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Ascosphaera apis causes chalkbrood disease in honey bees (Apis Mellifera). Infected
larvae undergo morphological and histological changes.

Lokesh Kumar Singh, Lakshmi S Thara

Abstract: The fungus Ascosphaera apis causes chalkbrood, a mycological brood disease affecting Western
honey bees (Apis mellifera). The objective of this research was to examine the pathology of Apis mellifera
larvae that were artificially raised and then inoculated with 1.0 x 10* spores/larva of A. apis. For the control
group, we used non-infected larvae. On each day between day 1 and 7 post-incubation, we removed five live
larvae and one dead one. After taking photographs, measuring them under a microscope, and fixing them in
formalin, the larvae were histologically treated using hematoxylin-eosin stain and Grocott silvering. After
digitizing the histological sections, we assessed the larvae's dimensions (mouth-after length, area) and ran the
numbers. From 3 days post-infection onwards, twenty-six larvae (out of 64 total) displayed histological
evidence of infection. Macroscopic examination of the deceased larvae revealed white or brown deposits, a
lack of body elongation, and ambiguous segmentation. On days 3, 4, and 6 post-infection (p.i.), infected larvae
were noticeably smaller compared to the controls (p < 0.05, p < 0.001, and p < 0.05, respectively). Fast and
fulminant infection likely plays a role in disease dissemination throughout the colony, as does the early time of
death, low number of transitional stages, and strong penetration of the larval corpse with fungal mycelium.
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Introduction

Chalkbrood is a rather frequently occurring
mycological brood disease of the Western honey bee
Apis mellifera, caused by the fungus Ascosphaera
apis (Maasen ex Claussen) L.S. Olive & Spiltoir, 1955,
belonging to the phylum Ascomycota and the family
Ascosphaer- aceae, and its original name was
Pericystis apis [1]. It is exclusively a brood disease.
The adult bees spread the spores but remain
clinically inconspicuous [2]. In the affected colony,
the most apparent sign of chalkbrood are the dead
larvae found as chalkbrood mummies in brood cells
or, if they have been removed from the colony by
the nurse bees, in front of the hive. Removal of
diseased or dead larvae results in a patchy brood
nest. As the disease spreads in the brood nest, an
increasing number of larvae die, leading to a
decrease in the number of adult bees.

The causative agent of chalkbrood is the
entomopathogenic fungus A. apis. It only
reproduces sexually, in contrast to most other
entomopathogenic fungi. The infectious
ascospores are very long-lived and can be detected
in almost all bee colonies, but usuallywithout the
disease chalkbrood breaking out [3-5]. Clinical

outbreaks of chalkbrood areconsidered to be
caused primarily by environmental factors such as
damp and cold weather, but also by the health status
of the colony, genetic predispositions, and the stress
factors to which the brood is exposed at the time of
infection [2,6-12].

Infection with A. apis occurs via the larvae’s oral
ingestion of the ascospores [6,13].

The spores germinate within the intestinal lumen.
So far, only an increased CO. content has been
discussed as a trigger for germination [14-16],
even if this does not explain the high host
specificity. After spore germination, the fungal
mycelium infiltrates the intestinal wall, grows inside
the larva, and then breaks through the cuticle (white
mycelium). The formation of fruiting bodies, caused
by the sexual reproduction of genetically different
mating types, is responsible for the color change to
brown/black mycelium [2,17-19]. Dead, dried,
white, or brown/black mummies thus represent the
characteristic clinical presentation of chalkbrood
[2,18].

Bacteriological brood diseases of the Western honey
bee A. mellifera have been exten-
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sively described clinically, macroscopically and
histologically [20]. In contrast to European and
American foulbrood, however, very little is known
about the histopathological pic- ture and
pathogenesis of chalkbrood, as only three studies
on the histology of bee larvaeexperimentally
infected with A. apis have been published to date
[21-23]. However, onlyliving larvae were
evaluated [21,22], and the vitality status of the
larvae examined was not described [23].
Furthermore, it is difficult to compare the
histological findings of these studies, as none of
these studies included information about the A.
apis strains or the spore concentrations used for
infection [21,23]. External influences on the infection
process were variable, as infected larvae were
either exclusively [23] or partially reared in bee
colonies [21].

In our study on the histopathology of chalkbrood
presented here, we used an experi-mental design
that avoids the weaknesses of the previous work by
experimentally infecting larvae orally with defined
spore concentrations from a pairing of two well-
characterized

A. apis strains (ARSEF7405, ARSEF7406 [18,24])
and then rearing them in an incubator. At

various time points after infection, live larvae and
larvae that had died of chalkbrood were examined
macroscopically and histologically. The results
were compared with those fromnon-infected
control larvae of the same age. Our descriptive
results on the pathogenesis of chalkbrood are
crucial for a better understanding of the host-
pathogen interactions in A.apis infections and the
pathogenesis of chalkbrood.

Materials and Methods

Bees and Ascosphaera apis Spores

The Western honey bee Apis mellifera colonies
were kept in an apiary at the University of
Copenhagen, Frederiksberg Campus (Denmark), and
served as donor colonies for the experiments. The
larvae were taken from three healthy colonies
headed by naturally-mated, non-sister queens. The
apiary and the three source colonies had no history
of chalkbrood and were free of any noticeable brood
(incl. chalkbrood) and adult bee diseases at the time
of the experiments and in the following season.
Accordingly, no A. apis-infected larvae were found
in the non-infected control group. In addition, the
mortality rate in the control group was 0%, which
indicates that the bees were generally in excellent
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health.

The spores of A. apis were produced according to
published standard methods [18]using the two A.
apis strains ARSEF 7405 and ARSEF 7406 (USDA-
ARS Collection of Entomopathogenic Fungal
Cultures in Ithaca, New York, USA) [18], which
differ in matingtype (ARSEF 7405, mating type (+);
ARSEF 7406, mating type ( )). They were mated
on Sabouraud dextrose agar (SDA) plates at 34 °C.
Fruiting bodies with spores in spore balls are
produced as soon as the hyphae of the two strains
come into contact. The sporesthus produced by
pairing ARSEF 7405 and ARSEF 7406 were
harvested from the SDA plate using a sterile
spatula and transferred to a sterile glass tissue

grinder with 20 pL ofsterile, deionized water. The
spore concentration was determined using a
hemocytometer (Neubauer-improved, Marienfeld
GmbH, Lauda-Konigshofen, Germany). The
suitability of the spores for the infection
experiments was tested according to previously
publishedmethods [18,25].

Experimental Infection of Apis mellifera Larvae

A total of 180 larvae were reared in an incubator
at 34 °C (Memmert, Schwabach, Germanyy
according to the described standard method [26] in
three runs (n = 3 60). The experimental groups
contained larvae from all three colonies in random
proportions to minimize the influence of colony
genetics on disease progression [25].

In each run, 20 larvae (n = 180) from each of three A.
mellifera colonies were transferred to 48-well
plates at the age of approx. 12 h after egg
hatching, with each larva placed in a separate well

containing a drop (10 pL) of basic larval food
(BLF; 50% (v/v) royal jellyand 50% (w/v) aqueous
solution in demineralized water (12% (w/v) D-
fructose, 12% (w/v) D-glucose and 2% (w/v) yeast
extract)). Every 24 h, the larvae were trafisferred
individuallx to wells with fresh food. The amount of
food was increased by 10 gL every day. Randomly
selected larvae (n = 90) were infected with A. apis
spores according to the standard method described
by Jensen et al. 2013 [18]. The larvae were

infected on the second day after removal from the
colony (i.e., on day 3 after egg hatching) by first

feeding the larvae of the infection group (n = 90)

with spore-contaminated food (5 UL BLF with 2
10° A. apisspores/mL BLF) and 5 h later giving
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them 15 pL spore-free BLF (final amount 20 pL).
Infection thus occurred with approximately 1 103

spores per larva. The food ((5 + 15) pL BLF) of the
control group (n = 90) was always spore-free. Both
groups received only spore- free food from the
following day onwards. At the start of
metamorphosis, the midgut connects with the
hindgut, the larvae defecate for the first time, and
the feeding phase ends. At this point
(approximately day 6 p.i.), the larvae were
transferred to wells lined with filter paper without
food for the further course of the now-beginning
pupal phase. They remained in the wells until day
14 p.i., the end of the experiment, to ensure that
anypreviously undescribed effects of A. apis
infection on pupal stages were not overlooked.

Control group
Infection group

| 55 45 "5 |5 |'5 |
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For macroscopic and histological examinations,
five living larvae from the control group were
takenat1d,2d,3d,4d,5d,6d,and 7 d (n = 35),
and five living larvae from the infection group
were collectedat4h,1d,2d,3d,4d,5d,6d, and
7 d post-infection(n = 40). The larvae were
euthanized by carbon dioxide exposure. In
addition, all dead larvae from the infection group,
namely five, six, six, five, and two larvae taken at
3d,4d,5d, 6d,and 7 d post-infection,
respectively, were analyzed (Figure 1). All larvae
were measured, documented photographically,
and then immediately transferred to 4%
formaldehyde in PBS, pH 7.4, for fixation. Incubation
in formaldehyde took place overnight at room
temperature.

Larvae collected

7o

5 lalive: n=40

’5 6 *6 5 32

4h 1d 2d 3d 4d 5d 6d

Infection (p.i.)

3d 4d 5d 6d 7d 8d od

Age from hatching

Figure 1. Schematic overview of the experimental infection
assays and the sampling scheme. Larvae (n=180) were taken
from three donor colonies headed by naturally-mated, non-
sister queens andkept in an apiary near the University of
Copenhagen (Denmark). Two groups were formed: one group
consisting of uninfected control larvae (n = 90; green) and one
group of infected larvae (n = 90; orange). For macroscopic and
histological examination, 35 larvae (7 X 5) were collected from
the control group and 64 larvae (8 X 5 =40 live larvae (yellow)
and a total of 24 dead larvae (red)) were collected from the
infection group. The collection of live larvae (control group
and infection group)was randomized; © Tammo von
Knoblauch.

In the following, instead of the larval age, the
time of collection (between 4 h and7 d p.i.) is
indicated for the living larvae from the control and
the infection groups. For the corresponding larval
age (L), +3 days must be added here, as the larvae
were infectedapproximately 72 h after hatching.
For larvae collected dead, the larval age at the time

ofdeath cannot be determined precisely, as larvae
may have died shortly after the previouscollection
time. The larval age may, therefore, be lower than
the age determined by the time of collection (up to
24 h younger).

Macroscopic and Histological Preparation

For macroscopic and histological examination, the
fixed larvae were embedded in paraffin (paraffin
pastilles, Engelbrecht GmbH, Edermiinde,
Germany) according to stan-dard protocols
(Tissue-Tek embedding system, Sakura Finetek
Germany GmbH, Umkirch,Germany).

Subsequently, 2-3 pym thick sections—from the
longitudinal median of the bee larvae—were
mounted on microscope slides (for HE staining:
Snowcoat Clipped Cor-ner; Leica Mikrosysteme
Vertrieb GmbH, Wetzlar, Germany; for Grocott
silver coating: SuperFrost®, R. Langenbrinck GmbH,
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Emmendingen, Germany) and dried for 36 h at 30 °C.

Two or three serial sections were routinely
stained with hematoxylin-eosin and Grocott
silvering [27].

Microscopically, two optimal sections of the
longitudinal median of the larvae were selected
per larva and staining. These sections were
scanned (Aperio Digital Pathology Slide Scanner,
Leica Biosystems Nussloch GmbH, Nussloch,
Germany) and then mea- sured using Aperio
ImageScope v12.3.3 software (Leica Biosystems
Nussloch GmbH, Nussloch, Germany).
Histological Measurements and Evaluation

Figure 2. Schematic overview of the measurements. (A)
Cuticle (thin pink line); cranial mouth opening (thick open
arrow); intestinal epithelium (thick pink line with thin arrow);
measurement to mouth-after length (dashed line). (B) Area
measurement (hatched); © Tammo von Knoblauch.

In the histological evaluation, germinating spores
and fungal mycelium, recognizable in the histology,
were taken as evidence of a successful A. apis
infection. In the following, only these larvae were
considered to be reliably infected with chalkbrood
and were labelled as “infected” accordingly. The
larvae from the infection group without histological
signs of infection were excluded from further
statistical analyses, as the infection status of these
larvae was unclear. Obviously, the orally ingested
spores in these larvae had not germinated by the
time of sampling.

Statistical Analyses

Descriptive data analysis was carried out using SPSS
(Statistical Package for Social Science, Version
29.0.0.0, IBM®, New York, NY, USA) to determine the
median and the interquartile range from the
measurement data of the individual groups at the
different time points, followed by a graphical
analysis. The measurements carried out twice per
larva were recorded as individual measurements. To
statistically compare the values of the non- infected
animals from the control group and the infected
animals with histological signs of

A. apis infection, the values for each time point
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Histological measurements were carried out on the
larvae using Aperio ImageScope v12.3.3 software.
Two median images of the serial sections were
measured for each larva. For the mouth-after length
(in mm), a line was drawn from the cranial
(mouth open- ing) along the dorsal cuticle, caudally
to the anal opening of the larvae (Figure 2A). A
line was drawn along the entire cuticle to
measure the area (in mm?) (Figure 2B). The
software Aperio ImageScope v12.3.3 automatically
calculated the area based on the circum- ference
measurement.

W\ e 2 mm N

were analyzed using a two-sided Mann-

Whitney U test, as the independent samples were not
normally distributed. Significant differences in larval
size were determined using the Kruskal-Wallis test
and multiple pairwise comparisons using Dunn'’s
procedure (two-tailed test); the Bonferroni-
corrected significance level was 0.050. The
association of larval death and A. apis infection was
analyzed using the Chi? test (contingency
table).ResultsA total of 64 larvae were collected
from the infection group (n = 90) for analysis
(Figure 1). Histological signs of infection were
found in 26 larvae. Of these, 23 were collected as
dead animals, and only three were collected alive.
The remaining 38 larvae collected from the
infection group showed no histological signs of A.
apis infection. Of these 38 larvae, 37 were
collected as live animals, and only one larva was
dead at the timeof sampling. In all 35 larvae
collected and examined in the control group (n = 90)
(Figure 1), there were no histological signs of A.
apis infection.Macroscopic and Histological Findings
of the Control GroupThe larvae collected from the
control group (n = 7 5) were strongly curved and
segmented, whitish to ivory-colored with opaque to
slightly translucent cuticles at the first sampling time
(day 1 p.i; L4, larval age 4 days). The size of the
collected larvae increasedby day 5 p.i., and the
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larvae lost curvature by day 7 p.i. (Figure 3).

Control group:

L4 LS L6 L7 L8

Infection group:

59 d

3dp.i. 4dp.i. 5dp.i. 6dp.i. 7dp.i.
L6 L7 L8 L9 L10

Figure 3. Upper picture: Representative larvae (control group) with the indication of larval age (Lx). The larvae were highly
segmented, white-ivory colored with opaque to slightly translucent cuticles and showed a loss of curvature with increasing age,
reaching the greatest expansion at 10 days of age. Lower picture: representative dead larvae (infection group) at different times
(day p.i.). The larvae show reduced growth. Segmentation is lost, and the larvae appear bloated. In some cases, fungal mycelium
shimmers through the cuticle (day 5 p.i. and day 6 p.i.); © Tammo von Knoblauch.

The histological measurements confirmed the increase in the mouth-after length of the control larvae
at the individual observation points (Figure 4A; for measurement data,see Table A1), which was also
evident by the area measurements of the larvae (Figure 4B, Table A1). Within the control group, the
statistical analysis (Kruskal-Wallis test and Dunn- Bonferroni tests) showed significant size differences
over time in mouth-after length and in area (Table A2).

Histologically, the larvae from the control group had a chitinous cuticle as the outer-most layer.
Adjacent to the cuticle, fat body cells were present throughout the larval body(Figure 5). The first
larvae were collected on day 1. At this time, the fat body cells were compact and filled with lipid
droplets. Large protein-containing vesicles were prominentin the fat body cells on days 5 to 7.
Oenocytes were found sporadically between the fat body cells on all days. From day 4 onwards,
extracellular fluid (hemolymph) was increased between the fat body cells.

Sections of the silk glands, Malpighian tubules (Figure 5), and the tracheal and nervous systems were
always visible. Silk glands and Malpighian tubules were located on the ventral side of the larvae.
Sections of the tracheal system were distributed over the entirelarval body and were easily
recognizable by the distinctive spiral filaments. The brain developed cranially in the larva and
increased in volume when the larva aged. Ventral tothe midgut were the abdominal ganglia.
Occasional sections of the gonads were present dorsally, above the midgut, in the caudal half of the
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larva (Figure 5).
Figure 4. Boxplots (medians, interquartile range, minimum, maximum, outliers) for the length of the larvae in mm (A) and the area in

mm2 (B) at the collection times 4 h p.i. to 7 d p.i. The control group(blue) and the infected larvae (red) are shown. Statistical analysis

g
was performed by Mann-Whitney- U test. Statistical significances are represented by asterisks (*, 0.05 <p < 0.01; **,0.01 < p < 0.001;
*#*,0.001 > p). The number of measurements from the control larvae (nK) and the infected larvae (nj) was specified. The decline in

size between day 5 and day 6 (larval age 8-9 days) reflects the connection between midgut and hindgut with the following
defecation. © Tammo von Knoblauch.
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1 mm 10

Figure 5. Median section of a control larva at the age of 4
days. The cuticle (1) is located on the surface. The midgut (2) is
lying centrally and is filled with ingesta (*), surrounded by the
peritrophic matrix (3). Cranially lies the brain (behind 1).
Between the midgut and the cuticle, fat body cells fillthe body
cavity (section A number 4). In between are single oenocytes
(section A, number 6). An ovary (10) is visible dorsally of the
midgut. Ventral to the midgut are sections of the Malpighian
tubules (section B, number 7) and the silk glands (section A,
number 5). Tracheae are occasionallyvisible (section B,
number 9). At the caudal end, the hindgut is not yet connected
to the midgut (section B, number 8); © Tammo von
Knoblauch.

In the histological sections of the larvae collected up
to day 5 or 6, the midgut was located in the middle of
the larva and markedly filled with ingesta (Figure 5).
The hindgut and foregut parts were also visible,
depending on the section level. After the midgut and
hindgut connected at the age of 8 and 9 days (time of
collection: days 5 and 6), the intestine collapsed as
the larvae defecated. From that date, only isolated,
mostly transverse intestinal sections were seen. A
peritrophic matrix always surrounds the ingesta. The
single-layered cubic intestinal epithelium had a
dense microvilli brush border.
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Macroscopic and Histological Findings of the Infection
Group

The analysis of the larvae (n = 64) collected from the
infection group (n = 90) showed 26 larvae with
histological signs of a manifest infection in the
form of germinating sporesor fungal mycelium. Of
the 26 larvae with signs of fungal infection in
histology, 23 larvaewere dead, and three larvae
were still alive when collected.

In contrast, in 38 larvae collected from the infection
group, no histological signs of an

A. apis infection were detected. The macroscopic
and histological findings of these 38 larvaewithout
histological signs of A. apis infection did not vary
significantly from the control larvae (for
measurement data, see Table A1). As it could not
be stated with certainty thatsigns of infections
would have appeared later if the larvae were not
euthanized, these animals were excluded from
further comparative analysis in this study.

A Chi? test was used to compare the two variables
of larval status (dead/alive) andinfection status
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(infected/not infected). Results showed that the
dead
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not
infected

infected O

death of a larva was highlysignificantly (p < 0.0001)
associated with clear signs of A. apis infection. The
absence of suchsigns at the time of sampling was
again highly significantly (p < 0.0001) correlated
with the survival of the larva up to that time (Figure
6).

Figure 6. 2D diagram visualizing the cross-tabulation values for
the Chi2 test, which was applied for the analysis of the

relationship between the two variables of larval status
(dead/alive) and infection status (infected/not infected).

The first histological signs of chalkbrood infection
were found on day 3 p.i. in the five dead larvae
collected from the infection group. On the
following days, chalkbrood infections were
detected histologically in 18 further dead larvae
(day 4 p.i.: 6 dead larvae;day 5 p.i.: 6 dead larvae;
day 6 p.i.: 5 dead larvae; day 7 p.i.: one dead larva)
and three livelarvae (day 4 p.i.: one live larva; day
5 p.i.: 2 live larvae).

The infected larvae showed macro&copic changes
(Figure 3): Segmentation of the larvae was only
indistinct, and in some cases it was not
recognizable. The larvae appeared “bloated”. The
curvature of the larvae remained unchanged—the
larvae did not stretch. Some larvae showed fungal
mycelium as white and/or brown-black deposits
above or discoloration below the cuticle (day 3
p.i.: 1 of5,day 4 p.i.: 2 0of 7, day 5 p.i.: 3 0of 8, day 6
p.i.: 4 of 5, day 7 p.i.: 1 of 1 (Figure 3). Statistical
comparison with uninfected larvae out of the
control group revealed significantly smaller larvae
on day 3 p.i.in area (p < 0.05), on day 4 p.i. in
mouth-after length (p < 0.001) and area (p <
0.001), and on day 6 p.i. in mouth-after length (p <

0.05) and area (p < 0.05) (Figure 4).

The size of the larvae with signs of chalkbrood
infection showed a strong heterogeneityin length
growth (Figure 4; for measurement data, see Table
A1): The infected larvae collected between day 3
and 5 p.i. showed an increasing body length, which
was also reflected in the rising area values. As
previously seen in the control larvae, length and
surface area decreased slightly on day 6 p.i. after
the connecting of the midgut and the hindgut. The
statistical analysis (Kruskal-Wallis test and Dunn-
Bonferroni tests) showed significant differences in
size over time within the group of the infected
larvae with signsof chalkbrood infection (Table
A2).

The histological findings of the five infected and
on day 3 p.i. dead collected larvae showed
sprouting mycelium originated from small roundish
spores with an average size of

1.5 pym 3 pm. These structures were located in the
gut lumen (mainly in the peritrophic matrix and the
ingesta).

The mycelium spread was limited to the caudal part
of the larvae at 3 days p.i., whereasthe density of the
mycelium in the head area was low. Transverse and
longitudinal sections of septate and branching
hyphae were seen (purple in HE stain, black in
Grocott silvering). The hyphae had an average

diameter of 5 pm. The longitudinal sections were up

to 100 pm long. The hyphae separated the fat body
cells and the intestinal epithelium, and marked
apical cytoplasmic droplets protruded from the
intestinal epithelial cells (Figure 7).
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Figure 7. A section of a dead larva at 4 d p.i. collected from
the infection group (HE staining).The larva was heavily
infiltrated by fungal mycelium, but tissue structures are still
well preserved.Strong cytoplasmic droplet protrusions of the
intestinal epithelium were visible (star); © Tammo von
Knoblauch.

On day 4 p.i.,, from seven collected and infected
larvae, only one was still alive. In the living larva,
the fungal mycelium was localized in the living
larva’s caudal third of themidgut and within the
adjacent fat body tissue. The cuticle was not
perforated. The tissuestructures were still clearly
recognizable in the affected area. The larva
showed strong cytoplasmic constrictions of the
intestinal epithelium in the area of the mycelium.
The infected dead larvae collected at day 4 p.. (n =
6) were completely interspersed

with mycelium. These larvae had already undergone
varying degrees of tissue destruction by the fungal
mycelium. The fat body cells were ruptured,
irregularly formed, and “clotted”. Extracellular
spaces were filled with hyphae. A dorsal “bulge” due
to the fungal mycelium was seen in one of the dead
larvae. The mycelium broke through the cuticle of
two dead larvae on day 4 p.i. On day 4 p.i,, two of
the six dead larvae were partially autolyzed.

On day 5 p.i, eight infected larvae were collected,
two of which were still alive at the time of collection:
Germinating spores and fungal hyphae were present
in the peritrophic matrix within the caudal midgut in
one of the two larvae collected alive on day 5 p.i.
(Figure 8). The intestinal wall was not perforated at

this time. In the second live larva, the fungal
mycelium was located in the entire caudal half of the
larva. It was mainly localized outside and inside the
midgut and extended to the cuticle without breaking
through. Equal to the dead larvae collected at day 4
p.i., the six dead larvae from day 5 p.i. were
completely interspersed with mycelium,
extracellular spaces were filled with hyphae, and the
fat body cells were ruptured, irregularly formed, and
“clotted”. The cuticle was perforated in alldead
larvae. One of the six larvae was partially autolyzed.
The head area—particularly the brain—was less
infested with fungal mycelium than the rest of the
larval body. A dorsal “bulge” due to the fungal
mycelium was observed in two dead larvae.

On day 6, p.i, all five infected dead larvae were
completely interspersed with mycelium.As seen
previously on day 4 and day 5 p.i,, all dead larvae
on day 6 p.i. had ruptured, irregularly formed
“clotted” fat body cells, and extracellular spaces were
filled with hyphae (Figure 9). In four of the five
dead larvae, the mycelium had already broken
through the cuticle and formed a dense
“pseudocuticle” of fungal mycelium in two of these
larvae (Figure 9). The four larvae showed
advanced autolysis and decomposition, and tissue
structures were no longer recognizable (Figure 9).
In two larvae, fungal fruiting body formation could
be observed on the larvae’s ventral and dorsal
outer sides (Figure 9).
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900 pm s
Figure 8. Magnification of alarva at 5 d p.i. collected alive
with clear signs of chalkbrood infection (Grocott silvering).
Inside the ingesta, in the midgut, germinating spores in

different stages were found (arrows); © Tammo von
Knoblauch.

Figure 9. Overview (A) of a 9-day-old larva (6 d p.i.) from the
infection group (HE staining) with a thickened ventral outer
side (B) (Grocott silvering). The larva was completely
autolytic and interspersed with fungal mycelium, forming a
“pseudo-cuticle” (1) of fungal mycelium. There were fruiting
bodies (2) on the ventral and dorsal outer side (section B) of
the larva; © Tammo von Knoblauch.

In the dead larva with histological signs of A. apis
infection collected on day 7 p.i., the larval cadaver
was interspersed with fungal mycelium. However,
the different tissues and organs were still
recognizable, and the cuticle was not perforated.

There were no further signs of A. apis infection in
pupal stages until day 14 p.i.

In summary, 41% (n = 26) of the collected larvae
(n = 64) out of the infection group (n = 90) showed
histological signs of infection, and 36% died with
signs of infection (n = 23).The pathological findings
show an aggressive, spreading behavior of the A.
apis mycelium, starting on day 3 p.i. until the end
of this experiment on day 7 p.i. (day 3 p.i.. n = 5;
day 4 p.i..n =7;day 5 p.i.: n=8;day 6 p.i.: n=5;day
7 p.i.. n=1; Table 1). In contrast, the larvae from
the control group were all alive and showed no
histological abnormalities and no signs of fungal
spores or infection.

Table 1. Overview of the most important histological characteristics of infected larvae at the individualtime points.

3dpi.

4dp.i.

5dpi. 6dp.i 7dpi.

larvae alive (n = 3)

mycelium
expansion

caudal midgut

(n=1/1)
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caudal midgut -

(n=1/2)

caudal part -
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(n=1/2)

dead larvae (n=23)
mycelium caudal part completely completely completely completely
expansion (n=5/5) (n=6/6) (n=6/6) (n=5/5) n=1/1)
cuticle no yes yes yes no
perforation (n=2/6) (n=6/6) (n=4/5)
autolysis no partially (n=2/6) partially (n=1/6) partially (n= no

4/5)

fruiting no no no yes no
bodies (n=2/5)

Discussion

Ascosphaera apis, the causative agent of
chalkbrood, is a crucial brood-associated infectious
agent of the honey bee A. mellifera worldwide [2].
With the experimental approachin the presented
study, using a controlled feeding assay, enough A.
apis-infected bee larvae of different ages could be
generated to histopathologically analyze the
pathogenesis in detail for the first time using 3- to
10-day-old bee larvae.

All larvae in the infection group were orally infected
with 1 103 A. apis spores 3 days after egg hatching.
Nevertheless, evident signs of A. apis infection could
not be detected histologically in all animals at the
time of sampling. This agrees with several studies
showing that oral ingestion of chalkbrood spores
do not necessarily lead to an infection and death
[3,4,28]. Various reasons for unsuccessful infection
despite the ingestion of A.apis spores by the larvae
observed under natural conditions in the bee colony
are discussed in the literature. On the host side,
differences in individual larvae’s immunity, possible
microbiome effects [29,30], or genetically
determined resistance may play a role. On the
pathogen side, differently virulent A. apis strains
are certainly important for the success of the
infection. Regarding differences in the spread of A.
apis in the colony, the social immunity of bee
colonies may be relevant [7,12,16,31,32].

In our experimental system, the absence of
histological signs of infection, such as germinating
spores or fungal mycelium, was taken as a sign of
unsuccessful A. apis infection despite spore uptake.
We cannot exclude that an infection could have
developed later inthe animals collected alive from
the infection group. However, as only median
sections were analyzed, it is also possible that
individual fungal hyphae were overlooked at other
section levels and that the number of larvae

X
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without histological signs of A. apis infectionwas
overestimated. Furthermore, since the LC100 and
the spore germination rate of the strain used had
not been determined prior to the infection assays,
we cannot rule out thepossibility that the spore
dose fed or the concentration of germinating spores
was too lowto initiate a successful infection in
100% of the larvae.

Although the experimental design with the regular
sampling of animals from th)g infection group does
not allow any robust statements to be made about
the infection rate, it can be concluded from the fact
that 26 of the 64 collected infected larvae showed
clear signs of a successful A. apis infection that the
infection rate was at least 41%, possibly even higher.
From the dead larvae (n = 24) collected from the
infection group (n =90), 96% (n = 23) had fungal
hyphae and mycelium. Only three of the 40 live
larvae collected from the infection group (n = 90)
were infected with A. apis, while 37 of these larvae
showed no signs of A. apisinfection. Analysis of
these data showed that the A. apis infections were
statistically highly significantly (p < 0.0001) related
to the death of the larvae, and the survival of the
larvae

until removal from the infection group was highly
significantly (p < 0.0001) correlated with the
absence of clear signs of A. apis infection.

Since the first infected larvae did not appear before
day 3 p.i., A. apis appears to require

at least 2, more likely 3, days to germinate and
establish an infection. This is consistent with two
studies that describe fungal hyphae in the infected
larvae after 48 h [21,22]. In the studyby Chorbinski
and co-workers [22], spore-spiked food was fed to 2-
day-old larvae, but the spore concentration used (5
10° A. apis spores/mL) was 2.5-fold higher than in
our study. Two groups were each infected with



International journal of agricultural
sciences and veterinary medicine

different strains, designated “A1” and “A6”, whereby
germinating spores were only found histologically
in the larvae infected with strain “A1”.
Unfortunately, a more precise identification of the
two strains was impossible based on the
publication’s information. The study by Bamford
and Heath [21] used 2-3-day-old larvae in both
experimental and field trials, and the A. apis strains
and concentrations were not specified in the
publication. In a study on the temperature-
dependent virulence of mycological brood
diseases [33], it was described that oral infection
of larvae using an infection protocol comparable to
ours led to the death of the larvae after 4 days p.i.
at the earliest. However, in a study by Jensen et al.
[25] on the susceptibility of different honeybee
subspecies, the larvae from different colonies
differed both in terms of lethal time and lethal
concentration, but the first larvae had already died
on day 3 p.i. These differences in the time point of
earliest death (4 vs. 3 days p.i.) could be due to the

AN

Figure 10. Schematic overview of the different stages of infection
(Cuticle: thin pink line; intestinal epithelium: thick pink line).
(A) Feeding of the larvae (infection group) with spores and
ingestionof the spores. (B) Germination and spreading of the A.
apis hyphae (black) in the caudal part of the larva. (C) Larva is
completely interspersed with fungal mycelium, the cuticle is
perforated, fruiting bodies (grey balls) are present, and tissue is
destructed. © Tammo von Knoblauch.

Due to this fulminant course, the removal of infected
brood is more or less limited to the brood in late and
thus infectious stages, which promotes the
transmission of the disease within the colony. If
more larvae die during a massive infection than can
be removed, the mummies that are not removed
remain in the brood cells and result in the typical
brood pattern of a chalkbrood infection. [15,31].
Based on the histological findings shown here,
germination of A. apis spores appears

to take place primarily in the posterior section of
the midgut, as denser mycelial foci werevisible
here. In more advanced stages, cranial penetration
was seen. The reason for this could be mechanical:
The period between ingestion and germination of
the spores in this study was at least two, more
likely three days. The continuous feed intake could
have pushed the spore feed bolus, fed once, into
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virulence differences between the A. apis strain
used in the studies, but also to differences in the
susceptibility of the used colonies and larvae.

The study presented here also clearly shows that a
successful A. apis infection is accompanied by a
fulminant clinical course and rapid death of the
larvae: the first larvaeidentified as successfully
infected were already dead due to the massive
damage caused by the fungal mycelium. Only a few
transitional stages could be seen in larvae that
were collected alive, which would presumably also
have died shortly afterward (Figure 10).
Therefore, a larva seems to die quickly within a
day after spore germination, as already assumed
by Carrera et al. [23]. Subsequently, A. apis
continues to spread rapidly in the larval carcass
and decomposes it (necrotrophic phase), which
eventually leads to the typical chalkbrood
mummies.

the posterior section of the midgut. The
observation of germination in the posterior midgut
segment is consistent with other authors’

descriptions [2,34,35]. Still, it contradicts the
study by Chorbinski, who describes spore
germination along the entire midgut, and Bamford
and Heath, who describe germinationin the
ventriculus [21,22].

Bamford and Heath write that A. apis attacks the fat
body late, not the tracheal system,

while Chorbinski only excludes the tracheal
system [21,22]. In the study by Carrera et al,,it is
described that the tracheal lumina is entirely free
of hyphae, and the outer tracheal wall is densely
surrounded by fungal hyphae [23]. However, hyphae
in the tracheal lumina could be observed in this
study, although the fungal hyphae penetrate the
tracheal wall in the late stages of propagation.

As expected, the macroscopic measurements for
the control larvae showed steady growth of the
larvae removed up to the larval age of 8 days
(Iength: p < 0.001, area:p < 0.001). Due to the
connection of the midgut and hindgut and the first
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defecation, the intestine collapses, and the larva
decreases in size for the first time. Infected larvae
also showed growth (length: p <0.01, area: p <
0.001) until the larval age of 8 days and decreased
the day after but were significantly smaller than
the control animals (day 3 p.i.: p < 0.05,4 p.i.:p <
0.001, and day 6 p.i.: p < 0.05) and had a higher
variability in size. The degree of decomposition
(autolysis) shows that the larvae died at different
times within 24 h between two collection times.
The differences in growth between the two groups
may bedue to the imprecise age of the larvae but
also to the effects of A. apis on their development, as
indicated by the histological picture of the
damaged larvae. Due to the chalkbrood infection’s
rapid progression, itis impossible to clarify this.
Reduced food intake may alsobe the cause of the
reduced growth. As food intake was not measured,
no statement can be made about this.

Based on our data, we postulate the following
pathogenesis: The spores germinate after a
presumed maturation period of at least 2 days in the
posterior midgut, and the hyphae subsequently
break through the peritrophic membrane, the
epithelial cells, andthe basal membrane of the
midgut. Increased vacuolization of the intestinal
epithelium of infected larvae, as described in the
studies hy Carrera et al _and Chaorbinski [22 23] was

ISSN: 2320-3730
Vol-10 Issue-01 jan 2021

essential for the horizontal transmissionof A. apis.
This is relevant for understanding the clinical
course in spontaneous infectionsof honey bee
colonies in the field.
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Appendix A

Collection TimePoint Table A1l. Measurement data for mouth-after
length and area divided into control group and infectiongroup—
with and without histological signs.

not observed, but a marked protrusion of the

cytoplasmic droplets was obvieusFungalgrewth———————————

continues within the hemocoel and penetrates all
Y ) ) )
hemolymph, Malpighian tubules). Due to the lower
resistance, the mycelium spreads particularly well
extracellularly and is preferably found in the
extracellular spaces filled with hemolymph. The head
and the brain are finally reached. With the death of
the larvae (from day 3 p.i.), autolytic processes also
begin, which further favors the complete destruction
of the organs with fungal mycelium.

Conclusions

In summary, it was confirmed that germinating A.
apis spores lead to the death of honey bee larvae at
the earliest 3 days post infection. The low number of
transitional stages and the intense growth with
fungal mycelium indicate a rapid and fulminant
infection process. The growth of the fungal
mycelium does not end with the death of the larva
butcontinues in the following necrotrophic phase.
The development of fruiting bodies on the
mummies at the end of the necrotrophic phase is
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