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ABSTRACT

Varroa, Varroa destructor (Acari: Varroidae), is an ectoparasitic mite of honeybees, Apis
mellifera. This parasite poses a substantial threat to the health, welfare and production of A.
mellifera globally, including Ethiopia. Without chemical treatment, colony losses worldwide
are common. However, resistance to synthetic chemicals in beekeeping is increasingly
concerning. Entomopathogenic organisms provide an eco-friendly alternative to pesticides
and can prevent resistance development. Therefore, isolates of Beauveria bassiana were
tested for their pathogenicity against V. destructor and their negative effect on the brood and
adult stages of the central highland honeybees of Ethiopia, A. mellifera. Varroa mites were
immersed in 5 millilitres of a conidial suspension containing 1 x 10 conidia/mL of three
different fungal isolates (APPRC-44BC, APPRC-27, and S#10H), as well as control
solutions (0.05% Tween 80 and distilled water). The inoculated mites were placed on
honeybee brood inside capped cells. Then, the infected brood combs were kept in an
incubator at 33 °C and 60% relative humidity for ten days. The fungal isolates and control
treatments were also applied to young adult workers and healthy brood to observe the effects
of the treatments. Fungal isolate APPRC-44BC displayed the highest (73%) potential for
killing varroa mite. All three isolates (APPRC-44BC, APPRC-27, and S#10H) were found
to be highly efficient between the sixth and eighth days post-application, accounting for
96.8% to 100% of the fungal-induced deaths. Interestingly, treatment with B. bassiana
isolates did not show a significant effect on brood emergence and the weight of newly
merged adults. However, the treatments had significant effect on adult honeybee survival. It
is clearly observed from these results that isolates of B. bassiana are potential bio-control
agents against V. destructor. However, further studies are needed to evaluate the efficacy of
this promising fungal isolate (APPRC-44BC) in honeybee colonies under field conditions,
as well as to develop application methods that have minimal impact on adult honeybee

survival.

Keywords: Apis mellifera, Beauveria bassiana, Biocontrol, Honeybees, Varroa destructor
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1. INTRODUCTION

1.1. Background

Bees play a significant role in the complex web of life and emerge as vital providers of
ecosystem services. These ecosystem services may include provisioning services like honey,
beeswax, pollen, and royal jelly; cultural services like beekeeping traditions' symbolism,
educational value, and recreational prospects; and regulatory services like pollination and
the preservation of genetic variety (Hung et al., 2018; Hepburn and Radloff, 2011). Because
of their impact on ecosystems and human populations, honeybees are an integral part of our
natural environment and cultural legacy (Aryal et al., 2020).

Apis members, including honeybees, pollinate plants and provide valuable ecologic and
economic services. Consequently, honeybees play a significant role in the global agricultural
economy, as they pollinate 35% of the world's food production (Klein et al., 2007). The
honeybee's social and instinctive behavior, as well as its physical structure, are responsible
for the largest portion of crop pollination. Both managed and wild honeybees are essential
to pollination, which benefits humans. The managed honeybees are the most commonly
known pollinators, accounting for 90% of active agricultural pollination and being kept in
large-scale commercial apiaries due to their honey and other bee products (Graystock et al.,
2016). Keeping these insects also creates employment opportunities in rural regions of the
world and produces useful products. Therefore, their protection is vitally important. Despite
their ecological and economical values, a large number of honeybee colony losses have been
observed worldwide in recent years. Beekeepers, agricultural crop growers, scientists and
the general public are concerned about the mysterious deaths of honeybee (A. mellifera)
colonies in many nations over the past decade. The phenomenon is known as colony collapse
disorder (CCD) in the US. VanEngelsdorp et al. (2008) identify several possible causes for
the losses, but no conclusive explanation has yet been found. Many scientists believe the
cause is a combination of factors (Neumann and Carreck, 2010).

One of the important factors associated with colony death is a parasitic mite (Varroa
destructor). Honeybee colonies infested with V. destructor often perish after 2 years of an
initial varroa infestation. Many beekeepers employ synthetic pesticides to stop the death of
their colonies. The chemical pesticides were preferred for their effectiveness and
convenience of use. Nevertheless, the preparation of these pesticides can contaminate hive
products and negatively affect honeybee health (Mullin et al., 2010). Moreover, the
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continuous usage of chemicals have resulted in pesticide resistance, which is reported to be
increasing in Europe, the USA and Canada. Despite the use of synthetic miticides in Canada,
varroa mite infestation is responsible for the death of considerable honeybee colonies (Higes
et al., 2020). All these reasons, combined with environmental protection, consumer
awareness and an ever evolving international eco-friendly legislation, have led to the

development and adoption of low-impact management practices and chemicals.

The optimal varroa control method is environmentally friendly, varroa-selective, harmless
to honeybees, and leaves minimal residues in bee products. In this regard recent scientific
research has focused on alternative varroa mite control strategies. The use of
entomopathogenic microorganisms, particularly entomopathogenic fungi (EPF), as a
biological agent against V. destructor is among the alternative strategies. Entomopathogens
can aid in mitigating miticide resistance within pest populations. Additionally, EPF have the
ability to infect varroa, are non-toxic to humans, can be mass-produced, and are naturally
present in the environment (Farenhorst et al., 2009). The entomopathogenic fungus
Beauveria bassiana has been applied as bio-control agents against many insects, bovine
ticks, as well as V. destructor in honeybees (Bava et al., 2022). Using B. bassiana in
honeybee colonies could provide control against V. destructor (Meikle et al., 2008).
However, it is unclear whether this fungus affects adult honeybees and their brood stages.

In Ethiopia, several studies carried out have reported the frequency and presence of varroa
mites across different regions and seasons and indicated that varroa mites are becoming an
important parasite of local honeybees (Desalegn Begna et al. 2016; Ebisa Mezgabu et al.
2016; Amsalu Arega 2020; Tesfu Shegaw et al. 2022; Alemayehu Gela et al. 2023; ). These
studies suggested that varroa mite could be one of the underplaying causes of colony
absconding and associated diseases in honeybees. EPF, like B. bassiana, can lessen varroa
mite damage to honeybee by infecting the parasite and reducing immune suppression
(Hamiduzzaman et al., 2012). However, there is no report thus far about whether the
application of EPF can control varroa infestation in bee hives without causing significant
effect in local honeybees. Hence, generating detailed and concrete information on the
effectiveness of selected isolates of B. bassiana as potential varroa mite bio-control agent

and whether these isolates could negatively impact adult workers and brood is crucial.



1.2. Statement of the problem

Beekeeping plays a crucial role in the agricultural economies of emerging countries,
including Ethiopia, providing a significant source of income for smallholders (Haftey Sahle,
2018). However, honeybee colonies face various challenges, including the parasitic varroa
mite, V. destructor, which poses a serious threat to bee health and honey production
(Kerealem et al., 2009). Despite the widespread distribution of varroa mites in Ethiopia and
their negative impact on honeybee populations, no effective control measures have been
implemented. To protect the health and sustainability of beekeeping in Ethiopia, it is

imperative to explore alternative, environmentally friendly pest control methods.

One promising approach is the use of entomopathogenic fungi, such as B. bassiana, which
have shown effectiveness in controlling varroa mite infestations while posing minimal risk
to honeybees. This biological control method offers a sustainable and eco-friendly
alternative to chemical pesticides, which may leave residues in hive products and contribute

to the development of pesticide resistance in mites.

Despite the growing interest in biological control methods for varroa mites, further research
is needed to evaluate the efficacy of B. bassiana isolates under laboratory conditions. This
study aims to assess the impact of these fungal isolates on varroa mite populations and their
potential for integration into sustainable varroa mite management strategies in Ethiopia.

1.3. Significance of the study

This study holds significant implications for the beekeeping industry in Ethiopia. Varroa
mites pose a serious threat to honeybee populations, leading to lower yields and colony
losses. Current control methods, including synthetic pesticides, are not sustainable due to
concerns about chemical residues and mite resistance. By exploring the use of
entomopathogenic fungi, such as B. bassiana, as a biological control method, this study

seeks to provide a sustainable and eco-friendly alternative for managing varroa mites.

The findings of this study will contribute to the body of knowledge on the effectiveness of
B. bassiana isolates in controlling varroa mites under laboratory conditions. This research is
particularly relevant to beekeepers, researchers, and policymakers in Ethiopia, where
beekeeping plays a vital role in the economy and livelihoods of smallholders. By

demonstrating the efficacy of biological control methods, this study has the potential to



inform the development of more sustainable varroa mite management strategies, ultimately

benefiting the health and sustainability of honeybee colonies in Ethiopia.

1.4. Objectives of the study

1.4.1. General objective

X3

%

To evaluate the efficacy of B. bassiana isolates as biological control agent against V.
destructor and investigate whether this entomopathogenic fungus could
detrimentally affect the brood and adult stages of worker bees in central highland of

Ethiopia.

1.4.2. Specific objectives

X/
L X4

X/
L X4

To assess the pathogenicity of three distinct B. bassiana isolates against V.
destructor.

To examine the detrimental impact of B. bassiana isolates on brood development and
final emergence as adult worker bees.

To investigate the effect of B. bassiana isolates on the survival of adult worker bees

in a laboratory bioassay.



2. LITERATURE REVIEW
2.1. Beekeeping practices in Ethiopia

There is a long history of interaction between honeybees and humans. All around the world,
beekeeping is a diverse and long-standing tradition. According to (Kritsky, 2017), the actual
practice of beekeeping is thought to have started in antiquity, between 3000 BCE and 500
CE. This ancient tradition, which includes many different practices, crosses cultural
boundaries. Beekeeping is a global industry with an established routine that plays a
significant role in both the environment and human society. Beekeepers participate in a range

of activities that reflect their diverse cultures, climates, and purposes (Gupta et al., 2014).

Ethiopia is one of the African countries with the highest potential for honey production.
Beekeeping has a long history and is important to the nation’s environment, economy, and
culture identity. Honey, with its delicious white, red, and yellow varieties used in cooking,
medicine, and as a main ingredient in the local mead known as "tej,” has long played a

significant part in Ethiopian culture (Fenet Belay and Alemayehu Oljirra, 2016).

Though it is not as common among farmers as other agricultural industries, beekeeping
nevertheless contributes significantly to the nation's economy, accounting for 1.3% of the
agricultural GDP. It is significant to farmers in terms of revenue generation. Out of the
harvested honey, only 10% is used for home consumption; the remaining 90% is sold,
generating additional revenue (Sebsib Ababor and Yibrah Tekle, 2018). For many rural
Ethiopian households, beekeeping is a significant source of revenue. In areas with limited
agricultural options, it provides small-scale farmers and communities with an opportunity to

supplement their income (Gupta et al., 2014).

In Ethiopia, beekeeping can be divided into four categories: improved, transitional,
traditional backyard, and traditional forest. Traditional backyard beekeeping with
comparatively superior management is prevalent throughout the majority of the country
(Kenesa Teferi, 2018). In rural areas, traditional beekeeping methods are still practiced and
are an essential component of the community's livelihoods (Sisay Fikru, 2015; Sebsib
Ababor and Yibrah Tekle, 2018). In Ethiopia, traditional methods of beekeeping have a long
history. Traditional beehive designs, such as hollowed-out logs or woven baskets, are used
by a large number of rural populations for beekeeping. These customs, which have been

passed down through the generations, indicate the close relationship between humans and



bees (Kenesa Teferi, 2018). Ethiopia is well-known for its wide diversity of honey varieties,
thanks to the abundance of flower varieties in the nation. Due to the fact that different regions
produce diverse varieties of honey, each with unique flavors and attributes, Ethiopian honey
is highly sought after in both domestic and international markets (Aman Dekebo et al.,
2019).

Up to 500,000 tons of honey and 50,000 tons of beeswax might be produced in the country
annually. However, according to (Kenesa Teferi, 2018) report only 47,706 tons of honey and
5542 tons of beeswax were produced. Experts in beekeeping, or apiculture, believe the
industry is still far from reaching its full potential in a country where 85 percent of
employment is in agriculture. According to experts, thousands of impoverished farmers
could be lifted out of poverty by producing honey using modern beekeeping technologies

and equipment (Sisay Fikru, 2015).

2.2. Beekeeping constraints

Despite being deeply embedded in Ethiopian culture and the country's economy, beekeeping
faces several challenges that prevent it from expanding and becoming more sustainable. Bee
characteristics and environmental conditions, such as excessive use of pesticides and
herbicides, a shortage of forages, honeybee pests and predators, and a lack of beekeeping
equipment such as modern hives and accessories, are among the primary causes of
beekeeping's problems. Improved beekeeping procedures cannot succeed without protective
clothing, smokers, casting mold, and honey extractors—all of which are lacking for most
beekeepers in the country, even with top bar and moveable frame hives. In addition,
beekeepers face a knowledge gap and the expense of beekeeping equipment in comparison
to their purchasing power (Kerealem et al., 2009; Aman Dekebo et al., 2019; Sebsib Ababor
and Yibrah Tekle, 2018; Gratzer et al., 2021). The challenges arising from the combination
of environmental, social, and institutional elements mandate collaborative efforts to

overcome and unleash the complete possibilities of the industry.

Moreover, habitat loss and degradation are caused by increased agricultural production,
deforestation, and urbanization, all of which reduce honeybees’ access to natural food
available to. Bee colonies become weaker due to reduced floral diversity and quality, which
affect their nutrition and make them more susceptible to illnesses and pests (Mustafa et al.,
2015).



Particularly, diseases and pests pose serious risks to bee health. Lack of knowledge and
access to suitable treatments worsens the problems, leading to colony losses and decreased
honey production (Haftey Sahle, 2018). Despite extensive studies on the host-parasite
relationship between A. mellifera and V.destructors, varroa continues to pose a significant
threat to beekeeping worldwide. Future advancements in basic and applied research are
crucial to creating long-term control strategies for these dangerous pests (Noél et al., 2020).

Finally, but just as importantly, limited access to technology and a lack of technical
knowledge can make it difficult for beekeepers to resolve problems successfully. Traditional,
low-input practices are still widely used by Ethiopian beekeepers, which limits the
effectiveness of hive management and the quality of honey produced. Access to modern
beekeeping technologies, such as improved hive designs and equipment, is restricted for
small-scale beekeepers (Haftey Sahle, 2018; Aman Dekebo et al., 2019).

2.2.1. Varroa mites (Varroa destructor)

The genus Varroa, belongs to the family Varroidae in the order Mesostigmata, encompasses
the species V. destructor. Parasitic mesostigmatan mites closely associated with honeybees
are classified within the order Mesostigmata, a member of the class Arachnida. Arachinida
comprises animals with jointed appendages, which are not vertebrates and are commonly

referred to as arthropods.

There are several different kinds of mites in the genus Varroa; two prominent species are
Varroa destructor and Varroa jacobsoni. It is known that these species parasitize honeybee
adults as well as their young. V. jacobsoni mostly attacks Asian honeybees, A. cerana. In
contrast, V. destructor has become a well-known pest that affects the western honeybee, A.

mellifera, worldwide, as well as A. cerana in mainland Asia (Anderson and Trueman, 2000).

2.3. Varroasis

Honeybee colonies become infected with V. destructor commonly referred to as varroasis,
also known as varroa infestation or varroa mite infection. Varroasis is a serious problem in
beekeeping because of the detrimental effects these mites have on the health of honeybees
and the survival of their colonies. It also causes a number of diseases that impact honeybees.
In addition to being external parasites that damage bee colonies, varroa mites also serve as
carriers of viruses that affect bee population. According to Traynor et al. (2020), these

viruses are frequently cause of illnesses that have a significant impact on longevity and well-



being of honeybee colonies. These mites are thought to be the most significant danger facing
honeybees. Thus they represent a severe risk to honeybee populations worldwide. These tiny
organisms are accountable for over 85% of colony deaths in the fall and approximately

27.2% of colony mortality in the winter (Guzman-Novoa et al., 2010).

These ectoparasitic pests do not have a free-living stage and are dependent on their honeybee
hosts. The life cycle of female varroa mites consists of two separate stages: the reproductive
phase, which takes place within the sealed drone and worker brood cells, and the phoretic
phase, during which they attach to adult bees (Figure 1). Different chemicals regulate almost
every stage of this cycle. The mite's males and nymphal stages can only found in
sealed brood chambers and have a short life span. Female varroa mites use adult bees,
particularly nurse bees, for dispersal within honey bee colonies, often hitching rides on them
to move between cells (Nazzi and Le Conte, 2016). For many years, it was considered that
varroa mites feed honeybee hemolymph and that varroa primarily infects honeybees by
transmitting viruses. Recent research reveals that instead of hemolymph, they digest and

devour the fat body tissue of the bee (Ramsey et al., 2019).

Bees' adipose tissue is distributed throughout their bodies and performs several vital tasks.
One important function is serving as a storehouse for energy reserves, holding onto lipids or
fats, which is especially important in times of scarcity or cold (Strachecka et al., 2021).
During these times, this stored energy becomes an essential resource. Furthermore, the fat
body plays a crucial role in some metabolic activities, including the transformation of nectar
carbohydrates into lipids that are stored for later use. In addition to storing energy, it actively
creates molecules required for energy-intensive tasks like flying (Li et al., 2019; Strachecka
etal., 2021).

Notably, the generation of hormones and other regulatory factors is significantly dependent
on the fat body, and this influences a variety of physiological processes in bees, such as
growth, development, reproduction, and behavior control (Li et al., 2019; Strachecka et al.,
2021).
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Figure 1. The life cycle of V. destructor and the various chemicals that play a crucial role in

regulating distinct stages of this cycle. (Source: Nazzi and Le Conte, 2016)

Moreover, the bee's ability to fight off diseases is greatly enhanced by its fat content. By
producing immune-related compounds and antimicrobial peptides, it protects bees from
infections and diseases. Last but not least, the fat body's numerous functions include aiding
in the detoxification of harmful substances such as toxins and pesticides that are present in

the environment (Li et al., 2019).

There are several detrimental effects on a bee's overall health and survival that might arise
from the reduction or breakdown of its body fat. The fat body is a vital source of energy and
a metabolic hub, thus any malfunctions can lead to a variety of issues. A reduced fat body
significantly reduced bees' energy reserves, making it more difficult for them to perform
essential tasks such as flying, foraging, and thermoregulation. Moreover, disrupting the
metabolic processes of the fat body can result in nutritional imbalances in the bee. According
to Li et al. (2019), Bataglia et al. (2022), and Deeter et al. (2023), this shortcoming reduces

their overall strength.

The importance of the fat body extends beyond metabolic control to hormone regulation,
which includes processes that control growth, reproduction, and behavior. Abnormalities in

these processes may occur when these hormones are depleted from the bee's fat body,
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affecting the bee's overall fitness and ability to reproduce. Additionally, they reduce drone
size, lowering reproductive fitness by reducing sperm production (Arrese and Soulages,
2010; Li et al., 2019).

In addition, a bee's fat body is essential for its immune system and for detoxifying harmful
substances in the environment. When a bee's fat reserves are depleted, its immune system
weakens, making it more vulnerable to diseases and infections. Moreover, bees with an
unhealthy fat body may struggle to absorb and eliminate pesticides and poisons, increasing
their susceptibility to harmful effects. To put it simply, a bee's loss of body fat has a negative
impact on its energy reserves, ability to fly, metabolic functions, hormonal balance, immune
system, and defense against environmental pollutants. This cumulative effect jeopardizes the
bees’ overall health, survival, and reproductive ability. (Li et al., 2019). Varroa may
also influence bee behavior because of its ability to alter brain functions that impair the non-
associative host bee's capacity for learning. Guzman-Novoa et al. (2010), found that
parasitized bees developed an olfactory stimulus habituation faster and responded less to

sugar.

Abbo et al. (2016) found that honeybees exposed to varroa mites had a higher abundance of
immune transcript than control bees. There were strong correlations (R? > 0.90 for Defensin,
> 0.85 for Hymenoptaecin, and > 0.70 for Eater) between immune-related proteins and
varroa mite parasitism. Honeybees respond to varroa infestation by producing host defense
immune peptides, as evidenced by increased levels of Defensin (small antimicrobial proteins
required for the innate immune system), Eater (a gene involved in bacterial recognition and

phagocytosis), and Hymenoptaecin (an antimicrobial peptide found in insects).

On the other hand, a varroa mite infestation may result in proteomic alterations in the
immune response of honeybees as well as down regulation of some immune gene expression
in newly infected adults. The immune response of the bee is impacted by its disruption of
the cascade immune response. For example, varroa reduces the amount of melanin produced
by prophenol oxidase, which in turn reduces the quantity of hemoglobin circulating in the
hemolymph. Insect immune responses and healing mechanisms are influenced by pathogens,
which can be encapsulated by melanin and hemoglobin after infection or injury (Guzman-
Novoa et al., 2010).
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Moreover, these mites act as a carrier of certain viruses. Practically speaking, the only
viruses with a clear varroa-vector link are Deformed Wing Virus (DWV) and Acute Bee
Paralysis Virus (ABPV) Traynor et al. (2020). DWV is the most common and extensively
studied virus connected to infestations of varroa mites. Bees lose their ability to fly as a result
of DWV-induced wing distortion. The wings of infected bees are often curled, shriveled, or
malformed. DWV is carried by varroa mites, which feed on bees and transfer the virus from
individual to individual. Beekeepers are extremely concerned about DWV since varroa mites
are involved in its transmission (Martin and Brettell, 2019; Traynor et al., 2020). Adult bees
are the main target of ABPV, which results in abrupt paralysis and death. Infected bees
experience symptoms include shaking wings, lack of coordination, and paralysis.
Additionally, "shivering"—a distinctive shaking of the wings—may be displayed by bees
(de Miranda et al., 2010).

2.4. Varroa mite prevalence in Ethiopia

Various studies conducted in Ethiopia have continuously demonstrated a notable prevalence
of V. destructor in diverse locations of the nation. VVarroa mites were widely distributed
during the study seasons in all three geographic regions—Oromia, Amhara, and SNNPR—
according to a recent study by Alemayehu Gela et al. (2023). With an overall prevalence of
89.7% in apiaries and 89.4% in colonies, the mite was remarkably common. The three most
remarkable regional prevalence rates at the apiary level were 96.3% in Oromia, 85.7% in
Ambhara, and 60.0% in the SNNP region. The predominance of the mite also showed a similar
trend at the colony level, with rates of 95.8% in Oromia, 85.2% in Amhara, and 71.9% in
SNNPR.

A different study conducted by Tesfu Shegaw et al. (2022) found that the prevalence
of 48.44% in colonies and 73.21% in apiaries. It's interesting to note that they also reported a
different viewpoint which was greater incidence rate in the rainy season than in the dry. In
contrast, Desalegn Begna et al. (2016) found that varroa prevalence was marginally greater
during dry seasons. Across the study months, there were only slight variations in the mites'
population through the entire season. In an identical manner, Amsalu Arega (2020)
discovered that adult bee infestation was higher in the dry season (69.6%) than in the wet
season (60.9%). A similar pattern could be seen in the predominance of sealed brood, which

was 52.2% in the rainy season and 56.5% in the dry.
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Comparatively lower prevalence of varroa mite was reported by Dereje Tulu et al. (2023),
with an overall prevalence of 39.3%. On the other hand, the terrifying 100% overall
prevalence of varroa mites was found in Ebisa Mezgabu et al. (2016) study which caused
concerns due to the unusually high infestation rate. A study conducted in 2014 by Desalegn
Begna added to the range of results by reporting an overall prevalence of 82% in adult bees
and 64% in sealed brood. The wide range of findings emphasizes the complex nature of
varroa mite prevalence in Ethiopia, stressing the necessity of ongoing study and observation

to comprehend and manage this important problem in beekeeping.

2.5. Control of V. destructor

There are several methods for managing varroa mite infestations, including chemical,
biological, and cultural approaches. Natural enemies are used in biological control to lower
pest populations (Lacey et al., 2015). The life cycle of mites is purposefully disrupted by
cultural techniques such brood removal, queen caging, and trapping (de Guzman et al., 2015;
Giacobino et al., 2016, Giacomelli et al., 2016; and Liu et al., 2020). Chemical control is the
effective management and suppression of mite populations through the use of acaricides,
either synthetic or organic (Haber et al., 2019).

Generally speaking, an efficient varroa mite management strategy may combine many of
these methods, depending on the particular requirements and conditions of beekeeping
operations. A comprehensive method to efficiently control and minimize the impact of
varroa mites on bee colonies is provided by the combination of biological, cultural, and
chemical approaches (Devi et al., 2019).

2.5.1. Cultural control

Techniques such as queen caging (Giacomelli et al., 2016), brood removal (de Guzman et
al., 2015), and the trapping and removal of mites from brood cells (Liu et al., 2020) are
examples of cultural approaches. Integrated Pest Management (IPM) strategies, which try to
lower varroa mite numbers while minimizing harm to the honeybee colony and the

environment, frequently include cultural procedures as a key component.

Beekeepers use a variety of cultural techniques to control infestations of V. destructors. One
method involves using tools like screened bottom boards, which have mesh screens installed
to allow varroa mites to fall through and out of the hive, thus catching and removing mites

from the hive. The fallen mites can then be readily collected and disposed of by beekeepers
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(Liu et al., 2020). Another method used in beekeeping to manage and control infestations of
varroa is caging the queen. In case the infection of varroa mites becomes too much to handle,
beekeepers could decide to temporarily confine the queen bee. The queen must be captured
and placed in a different area of the hive as part of this procedure. For this, a variety of

techniques can be used, such as excluders or specific queen cages (Giacomelli et al., 2016).

The elimination of brood, particularly drone brood, is another successful strategy. Drone
(male) bee brood is the preferred host for varroa mite infestations. To lower the mite
population without endangering worker bees, beekeepers can remove frames containing

drone brood that are affected with mites selectively (de Guzman et al., 2015).

2.5.2. Chemical control

Chemical control techniques, such as acaricides or pesticides, are essential for pest
management and control. Synthetic acaricides were previously the preferred method of
controlling varroa mites. However, due to residues found in honeybee products and the
emergence of chemical tolerance by varroa mites, alternative approaches are now required.
These chemical control agents are sold by different producers under different product names.
CheckMite+, Apiguard, Bayvarol, Thymovar, and ApiLife Var are a few of the most often
found alternatives (Tlak Gajger et al., 2020).

These products contain a range of ingredients, each of which is the exclusive active
ingredient. Coumaphos is an active ingredient in CheckMite+, thymol is the active ingredient
in Apiguard, Thymovar is a cellulose wafer containing thymol, and ApiLife Var is a blend
of active ingredients that includes thymol, eucalyptus oil, levomenthol, and camphor. On the
other hand, the active ingredient in bayvarol is flumethrin. These compounds all cause high

mite mortality rates, although their efficiency in managing varroa varies greatly.

Tlak Gajger et al. (2020) found that acaricides based on coumaphos, like CheckMite+,
produced the best effects, while those based on thymol, like Apiguard, produced the least
effect with a statistically significant difference. Beekeepers must be mindful of these
differences in efficacy when choosing and using chemical control techniques to manage

varroa mites.

13



2.5.3. Biological control

Biological control refers to the utilization of living creatures to decrease the number of pests
and minimize their harm. Numerous pests, such as insects, weeds, plant infections, and
animals, can be managed with its help. However, depending on the pest, different techniques
and agents are used. Natural enemies of insects have a crucial role in limiting the population
of possible pests (Stenberg et al., 2021; Barratt et al., 2018).

Biological control is a better option to chemical pesticides, which may have negative effects
on the environment and human health, by reducing the target pest or species without
endangering non-target creatures, the environment, or human health. Biological control falls
into two categories: augmentative biological control, which releases natural enemies in large
quantities into the environment to suppress pest populations and is frequently employed in
agricultural contexts, and classical biological control, which involves introducing natural

enemies into a new environment where the pest is problematic (Stenberg et al., 2021).

In honeybee colonies, biological management methods for varroa mites include a range of
agents, including as helpful arachnids as chelifer and entomopathogenic fungi (EPF). In
particular, it has been shown that EPF such as Beauveria bassiana and Metarhizium
anisopliae are effective at both infecting and suppressing varroa mite populations. It is
noteworthy that these fungi accomplish this without endangering honeybee populations in a
major way (Ferrari et al., 2020; Hamiduzzaman et al., 2012). Furthermore, because they are
varroa mites' natural predators, chelifer plays a critical part in this biological control strategy.
Without endangering their honeybee hosts, they feed on the mites (Fagan et al., 2012; van
Toor et al., 2015).

Generally speaking, biological control is a highly advantageous and sustainable method of
managing pests. It addresses problems like pollution from chemicals and harm to non-target
organisms by lowering dependency on chemical pesticides. Because biological control
agents are highly adaptable and precisely target pests, they reduce the disturbance of
ecosystems. Biological controls, as opposed to chemical alternatives, enable ongoing pest
management, reducing the need for frequent reapplication and preventing the emergence of
resistance. Additionally, by protecting beneficial organisms, this strategy promotes the
general health of the environment and ultimately proves to be cost-effective. Notably,
biological agents provide no health hazards to people, making it a financially and

environmentally sound option.
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2.6. Chelifers as biological control agents of varroa mites

Chelifers, Chelifer cancroides, also known as pseudoscorpions or chelipedes (Arachnida:
Pseudoscorpionida), are becoming more and more recognized as useful generalist predators
of pests in honeybee colonies. They are little in size, but they have a lot of energy and live a
long time in the hive. Chelifers are known to prey on varroa mites as part of their predatory
habit, making them their natural enemies. Specifically, during the mite breeding season, their
efficient searching abilities and an adult stage with early predatory tendencies allow them to
eat a significant number of mites, which in turn affects the mite population as a whole (Fagan
et al., 2012; van Toor et al., 2015).

In 2012, Fagan et al. published video surveillance results showing that chelifers were seen
eating one to nine mites every day. These discoveries have important significance because
the varroa model indicates that as few as 25 chelifers per hive may be able to stop the
exponential increase in mite numbers. The projection was specifically constructed with a
10,000-bee hive that was up against a 1,000-mite infestation. This finding raises the prospect
of using chelifers as biological control agents in beehives to deal with varroa mite-related

problems.

2.7. Entomopathogenic fungi (EPF)

A class of microorganisms known as EPF is notable for being a pioneer in the field of pest
biocontrol. These fungi are remarkably effective in infecting and eliminating a wide variety
of insect pests. They are considered as natural enemies of insects because of their important
function in controlling insect populations across a range of settings. Because of this, EPF
have become important players in the continuous endeavor to eradicate pests via biological
methods (Pell et al., 2010; Sinha et al., 2016). They are worldwide and can be found in many
different types of natural environments. The spread and prevalence of these fungi are
influenced by a number of factors, including climate, habitat features, host insect

demography, and local environmental variables (Sinha et al., 2016).

In both agricultural and natural environments, a wide variety of EPF flourish in soil habitats
and integrate themselves into the soil's microbial population. According to Sinha et al.
(2016), soil protects them from solar radiation damage and serves as a barrier against
temperature fluctuations and water scarcity. According to Behie et al. (2015), fallen leaves,

plant surfaces, and plant remains also provide a home for these microorganisms.
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2.8. Entomopathogenic fungi as biocontrol agents

EPF have revolutionized the management of agricultural pests by offering an effective
barrier against a wide range of agricultural pests. B. bassiana and M. anisopliae are two
notable candidates in this field of biopesticides, both of which demonstrate their adaptability
and efficacy (Singh et al., 2017; Sinha et al., 2016).

Different strains of these fungi can effectively manage varroa mites, with each strain
exhibiting a different level of activity against this problematic mite. Ferrari et al. (2020)
investigated M. anisopliae var. BIPESCO 5's efficacy against V. destructor. The effect of
this particular isolate on the nucleus and parental bee colonies was assessed in this study.
The weekly mite fall in the nucleus colonies treated with M. anisopliae var. BIPESCO 5 was
significantly lower than in the control group, with a decrease of around 50%, according to
the results. The difference between the treated and control groups was, however, hardly
noticeable in the parental colonies. The isolate's dry conidia were applied by the researchers

as a wet table powder, with each gram containing roughly 1x10%° conidia.

More importantly, in 2012, Hamiduzzaman et al. treated honeybee colonies with three
distinct strains of M. anisopliae and found amazing results in the management of V.
destructor. According to their investigation, using these isolates resulted in mite mortality
rates ranging from 50% to as high as 90%. Two isolates in particular, M. anisopliae UAMH
9197 and M. anisopliae UAMH 9198, stood out for their remarkable 90% mite mortality

rate, suggesting that they could be useful in controlling this honeybee pest.

On the other hand, in a two-round experiment, Romo-chacén et al. (2016) manually dusted
M. anisopliae on honeycomb plates. Remarkably, their results showed that in both
experiment rounds, there were much fewer mite deaths. The complexity of the relationship
between M. anisopliae and V. destructor is demonstrated by this variation in findings, which
also raises the possibility that a number of variables could affect how effective this strategy

is.

A great deal of research has been done on B. bassiana's potential use as a bio-control agent
against varroa mites, a major pest in beekeeping. In a study by Sewify et al. (2015), an
intriguing experiment was done where dry B. bassiana conidiospores were applied to
beehives. Some important discoveries were made by this investigation. When compared to

control groups, the study showed that B. bassiana had a significant effect on the number of
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varroa mites infected with fungi in treated colonies. The average number of dead mites in
the colonies treated with B. bassiana and the untreated colonies differed significantly. These
findings showed that, in comparison to other concentrations and the control group, a fungal
concentration of 5x10° spores/g resulted in greater mortality rates in varroa mites.
Furthermore, it was found that using B. bassiana for two rounds of dusting was successful
in managing V. destructor, indicating a possible solution for this beekeeping problem.

In an important study carried out in 2012 by Hamiduzzaman et al., treatment of honeybee
colonies with three distinct isolates of B. bassiana produced remarkable outcomes in the
control of V. destructor. In this investigation, a conidial concentration of 1x10® conidia/mL
was used. Because of the use of these isolates, mite mortality rates in this study ranged from
a significant 50% to an extreme 90%. Among these isolates, B. bassiana GHA in particular,
stands out for showing an impressive 90% mite mortality rate by itself. This discovery

emphasizes how potent these B. bassiana isolates could be as agent against the V. destructor.

The same fungal isolate, B. bassiana GHA, was tested in a related investigation by Sinia in
2013 at five different concentrations (1x102, 1x10% 1x10° 1x10°, and 1x108 conidia/mL).
The results of this experiment were significant especially showing how varying

concentrations affected the rates of mite mortality.

The study's findings showed that at a fungal concentration of 1x108 conidia/mL, the
maximum mite deaths were seen. This finding emphasizes how crucial concentration levels
are to B. bassiana GHA's efficiency as a mite-control agent against V. destructor. More
concentrations of the fungal isolate may have more noticeable effects on mite populations,
according to this suggestion, which offers important information for maximizing the use of

this bio-control technique in beekeeping.

2.9. Mechanism of action of entomopathogenic fungi (EPF)

EPF infect insects through a number of different processes. First, the process begins with
adhesion or attachment. The creation of mucilage, a gelatinous or sticky substance, aids in
the attachment or adhesion of fungal spores onto the host cell, a necessary step in the process.
In addition to mucilage, this infection technique is also greatly aided by a variety of enzymes,
lectins, and different types of interactions, such as hydrophobic and electrostatic forces
(Singh et al., 2017).
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The fungal spores are activated once they are securely attached to the mite's body, at which
point they start to produce enzymes and filamentous structures called hyphae. These
enzymes—which include chitinases, lipases, and proteases—are essential for hydrolyzing
the insect's epidermis. The creation of an appressorium (Figure 2), a specialized structure
which links to the cuticle layer and forms a restricted bridge, or the germ tube itself are the
two ways that an organism can enter the insect cuticle layer (Singh et al., 2017).

The fungus enters the insect's hemocoel and proceeds to colonize and proliferate after
making a successful entrance. After successful penetration, the fungus either forms discrete
yeast-like structures or blastospores that are released into the hemolymph. After that, it enters
the insect's respiratory system to get the most nourishment possible. A number of things
contribute to the insect's mortality, such as nutrients depletion, mechanical damage from
tissue invasion, and the development of toxins in the body (toxicosis). The other thing is that
the process adhesion, germination, growth, and penetration on the insect cuticle and its
constituent parts are likely to be influenced by environmental conditions such temperature,
humidity, and sunlight (Sinha et al., 2016; Singh et al., 2017).

Conidium

Appressorium
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Procuticle
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5 o\ | Fungias discrete
:j bodies in homocoel

Figure 2. Invasion process of B. bassiana. (Source: Sinha et al., 2016)
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3. MATERIALS AND METHODS
3.1. Study area

In this investigation, honeybee colonies from the apiary of Holeta Bee Research Center were
used. The laboratory operations were conducted at the National Agricultural Biotechnology
Research Center of the Ethiopian Institute of Agricultural Research, located in Holeta.
Holeta town is found in the Oromia Regional State of Ethiopia. It is located at 2391 meters

above sea level and has a latitude and longitude of 9°3'N 38°30'E.

3.2. Experimental design

This study employed a completely random design (CRD). Each experimental unit was
randomly assigned to a treatment group. A total of five treatment groups, incorporating three
distinct fungal isolates and two control groups—one treated with distilled water and the other
with a Tween 80 solution were used. Within each treatment group, one replication involved
the examination of 20 varroa mites, 60 sealed honeybee brood, and 20 adult worker bees.
Each treatment was performed in triplicate.

3.3. Fungal cultures and production of conidial suspension

In this experiment, three Beauveria bassiana isolates, namely APPRC-44BC, S#10H, and
APPRC-27, were used. These isolates, obtained from Ambo Agricultural Research Center,
were originally isolated from soil. Each isolate was grown on Potato Dextrose Agar (PDA)
under controlled conditions to ensure their optimal growth and performance. A consistent
temperature of 26+1°C and a relative humidity of 70£10% were maintained during the
culture procedure. These regulated environmental conditions created an ideal condition for

the fungi, facilitating their growth.

Conidia, which were essential to this investigation, were carefully extracted from fungal
cultures after two weeks of fungal growth according to the approach described by
Hamiduzzaman et al. (2012) and Oliveira et al. (2015). Ten mL of sterile 0.05% Tween 80
solution was gently poured over culture plates to start the conidia extraction process. To help
conidia release the culture, the surface of the fungal culture was then gently scraped with a
sterile spatula. After that, the resulting conidial suspensions were put into 15 mL test tubes

and vigorously vortexed for three minutes to ensure consistent conidia dispersion throughout
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the suspension. The conidial suspensions were further refined using double layer
cheesecloth.

Serial dilutions were performed in 10 mL of sterile distilled water enriched with 0.05%
Tween 80. To ensure uniform conidia distribution, each dilution underwent 30 seconds of
gentle vortexing (Hamiduzzaman et al., 2012; Oliveira et al., 2015). Numerical density was
measured using a Hemocytometer, and the conidial suspension was adjusted to attain a final
concentration of 1 x 10 conidia/mL. To prevent contamination and counting errors, the
cover glass and Hemocytometer were cleaned with 70% ethanol and dried with sterile lens
paper. Distilled water moistened the Hemocytometer's shoulders before gently pressing on
a cover-slip. The spore suspension was mixed by shaking test tubes, then filled into the
chamber via capillary action, ensuring it was not overfilled or underfilled. Grid localization
was achieved by observing the Hemocytometer setup under a microscope with a 10x
objective lens. After a two-minute settling period, spores were counted in selected squares
at 40x magnification power. Inclusions were made for spores on the upper and left boundary
lines. The exhaustive counting procedure included each of the five large squares in the center
and at the corners. On both sides of the Hemocytometer, the number of conidia in the large
squares (i, ii, iii, iv, and v) were counted, and the average of one large square was determined
(Avin, 2019).

Average number of conidia in one large square (A):

(+ii+iii+iv+v)+0+ii +iii +iv+v)

4 5+5

Using unitary method average number of spores per mL of the suspension was calculated.

Spores per mL of suspension = A x Dilution factor x 10*

3.4. Vegetative growth rate and spore production evaluation

The sporulation and vegetative growth rate evaluation of the isolates were carried out
following the techniques described by Amha Gebremariam et al. (2021) and Awan et al.
(2021). One millilitre suspension containing 1 x 108 conidia/mL from each isolate was
evenly spread onto separate plates containing PDA. The plates were covered with Parafilm
and allowed to sit complete in darkness at 26 + 1°C for 72 hours to grow. Using a 5-mm cork

borer, the unsporulated mycelial mats were carefully removed from the culture plates
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following the 72 hour incubation period. After that, each excised agar plug was moved
independently to the center of a fresh PDA plate. For every isolate, this procedure was
repeated three times. The plates were once more sealed with Parafilm and kept at 26 + 1°C
in total darkness for duration of 15 days. The colonies' radial growth was recorded every day
to track the growth process. The measurement was carried out using a basic plastic ruler. A
simple linear regression analysis was then used to determine the mycelial growth rate

(mm/day).

After the 15-day growth phase, conidia output was counted. This was accomplished by
cutting out a 5 mm diameter circular disc of mycelial mat from the sporulated fungal culture
plates using cork borer. The circular disc of mycelial mat encompassed an area of
approximately 19.63mmz. This circular disc was placed in to 10 milliliters of 0.05% Tween
80 solution. To ensure full mixing, the suspension was vortexed vigorously for five minutes.
After that, the suspension was filtered through double layer of cheesecloth and the number

of conidia in the suspensions was counted using Hemocytometer.

3.5. Characterization of B. bassiana isolates

Isolates underwent thorough cultural and morphological characterizations for confirmation

purpose.
3.5.1. Cultural characterization

Beauveria bassiana isolates were subjected to a culture examination, with particular focus
given to colony properties such as color, shape, texture, and growth pattern on PDA.
According to Amha Gebremariam et al. (2021) the following are descriptions of the
observed cultural traits of B. bassiana isolates on growing media. The isolates had a round
colony shape and a scattered growth pattern. The color of the colony varied from yellow-
white to white. The colonies are said to have a smooth texture that might be either powdery
or cottony. These macroscopic features were helpful in identifying and distinguishing B.

bassiana isolates from other fungal species during the culture evaluation of the isolates.

3.5.2. Morphological characterization

The study employed slide culture techniques and observation of sporulated fungal culture
under microscope for morphological characterisation of fungal isolates, adhering to the

procedure found on Amha Gebremariam et al. (2021). The process started with the standard
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methods for preparing PDA medium. After being put onto plates, the media were left to
solidify. Then a piece of sterile filter paper and a sterile glass slide were placed inside
another sterile Petri dish together with sterile straw tubes. A 1-by-1-cm block of solidified
PDA was cut from a plate with a sterile blade and placed onto the glass slide. Using a sterile
needle, the two weeks old fungal culture conidia were injected onto each side of the agar
block. After that, a coverslip was put over the block and pressed to ensure adherence and
produce a tight seal. To provide ideal growth conditions, about 2 millilitres of sterile distilled
water was added to the Petri dish's bottom. After that, the plates were incubated for three
days at a controlled temperature of 26 £ 1 °C. Following the observation of fungal
development, the coverslip was carefully taken off using forceps and put on a clean glass
slide with a drop of lactophenol cotton blue solution. After preparation, this slide was closely
examined using a compound microscope with a 40x magnification power. A piece of
sporulated fungal cultures, which were used as conidia source during slide culture technique,
were also stained with lactophenol cotton blue and examined using a compound

microscope with a 40x magnification power.

3.6. Conidia viability test

A germination test was done to evaluate the viability of the conidia from the isolates in
accordance with the protocols that was described elsewhere (Belay Habtegebriel et al., 2016;
Denberu Kebede et al., 2022). Ninety millimetre Petri dishes with 10 mL of PDA culture
medium were used to start the germination tests. After that, a Hemocytometer was used to
adjust the conidial suspension's concentration to 3x10°® conidia/mL. Next, 100l of the
conidial suspension was distributed equally among the PDA media in every Petri dish. When
the free water evaporated, the plates were sealed with parafilm to create a controlled
environment during 16 hours incubation period. A consistent temperature of 26 + 1 °C was
upheld in a growth chamber throughout the entire incubation period. After 16 hours of
incubation, one millilitre of 70% alcohol was added to each Petri dish to prevent over-
germination. Each Petri plate was pseudo-triplicated by placing three sterile coverslips on it
in order to increase the assessment's accuracy. With a minimum of 300 conidia counted on
each plate, this pseudo-triplication allowed for extensive examinations under a light
microscope at 40x magnification. A conidium was considered to be germinated for the
purposes of the experiment if its germ tube growth was at least as big as itself. In order to
ensure the production of solid and data that is reliable, this procedure was carried out

precisely and repeated three times for each isolate. Calculating the viability percentage for
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each isolate was the last stage of the assessment. To do this, the number of conidia that
germinated was divided by the total number of conidia that were inspected, and then the
result was multiplied by 100. The percentage of germination for each isolate was calculated
using the following formula:

Number of spores germinated

% of spore germination = Total spore count x 100

3.7. Collection of V. destructor

Frames containing sealed drone brood were brought to the lab for the varroa mite collection.
Using tiny forceps to carefully open sealed brood cells, mites were carefully removed off the
body surface of honeybee brood. Three hundred female mites were collected and placed into
several 20 mL glass scintillation vials. Two late-stage honeybee larvae were supplied as a
food source in each vial to keep the mites alive until the experiments. These mites were used
in bioassays very quickly; all of the experiments were carried out in two hours after the mites

were collected, according to the protocol described by Hamiduzzaman et al. (2012).
3.8. V. destructor inoculation with fungal isolates

This test was performed following the protocol stated in Hamiduzzaman et al. (2012). For
each treatment twenty varroa mites were individually submerged in 5 milliliters of fungal
suspension containing conidia at a concentration of 1x10% conidia/mL for ten seconds. The
same procedure was done for the control groups (0.05% Tween 80 and distilled water). The
treated mites were then arranged on sterilized filter paper with a 90 mm diameter inside a 90
mm diameter sterilized Petri dish to facilitate drying. For each replication of a single
treatment, a brood comb containing more than 50 freshly-capped brood cells was
prepared from a healthy colony in order to infest honeybee brood with treated varroa mites.
Using non-toxic, water-based paint markers, the rims of these brood cells were uniquely
colored; each color denoted a different treatment. Each capped cell was carefully loaded with
two varroa mites that had been exposed to the same treatments using a fine paintbrush. For
one replication of a single treatment a total of ten capped cells were used. The capped cells
were opened by making a small, 2mm long slit in the cap using a sterile blade and then
resealed by gently touching it with liquid beeswax. After that, the infested combs were kept
in an incubator at 33°C and 60% relative humidity for ten days. At 48-hour intervals, the

mite mortality within each infested cell was checked by cutting off the cell cap, removing
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the brood with fine forceps, and looking for dead mites. If a mite showed no signs of life
after being pierced with a pin, it was considered dead. Any alive mites were transferred to
other cells containing live brood, followed by sealing and labeling of the new cell. After
being extracted from the cells, the dead mites were surface sterilized with 90% ethanol and
placed on PDA that contained chloramphenicol. Once this was done, plates were incubated
for 36 hours at 26°C under controlled conditions with a relative humidity of 70£10%. Indeed,
the primary sign of fungal-induced death was the development of mycelia from a varroa mite
cadaver. For each of the five different treatments, this extensive experiment was conducted

three times.

3.9. Honeybee brood collection and inoculation with fungal isolates

The inoculation of honeybee brood with fungal isolates was conducted according to the
protocol described in Hamiduzzaman et al. (2012). The brood combs were taken from a
honeybee colony and kept overnight in an incubator in the lab, which was maintained at
33°C and 60% relative humidity. The brood cells within each comb were systematically
arranged into rows and color-coded after the overnight incubation. Every distinct color was
associated with a particular fungal isolate or control groups. Following this, SuL of conidial
suspension, distilled water, and 0.05% Tween 80 solution were randomly given to each row
of brood cells. For each treatment, sixty freshly capped brood were used. Twenty of the sixty
brood were set aside to record bee emergence, twenty more were set aside to track fungal
colonization the day following inoculation (1dpi), and twenty more were set aside to evaluate
fungal colonization seven days later (7dpi). Every treatment group was given a separate set
of screen cages that were made to fit the exact shape of the brood cells that were getting the
same treatment. The combs were then put back into the incubator, and the bees' emergence
were monitored carefully. Manually inserting wire mesh screened cages into the comb
allowed for the confinement of the treated brood cells and allowed for the observation of bee
emergence. The number of emerging bees from the treated broods as well as cases of brood
mortality (brood not hatching successfully) were recorded. Then, the freshly hatched bees
were carefully taken out of their cages with wire mesh screens and placed in feeding cages
so that their body weight could be determined. Then, after being exposed to low-temperature
narcosis for anaesthesia as described by Tutun et al., (2020), the body weights of emerging
adult bees were measured. The brood cells were also opened 1dpi and 7dpi. Using tiny
forceps, infected broods were extracted in order to evaluate the extent and timing of fungal

colonization in honeybee brood. After being surface sterilized, the broods were placed on
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microscope slides. On these slides, the broods were crushed and stained with lactophenol
cotton blue, enabling examination of the spores and hyphae in different tissues at 100x

magnification power.

3.10. Collection of adult honeybees

From healthy colonies, combs containing emerging worker bee pupae were collected and
brought to the lab. The pupae's maturity was assessed by randomly opening a few cells and
examining the color of the thorax and eyes. The combs were carefully covered with
cheesecloth and kept at 33°C after being taken out of the hive. After being emerged, twenty
bees were moved to each of 10 x 8 x 6 cm cage. The bees had access to food and water
within their cages. The bees in the cages were then maintained for one week prior to the start

of the treatment at a constant temperature of 30°C (Shaw et al., 2002).

3.11. Adult honeybee inoculation with fungal isolates

Fungal isolates were used to inoculate honeybee brood following the procedures described
in Shaw et al. (2002), Garcia-Fernandez et al. (2008), and Omuse et al. (2022). The adult
worker honeybees received distinct treatments once they were matured, one week old. After
being briefly subjected to low-temperature narcosis for anaesthesia, groups of twenty
matured adult worker honeybees were moved to specific spray cages. A 12 x 12 cm piece of
6 mm thick polyurethane foam (PU foam) with a 9 cm-diameter central hole was used to
build each spray cage. A 12 x 12 cm square of 0.7 mm mesh with an aperture size of 2.46
mm (offering 60% open area) was firmly secured on one side of the PU foam, and another
piece of mesh was pinned to the other side. Then, using a handheld sprayer, 1 mL of a watery
suspension containing 1 x 10® conidia/mL was sprayed on them. The bees in the control
group were sprayed with 1 mL of distilled water and 1 mL of a 0.05% Tween 80 solution.
Treated bees were then immediately returned, under no further anaesthesia, to their
respective bioassay cages. Afterwards, for the entire period of the experiment, the cages were
kept at 30°C and 60+10% humidity. Over the period of two weeks, daily counting was done
to record the number of live and dead honeybees in each cage. Dead bees were taken out,
surface sterilized, and placed on PDA containing chloramphenicol at a temperature of 26x1
°C and a relative humidity of 70 + 10%. After incubation the presence of sporulating mycelia
on honeybee cadavers, served as a marker for fungal-induced mortality. This experiment

was repeated three times for each of the three different fungal isolates and control groups.
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3.12. Data analysis

The experimental data were subjected to statistical analysis employing one way analysis of
variance (One way ANOVA), and means were compared at the 5% significance level using
Least Significant Difference (LSD) test. The calculations for mean values, standard

deviation, and standard error of the mean were performed using R-Studio (version 4.3.1).
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4. RESULTS

4.1. Conidial viability

After 16 hours of incubation, remarkably high conidia viability percentages were observed
in all fungal isolates. None of the isolates registered an average viability value lower than
89.88%. In particular, APPRC-27 demonstrated the highest average conidia viability
percentage of 91.89 + 0.64, while lowest viability percentage of 89.88 + 0.64 was observed
for S#10H (Table 1). However, there was no statistically significant difference (P > 0.05) in

conidia viability among the isolates.

Table 1. Conidia viability percentage of fungal isolates.

Fungal isolates Viability (%)
APPRC-27 91.89 + 0.642
APPRC-44BC 90.89 + 0.642
S#10H 89.88 + 0.642

Means followed with the same letters in a column are not significantly different from each
other (P > 0.05).

4.2. Vegetative growth rate

After monitoring growth trend for a duration of fifteen days (Figure 4), the analysis of growth
patterns among three distinct isolates revealed a highly significant difference (P < 0.001)
among the radial growths of the isolates. Notably, isolate APPRC-44BC displayed highest
daily radial growth compared to the isolates S#10H and APPRC-27. However, there was no
significant (P > 0.05) growth difference between S#10H and APPRC-27 (Table 2).

Table 2. Mean + SE radial growth rate of fungal isolates per day

Fungal Isolates Growth rate (mm) /day
APPRC-44BC 3.38+0.18°?
APPRC-27 2.18+0.18°
S#10H 1.96+0.18°

Means followed with the same letter in a column are not significantly different from each
other (P > 0.05).
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APPRC-27

Figure 3. Radial growth of B. bassiana isolates on PDA. The pictures on the left side of the

arrows indicate inoculation day, while those on the right show growth after two weeks.
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Figure 4. Mycelial growth of three B. bassiana isolates on PDA.

The correlation analysis of number of days and the radial growth showed a strong positive
correlation for all three isolates with the correlation coefficients of 0.9954, 0.9959 and
0.9861 for APPRC-44BC, S#10H, and APPRC-27, respectively. These coefficients
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indicated that there was almost a perfect positive linear relationship between the two
variables (days and radial growth). The Pearson's correlation coefficient was calculated
between radial growth and the duration isolates spent on growth media. The p-value for the
slope coefficient was found to be 1.013 x 10™* for APPRC-44BC, 6.563 x 107 for S#10H
and 2.567 x 1012 for APPRC-27.

In regression analysis, the relationship between radial growth and the duration (days) isolates
spent on growth media for three distinct isolates: APPRC-44BC, S#10H, and APPRC-27
were examined. The regression equations were found to be Y =8.172 + 3.289X, Y = 7.291
+ 1.786X, and Y = 9.758 + 1.919X for isolates APPRC-44BC, S#10H and APPRC-27
respectively. A strong model fit was demonstrated with an R? value of 0.99, 0.99 and 0.97
for isolates APPRC-44BC, S#10H and APPRC-27, respectively.

4.3. Conidia production potential

During the quantification process using a haemocytometer, the APPRC-44BC isolate
exhibited conidia yield of about 1.93 + 0.582 x 10° conidia/mL (9.83 x 10* conidia/mm?).
Additionally, APPRC-27 and S#10H demonstrated conidia counts of around 1.66 x = 0.582
x 106 conidia/mL (8.44 x 10* conidia/mm?) and 1.61 + 0.582 x 10° conidia/mL (8.20 x 10*
conidia/mm?), respectively. These results revealed that there was no statistically significant
difference (P > 0.05) among isolates in conidia production potential. However, APPRC-

44BC was noted for having a marginally superior conidia production.

4.4. Characterization of B. bassiana isolates
4.4.1. Cultural characterization

At the colony level, the three B. bassiana isolates exhibited interesting visual characteristics.
Their growth on solid media was characterized by a white color, showcasing distinctive
textures that range from a fluffy, cotton-like appearance to a powdery texture, raised to flat
elevation, and circular shape (Figure 5A and 5B). APPRC-27 isolate exhibited cotton-like
texture which then transformed into a powdery surface after two to three weeks, attributed
to the prolific growth of conidia. In contrast, the APPRC-44BC and S#10H isolates
consistently displayed a smooth texture which was later transformed in to powdery texture
as a result of conidia formation. Notably, the reverse side (underside) of the colonies
exhibited a yellowish-white color (Figure 5C), forming distinct patterns that contributed to

the identification process. All three isolates exhibited colonies with a circular shape on PDA
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(Figure 5D). As the colonies expanded, an obvious radial growth pattern emerged, with the
mycelium extending outward from the center. The filamentous growth of B. bassiana
colonies were characterized by hyaline hyphae extending radially, playing an essential role

in the colony's expansion and coverage of the growth medium.

Figure 5. The cultural characteristics of B. bassiana isolates on PDA. The cotton-like
appearance (A), smooth texture (B), reverse side (C), and circular shape (D) of B. bassiana

isolates.

4.4.2. Morphological characterization

The B. bassiana fungus' hyphal network, or mycelium, was examined under a compound
microscope. A complex network of filaments that extended from the colony's center was
observed. These filament structures started to form conidiophores—specialized hyphal
extensions—during their development on PDA. The conidia were arranged in columns or
chains at the tips of these conidiophores, producing a spectacle. The conidia, the single-
celled structures were observed to be oval in shape and white in color under a 40x
magnifications of compound microscope (Figures 6). After a period of development on the

growth media, the color of the conidia changed to gray.
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Figure 6. Stained fungal structures (conidia and hyphae) of B. bassiana isolate.
4.5. Varroa mite inoculation

In the test conducted to examine the effect of three distinct fungal isolates on V. destructor,
the treatment involved fungal isolates demonstrated a highly significant (P < 0.001) mortality
of varroa mite compared to the control groups. Among the five treatments, varroa mite
cadavers collected from the three treatments with B. bassiana fungal isolates (APPRC-
44BC, APPRC-27, and S#10H) exhibited a significantly high level of fungal mycelia
development on the varroa cadaver (Figure 7). Fungal mycelia development was not

observed in any of the varroa cadavers collected from the control groups.

Among the three distinct fungal isolates, isolate APPRC-44BC was found on average on
14.67 + 0.77 cadavers of varroa mites out of 20 varroa mites that received the treatment.
Likewise, isolate APPRC-27 was found on average on 13.67 = 0.77 cadavers of varroa mites
out of 20 varroa mites that received the treatment. The other isolate, S#10H, was found on
average on 10.33 + 0.77 cadavers of varroa mites out of 20 varroa mites that received the

treatment (Figure 8).
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Figure 7. The growth of fungal isolates on the cadaver of varroa mites.

Of the three fungal isolates, isolate APPRC-44BC was found to have the most effective
potential in controlling of varroa mites with 73%, followed by isolate APPRC-27 with a 68%

controlling effect. However, S#10H was the least effective isolate (52%).
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Figure 8. Mean mortality of varroa mites inoculated with different isolates of B. bassiana.
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Regarding the timing of varroa mite death, significant differences in the timing of varroa
mite death were observed among treatments. The fungal isolates APPRC-44BC and S#10H
showed highly significant differences (P < 0.001) in mortality timing, while APPRC-27
exhibited a very significant difference (P < 0.01). APPRC-44BC induced the fastest varroa
mite mortality, with about 98% occurring between the sixth and eighth days post-
inoculation, with 55% on the sixth day and 43% on the eighth, and only 2% on the tenth; no
deaths were noted on the second and fourth days (Figure 9). However, significant difference
was not observed (P > 0.05) between day 6 and day 8 (Table 3). Similarly, S#10H caused
significant mortality on the sixth and eighth days (P < 0.001), with about 96.8% of deaths
occurring between these days, 61.3% on the eighth day, 35.5% on the sixth, and only 3.2%
on the tenth, with no deaths on the second and fourth days (Figure 9). However, there was
significant difference (P < 0.01) between sixth and eighth days (Table 3). APPRC-27 caused
100% mortality on the sixth and eighth days, with a very significant difference (P < 0.01)
between these days, around 68% of deaths on the eighth day, 32% on the sixth, and no deaths
ondays 2, 4, and 10. Overall, the APPRC-44BC isolate was the fastest killer, with a mortality
rate of 55% on the sixth day post-application (Figure 9).

Table 3. Mean + SE of varroa mite mortality within 10 days post-application of fungal
isolates.

APPRC-44BC S#10H APPRC-27
Days Mean Days Mean Days Mean
6 8.00+0.612 8 6.33+0.68° 8 9.33+1.33?
8 6.33+0.61% 6 3.66+0.68° 6 4.33+1.33°
10 0.33+0.61° 10 0.33+0.68°¢ 10 0°
2 0° 2 0° 2 0°
4 b 4 0° 4 0°

Mean followed with the same letter within a column are not significantly different from

each other (P > 0.05).
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Figure 9. Mean mortality rate (%) caused by each isolate throughout the entire experiment.
4.6.The effect of fungal isolates on the emergence of brood to adult bee

During daily monitoring, a number of emerged bees were found trapped in wire mesh
screened cages (Figure 11A). This indicated that fungal suspension had no significant (P >
0.05) effect on the emergence of honeybees from brood cells compared to the control groups.
Likewise, significant brood emergence difference was not found among the isolates used to
kill varroa mites. However, a relatively higher mean value was recorded for the isolate
APPRC-27 (16.00 + 2.61), followed by APPRC-44BC (15.33 + 2.61). Relatively, the lowest
mean brood emerging value was recorded for S#10H (12 £ 2.61). The control groups had
brood emergence mean value of 19.67 £ 2.61. In terms of percentage, the APPRC-27 isolate
had relatively the highest brood emergence rate (80%) (Figure 10).
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Figure 10. Mean percentage of bee emerged across the treatments.
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Figure 11. Outcomes of brood inoculation. (A) Emerged honeybees within the mesh wire

enclosure. (B) Emerged honeybee. (C) Unmerged honeybees extracted from brood cells.

4.7. The effect of fungal isolates on the body weight of emerged bees

This experiment assessed the impact of fungal isolates on the body weight of emerging
honeybees. The results indicated that inoculating bee brood with fungal isolate suspensions
had no significant effect (P > 0.05) on the body weight of emerged bees. Nevertheless, a

slightly highest average body weight of 0.107 £ 0.01 grams was observed for the isolate
APPRC-44BC (Figure 12).

a
a a
I I a a
APPRC-44BC  APPRC-27 dH,0 Tween S#10H
Treatments

0.12

o©
a

o©
o
o

Body weight(g)
(=} o
R ]

©
o
o

o

Figure 12. Mean body weight of newly emerged bees treated with five treatments.
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4.8. Fungal colonization on brood

All treatments did not show any signs of fungal colonization in honeybee broods on the first
day post-inoculation (1 dpi). No fungal spores or hyphae were found when the broods from
these treatments were crushed and stained with lactophenol cotton blue for microscopic
examination. Likewise, by the seventh day post-inoculation (7 dpi) there was no significant
(P > 0.05) fungal colonization of honeybee broods. However, some fungal colonization
became apparent in honeybee broods that had received treatment with the three fungal
isolates with mean values of 9.00 + 2.31, 7.33 £ 2.31 and 6.33 *+ 2.31 infected broods with
isolates APPRC-44BC, APPRC-27 and S#10H respectively. This suggests that, while not
quite reaching the level of statistical significance, there is an obvious trend in fungal

colonization over time among the treatment groups with fungal isolates.

4.9. Effect of fungal isolates on the survival of adult honeybees

Over the course of the 14-day period of daily monitoring, mycelial development was
observed on the cadavers of honeybees collected from cages in which the fungal isolate
suspensions were applied. According to the observed result, adult honeybees' survival was
significantly (P < 0.05) lower in the treatment groups that received the application of three
fungal isolates than in the control groups. However, no significant differences (P > 0.05)
were found when comparing the impacts of these three fungal isolates with one another. In
particular, the treatment group which received the application of the isolate APPRC-44BC
had slightly higher daily mortality rate of adult bee compared to other fungal isolates, with
a mean of 1.52 + 0.26 adult bee death per day. After all, with a mean of 1.43 £+ 0.26 adult
bee death per day, the S#10H isolate showed a significant effect on adult bee survival.
Comparatively, out of the three isolates, the APPRC-27 isolate had the least impact on adult
bee survival, with a mean of 1.36 + 0.26 adult bee death per day. Conversely, the group
treated with distilled water had a mean adult honeybee death rate of 0.40 £+ 0.26 adult bee
death per day, while the control group treated with 0.05% Tween 80 solution had a mean

mortality rate of 0.52 + 0.26 adult bee death per day (Figure 13).
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Figure 13. The mean value of adult bees’ death per day.
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5. DISCUSSION

Conidial viability is commonly used to assess the quality of the fungal inoculum used in
biological control studies and applications. Organisms treated with conidia from low-quality
batches containing a large proportion of debilitated conidia, lived significantly longer than
those treated with comparable quantities of conidia from high-quality batches. Thus, the
evaluation of conidial viability before application proved to be a crucial factor affecting the
final reported results. To this end, all three isolates of B. bassiana used in this investigation
showed mean conidial viability values higher than 89%. During the test, conidial viability
percentages for APPRC-27, APPRC-44BC, and S#10H were 91.89 £ 0.64, 90.89 + 0.64, and
89.88 + 0.64, respectively. Despite showing slightly lower percentages than Oliveira et al.
(2015), who reported a 93.4 + 1.2 percentage of conidial viability of pure B. bassiana conidia
on PDA, our results fell within the range of B. bassiana isolate conidial viability percentages
reported by Denberu Kebede et al. (2022), which ranged from 87.63 + 5.09 to 96.35 + 0.87.
The results of this study are also comparable with those reported by Sinia (2013), who

reported more than 90% of the B. bassiana isolates' conidia germination.

Good conidia viability percentage usually falls between 80% and 100% (Hsia et al., 2014).
This means that the majority of the fungal spores are viable and capable of germinating to
infect the target organism. With this regard, the three isolates used in this study demonstrated
good conidia viability. Furthermore, these isolates were among those proven to have good
conidia viability in the previous study conducted by Denberu Kebede et al. (2022). The
viability of conidia can vary depending on the age of the spores, storage conditions, and the
specific strain of B. bassiana. The good conidia viability found in this study could be
attributed to various factors, such as the freshness of the conidia used and the specific strain
of B. bassiana. Additionally, the surfactants used may have diverse effects on the viability
of conidia (Mwamburi et al., 2015). The effects of Tween 80 on B. bassiana conidia
germination vary depending on the concentration and isolates. According to Mwamburi et
al. (2015), it may have stimulatory effects on certain isolates while having inhibitory effects

for others.

The effectiveness of EPF as a biological control agent can be significantly influenced by
their vegetative growth rate. This is because a faster growth rate serves as a pathogenicity
determinant, positively correlating with fungal virulence. In addition, factors such as the

geographical origin of isolates and the specific fungal strain can exert notable influences on
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the growth rates (Amha Gebremariam et al., 2021). The daily growth rate observed in this
study ranges between 0.89 to 3.43 mm per day, which is consistent with the result published
by Amha Gebremariam et al. (2021). On average, the highest radial growth rate (3.38 mm
day?) was achieved with isolate APPRC-44BC, while the lowest radial growth rate (1.96
mm day) was observed with isolate S#H10. This variation could be attributed to genetic
differences among isolates of B. bassiana and the geographical origin of the isolates, which
may affect their growth rates. Genetic variation can result in differences in the types and
quantities of metabolites produced, consequently influencing growth rates (Kubicek et al.,
2003). Based on the observations and findings, it is evident that the vegetative growth rate
of EPF plays a crucial role in their effectiveness as biological control agents.

The growth and development of fungi increase proportionally with the length of the
incubation time until reaching a point of stationary growth, which influences the conidial
density (Afifah and Saputro, 2020). This study used regression analysis to evaluate the
association between the radial growth of isolates and the number of days spent growing on
growth media. The regression equations Y =8.172 + 3.289X, Y =7.291 + 1.786X, and Y =
9.758 + 1.919X for the isolates APPRC-44BC, S#10H, and APPRC-27, respectively, with
R-squared values of 0.99, 0.99, and 0.97 for radial growth, demonstrated strong model fits
for the tested relationship of the factors. Moreover, the slope coefficients and small p-values
of the Pearson’s correlation results provide evidence for a strong relationship between the
number of days the isolates spent on growth media and their radial growth. This indicates
that an increase in the day length of one resulted in an increase in radial growth of 3.289 mm
for APPRC-44BC, 1.786 mm for S#10H, and 1.919 mm for APPRC-27. The high R-squared
values of the isolates, especially isolates APPRC-44BC and S#10H, imply that the days spent
on growth media account for 99% of the variability in radial growth. Therefore, it is
important to keep the B. bassiana culture on the growth medium until it reaches a point of
stationary growth to obtain optimum conidial density, which is crucial in the battle against

pests.

The density of conidia directly affects EPF’s ability to suppress target pests. As insects
develop resistance to pathogen infections, a higher concentration of conidia becomes
necessary (Afifah and Saputro, 2020). Upon conducting the quantification process, the
conidial yield values for APPRC-44BC, APPRC-27, and S#10H were determined to be 1.93
+0.582 x 10° conidia per mL (9.83 x 10 conidia per mm2), 1.66 x + 0.582 x 10° conidia per
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mL (8.43 x 10* conidia per mm?2), and 1.61 + 0.582 x 10° conidia per mL (8.20 x 10* conidia
per mm3), respectively. These results exceeded the result reported by Awan et al. (2021), for
which a maximum conidial production of 2.89 + 0.28 x 10° conidia/mm? was recorded.
However, the results of this study were marginally less than those reported in Amha
Gebremariam et al. (2021), with spore production ranging from 3 x 10° to 4.60 x 10°
spores/mL. Some factors, such as the isolate's characteristics, growth conditions, and
environmental effects, could be responsible for these observed variations (Afifah and
Saputro, 2020). Therefore, care should be taken while culturing the isolates to have a

maximum conidial yield for the intended purpose.

Beauveria bassiana is known for its wide distribution and ecological importance in the
natural ecosystem. Most commonly, the morphological and cultural characteristics of these
fungi are used to isolate them from their natural habitats and to distinguish them as well
(Amha Gebremariam et al., 2021). The isolates used in this study exhibited cultural
characteristics such as dispersed growth patterns, white to yellowish-white colony color, a
smooth, cottony to powdery texture, a raised to flat elevation, and a circular shape. On the
other hand, the microscopic observation of B. bassiana isolates revealed oval conidia with
hyaline hyphae. These morphological and cultural characteristics are distinct from those of
other fungal species. Thus, these characteristics were crucial for confirming that the isolates
used in this study were B. bassiana. Furthermore, the observed color changes on the conidia
as they grew older on the growth medium indicated that they were ready for their eventual

interaction with their insect hosts.

In the biological control of varroa mites, B. bassiana is a notable contender whose
adaptability and effectiveness have been shown in a number of studies. In this study, the goal
was to test the effectiveness of B. bassiana isolate against V. destructor. This was
accomplished by analyzing the overall and daily mortality rates of varroa mites treated with
the isolates, as well as determining the mortality caused by each fungal isolate. Based on this
analysis, B. bassiana isolate APPRC-44BC exhibited the highest mortality rate (73%). This
may have been due to its stronger varroa pathogenic features, such as vegetative growth rate,
conidial density, and enzymes synthesized by the isolate. This demonstrated the potential for
APPRC-44BC of B. bassiana to manage V. destructor infestations in the future. This finding
IS in consistent with the varroa mite mortality data published by Sinia (2013), who found

that the use of B. bassiana fungal isolates was responsible for 50% to 90% of the varroa mite
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mortality. Furthermore, the findings of our study are in line with those of Hamiduzzaman et
al. (2012), who found that the use of B. bassiana fungal isolates resulted in varroa mite
mortality ranging from 50% to more than 90%. The variation in virulence among B. bassiana
isolates could be attributed to differences in vegetative growth rate, conidial density, conidia

viability percentage, or their biochemistry, all of which require further investigation.

The temporal dynamics of fungal infection are critical in the biological control of pests.
Understanding these dynamics allows us to track how the fungal infection progresses over
time within the varroa mite population, how long it takes for infected mites to die, and how
easily the fungus to spread from mite to mite within a colony. In this study, the mortality
rate of varroa mites varied over time, with highly significant differences observed between
the days on which deaths were reported for various isolates. In addition, the percentage
distribution of varroa mite deaths on different days revealed the temporal dynamics of fungal
infection. Six days after application, all three fungal isolates started to kill varroa mites. The
sixth and eighth days following the application of fungal isolates were particularly important,
accounting for 96.8% up to 100% of all fungal-induced varroa mites’ deaths. APPRC-44BC
in particular, was the fastest varroa mites’ killer with a 55% mortality rate on the sixth day
after application. Similar to our finding, Hamiduzzaman et al. (2012) reported that B.
bassiana isolates caused significant mortality in V. destructor following 7 days after
inoculation. According to Hamiduzzaman et al. (2012) and Sinia (2013), isolates that killed
more than 50% of the mites within a 7 days were considered pathogenic, giving credibility
to this finding. These results, which reveal the effectiveness and temporal patterns of each
isolate, have implications for developing targeted varroa mite management plans.
Optimizing treatment protocols based on the observed patterns could help reduce varroa mite
infestations and improve honeybee health. Thus, future research may focus on application
methods, dosage, and assessing long-term effects on honeybee colonies to establish
sustainable and effective varroa mite management strategies before using the isolated in

integrated pest management.

One of the requirements for an organism to function as a biological control agent is its
specificity in targeting the pest species while avoiding harming non-target organisms. This
specificity is critical in ensuring that the control method does not disrupt non-target
communities. In this investigation, honeybee brood were inoculated with fungal suspensions
from three different fungal isolates across three treatments, which provided valuable insights

into the potential effects of fungal isolates on brood emergence to adult bees. There were no
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statistically significant differences in brood emergence between the fungal suspensions
treated and control groups. This suggests that the fungal isolates used had non-significant
impact on the honeybee brood's ability to hatch from its cells. However, this finding
contradicts the Hamiduzzaman et al. (2012) study, which found that applying B.
bassiana fungal isolate significantly reduced brood emergence by up to 60%. Furthermore,
Al Mazra’awi (2007) also reported relatively less emerging brood in the fungal treated
group. There could be several possible reasons for the non-significant effect of B. bassiana
isolates on the emergence of brood to adult bees in this study. One possible explanation is
that honeybee’s resistance varies depending on the strain. The honeybee strain used in our
study was claimed to be Apis mellifera bandasii, whereas Hamiduzzaman et al. (2012) and
Al Mazra’awi (2007) were Apis mellifera Linnaeus and Apis mellifera carnica, respectively.
Furthermore, the variation in the fungal isolates used may contribute to this effect.

Additional research may be required to investigate this idea further.

Similarly, when honeybees come into contact with B. bassiana spores, the fungus can
penetrate through their exoskeleton and infect them. The infection may or may not cause
various effects on the honeybees, including physiological changes. This study showed that
the fungal isolates had no significant effect (P > 0.05) on the body weight of emerged bees.
This implies that fungal isolate treatments have non-significant effect on pupal development
or body weights at emergence. Furthermore, Meikle et al. (2007) found no evidence that B.
bassiana influenced adult bee or colony weight, which is consistent with our findings. These
findings indicate that fungal isolates may not have a significant impact on honeybee
physiology, at least in terms of body weight regulation.

The progression of fungal colonization on the honeybee brood could be used to predict the
fungal ability to affect the brood emergence and the body weight of emerged bees
(Hamiduzzaman et al., 2012). In this research, there was no indication of fungal colonization
on the first day post-inoculation (1 dpi). However, signs of fungal colonization were
observed on the seventh day post-inoculation (7 dpi), but they were not statistically
significant (P > 0.05) compared to the control. This indicates that, like varroa, the brood
develops signs of fungal colonization over time. A similar finding indicating slow
colonization of inoculated broods 7 dpi was reported (Hamiduzzaman et al., 2012). Overall,
the gradual emergence of fungal colonization on honeybee brood over time observed in this

study could be one explanation for the slight decreased brood emergence to adult bees, even

42



though both results were non-significant. More research is needed to investigate this concept
further.

This study demonstrated a significant effect that isolates of B. bassiana had on adult
honeybee survival. The presence of mycelia on the fungal-inoculated, surface-sterilized,
deceased honeybees following incubation on PDA containing chloramphenicol established
the demonstrated relationship between the applied fungal isolates and the observed mycelial
growth on honeybee cadavers. All three isolates had comparatively similar overall means of
death regardless of their variations. This implies the observed increased adult honeybee
mortality was largely caused by the experimental fungal isolates. However, the reduction in
the longevity of honeybees observed in this direct spray bioassay may be attributed to the
method of applying the fungal suspension to the honeybees. This suggests that the fungus's
conidia could be present in higher concentrations, potentially penetrating the exoskeleton of
the bees through the intersegmental membranes of the abdomen. This is the most common
adhesion site for fungi, leading to colonization and eventual death of the bees. In this regard,
Omuse et al. (2022) exposed bees indirectly to B. bassiana ICIPE 284 isolate by spraying
the fungal isolate suspension on to filter papers and introducing it in the bottom of the cages.
Thus, all fungus-exposed bees were able to acquire conidia; however, bees were not
significantly affected by the bioassay. Moreover, Potrich et al. (2018) found that the spraying
technique reduced the longevity of bees to 62.6 hours, while contact with soy leaves and
smooth surfaces containing B. bassiana reduced the longevity of bees to 89.1 hours and 97.3
hours, respectively, which was much longer than when it was sprayed. Similarly, Colombo
et al. (2020) revealed that worker honeybee survival significantly reduced when B. bassiana
was sprayed. However, exposing honeybees to B. bassiana-sprayed eucalyptus leaves did
not significantly reduce honeybee survival, unlike exposure to M. anisopliae. On the other
hand, Soni and Thakur (2011) reported that both the strip and spray methods were effective
and did not cause significant mortality in bees. However, the dose to which the bees were
exposed (10® spores/mL) was probably much higher than they would encounter in the field.
Generally, the method of application of B. bassiana during biological control could be one
of the factors influencing honeybee survival, highlighting the importance of considering

application methods in efforts to mitigate potential effects on bee populations.
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6. CONCLUSION AND RECOMMENDATIONS
6.1. Conclusion

In this study, all three fungal isolates demonstrated a varroa mite killing potential exceeding
50%, with APPRC-44BC showing the highest efficacy at 73%, followed by APPRC-27 at
68%, and S#10H at 52%. The most efficient control occurred between the sixth and eighth
days’ post-application, with fungal-induced death rates ranging from 96.8% to 100% within
this period. APPRC-44BC was particularly effective, causing a 55% mortality rate on the
sixth day post-application. Interestingly, the application of these isolates did not significantly
impact the rate of emergence or body weight of the emerged bees. However, there was a
significant effect on adult honeybee survival, likely due to the method of application
exposing bees to higher concentrations of fungi. These findings suggest promising
possibilities for more targeted and effective varroa mite control, offering valuable insights

for beekeeping and agricultural practices.

6.2. Recommendations

» Consider the use of fungal isolates, especially APPRC-44BC, for the development
of an alternative commercial biological control antagonist for varroa mite, while
carefully considering the application method.

» Further research is needed to identify additional varroa pathogenic isolates and
develop application methods that have a minimal impact on bee populations.

» Investigate the long-term effects of fungal isolate application on varroa mite
populations and honeybee colonies to assess sustainability and efficacy over time.

» Collaborate with beekeepers and agricultural experts to implement and evaluate the

effectiveness of fungal-based varroa mite control strategies in real-world settings.
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8. APPENDICES
Appendix: One way ANOVA results

ANOVA result of conidial viability of the three fungal isolates

Df Sum sq Mean sq F value
Trts 2 6.02 3.01 2.47
Error 6 7.32 1.22

CV =2.45%

ANOVA result of radial growth of the isolates on PDA growth media

Df Sum sq Meansq F value
Trts 2 52.68 26.34 17.47
Error 132 199.07 1.51

CV=198% ***=Significant at 0.1% level

ANOVA result of spore production capability of fungal isolates

Df Sum sq Mean sq F value
Trts 2 1.793e+11 8.964e+10 0.0883
Error 6 6.089%e+12 1015e+12

CV =2.45%

ANOVA result of all the five treatments applied on varroa mites

Df Sum sq Mean sq F value
Trts 4 628.9 157.2 87.35
Error 10 18 1.8

CV =2.23%; *** = Significant at 0.1% level

Pr(>F)
0.165

Pr(>F)

1.86e-07***

Pr(>F)

0.917

Pr(>F)

9.778_08 *kk

ANOVA results for varroa mite death within 10 days post APPRC-44BC isolate

application.

Df Sum sq Mean sq F value

Days 4 183.6 45.9 40.5
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Pr(>F)

3.796_06 *kk



Error 10 11.33 1.13
CV =2.23%; *** = Significant at 0.1% level

ANOVA results for varroa mite death within 10 days post S#10H isolate application.

Df Sum sq Mean sq F value Pr(>F)
Days 4 96.93 24.23 17.31 1.72g04 %xx
Error 10 14.00 1.40

CV =2.23%; *** = Significant at 0.1% level

ANOVA results for varroa mite death within 10 days post APPRC-27 isolate application.

Df Sum sq Mean sq F value Pr(>F)
Days 4 205.6 51.40 9.637 1.84¢703 **
Error 10 53.33 5.33

CV =2.23%; ** = Significant at 1% level

ANOVA results for honeybee brood emergence post inoculation.

Df Sum sq Mean sq F value Pr(>F)
Trt 4 125.7 31.43 1.541 0.263
Error 10 204.0 20.40

CV =223%

ANOVA results for body weight of emerged bees

Df Sum sq Mean sq F value Pr(>F)
Days 4 0.0213 0.0053 0.974 0.423
Error 243 1.33 0.0054

CV=197%

ANOVA results for fungal colonization of honeybee brood

Df Sum sq Mean sq F value Pr(>F)
Days 4 216.4 54.1 3.353 0.055
Error 10 161.3 16.13

CV =223%
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ANOVA results for effect of fungal isolates on the survival of adult honeybee

Df Sum sq Mean sq F value Pr(>F)
Days 4 54.4 13.112 4.382 0.026*
Error 205 613.4 2.992

CV =197% * = Significant at 5% level
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