease-free water, and
20ul master mix (Smart prime). PCR was performed in
a thermal cycler (Applied Biosystems, Thermo Fisher
Scientific, USA) with the following conditions: 5 min
initial denaturation at 95°C; 40 cycles of denaturation (1
min at 95°C), annealing (1 min at 60°C) and extension
(1min at 72°C); final extension at 72°C for 10 min. The
resulting PCR product (5 pl each) was electrophoresed
at 90 V for 45 min using 1.5% agarose gel containing
0.5 pg/ml ethidium bromide. The remaining PCR
products were Sanger sequenced by Syngenome
(Coimbatore, India). The obtained DNA sequences
were edited and aligned in BioEdit 7.2. Sequences
were compared to NCBI Gen Bank database using
BlastN. The ITS gene sequence of the fungal isolate
was successfully deposited in the NCBI GenBank
database under the accession number OQ641236. For
constructing a phylogenetic tree, the ITS nucleotide
sequences of Ascosphaera apis from various regions of
the world were retrieved from NCBI GenBank (http://
www.ncbi.nlm.nih.gov/) and matched with our fungal
isolates to compare similarity or diversity. MEGA11
(Version 11.0.13) software was employed to construct
aphylogenetic tree using the Neighbor-Joining method
along with 1000 bootstrap replicates.

Once the single mate type was designated as
described earlier in the isolation part, the dual test
was performed to verify the opposite mating type. To
conduct a dual test, 6 mm dia of the fresh mycelial discs
were taken, and opposite strains were placed on PDA
at a distance of 4 cm. The plates were incubated at 30-
34°C for 3-6 days. After incubation, the production of
the reproductive structure between the meeting point
of the two mycelia confirms the presence of opposite
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mate types. After the confirmation, each mating type
was maintained separately on PDA plates for further
analysis. The mating types were identified through
a multiplex PCR assay created by Aronstein and
Colby (2015). Initially, the genomic DNA (gDNA)
of the undetermined fungal mating types and mixed
idiomorphs were extracted as described in the molecular
identification part. The extracted gDNA samples were
stored at -20°C for later use. The multiplex PCR test
was performed using two sets of primers specified as
given here’s:

Primer- Sequence 5" to 3’- Gene- Product size (bp)-
References:

Matl1F-83; AGCAGACGCTAAAGAACTTG;
Matl-1; 478; (Aronstein and Colby, 2016)

MatlR-562; ATTGGGTGGAACAATGCCTA;
Matl-1; 478; Aronstein and Colby (2016)

Mat2scaf74F; AAA ATA CCAAGG CCACCGA;
Mat1-2; 212; Aronstein et al. (2007)

Mat2scaf74R; GGAGCATATTGGTAATTTGG;
Matl-2; 212; Aronstein et al. (2007).

PCR amplification was performed in 30 pl of the
final reaction volume, containing 15 pl of Master mix
(Smart prime), 1 pl of each of four primers, 1 pl of
gDNA, and 10 pl of nuclease-free water. The PCR
reactions were carried out in a thermal cycler (Applied
Biosystems, Thermo Fisher Scientific, USA) with the
following conditions: initial denaturation at 95 for 3
min; 35 cycles of denaturation at 95°C (30 s), annealing
at 56°C (30 s), and extension at 72°C (30 s); final
extension at 72°C (2 min). The PCR bands were verified
with 1.8% agarose gel and documented using the Gel
Doc imaging system (Mediccare, Gelstan, India).

RESULTS AND DISCUSSION

Chalkrood mummies were noticed on the brood frame
(Fig. 1A), and bottom board during field diagnostics.
Examining the black mummies collected from the field
under a stereo-zoom microscope confirms the presence
of sporocysts (Fig. 1E), which is a characteristic feature
commonly found in the Ascosphaera genus (Bissett et
al., 1996; Chorbinski and Rypula, 2003; Aronstein and
Murray, 2010). Also, isolates produced dense mycelia
(Fig. 1D) with pronounced dichotomous branching
(Fig. 1F) as previously reported by Skou (1988) and
Hornitzky and Anderson (2010). Furthermore, the
isolated fungi produced black-colored ascomata after
6 days of post-inoculation (Fig. 1B). SEM analysis
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Fig. 1. Symptom and identification of Ascosphaera apis. A.
Chalkbrood-infected brood frame. B. Mating type separation
from field-collected mummies. C. Verification of fungal MAT
type by dual test. D. Dense mycelial growth of Ascosphera
apis. E. Chalkbrood mummy with numerous sporocysts (60x
magnification). F. Hyphae of isolate fungi - Pronounced
dichotomous branching (upper arrow) with septation (lower
arrow) (400X)

indicated that the wall of a spherical ascoma or spore
cyst was double-layered (Fig. 4A), with a smooth
outer surface (Fig. 4B) and highly verrucate inner wall
(Fig. 4C) (Bissett, 1988; Skou, 1988; Anderson and
Gibson, 1998; Chorbinski and Rypula, 2003). The size
of the fully mature ascoma ranges from 51 to 86 um in
diameter, consistent with previous studies (Christensen
and Gilliam, 1983; Chorbinski and Rypula, 2003). The
spore balls were oval with a diameter of 8-15 um and
had no apparent outer membrane (Fig. 4D). Ascospores
are typically ellipsoidal or fusiform in shape, bend often,
and are 1.7-2.6 um long with rounded ends (Chorbinski
and Rypula, 2003). Conclusively, SEM examination
findings validate the diagnostic approaches used. The
outcomes confirmed that the examined strains are
classified within the Ascosphaera genus and specifically
belong to the Ascosphaera apis species. This was the
first time, chalkbrood appeared in Tamil Nadu, India,
probably due to prolonged damp weather along with
intermittent rain and scarcity of the floral resource as
well. Eventually, the population of the affected colony
dwindled and the colony perished.

Regularly, the honey bee colonies contaminated
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with 4. apis have not shown any visible symptoms.
Hence, the early detection of disease is vital for disease
management. This can be achieved by molecular
diagnostic methods, which allow us to detect the disease
even at the subclinical level. Initially, the genomic DNA
of the isolated fungi was extracted successfully. Using
the primer pair ITS1 and ITS4, the fungal DNA was
amplified with a band size of 600-700bp (Fig. 2). The
ITS (internal transcribed spacer) sequence analysis has
been widely used in fungal barcoding and identification
(Schochetal., 2012). The amplified products were Sanger
sequenced and the obtained sequences were confirmed
using NCBI’s database and BLASTn programs. Based
on BLASTn analysis, the isolate of Coimbatore had 99
to 100% similarity with Ascosphaera apis sequences
available in the GenBank database. The fungal sequences
were submitted successfully to the NCBI database under
the accession number OQ641236. Previous studies
have demonstrated 100% sequence similarity among 4.
apis strains recovered from European honey bee larvae
collected across continents (Anderson et al., 1998).
However, recent investigations found no substantial
variations in A. apis isolates based on ITS gene region
(Jensen et al. 2013). These results are consistent with
our findings. Reynaldi et al. (2003) recommend using
PCR-based DNA fingerprinting methods such as BOX,
REP, and ERIC PCR to identify genetic variation among
isolates. In this way, epidemiological investigations may
help in establishing the clonal identity or relatedness of
A. apis isolates.

700 bp
600 bp

Fig. 2. PCR amplification of isolated fungi.
Lane 1: 100 bp ladder; Lane 2,3: isolated fungi

1 2 3 4 5 6 7 8

478 bp
212bp

Fig. 3. Multiplex PCR amplification of Mating types. Lane 1:
100bp ladder; Lane 2,3,4: Matl-2 (TNAU CBD MAT 2); Lane
5,6,7: Matl-1(TNAU CBD MAT 1); Lane 8: Mixed idiomorphs
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Fig. 4. SEM images analysis of Ascosphera apis fruiting body.
A. Double-layered wall of the spore cyst. B. Spore cysts with
smooth outer surface C. Verrucate inner wall of spore cyst. D.
Single spore ball with no apparent outer membrane.

To construct a phylogenetic tree, ITS sequences
from different A. apis species were acquired from the
NCBI database. The ITS sequence from isolated A.
apis (Coimbatore isolate) was aligned with downloaded
sequences, trimmed at the ends for any missing
nucleotides, and used to construct a phylogenetic tree
(Fig. 5). The analysis included a total of 11 nucleotide
sequences of A.apis and A. atra was set as an outgroup.
The isolated fungus was more closely related to other
A. apis isolates than A. atra. The A. apis isolate Aap-
N24P from West Bengal (Das et al., 2023) and 4.
apis isolate Coimbatore were the most closely related
isolates. This may be due to the introduction of Italian
honey bee colonies from the northern part of India
to the southern part of India (Chaudhary, 1997). In

100 rAxcasphazra apis isolate Aap-N24P (ON819759.1)
100 ‘ L 4

o |

apis isolate Coimb e (0Q641236.1)
Ascosphaera apis CBS (NR 178140.1)

83
Ascosphaera apis isolate SX (MK910078.1)

83 H(
Ascosphaera apis isolate GZ (MK910077.1)
89 Ascosphaera apis culture CBS:534.69 strain (MH859367.1)
UAscasphaera apis isolate UASWS2401 C1 (MW491398.1)

83 UAscasphaera apis isolate UASWS2453 C63 (MW491450.1)

83 LAscasphaera apis isolate HI-3 (MZ436999.1)

Ascosphaera apis strain LSAP Juy (MH633693.1)

Ascosphaera atra (1.T964944.1)

Fig. 5. Phylogenetic tree of the isolated fungi
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addition, beekeepers in the southern part of India are
migrating and purchasing the Apis mellifera colonies
from time to time from the northern part of India. In
the heterothallic Ascomycota group, A. apis engage
in sexual reproduction with morphologically identical
haploid partners, which are differentiated solely by their
mating type locus (Bissett, 1988; Anderson and Gibson,
1998; Poggeler, 2001).

Recognition of mating type in fungi is crucial for
better understanding their lifecycle, reproduction, and
pathogenicity. To detect the mating types requires
any one of the reference strains (ARSF 7405 and
ARSF 7406). Unfortunately, in India, there is no
reference strain available. Hence, for the first time, we
attempted to detect the mating type by multiplex PCR
assay developed by Aronstein and Colby (2015). The
multiplex PCR assay replaces the indispensable need
for reference to detect the mating types. Initially, the
dual test (Fig. 1C) revealed the presence of an opposite
mating type from the isolated fungus 4. apis. This result
verified the heterothallic nature of isolated fungi 4. apis
as described in several studies (Aronstein et al., 2007,
Aronstein and Murray, 2010). (Fig. 3) shows the result
of amplified gDNA from multiplex PCR assay of the
isolated Mating types. MAT1-1 and MAT 1-2 specific
primers were amplified to a fragment length of 478 bp
(lanes 5-7) and 212 bp (lanes 2-4), respectively. Lane
8 shows two bands in respective sizes, indicating the
presence of both mating types that served as an internal
amplification control (IAC). All the obtained results of
the multiplex PCR assay were consistent with the results
of Aronstein and Colby (2015), indicating the successful
detection of mating types. Finally, the detected mating
types MAT1-1 and MAT 1-2 were named TNAU CBD
MAT1 and TNAU CBD MAT?2, respectively, and stored
in 15% glycerol (v/v) at -20°C.
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