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ABSTRACT
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Alternatives to fumagillin for the control of Nosema ceranae, an intestinal parasite of the honey
bee, are needed. Fourteen compounds were screened at several doses for their control of N.
ceranae in caged bees, and three were retested at their predicted optimal dose. Zymosan was the
most successful at reducing N. ceranae spore numbers. In another study using field colonies,
eugenol, Protexin® (Enterococcus faecium), chitosan and naringenin, were evaluated for their
effects on N. ceranae and bee health parameters. Eugenol, naringenin and Protexin® reduced N.
ceranae infections and increased honey production, while Protexin® also increased adult bee
populations and eliminated colony winter mortality. Chitosan was ineffective. In general,
compounds administered in protein patty worked better than in syrup in spring, whereas syrup
worked better than patty in fall. For colonies, Protexin® was the most promising candidate for
controlling N. ceranae and promoting honey bee health and productivity, warranting further
investigation.
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Chapter 1. Literature Review
1.1 The western honey bee, Apis mellifera
The honey bee, Apis mellifera is classified under Insecta, Hymenoptera (Aculeata), Apidae,
Apis. There are 7 species and 44 subspecies in the genus. Hymenoptera are distinguished by
having ovipositors for laying eggs, and Aculeata are distinguished by female members having
modifications to the ovipositor allowing them to sting. The honey bee along with many species
of bees, wasps and ants belongs to the Aculeata group (Michener, 2007). Unlike wasps, which
capture spiders and other insects to feed to their larvae, honey bees rely on pollen to provide
protein for larvae, feeding them in small subsequent amounts. Honey bee larvae have the ability
to communicate through pheromones with nurse bees to indicate when they need food (He et al.,
2016).
Honey bees usually nest in cavities such as human-made hives or hollow trees. Exceptions
to this rule are the dwarf wild honey bee Apis florea, and the giant wild honey bee Apis dorsata,
which both build single comb exposed nests, usually from tree limbs (Caron & Connor, 2013).
Natural nest sites are chosen according to several features. Honey bees prefer a cavity with a
volume of 40 litres. They also prefer cavities dry and off the ground, cavities sheltered from
wind and sun, ant-free cavities and an entrance small enough to defend (Caron & Connor, 2013).
Many species of wasps and bees have annual nests, being rebuilt every year. Honey bees,
however, have perennial nests and have evolved the ability to overwinter as a colony unit
(Michener, 2007). A colony of bees is usually headed by a single queen and anywhere from a
few thousand to over 60,000 worker bees (Caron & Connor, 2013; Michener, 2007). As worker
bees age, they pass through a sequence of different roles. When a new bee emerges it is
negatively phototactic, meaning it avoids light and remains in the brood nest (Caron & Connor,
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2013). Young bees preform simple tasks, such as cleaning wax cells in the brood area, earning
the name house bees. They feed mainly on pollen, which provides the nutrients needed for the
development of their hypopharingeal glands (Conti et al., 2016; Di Pasquale et al., 2013). The
house bee stage lasts from emergence until they are approximately 3 days old. A developed
hypopharyngeal gland allows bees to take on their next role as nurse bees. The nurse bee stage
lasts from 3 days old until they are approximately 18 days old. Located in the head of the worker
bee, hypopharyngeal glands secrete a lipid and protein rich substance called royal jelly, which is
used to feed growing bee larvae, and serves as the main food source for the queen bee (Caron &
Connor, 2013). Bees of nurse age also participate in receiving, ripening, and storing incoming
nectar. Specialized wax glands on the ventral side of the abdomen begin secreting wax scales
when a bee is about 12 days old. Therefore, from approx. 12-18 days old, nurse bees usually
participate in building wax comb and capping honey or brood (Caron & Connor, 2013). Unlike
other social species of Apidae, the wax cells of honey bees used for brood rearing and food
storage are the same in shape and size (Caron & Connor, 2013; Michener, 2007). As bees
approach 18 days of age, they transition into being positively phototactic, meaning they are
attracted to light. This coincides with bees working as guard bees, protecting the hive entrance,
and taking their first orientation flights. The guard bee stage lasts from 18 days old until they are
approximately 21 days old. The final role is as field bees. The field bee stage lasts from 21 days
old until they die, which is usually between 5 to 6 weeks old in the summer. Field bees forage in
the environment for nectar, pollen, water and propolis (Caron & Connor, 2013).
Worker bees are unfertile females, and so the only reproductively active individuals in the
hive are the queen and the drones. The queen is the only female in the hive responsible for laying
eggs. An unmated (virgin) queen will leave the hive for its mating flights when it is several days
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old. During these flights, the queen bee will mate with 10 to 20 drones in mid air (Woyke, 2016).
Mating with several drones ensures genetic diversity among the worker progeny, and has been
shown to improve health, disease resistance, and productivity of the colony (Bourgeois et al.,
2012; Evans et al., 2006; Woyke, 2016). Sperm from her mating flights is stored in a specialized
organ called the spermatheca. She uses this sperm reserve to fertilize her eggs for the rest of her
life. A mated queen, under ideal conditions, is capable of laying 2000 eggs in a single day (Caron
& Connor, 2013). The queen can control the fertilization process of the eggs she is laying, and
can lay unfertilized eggs. These eggs are haploid and develop into drones (male bees) through a
process called parthenogenesis. The development of haploid males is unique to the
hymenopteran insects (Woyke, 2016). The fertilized eggs are diploid and may develop into
workers (sterile females) or queens (reproductive females). The differentiation between queens
and workers is controlled nutritionally. Worker larvae receive royal jelly for the first 3 days and
are then switched to a diet of pollen and honey. Queen larvae are fed only royal jelly until their
cells are capped (Caron & Connor, 2013; Michener, 2007).
1.1.2 Honey bee products
Honey, wax, pollen and propolis are valuable hive products that are popular as health
foods, and have been used by humans from time immemorial (Ajibola et al., 2012). Honey has
been recognized as a health food due to the wide range of vitamins, minerals and antioxidants in
its nutritional profile. However, the greatest impact of honey bees on the lives of humans is the
pollination of agricultural crops. Over one third of global food production depends on pollination
by animals, and 75% of all crops depend on animal pollination to some degree (Klein et al.,
2007). The increase in global crop production resulting from animal pollination has an estimated
value of $361 billion US, with $200 billion resulting from honey bee pollination (Gallai et al.,
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2009; Lautenbach et al., 2012). Animal pollination is provided by many species of bees, flies,
butterflies, birds and bats, with the honey bee being the most economically valuable (Klein et al.,
2007). Native pollinators, however, are also important in agriculture (Garibaldi et al., 2013).
Honey bees are valuable pollinators because of their ease of management and the large numbers
of worker bees in a single colony. Some fruit, seed and nut crops decrease in yield by more than
90% in the absence of managed honey bees (Klein et al., 2007).
1.2 Immunity in A. mellifera
Humans and other vertebrates have evolved an acquired immune system that aids in their
constant battle with infection. The acquired immune system is known for its strong antigentargeting specificity and the presence of B and T cells (Schwarz & Evans, 2013). Insects lack
acquired immune systems and rely on innate immunity to avoid infection. Innate immunity is a
nonspecific defense mechanism conserved among eukaryotes that is activated after recognition
of features of pathogens enabling the host to distinguish between self and non-self cells and
activate defense-related gene expression (Hillyer, 2016). Social insects have also evolved social
immunity, which is the behavioural cooperation of individual colony members to combat
diseases (Evans et al., 2006).
In insects, the innate immune system can be divided into two main categories: cellular and
humoral immune systems. The cellular immune system involves a variety of differentiated
hemocytes, or blood cells, that perform several tasks, such as phagocytosis and encapsulation of
pathogenic cells. The humoral immune system is responsible for the release and circulation of
soluble effector molecules in the hemolymph to kill pathogens (Schmid-Hempel, 2005). These
two systems work together to combat pathogen infection in honey bees.
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Most of the research conducted on insect immunity has been done on two model
organisms, the fruit fly, Drosophila melanogaster, and the mosquito, Anopheles gambiae
(Clayton, 2014; Evans et al., 2006). Therefore, the components of the innate immune system will
be referred to by their names in these model organisms. Although knowledge of the innate
immune system in honey bees is limited, it is known that orthologues exist in Drosophila and
Anopheles for the main components of the immune system found in honey bees (Evans et al.,
2006).
1.2.1 Humoral Immune System in Insects
Before an insect initiates an immune response, it must recognise the presence of a
pathogen. Pathogen recognition is performed by pattern recognition receptors (PRRs) of the
innate immune system. PRR’s recognise and bind to pathogen-associated molecular patterns
(PAMPs) which are several families of molecules that are conserved in their respective microbes
(Evans et al., 2006; Schmid-Hempel, 2005). Examples of typical PAMPs are lipopolysaccharides
(LPS), mannans, peptidoglycans, and glucans (Mazzei et al., 2016). Peptidoglycan recognition
proteins (PGRPs) are PRRs that activate the prophenoloxidase cascade when they bind to
bacteria. Gram-negative binding proteins (GNBPs) are found only in invertebrates and bind to
molecules such as glucans and chitin in the membranes of microbes (Schmid-Hempel, 2005).
The specificity of the PRRs is crucial to distinguish pathogenic molecules from molecules of the
insect itself, and mounting an immune response only when a pathogen is recognized.
Once a pathogen has been identified through the binding of a PRR to a PAMP, an immune
response is triggered. The humoral immune response of insects can be triggered through three
pathways, the Toll pathway, the Immune deficiency (Imd) pathway, and the Jak/Stat pathway
(Evans et al., 2006).
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The Toll pathway has been highly conserved among insects as well as animals with a
developed acquired immune system (Cao et al., 2015; Schmid-Hempel, 2005). The Toll pathway
is mainly effective in combating gram positive bacteria, viruses and fungi (Hillyer, 2016).
Indicative of the humoral immune system, the Toll pathway is initiated in the hemolymph of the
insect. When PRRs, such as PGRPs and GNBPs, circulating in the hemolymph bind with their
respective PAMP, they release the cytokine Spatzle (Hillyer, 2016). Spatzle then binds to the
cellular, trans-membrane Toll receptor. The Toll receptor in insects is an orthologue to the Tolllike receptor in mammals (Evans et al., 2006). Binding of the Toll receptor initiates the
phosphorylation degradation of the NF-kB inhibitor Cactus. When Cactus is phosphorylated, it
dissociates from the NF-kB transcription factor Dorsal (Evans et al., 2006). Dorsal is then free to
enter the nucleus and up-regulate the transcription of immune molecules, such as Anti-microbial
peptides (AMPs) and other effector genes (Li et al., 2012).
In a similar way to the Toll pathway, the Imd pathway begins with a PAMP binding to a
PRR in the hemolymph. The Imd pathway is specific to gram negative bacteria, with limited
ability to recognize viruses, fungi, and gram positive bacteria (Hillyer, 2016). The PRR
responsible for initiating the Imd pathway is called PGPR-LC. Unlike the Toll pathway PRRs
that circulate in the hemolymph, PGPR-LC is a trans-membrane receptor. Upon PGPR-LC
binding to its PAMP, cytoplasmic signaling leads to the translocation of the NF-kB transcription
factor Relish (Evans et al., 2006). Similar to Dorsal in the Toll pathway, Relish activates the
transcription of AMPs and effector genes (Cao et al., 2015).
The Janus kinase and signal transducer and activator of transduction (Jak/Stat) pathway is
very similar to the Toll pathway, and is responsible for neutralizing bacteria and viruses (Hillyer,
2016). Like the Toll pathway, an extracellular cytokine called Unpaired (Upd) binds to the trans-
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membrane receptor Domeless (Dome). Phosphorylation of Dome is accomplished by a Jak
tyrosine kinase molecule called Hopscotch (Hop). Hop is then involved in the dimerization of the
Stat transcription factor, which is then translocated to the nucleus where it can initiate the
transcription of antimicrobial genes, one of which is the nitric oxide synthase gene (Evans et al.,
2006; Hillyer, 2016).
All three of the previously mentioned pathways results in the production of soluble effector
molecules that circulate through the hemolymph of the insect, such as AMPs (Schwarz & Evans,
2013), complement-like proteins like Tep protein (Strand, 2008), enzymes related to melanin
formation like phenoloxidase (PO) and enzymes related to clotting like Spn27A (Strand, 2008)
and cytokines that affect the behavior of the cells around them (Ishii et al., 2015).
AMPs and POs are produced in the fat bodies and hemocytes of insects (Azeez et al.,
2014). The PO cascade is defined as the melanization of pathogens and damaged tissues (Strand,
2008). PO is a component of that cascade and is an enzyme that converts indole to melanin. The
PO cascade results in the production of toxic quinones that polymerize and cover the surface of
the pathogen in the form of melanin (Hillyer, 2016). The PO cascade is also responsible for the
production of other toxic molecules called reactive oxygen species (ROS), which can kill the
melanin encapsulated pathogen (Danihlík et al.,2015; Hillyer, 2016). For this reason, the
production of ROS is usually paired with the production of antioxidants, such as superoxide
dismutase (SOD) and glutathione reductase (GR), to reduce damage to the host by ROS (Hillyer,
2016).
Large numbers of AMPs have been identified in the model organisms the fruit fly, D.
melanogaster, and the mosquito, A. gambiae. However, only 7 AMPs have been found in the
hemolymph of the honey bee (Danihlík, 2015). These AMPs are apidaecins 1a, 1b, and 2,
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abaecin, defensin 1, defensin 2 and hymenoptaecin. Most AMPs are cationic or amphipathic
peptides that cause them to target and damage the protective layer of LPS found on most Gram
negative bacteria, leading to lipid membrane damage and eventually cell death (Strand, 2008).
Apidaecins are proline-rich peptides with the ability to target gram negative bacteria.
Apidaecins can be found in the hemolymph shortly after pathogen infection, but peak in
concentration at 36 h post infection (Danihlík, 2015). Abaecin is another proline-rich peptide
with antimicrobial properties. Abaecin compliments apidaecins with its ability to combat gram
positive bacteria (Danihlík, 2015). The two defensin molecules, defensin 1 and defensin 2, are
cysteine-rich peptides. Defensins were first found in royal jelly, but have subsequently been
found in the hemolymph of bees. Defensins have also been found in honey and are partly
responsible for the antimicrobial properties of honey (Danihlík, 2015). Bacterial infections
induce the production of defensin 1, where LPS are required to induce the production of defensin
2 in honey bees (Ilyasov et al., 2012). Hymenoptaecin is an AMP that is effective against both
gram positive and gram negative bacteria. This AMP is a linear, glycine-rich peptide consisting
of 93 amino acids (Danihlík, 2015).
1.2.2 Cellular Immune System in Insects
The cellular immune system overlaps with humoral immune system (Hillyer, 2016) but
differs in that it works with the responses mediated by hemocytes, or blood cells (SchmidHempel, 2005). Hemocytes in the orders Lepidoptera, Diptera (with the exception of
Drosophila), Orthoptera, Blattaria, Hymenoptera, Hemiptera, Collembola and Coleoptera are
commonly placed into one of four classes (Strand, 2008). These are granulocytes (or granular
cells), plasmatocytes, spherule cells and oenocytoids (Strand, 2008). The granulocytes are the
major phagocytizing hemocyte in the honey bee. Granulocytes adhere to the surface of pathogens
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and surround them in a symmetrical layer, allowing for phagocytosis (Hillyer, 2016; Strand,
2008). Plasmatocytes are also adhering hemocytes and aggregate on the pathogen in a nonsymmetrical fashion. Plasmatocytes are the main cells responsible for encapsulation (Strand,
2008). Oenocytoids do not adhere to the pathogen in the hemolymph of the insect, but contain
PO cascade components. Spherule cells are involved in wound healing and contain cuticular
components (Strand, 2008). These blood cells all work together to combat invading pathogens by
either preforming phagocytosis or by encapsulating them.
Phagocytosis is a highly conserved process across vertebrate and invertebrate species alike,
indicating both its importance and evolutionary early adaptation (Hillyer, 2016). Whether a
pathogen is phagocytized or encapsulated is largely dependent on its size. When a hemocyte, in
this case a granulocyte, recognizes a pathogen it completely engulfs it, and forms a phagosome
(Strand, 2008). The phagosome then fuses with a lysosome where hydrolytic enzymes are
introduced. These enzymes then digest the particle (Hillyer, 2016). Phagocytosis is effective
against bacteria, yeast, apoptotic bodies and synthetic materials.
When a pathogen is too large to be engulfed by a single hemocyte, it will be encapsulated.
This process is also commonly referred to as melanisation or nodulation. Examples of larger
pathogens that are often encapsulated are bacteria, fungi, protozoan parasites, nematodes and the
eggs of parasitoid wasps (Hillyer, 2016). When a pathogen is recognized, granulocytes find and
attach to the pathogen in a similar way to phagocytosis. If they are unable to phagocytize the
pathogen, they are joined by additional layers of plasmatocytes. Several layers of granulocytes
and plasmatocytes form and are covered with a final layer of granulocytes. These granulocytes
then undergo apoptosis on the periphery of the capsule and form the outer layer (Strand, 2008).
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The cellular and humoral immune systems do not function separately from one another and
rely on each other for effective pathogen control (Azeez et al., 2014; Hillyer, 2016). As
previously mentioned, the Janus kinase and signal transducer and activator of transduction
Jak/Stat pathway ends in the translocation of the Stat transcription factor to the nucleus where it
up-regulates the translation of AMPs (Evans et al., 2006; Hillyer, 2016). The Stat transcription
factor also induces the production and differentiation of hemocytes, as well as phagocytosis
(Evans et al., 2006). Phagocytosis of pathogens results in digestion of the organism and release
of PAMPs back into the hemolymph. These PAMPs can then be detected by PRRs of the
humoral immune system and facilitate a response (Hillyer, 2016). In this way, the humoral and
cellular immune systems work together to identify, combat and control pathogens.
The immune response of honey bees toward viruses differs in that RNA interference is the
primary tool for combating viral pathogens (Mazzei et al., 2016). The Toll and Imd pathways
also play a role in viral immunity (Mazzei et al., 2016).
1.2.3 Social Immunity in Apis mellifera
Evans et al. (2006) showed that the honey bee has about one third of the humoral and
cellular immunity genes as two other species of insects, D. melanogaster and A. gambiae. It was
hypothesized that A. mellifera had evolved with less immune genes because it relies more on
social immunity (Evans et al., 2006).
1.2.4 Mechanisms of social immunity
Grooming and hygienic behavior are aspects of social immunity of the honey bee.
Grooming is a behavioral trait that is effective against the parasitic mite, Varroa destructor (Bąk
& Wilde, 2015). Bees exhibiting grooming behavior physically remove mites from their bodies,
in many cases causing injury to the parasite (Guzmán-Novoa et al., 2012). Grooming behavior is
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expressed in a high frequency by the original host of the varroa mite, the Asiatic bee, Apis
ceranae. Grooming behavior is expressed to a lesser extent by A. mellifera, and this may explain
the greater susceptibility of A. mellifera to the varroa mite (Fries et al., 1996). Buchler et al.
(1992) showed that 88.6% of A. ceranae workers exhibited grooming behavior within 60
seconds of a mite being placed on them compared to 50% for A. mellifera. To remove the mite, a
bee will use its legs and mandibles in a process called auto-grooming or self-grooming. A bee
may also perform a tremble-dance or a grooming invitation dance, inviting nest-mates to help
remove the mite with their mandibles in a process called allogrooming (Land & Seeley, 2004).
Hygienic behavior refers to the removal of dead or diseased brood from their cells and
the deposition of such brood outside the hive (Spivak, 1996). The removal of brood infested with
varroa mites also occurs with hygienic behavior (Ibrahim et al., 2007). Honey bees have the
ability to sense the presence of varroa mites in the cells of larva and pupae, even if the cell is
capped. Worker bees begin by piercing the wax capping and identifying the presence of a mite
using taste and smell. If a mite is present, the capping is chewed open and the brood with the
mites are removed from the hive. Hygienic behavior is directly linked to resistance in honey bees
to many brood parasites, including the varroa mite (Ibrahim et al,. 2007). Varroa mite levels in
colonies selected for hygienic behavior had significantly lower mite levels at the end of the
season than the non-selected control colonies (Ibrahim et al., 2007). This shows that hygienic
behavior is effective in reducing varroa mite levels in a honey bee colony.
A form of altruistic behavior that can control diseases is that infected adult bees can
commit suicide (Rueppell et al., 2010). Bees infected with a disease voluntarily exit the hive,
never to return, and thus they leave with the disease, preventing its potential spread to nest
mates. Sick bees exited voluntarily from the hive and were not forced out by healthy nest mates
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(Rueppell et al., 2010). This shows that as an organism may kill a damaged or infected cell of its
body through apoptosis, the superorganism of the honey bee colony does this as well.
1.2.5 Genetic variability and resistance to diseases
The high genetic diversity of honey bees may play a role in colony health (Tarpy, 2003).
When a queen mates with a drone, she stores his sperm in an organ called a spermatheca (Caron
& Connor, 2013). As a queen lays an egg, she has the ability to release sperm and fertilize the
egg. When a queen lays an egg in a worker cell (or a queen cup), she will lay a fertilized egg
(Caron & Connor, 2013). Therefore, the fertilized egg is composed of gametes from each of the
parents, the queen and one of the 10-20 drones that provided the sperm to that queen. In this
way, the multiple drone parents has an effect on diversifying the disease resistance of his
daughters as individual drones vary in their disease resistance, The mating with multiple drones
by honey bee queens is termed a polyandric mating behavior (Caron & Connor, 2013; Tarpy,
2003). This results in a number of subfamilies among the worker progeny depending upon the
drone parent. Bees with the same parents are referred to as super sisters because of their high
relatedness (Guzman-Novoa, 2007). The number of subfamilies among the worker progeny is
equal to the number of drones that the queen mated with, and so on average a colony will have
12 subfamilies among its worker population. To test if genetic diversity was an advantage, sister
queens were inseminated by artificial insemination with either the semen of an individual drone
or the pooled semen of 24 drones. The colonies with queens having semen of 24 drones (i.e.,
genetically more diverse worker populations) showed improved brood viability, hygienic
behavior and decreased disease prevalence than colonies with queens having semen of one drone
(Tarpy, 2003).
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1.2.6 Bee products that influence colony health
Propolis is a resinous substance collected from trees and plants by honey bees (Wang et al.,
2016). Propolis contains phenolic compounds that have natural antimicrobial properties. Honey
bees use propolis as their cement and glue any loose parts of the hive together. Honey bees also
coat the interior of their hive cavity, either human-made or natural with propolis. This layer of
propolis helps the bees to sanitize their hive and prevent the growth of bacteria, fungi, or other
hive pathogens (Caron & Connor, 2013). In addition to the health benefits to honey bees,
propolis has been used in human medicine for thousands of years (Wang et al., 2016). The
natural antimicrobial properties of propolis may make it possible to use propolis to treat
antibiotic resistant bacterial strains in humans and the economically important infection, mastitis,
in dairy cows (Wang et al., 2016).
The collection of nectar and the production of honey also influence the health of honey
bees. Plants have evolved the ability to produce secondary metabolites to discourage herbivorous
animals from eating them (Palmer-Young et al., 2017). Many of these secondary metabolites can
be found in nectar and therefore are gathered by bees and are present in honey (Richardson et al.,
2015). These secondary metabolites can have strong antimicrobial effects on bee pathogens and
have been shown to be highly beneficial to bee health (Richardson et al., 2015). Honey also
naturally contains AMPs from the bee, is acidic and slowly releases hydrogen peroxide (Ajibola
et al., 2012). This may be why honey is very effective in treating bacterial infections and
penetrating through biofilm layers in human medicine (Dryden et al., 2017). As honey bees
surround themselves in compounds with strong antimicrobial properties, such as honey and
propolis, they gain an advantage in the constant battle against pathogen infection.
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1.3 The microbiota and health of Apis mellifera
The gut microbiota is a well-known determinant of overall animal health in many species
(Awad et al., 2009). The importance of the microbiota of honey bees has parallels to that of
mammals, including humans (Kwong & Moran, 2016). In recent years, new technology such as
next-generation sequencing (NGS) has allowed scientists to identify the microbiota of the honey
bee, and begin to understand the host-microbe interaction (Alberoni et al., 2016).
It is unclear as to whether the larvae of A. mellifera contain a gut microbiota. Martinson et
al. (2012) found very few microbes in the guts of honey bee larvae. The microbes they found
belonged to the Alpha-2.2 group which is also found in raw bee bread, which is fed to the larvae.
As forager bees gather pollen from floral sources to make bee bread, they unintentionally gather
bacteria as well (Powell et al., 2014). The environment outside the hive that foragers encounter,
such as nectar, pollen or water sources are the main sources of gut microbes for honey bees
(Martinson et al., 2012). During pupation, the larvae of A. mellifera goes through a complete
metamorphosis, in which it sheds the gut epithelium entirely. Therefore, newly emerged bees
emerge from their cells with essentially sterile digestive tracts and must acquire microbiota
(Martinson et al., 2012). Because newly emerged bees do not leave the hive environment, they
establish their gut microbiotas from in-hive inoculum. Newly emerged bees may acquire their
gut microbes through the consumption of stored honey and pollen, contact with the comb, or
from trophallaxis, which is the transfer of food between bees (Martinson et al., 2012).
The microbiota of the honey bee is composed of eight main species. These eight species
comprise over 95% of the whole gut microbial community and are referred to as the “core 8
microbiota” (Alberoni et al., 2016). Honey bees from all over the world share the same eight
species of gut bacteria, indicating the relationships formed are highly conserved and of great
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importance (Hamdi, 2011). The eight core microbiota species are often referred to as Alpha 2.1,
Alpha 2.2, Beta, Gamma 1, Gamma 2, Lactobacillus Firm 4, Lactobacillus Firm 5 and
Bifidobacterium sp. (Anderson et al., 2016). The ileum, or mid gut, is where the Gamma 1,
Gamma 2 and the Beta species are found. These species have been identified as Gilliamella
apicola, Frischella perrara and Snodgrassella alvi, respectively (Alberoni et al., 2016; Anderson
et al., 2016). The hind gut of the honey bee is typically where the Firm 4, Firm 5 and
Bifidobacterium species can be found. The exact species of the Firm 4 and Firm 5 groups are not
known, but they both belong to the Lactobacillus genus (Anderson et al., 2016). The final two
groups, the Alpha 2.1 and Alpha 2.2 have been identified as a relative of Bartonella and as
Acetobacteraceae, respectively. There is little known about these two groups, but Alpha 2.2 can
be found in bee collected pollen and bee bread (Anderson et al., 2016; Martinson et al., 2012).
Several aspects of honey bee health can be negatively affected by an abnormal gut
microbiota. The gut microbiota of honey bees can affect their immune system. Bees with a
normal microbiota, possessing the “core 8” bacterial species, had a significantly more active
immune system than bees missing even one of the species (Kwong et al,. 2017). Other studies
also report a link between the “8 core species” and gut health in the honey bee (Alberoni et al.,
2016; Mattila et al., 2012; Schwarz et al., 2016).
Nutrition may be the main benefit that bees obtain from a healthy microbiota. Like bovines
and other ruminants, bees rely on their ruminal microflora for digestion of plant material. The
main source of protein and lipids in the honey bee diet is plant collected pollen (Caron &
Connor, 2013). Pollen contains cellulose, hemicellulose and lignin, which are almost indigestible
to the honey bee on its own (Alberoni et al., 2016). Enzymes (cellulase, hemicellulase and
lignase) secreted by the gut microbes break down these pollen components. For example, G.
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apicola (Gamma 1) produces a pectinase that digests the pollen wall and exposes the protein rich
interior, enabling the honey bee to digest it (Engel et al., 2013). Another example is βglucosidase produced by the Alpha 2.2 bacteria which digest oligosaccharides that are also part
of the cell walls of pollen grains (Lee et al., 2015). In addition, the gut microbiota release various
fatty acids, amino acids, vitamins and minerals that become available for the honey bee during
the break down of plant tissues (Alberoni et al., 2016).
The core gut microbiota of the honey bee can also influence the innate immunity of the
honey bee. Along with pathogenic bacteria, beneficial gut microbes can provide bacterial
PAMPs and initiate an immune response (Alberoni et al., 2016). The immune response could
take place through the Toll pathway, the Imd pathway or Jak/Stat pathway, resulting in the
production and release of AMPs. Kwong et al. (2017) used targeted proteomics to show that bees
that possessing the core 8 bacterial species had higher levels of AMPs in the gut tissue. The core
gut microbiota was also cultured with various AMPs and many strains showed elevated
resistance toward the AMPs (Kwong et al., 2017). This is evidence of the mutualistic
relationship between the honey bee and its microbiota.
Members of the core gut microbiota are also capable of producing antimicrobial
compounds. These antimicrobial compounds consist of organic acids, specific metabolites and
bacteriocin. Bacteriocins are proteins produced by some microbes to inhibit the growth of other
microbes (Audisio et al., 2015). The gut microbiota is also capable of suppressing the growth of
pathogenic microbes by simple competitive exclusion, out-competing the pathogen for nutrition
and physical space in the gut of the bee (Schwarz et al., 2016).
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1.4 Pests and pathogens of Apis mellifera
The honey bee has over 50 reported pests and pathogens, although only a fraction of these
are important in Canada (Currie et al., 2010). The pathogens are usually considered to be the
microbes that grow inside the bee causing disease. These parasites are viruses, bacteria and
fungi. The pests are usually referred to the arthropods that live inside or outside the body of the
bee. These parasites are mites, such as tracheal and varroa mites. A third group are arthropod
pests, such as the wax moth and small hive beetles, that prey on wax, honey and stored pollen
rather than being parasites of the bees, and will not be discussed in this section.
Over 40 different species of mites have been found in bee hives, but only two are currently
harmful to honey bees. The tracheal mite, Acarapis woodi, is suspected to have been the cause of
the Isle of White disease in England (Caron & Connor, 2013). This mite however, is now
considered a minor pest, in part because of better pest management, and superior genetics. An
example of a strain of bees resistant to the tracheal mite is the Buckfast bee, developed by
Brother Adam of Buckfast Abbey, Devon, England (Caron & Connor, 2013). The tracheal mite,
as the name suggests, lives in the trachea of the bee. In cases of severe infestation, the mites may
obstruct the tracheal tubes and impair respiration of the bee. This results in reduced worker
populations, reduced honey production and poor winter survival (Land & Seeley, 2004).
The varroa mite, Varroa destructor, is a large mite that can be seen with the naked eye. It
feeds on the hemolymph or blood of adult bees and brood. A mated female mite enters a brood
cell just prior to it being capped, and is sealed in the cell with the larvae (Pritchard, 2016). After
60 hours in the cell, the female mite will lay her first egg, that will hatch into a male mite.
Additional eggs, layed in 30 hour intervals, will develop into female mites. Because of the longer
development time of drones, varroa mites prefer drone brood as it enables them to produce more
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mites before the young bee emerges (Buchler et al., 1992). The young mites feed on the
hemolymph of the developing larvae. When the bee emerges (if still alive), the mites exit the cell
and attach onto a bee or look for another cell to enter. Emerged bees that have been parasitized
by varroa mites usually have viral infections and often have shortened abdomens, deformed
wings and legs, smaller body weight, reduced hemolymph volume and a shorter life span (Fries
et al., 1996). Varroa mites can also directly attack adults. A larvae or adult can be infected by a
variety of viruses when a mite expels saliva as it feeds on the hemolymph of the bee (Mazzei et
al., 2016). Varroa mites can be very damaging to a honey bee colony, causing lower honey
yields and lower populations (Fries et al., 1996). Guzmán-Novoa et al. (2010) reported that
varroa mites were the leading cause of mortality in Ontario colonies.
Viruses can affect larvae and adult bees alike. Sacbrood Virus (SBV) affects brood in the
larval stage. SBV kills brood after they are capped but before they pupate, resulting in dead
capped brood. Upon inspection, dead brood appear as leathery, fluid filled sacs. Sacbrood is a
common, but minor disease, that can usually be remedied by requeening (Genersch, 2010). Black
Queen Cell Virus (BQCV) is very similar to sacbrood but affects capped queen larvae. The dead
larvae are found to be dark in color and have a lethery skin (Guzman-Novoa et al., 2013).
Kashmir Bee Virus (KBV) causes adult bee death, and Acute Bee Paralysis Virus (ABPV)
causes symptoms of trembling and a dark shiney appearance, dying shortly after. They have been
associated with colony colaps dissorder (CCD) (Genersch, 2010). Chronic Bee Paralysis Virus
(CBPV) causes symptoms of bees trembeling in the hive entrance and loosing their hair
appearing black and greasy (Caron & Connor, 2013). Deformed Wing virus (DWV) causes
workers or drones to have unfolded or otherwise deformed wings. The main viruses that have
been reported to be transmitted or activated by the varroa mite are DWV, ABPV, CBPV and
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KBV (Moore et al., 2014). One way to control viruses transmitted by varroa is to control the
mite vector ( Mazzei et al., 2016).
Two bacterial pathogens of honey bees are Melissococcus plutonius and the spore-forming
Paenibacillus larvae, which are the cause of European foulbrood and American foulbrood,
respectively (Santos et al., 2014). Of the two, American foulbrood is the most damaging to
honey bee colonies because the spores are hard to kill, and chemical treatments that can kill the
vegetative bacteria are innefective to the spores (Santos et al., 2014). Therefore, it is common
practice to burn all hive equipment from colonies infected with American foulbrood, including
comb, brood and bee. European foulbrood is generally regarded as a minor brood disease and
colonies can usually recover from it (Santos et al., 2014).
Five fungal species can also commonly infect honey bees. Ascosphaera apis is an
ascomycota fungus that results in the common brood disease, chalkbrood. Infected larvae
become covered in fungal mycelium and die. The larvae then shrivels into white, mummy-like
specemins that resemble small pieces of chalk, hence the name (Alberoni et al., 2016).
Aspergillus flavus and Aspergillus fumigatus are ascomycota fungi responsible for the less
common stonebrood. In a similar fashion to chalkbrood, the fungal mycelium turns the larval
bodies into hard mummies, this time a black color and very hard (Caron & Connor, 2013).
Nosema apis is a microsporidial fungus that affects adult bees. It causes intestinal infections
resulting in dark fecal stains on the interior and exterior of the hive, although may be
asympomatic (Higes et al., 2006). Nosema ceranae is another microsporidial fungus that causes
damage to the gut epithelium of the bee. N. ceranae likely originated from the Asian bee, Apis
ceranae, while N. apis originated from the European bee, Apis mellifera (Emsen et al., 2016).
Thus, like V. destructor, N. ceranae may be a novel parasite of the European honey bee, which
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appears to have less innate and social resistance against it compared to the Asian honey bee
(Emsen et al., 2016).
1.5 Nosema ceranae
1.5.1 Biology and life cycle
Microsporidia are obligate, spore forming fungal parasites, requiring a host to live and
reproduce (M. Higes et al., 2006). Microsporidia can infect nearly all of the invertebrate phyla,
including ciliates, nematodes, annelids, molluscs and arthropods, as well as all five classes of
vertebrates, including humans, but most of microsporidian species infect arthropods and fish
(Didier et al., 2000). The first recorded infection of western honey bees with Nosema apis was in
1909 (Zander, 1909). Almost 100 years later, a second species of Nosema, N. ceranae, was
found in honey bees (Fries et al., 1996). More recently, N. ceranae has been found with higher
prevalence and more virulence than N. apis in Canada and parts of Europe (Emsen et al., 2016;
Martín-Hernández et al., 2007). N. ceranae is now a major threat to honey bee health and can be
found across the globe in any region where honey bees are kept (Klee et al., 2007).
For both species of Nosema, mature spores leave the body of an infected bee when it
defecates. Honey bees usually defecate outside the hive, but in times of extended confinement,
like winter, defecation may occur inside the hive. In-hive defecation can be increased by Nosema
infection, (Fries et al., 2010; Holt & Grozinger, 2016). As young bees clean up this fecal matter
with their tongues, they ingest Nosema spores, and become infected themselves. This is thought
to be the most common route of transmission of nosema disease among honey bees (Holt &
Grozinger, 2016). Another route of transmission is the exchange of food between adult bees,
known as trophallaxis (Fries et al., 1996). The life cycle of Nosema in the honey bee is shown in
Figure 1.1 below.
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Mature spores are bound by two rigid extracellular wall, the exospore and endospore.
These two walls usually have uniform thickness around the periphery of the spore, with the
exception of the apex, where the endospore is thinner (Keeling & Fast, 2002). The interior of the
spore contains the sporoplasm, which is the material used to infect a host cell. The sporoplasm
contains, ribosomes, paired nuclei and the infective hardware; vesicular and lamellar
polaroplasts, posterior vacuole and a polar filament with an anchoring disk at the distal end
(Fries et al., 1996; Keeling & Fast, 2002).
Upon ingestion, a Nosema spore passes into the midgut of the bee. Once in the midgut, or
ilium, the spore comes out of its dormant state and begins germination. The spore uses osmotic
pressure to increase the interior pressure of the posterior vacuole. This results in the posterior
vacuole expanding in size, causing the polar filament to be ejected. The polar filament acts like a
hypodermic needle and penetrates the membrane of a nearby epithelial cell of the host intestine
using its anchoring disk (Keeling & Fast, 2002). Infective material from the sporoplasm flows
through the hollow polar filament and is deposited in the cytoplasm of a gut epithelial cell of the
honey bee (Fries et al., 1996). After the introduction of the sporoplasm to the host cell, it matures
into a meront, and within 24 hours divides into merozoites (Fries et al., 1992). After several
divisions, the merozoites split into two sporoblasts. The sporoblasts will then mature into new
spores, with the time of development taking as little as 36 hours (Fries et al., 1992). The mature
spores are released back into the intestine by rupturing the cell wall, where upon they can infect
other epithelial cells, or exit in the feces (Fries et al., 1992; Keeling & Fast, 2002). This usually
takes place 6 to 10 days after initial infection of the cell. Spore germination can also take place
inside an infected host cell, increasing the number of spores in that cell, or infecting adjacent
cells (Fries et al., 1992).
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1.5.2 Comparison of N. ceranae and N. apis
The spores of N. apis and N. ceranae are essentially indistinguishable. Some subtle
differences are the size and number of coils in the polar filament. N. ceranae spores on average
measure 4.5 × 2.4 µm and their polar filament coils 20 to 23 times. N. apis has a larger spore,
measuring 6 × 3 µm with upwards of 30 coils in their polar filaments (Fries et al., 1996).
At a colony level, N. apis follows a trend of seasonality, infecting hives heavily in late
winter and spring, then receding in summer and fall, whereas N. ceranae remains highly
infective throughout the season (Martín-Hernández et al., 2007).
N. ceranae may be more virulent to bees than N. apis. Bees infected with N. ceranae
consume significantly more sugar syrup than those infected with N. apis, suggesting increased
energy requirements or decreased digestion efficiency (Martín-Hernández et al., 2011). Bees
infected with N. ceranae also exhibited higher mortality than bees infected with N. apis even at
the same spore load (Higes et al, 2007). The increased mortality has been attributed to greater
epithelial cell damage in bees infected with N. ceranae, and therefore these bees have diminished
nutrient absorption, resulting in nutritional stress (Higes et al., 2007). Conversely, Fries et al.
(2010) examined the virulence of N. ceranae and N.apis and found little difference in the
virulence between the two species based on spore numbers and bee mortality. Thus, there is still
controversy surrounding the virulence of N. ceranae compared to N. apis (Mendoza et al., 2017).
One reason for the greater virulence of N. ceranae could be its ability to down-regulate the
transcription of glutathione peroxidase, an enzyme responsible for protecting the host cell from
ROS produced during the innate immune response (Dussaubat et al., 2012). The accumulation of
ROS in the epithelial tissue of the midgut may aid in the destruction of cells and damage to the
digestive system of the bee. Another reason may be that N. ceranae can inhibit the innate
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immune response of infected cells from self-destructing through apoptosis allowing N. ceranae
more time for reproduction. The honey bee genes buffy and BIRC5 coding for the Bcl-2-like prosurvival protein and an apoptosis inhibitor protein, respectively, were significantly upregulated
in cells infected with N. ceranae (Martín-Hernández et al., 2017). These proteins together
inhibited the infected cells from initiating apoptosis, but it is unclear how N. ceranae
manipulates the host cell to up-regulate these genes (Martín-Hernández et al., 2017). It is
unknown if N. apis does the same.
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Figure 1.1: Graphical representation of the life cycle of Nosema ceranae in the gut of the honey bee,
Apis mellifera. Image taken from Springer Scientific, Encyclopedia of Parasitology (Mehlhorn,
2008).
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1.5.3 Effects of N. ceranae infection on A. mellifera
Colonization of intestinal epithelial cells with Nosema eventually ruptures the epithelial
cell membrane destroying the epithelial lining of the midgut and negatively affecting
metabolism, digestion and nutrient absorption (Fries et al., 1996; Higes et al., 2007).
Microsporidia lack mitochondria and therefore rely on their host to supply them with energy and
nutrients (Martín-Hernández et al., 2011). Microsporidia only reproduce when in contact with
the cytoplasm of the host cell, and can often be seen surrounded by host cell mitochondria,
indicating their need for host generated energy. The energy diversion to the parasite results in an
increased feed intake by bees infected with Nosema spores.
Another effect of infection with N. ceranae is that it causes worker bees to begin foraging
at a younger age than healthy bees (Dussaubat et al., 2013; Martín-Hernández et al., 2007). The
transition into foraging behavior is controlled by two factors, juvenile hormone (JH) and the yolk
protein vitellogenin (Vg). JH is responsible for insect maturation and is found in low
concentrations in the hemolymph of young bees. When the levels of JH in the hemolymph begin
to rise, the bee will begin to forage outside the hive (Goblirsch et al., 2013). Vg is a protein
found only in females. It is the precursor for egg yolk protein in nearly all oviparous species. In
bees, Vg plays a role in the immune system and has antioxidant properties (Goblirsch et al.,
2013). Vg is found primarily in the fat bodies of young bees. As bees age, and begin foraging,
their level of Vg decreases along with an increase in JH. Bees infected with N. ceranae have
significantly higher levels of JH in their hemolymph and lower levels of Vg (Goblirsch et al.,
2013). The change in JH and Vg causes infected bees to begin foraging earlier and contributes to
an early death (Dussaubat et al., 2013; Martín-Hernández et al., 2007).
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In addition to JH and Vg, many other compounds produced in healthy bees are affected by
infection with N. ceranae. Gene expression of the serine proteases SP22 and SP40 are both
down-regulated in bees infected with N. ceranae. Serine proteases are important for the digestion
of food, and in insects participate in the regulatory cascade linked to vital immune pathways such
as the Toll pathway (Aufauvre et al., 2014). Hymenoptaecin is one of the 7 AMPs found in the
hemolymph of honey bees. Hymenoptaecin expression was significantly down-regulated by
infection with N. ceranae (Aufauvre et al., 2014). Glucose dehydrogenases are involved in the
encapsulation of pathogens in cellular immunity, and their expression was also repressed during
N. ceranae infection (Aufauvre et al., 2014). Chitin is an important barrier to pathogens and is
found in the cuticle of the bee. Infected bees with N. ceranae over express the enzyme chitinase,
which is responsible for breaking down chitin, possibly altering the protective layer of the bee
and increase the risk of pathogen infection (Aufauvre et al., 2014).
With so much destruction to midgut lining during N. ceranae infection, the bee needs to
replace the damaged gut cells beginning with the differentiation of stem cells in the basal cell
layer, and once differentiated, the cells migrate toward the lumen (Dussaubat et al., 2012). In
honey bees, this process is controlled by the signaling genes frizzled and armadillo. In bees
infected with N. ceranae, frizzled and armadillo expression was inhibited, essentially preventing
the regeneration of midgut epithelial cells (Dussaubat et al., 2012). This seriously impacts the
bee’s ability to mount an immune response due to lack of nutrition contributing to N. ceranae to
shortening the lifespan of its honey bee host.
Another effect of infection with N. ceranae is that it causes shorter foraging flights
(Dussaubat et al., 2013; Dosselli et al., 2016). As infected bees have impaired nutrient
absorption, and parasites that demand large amounts of energy from their host, they have
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significantly less energy to spend on foraging trips. These shorter foraging trips, coupled with
higher nutrient demands result in less nectar being stored and therefore affect honey production
(Dosselli et al., 2016; Dussaubat et al., 2013). In addition, infection with N. ceranae results in
more infected bees failing to return to the hive during foraging. This may occur because foragers
infected with N. ceranae lived significantly shorter lives than healthy bees (Dussaubat et al.,
2013). This may be of benefit to the hive, as these infected individuals are not able to infect other
members of the colony, but it does add to eventual depopulation of the hive in severe cases.
(Botías et al., 2013; Martín-Hernández et al., 2007).
Depopulation of hives due to N. ceranae has major economic impacts. Botías et al. (2013)
found that colonies having high levels of infection with N. ceranae had significantly lower
populations as measured by frames covered with adult bees (Botías et al., 2013b). Also colonies
infected with N. ceranae had less brood and less stored honey (Botías et al., 2013). Less honey
was likely due to a reduced adult bee population not being able to store a large honey crop.
Infection with N. ceranae can be a factor in increased winter mortality likely due to reduced
honey levels and a reduced population (Martín-Hernández et al., 2007). Higher colony mortality
was seen only in colonies with high N. ceranae infections (Botías et al., 2013). Higes et al.
(2008) also saw severe mortality in colonies infected with N. ceranae, and Martín-Hernández et
al. (2007) reported colony depopulation to the point of collapse. However, Mendoza et al. (2017)
reported that Nosema did not affect honey bee populations, leaving this subject open to debate.
1.5.4 Current treatment of nosema disease
For over 60 years, fumagillin has been the only registered antibiotic for use to treat
Nosemosis of honey bees in North America (Huang et al., 2013). Fumagillin is a potent fungal
metabolite that was first isolated from the fungus Aspergillus fumigatus in 1949 (van den Heever
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et al., 2015). Fumagillin has been extensively used against microsporidian infections in humans,
animals and apiculture. For apicultural use, fumagillin is available as Fumidil-B® (Medivet).
Fumagillin binds and inhibits the function of the methionine aminopeptidase2 (MetAP-2)
enzyme (van den Heever et al., 2014). The MetAP-2 enzyme is necessary for protein maturation
and post translational processes. The MetAP-2 enzyme can be found in all organisms, including
honey bees and humans. However, the mode of action of fumagillin is not specific to MetAP-2
enzymes of microsporidian origins, and so ingestion of the antibiotic by non-target species may
pose a health risk (van den Heever et al., 2014). The recommendation for application of FumidilB is to include it into sugar syrup fed to the hive, but this exposes products of the hive, such as
honey and wax to the antibiotic (van den Heever et al., 2015).
Fumidil-B does not contain pure fumagillin, but rather contains fumagillin as a salt, with
the counter ion being dicyclohexylamine (DCH). Many of the toxicity studies done on fumagillin
have been done using the pure antibiotic, not the mixture of fumagillin and DCH (van den
Heever et al., 2014). DCH alone was shown to cause chromosomal changes in human stem cell
cultures at very low concentrations (Stoltz et al., 1970). DCH has also been found to be
tumorigenic, causing tumors of the intestinal tract and liver, as well as causing carcinogenic
tumors in mice (van den Heever et al., 2014). Fumagillin has a relatively short half-life (as little
as 3 days), decomposing rapidly when exposed to sunlight and heat (van den Heever et al.,
2015). Conversely, DCH has a half-life between 1 and 3 years and can be found in honey
samples destined for human consumption (van den Heever et al., 2015). Thus, the greater
toxicity and persistence of DCH in the mixture of fumagillin and DCH makes it far more
dangerous to humans than pure fumagillin. This may also be true for bees. Pure fumagillin, pure
DCH and a mixture of the both (in the form of Fumidil-B) was fed to bees, and DCH caused

28

higher bee mortality than the negative control or pure fumagillin (van den Heever et al, 2016).
However, pure fumagillin was 20 times less effective than DCH/fumagillin salt at controlling
Nosema infection. Because the antibiotic was not stabilized as a salt, it readily degraded before
acting on the infectious microsporidian. Thus, DCH is indeed harmful to the health of the honey
bee (van den Heever et al., 2016).
The function of fumagillin against N. ceranae is dose dependent. As the product is
dispersed throughout the hive, the microsporidian and bees are exposed to low levels of
fumagillin (Huang et al., 2013). Low levels of fumagillin do not suppress the growth of N.
ceranae but increases the spore production of N. ceranae in the hind gut of the bee (Huang et al.,
2013). This is believed to be due to low concentrations of fumagillin significantly inhibiting the
bee MetAP-2 enzyme without controlling N. ceranae (Huang et al., 2013).
Fumagillin is recommended to be applied twice per year, in the spring and the fall
(Medivet Pharmaceuticals Ltd. 2018). The long-term efficacy of fumagillin is being questioned,
as more studies are finding the product does not control the infection over a long period.
Mendoza et al. (2017) found that colonies infected with N. ceranae and treated with Fumidil-B
as per the label had an initial spore reduction, but two months after the treatment, the treated
colonies were not different than untreated colonies in adult population, brood area or spore loads
(Mendoza et al., 2017). Higes et al. (2011) also observed a relapse in spore numbers four months
after treatment with fumagillin.
1.6 Potential alternatives to fumagillin for N. ceranae management
While intestinal infections can be controlled by antibiotics, a variety of alternative
treatments using natural products can also provide control. Some of these treatments are different
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types of essential oils, prebiotics, probiotics, organic acids and nutraceuticals (Holt & Grozinger,
2016).
Essential oils are concentrated hydrophobic liquids containing volatile aroma compounds
from plants (Hawrelak et al., 2009). Different essential oils have antimicrobial properties as well
as some having antioxidant and anti-inflammatory properties. Examples include terpinen-4-ol,
which accounts for 23% of tea tree oil (TTO) from Melaleuca alternifolia (Baldissera et al.,
2014). Anethole is the main component of the essential oil of Illicium verum, commonly known
as star anise (Kang et al., 2013). Linalool makes up 96% of the essential oil from Bursera
aloexylon (Queiroga et al., 2007). 1,8-cineole is a component of the essential oil of L. nobilis,
commonly known as the bay laurel (Li et al., 2016). Cannabidiol (CBD) is a non-psychotropic
essential oil of Cannabis sativa (Borrelli et al., 2009; Rajan et al., 2016). Citral is 65-85% of the
essential oil of Cymbopogon citratus, commonly known as lemongrass (Silva et al., 2008).
Eugenol is the main component of clove essential oil (Viuda-Martos et al., 2007).
The antibacterial and antifungal properties of essential oils, such as eugenol, citral,
terpinen-4-ol and linalool, result from their ability to penetrate the wall and cytoplasmic
membrane, as well as organelle membranes of microbes. This compromises the integrity of the
membranes, resulting in the cytoplasm to leak from the cell, causing cell death of microbes such
as Cronobacter sakazakii (Shi et al., 2016) and Botrytis cinerea (Shao et al., 2013). The
antioxidant properties of essential oils, such as CBD, are due to their ability to reduce expression
of genes for oxidative markers such as inducible nitric oxide synthase, nuclear factor erythroid 2related factor 2 and nitrotyrosine that was reported in mice (Rajan et al., 2016). The antiinflammatory properties of essential oils, such as anethole and 1-8 cineole, results from their
ability to reduce the number of pro-inflammatory cells, such as neutrophils, macrophages, and
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pro-inflammatory cytokines, which was found in mice (Kang et al., 2013). If essential oils act in
the same way on N. ceranae spores, then they may be able to control this parasite in the gut of
the honey bee through similar modes of action.
Prebiotics are defined as non-digestible food ingredients that beneficially affect the host by
selectively stimulating the growth and activity of one or a limited number of bacteria in the colon
(Gibson & Roberfroid, 1995). One type of prebitoic is mannan-oligosaccharides (MOSs) that are
gluco manno-protein complexes isolated from the cell wall of Saccharomyces cerevisiae
(Benites et al., 2008). MOSs are highly fermentable by gut microbiota and allow them to grow
and reproduce rapidly, competing with pathogenic bacteria for both nutrients and space
(Giannenas et al., 2016). Prebiotics can also function as PAMPS, stimulating an immune
response in the host. β-glucans are a complex group of homopolymers consisting of glucose
commercially isolated from grain, seaweed, fungus or yeast (Vetvicka & Sima, 2017). They have
immune modulating effects on a huge range of species including honey bees (Vetvicka & Sima,
2017). The polysaccharide chitosan, produced from crustacean exoskeletons, can also be found
in fungal cell walls and shows strong PAMP activity (Huang et al., 2005). Thus, MOS, β-glucans
and chitosan show potential in controlling N. ceranae in the honey bee.
Probiotics are defined as living microbial food supplements for aiding animals by
improving the balance of intestinal microorganisms (Fuller, 1989). One example is Enterococcus
faecium, which is found in the intestines of a range of animals, such as cows, pigs and honey
bees (Audisio et al., 2011; Bednorz et al., 2013). E. faecium exhibits antimicrobial properties
through the production of bacteriocin-like compounds, that may aid in the prevention of N.
ceranae infection in bees (Audisio et al., 2011) and E. coli infection in cows (Lauková et al.,
1993) and in pigs (Bednorz et al., 2013). Supplementing the diet of young piglets with E.
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faecium significantly reduced the populations of pathogenic E. coli, specifically gut mucosaadherent E. coli (Bednorz et al., 2013).For the honey bee, the addition of E. faecium to pollen
patties increased the digestibility of pollen substitutes and reduce bee mortality (Kaznowski,
2005). E. faecium also produced lactic acid in the midgut of the honey bee (Audisio et al., 2011)
and in chickens (Audisio et al., 2000). Lactic acid bacteria were shown to cause thickening of the
peritrophic membrane in the gut epithelium in honey bees (Maggi et al., 2013) and in pigs
(Bednorz et al., 2013). As N. ceranae must invade this membrane to infect honey bee epithelial
cells, this may be a mode of defense against N. ceranae infection (Belhadj et al., 2010; Audisio
et al., 2011). Protexin® contains strain NCIMB 11181 of E. faecium, that is marketed as
improving the microbiota and gut health of production animals, such as cows and pigs
(https://www.protexin.com/products/protexin-concentrate/13) . If E. faecium were to provide
similar benefits to honey bees, even though it is not one of the core eight bacteria, it could help
re-establish the gut microbiota altered by N. ceranae infection. This is supported by the findings
of Borges (2015), where Protexin® was found to decrease Nosema spore levels by 50%
compared to control bees in 16-day cage experiments. Additionally, the mortality of bees fed
Protexin® was lower than that of control bees not infected with N. ceranae.
Organic acids are acidic carbon-containing compounds produced during metabolism and
can benefit intestinal health by their antimicrobial activity as well as their ability to improve gut
morphology and stimulate immunity (Audisio et al., 2011). Commonly used organic acids for
intestinal health are propionic acid, lactic acid and acetic acid. Propionic acid fed to broiler
chickens increased feed conversion and reduced the growth of the intestinal pathogenic
bacterium Campylobacter spp. (Naseri et al. 2012). In honey bees, lactic and acetic acid caused
thickening of the peritrophic membrane in the gut epithelium (Maggi et al., 2013). Thus, as N.
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ceranae must penetrate this membrane to infect epithelial cells, organic acids may aid in defense
against N. ceranae infection (Belhadj et al., 2010; Audisio et al., 2011). Organic acids, such as
propionic acid, lactic acid and acetic acid, may be effective against N. ceranae infection in the
honey bee.
Nutraceuticals are pharmaceutical grade food ingredients with medicinal properties
(Ajibola et al., 2012). Naringenin, a flavone from citrus fruits, is anti-inflammatory as it
increases the abundance and activity of antioxidants and decreases the levels and activity of proinflammatory cytokines in mice (Amaro et al., 2009). Feeding it to honey bees resulted in a 70%
reduction in N. ceranae spore numbers and a mortality of 10% after 16 days (Borges 2015).
Naringenin can act as an antioxidant, scavenging ROS and other free radicals but may be most
useful for its anti-inflammatory properties (Amaro et al., 2009).
1.7 Conclusions
Control of N. ceranae has for over 50 years, beekeepers been totally dependent on one
antibiotic, fumagillin. However, there are possible alternatives. These would include essential
oils, prebiotics, probiotics, organic acids and nutraceuticals because of their ability to positively
affect the gut of the honey bee. They would also have the advantage of being products viewed by
the public as natural and safe as well as not leaving residues of antibiotics in honey and wax.
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1.8 Hypothesis
Feeding essential oils, prebiotics, probiotics, organic acids and nutraceuticals to honey
bees infected with N. ceranae, will result in a significant reduction in spores per bee and improve
production parameters such as colony population, honey production and over-wintering survival.
1.9 Objectives
1. Determine the effect of essential oils, prebiotics, probiotics and nutraceuticals applied
in solid or liquid form to field colonies on bee reproduction, food storage, over-wintering
survival and N. ceranae infection levels.
2. Screen essential oils, prebiotics and organic acids never tested on honey bees in caged
honey bees for their impact on N. ceranae infection levels and bee longevity.
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Chapter 2. Screening essential oils, prebiotics and organic acids for control of Nosema
ceranae and reduced mortality of honey bees (Apis mellifera)

2.1 Introduction
Nosema ceranae and N. apis are microsporidian parasites of the honey bee intestine.
Microsporidia are obligate, spore forming fungal parasites, causing chronic infections on their
hosts, in most cases insects (M. Higes et al., 2006). The life cycle of N. ceranae and N. apis are
similar, with spores being ingested, penetrating the gut epithelial cells, reproducing, and then
rupturing the host cells returning back into the gut in as little as 6 days (Fries et al., 1992). N.
ceranae has replaced N. apis as being the most prevalent microsporidian in bee colonies in
Canada and other countries (Emsen et al., 2016; Martín-Hernández et al., 2007). The economic
impact of N. ceranae can be severe due to depopulation, reduced honey crops and higher winter
mortality (Botías et al., 2013; Martín-Hernández et al., 2007).
For over 60 years, fumagillin has been the only registered antibiotic for use to treat N.
ceranae in honey bees in North America (Huang et al., 2013). Fumagillin is a potent fungal
metabolite that was first isolated from the fungus Aspergillus fumigatus in 1949 (van den Heever
et al., 2015). While effective, fumagillin poses concerns in food safety through the
contamination of hive products, such as honey and wax, with antibiotics (Stoltz et al., 1970; van
den Heever et al., 2016). However, there are alternative approaches to antibiotics for improving
the intestinal health of animals, such as the ingestion of essential oils, prebiotics and organic
acids (Naseri et al., 2012).
Essential oils are concentrated hydrophobic liquids containing volatile aroma compounds
from plants (Hawrelak et al., 2009). Consumption of essential oils can reduce intestinal
inflammation, such as terpinen 4-ol from Melaleuca alternifolia which helped control oral and
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intestinal inflammation during ulcerative colitis of mice (Ninomiya et al., 2013), cannabidiol
(CBD) from Cannabis sativa that reduced intestinal damage, inflammation and weight loss in
mice with intestinal colitis (Borrelli et al., 2009), and 1,8-cineole from Laurus nobilis, which
reduced several classes of pro-inflammatory cells and increased immunity to viruses in mice (Li
et al., 2016). Dietary intake of other essential oils can also help to increase host resistance to
pathogens, such as eugenol from Syzygium aromaticum that thickened the inner mucus layer of
mice, increasing resistance to the enteric pathogen Citrobacter rodentium (Wlodarska et al.,
2015) and anethole from Illicium verum which increased transcripts for immune mediators and
suppressed the pathogenic bacteria Eimeria acervulina in chickens (Kim et al., 2013). Other
essential oils have direct antimicrobial activity against intestinal pathogens, such as linalool from
Bursera aloexylon that showed antimicrobial properties against the intestinal pathogens of
humans, Rhodococcus equi and Staphylococcus epidermides (Queiroga et al., 2007), and citral
from Cymbopogon citratus that was antimicrobial against the human foodborne pathogen
Cronobacter sakazakii that can cause necrotizing enterocolitis (Shi et al., 2016).
One concern with using essential oils as a dietary supplement for intestinal health is their
low solubility in water (Sammataro et al., 2009). A way to keep oils in suspension in waterbased solutions is to use an emulsifier, which is a substance that stabilizes an emulsion (Zhang et
al., 2017). Soy lecithin is an amphiphilic mixture composed of phosphatidylcholine,
phosphatidylethanolamine and phosphatidylinositol (Zhang et al., 2017). In honey bees, soy
lecithin has been used as a source of lipids in different artificial diets (Corby-Harris et al., 2018;
Potrich et al., 2018). Thus, it appears to be acceptable to bees as an additive to their diet.
Prebiotics are defined as non-digestible food ingredients that benefit animals by
selectively stimulating the growth and activity of certain bacteria in the colon (Gibson &
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Roberfroid, 1995). Some examples of prebiotics reported to promote intestinal health are
mannan-oligosaccharides (MOS), beta-glucans and chitosan. MOS, such as Bio-Mos and
Actigen made by Alltech (Guelph, Ontario), are gluco manno-protein complexes isolated from
the cell wall of Saccharomyces cerevisiae that can stimulate the immune system, increase mucus
production and increase gut surface area in animals like European sea bass (Torrecillas et al.,
2011). The beta-glucan source was zymosan from S. cerevisiae (Liu et al., 2011). Beta-glucans
act as pathogen-associated molecular patterns or PAMPs, stimulating the immune system of
many species including honey bees (Mazzei et al., 2016). Chitosan is a deacetylated form of
chitin from the shells of crustaceans and can be directly antimicrobial, such as inhibiting the
growth of Serratia marcescens, a bacterial pathogen of Bombyx mori, both in vitro and in vivo
(Li et al., 2010).
Organic acids are acidic carbon-containing compounds produced during metabolism and
can benefit intestinal health by their antimicrobial activity as well as their ability to improve gut
morphology and stimulate immunity (Audisio et al., 2011). Some examples of organic acids used
for this purpose are lactic, acetic and propionic acids. In honey bees, both lactic and acetic acid
caused thickening of the peritrophic membrane in the gut epithelium (Maggi et al., 2013), and
propionic acid fed to broiler chickens increased feed conversion and reduced the growth of the
intestinal pathogenic bacterium Campylobacter spp. (Naseri et al. 2012).
The goal of this study was to screen a number of novel compounds for their potential
ability to control of N. ceranae in A. mellifera. A total of 15 essential oils, prebiotics, probiotics
and organic acids were fed in different doses in sugar syrup along with N. ceranae spores to bees
maintained in cages. Bee mortality and spore counts were measured in order to examine the
effects these compounds have on infection progression and honey bee health.
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2.2 Materials and Methods
2.2.1 Nosema ceranae spore extraction
N. ceranae spores were obtained from infected worker honey bees collected from full
sized colonies at the University of Guelph’s Honey Bee Research Centre. The colonies were
identified as having very high spore counts (i.e., over 7,000,000 spores per bee), and the spores
from these colonies had been identified by PCR as N. ceranae (Hamiduzzaman et al. 2010).
Samples were taken from a honey frame obtained from a super located above the brood chamber,
which would be mainly older worker bees, as older bees are more frequently infected and have
higher infection levels than younger bees. To collect spores, the frame was held at an
approximate 45º angle. An empty honey jar with the lid removed was then run down the frame in
such a way that the bees were rolled and collected in the jar, and the jars were placed at -20°C.
N. ceranae spores were extracted as per McGowan et al. (2016). Briefly, the abdomens of
25 frozen bees were macerated with 25 ml dH2O using a mortar and pestle. The macerate was
then poured into a funnel lined with a piece of nylon honey filter with a pore size of 80 holes per
linear inch (177 µm; Better Bee Supplies, Cambridge, Ontario) to remove the larger particles.
Five ml of dH2O were used to rinse the filter. The suspension was then transferred to 2 ml
centrifuge tubes and centrifuged at 800 x g for 8 min and then at 900 x g for 1 min. The
supernatant was removed using a micropippet. The pellet was re-suspended in the remaining
liquid and transferred to a 15 ml centrifuge tube (Corning Centristar, Corning NY) and vortexed
for 10 s. Then 100 µl of the spore suspension was diluted in 900 µl dH2O, transferred to a
hemocytometer, and Nosema spores were quantified (Cantwell, 1970). Spore harvesting and
quantification was performed the day prior to the inoculation of bees in the laboratory. The spore
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suspension was maintained at 4°C overnight. Prior to inoculation, the stored spores were
vortexed and mixed with 50% sugar syrup to obtain 10,000 spores/µl.
2.2.2 Inoculation of bees with N. ceranae spores
Inoculation of honey bees was performed as per Maistrello et al. (2008) with some
modifications as per Fries et al. (2013). Frames of emerging brood from a Nosema free colony
were brushed of all adult bees and placed inside a screened cage within an incubator at 30°C and
75% RH overnight. In the morning, the newly emerged bees were brushed into a separate
container and held for 2 hours without food. Several bees were crushed and examined for N.
ceranae by microscopy to ensure no infection. To inoculate the bees, they were held by the
thorax and gradually fed 5 µl of the spore solution in 50% sugar syrup using a micropipette
(Eppendorf, Mississauga, Ontario). This would inoculate each bee with approximately 50,000
spores. Bees that did not consume the entire 5 µl were discarded. Control bees were fed 5 µl of
50% sugar syrup containing no spores.
2.2.3 Compound administration
Terpinen 4-ol, anethole, linalool, citral, 1-8 cineole, lactic acid, acetic acid, propionic
acid and beta-glucan zymosan were obtained from Sigma-Aldrich (Oakville, Ontario, Canada).
Nano-encapsulated tea tree oil (TTO) containing terpinen 4-ol was obtained from Inventiva
(Porto Alegre, Brazil). Cannabidiol was obtained from Aphria Inc. (Leamington, Ontario,
Canada). Bio-Mos, Actigen, and Acid Pac were obtained from Alltech (Guelph, Ontario,
Canada). References for the doses chosen for each compound with the reported method of
administration (i.e., feed, water or topically) and the animal tested in the reference are listed in
table 2.1. Only TTO, lactic acid, acetic acid and beta-glucans had been previously tested on
honey bees, and in those cases, the same doses were used in this experiment. Terpinen 4-ol,
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propionic acid, Bio-Mos, Actigen and Acid Pac were previously administered per unit feed.
These compounds were administered to the sugar syrup in the same concentrations on a dry
matter basis for this experiment. For example, Bio-Mos was fed to Sea Bass at a rate of 1g/kg
feed, and was fed to bees at 0.5 mg/ml in 50% sugar syrup, as half the syrup is water. Zymosan,
cannabidiol, citral, 1-8 cineole and anethole were previously administered per unit body weight,
and thus the dose was adjusted for the mass of the honey bee. For example, zymosan was
administered to mice at 400 mg/kg body weight per day, and zymosan was included in the sugar
syrup at a rate of 1.6 mg/ml based on an average weight of 100 mg per bee and an average feed
intake of 550 mg (0.41 ml) of sugar syrup per bee over 16 days (Borges, 2015),. Linalool was
tested in-vitro on the bacteria Staphylococcus epidermides, and in this case the minimum
inhibitory concentration (MIC) in the agar medium was used. For TTO, topical application was
reported for bees (Santos et al., 2014), and thus lower oral doses were chosen based on the dose
reported for terpinen 4-ol (Ninomiya et al., 2013). To create a dose response curve, the dose
calculated from the literature search was tested with two times higher and two times lower doses
(Table 2.2).
Compounds were dissolved in 50% sugar syrup and administered to the bees in plastic
gravity feeders placed above the hoarding cages when the bees were first introduced into the
cages. Terpinen 4-ol, anethole, linalool, citral, 1-8 cineole, and cannabidiol were dissolved in
95% ethanol at 4 µl/ml and then diluted in 50% sugar syrup for the dose response relationships.
2.2.4 Dose response relationships
Groups of 50 bees were fed 5 µl of 50% sugar syrup without N. ceranae spores as a
negative control, or groups of 50 bees were fed 5 µl of 50% sugar syrup with N. ceranae spores
as a positive control. Once inoculated, the bees were placed in wooden hoarding cages (13.0 x
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9.5 x 15 cm) with a sliding pane of glass in the front and wire mesh (3 mesh/cm) on the bottom.
Treated bees were given the compounds of interest mixed in 12 ml of 50% sugar syrup placed in
gravity feeders inverted above the cages as in section 2.2.3. Positive and negative control bees
were given 12 ml of pure 50% sugar syrup. Borges (2015) showed that 50 bees would consume
less than 12 ml of 50% sugar syrup contained in a feeder in four days. Each cage was also given
a gravity feeder filled with water. All feeders and cages were sterilized by autoclaving prior to
the start of any experiments. The cages were incubated at 30°C and 75% RH in darkness. Water
and sugar syrup feeders were replaced every four days. Dead bees were removed and collected
from the cages every four days when the feeders were changed and used to calculate the
mortality rate. Bees that died during the first 48 h were not included in the mortality calculations
as they most likely died due to handling during the feeding process.
At 16 days post-inoculation (dpi), the surviving bees were placed at -20 C for storage.
After thawing, the abdomens were crushed with 1 mL dH2O per abdomen using a mortar and
pestle, and then 10 µl of the abdomen homogenate was transferred to a hemocytometer using a
micropipette and counted as in section 2.2.1. Each sample was composed of at least 10 abdomen
homogenates.
2.2.5 Replicated dose
Based on the dose response relationships results, 3.86 mg/ml zymosan, terpinen 4-ol
0.419 µl/ml and cannabidiol 2.2 µl /ml were tested in replicated experiments. Each hoarding cage
was considered a replication. Positive and negative controls were performed as in section 2.2.4,
with five and three replications respectively. Zymosan, terpinen 4-ol and cannabidiol were tested
with five replicates each. Terpinen 4-ol and cannabidiol were dissolved in 95% ethanol at 4 µl/ml
and then diluted in sugar syrup and in one replicate dissolved directly in water with 0.1% soy
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lecithin (Sigma-Aldrich, Oakville, Ontario, Canada) and then diluted in sugar syrup. The amount
of soy lecithin was based on its use in a mix of lemongrass and spearmint essential oils
recommended by the Central Maryland Beekeepers Association for the control of Nosema
(http://www.centralmarylandbees.org/education/useful-information/feeding bees). The dose was
calculated using the specific gravity of soy lecithin (4.54 g/teaspoon) and the volume of liquid
used. We calculated that the essential oil blend used 300mg/l soy lecithin, and the same dose was
used for the replicated dose experiment.
The experimental procedure was as described in section 2.2.4, except that feeders
containing 50% sugar syrup or water were weighed before and after feed changes each four days
using a balance (Model S-403, Denver Instrument, Bohemia, NY, USA) to determine feed
consumption.
2.3 Statistical analysis
2.3.1 Dose response relationships
Dose response curves were made in Excel 2017 using the trend line functions (Microsoft,
Redmond, Washington, USA). The line of regression for both spore numbers and mortality was
fitted in Excel. The best fit line was chosen based on the highest R² value. The P values were
calculated in Excel 2017 using the regression data analysis function. The predicted dose resulting
in 0 spores per bee was calculated from the equation of the line of best fit. In some cases, the line
of best fit never predicted 0 spores per bee, and thus the predicted minimum number of spores
per bee was calculated.
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2.3.2 Replicated dose
The P values were calculated in Excel 2017 using the data analysis function. A two
sample t test was used, assuming the variances were unequal. Values between the 5 treated
cages, and 5 control cages from each trial were compared to evaluate the effectiveness of
treatment. Effectiveness was evaluated by the P-value (alpha =0.05) for the difference between
the treated and control groups.
2.4 Results
2.4.1 Dose response relationships
A total of 15 compounds were fed to bees in sugar syrup along with N. ceranae spores
with three doses tested per compound. The results are presented in order of their effectiveness in
controlling N. ceranae infection and reducing bee mortality from the most to least effective.
The dose response of spore production and bee mortality to zymosan was tested at 0,
0.32, 1.6 and 3.2 mg/ml (Figure 2.1). The highest spore concentration was observed at 0.32
mg/ml, and the lowest spore concentration was observed at 3.2 mg/ml resulting in a 61%
reduction in the number of spores per bee compared to non-treated bees. A clear dose response
was indicated from the best fitting polynomial regression line with a relatively high R² value of
0.9879 (P= 0.0060). Based on the regression equation, 3.86 mg/ml of zymosan was predicted to
result in 0 spores per bee. Mortality in the inoculated control bees was very low at 6.25% and
remained low with all tested doses of zymosan. The lowest measured mortality rate was 0%
obtained with 1.6 mg/ml zymosan. A strong dose response for mortality was indicated by a best
fitting polynomial regression line with a R² value of 0.9992 (P=0.0004). Based on the regression
equation, a predicted mortality of 0% can be expected between the doses of 1.57 and 2.43 mg/ml
zymosan, but because the best fitting regression line was parabolic, mortality was predicted to
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drop below 0% over a range of zymosan concentrations, which is not possible. Mortality was
predicted to increase with higher zymosan doses, and if 3.86 mg/ml zymosan were used,
mortality is predicted to be 5.26%, which would be similar to that of non-treated bees. Thus, the
results indicate that, except for the lowest dose of zymosan, increasing doses of zymosan can
reduce the level of infection as measured by N. ceranae spore numbers per bee, but the dose
predicted to result in no spores is beyond the range tested in this experiment. Unexpectedly,
reductions in mortality due to zymosan was not directly related to reductions in spore numbers
per bee, and thus mortality would be predicted to increase if higher doses of zymosan are used. A
higher dose of zymosan was tested in section 2.2.6.
The dose response of spore numbers per bee and bee mortality to terpinen 4-ol was tested
at 0, 0.04, 0.19 and 0.38 µl/ml (Figure 2.2). The highest spore concentration was observed at
0.19 µl/ml, and the lowest spore concentration was observed at 0.38 µl/ml resulting in a 18.3%
reduction in the number of spores per bee compared to non-treated bees. A clear dose response
was indicated from the best fitting polynomial regression line with a relatively high R² value of
0.9719 (P=0.0141). Based on the regression equation, 0.419 µl/ml terpinen 4-ol was predicted to
result in 0 spores per bee. Mortality in the inoculated control bees was relatively high at 23.1%,
and then mortality progressively declined with increasing doses of terpinen 4-ol. The lowest
observed mortality rate was 0% with 0.38 µl/ml of terpinen 4-ol. A strong dose response for
mortality was indicated by a best fitting linear regression line with a R² value of 0.9572
(P=0.0216), and based on the regression equation, the predicted 0% mortality was predicted to
occur with 0.365 µl/ml terpinen 4-ol. If 0.419 µl/ml terpinen 4-ol was used, mortality is predicted
to also be 0%. Thus, the results indicate that lower doses of terpinen 4-ol may increase the level
of infection as measured by N. ceranae spore numbers per bee, but doses above 0.38 µl/ml could
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result in a reduction in the spore numbers per bee. In contrast, the decline in bee mortality has a
strong linear rather than a polynomial dose response with no mortality observed with 0.38 µl/ml
of terpinen 4-ol even when there was still 9.9 X 106 spores per bee, indicating a beneficial
lifespan effect even with high numbers of spores. The dose predicted to result in no spores is
beyond the range tested in this experiment, and therefore was tested in section 2.2.6.
The dose response of spore numbers per bee and bee mortality to cannabidiol was tested
at 0, 0.18, 0.89 and 1.78 µl/ml (Figure 2.3). The highest spore concentration was observed with
0.89 µl/ml, and the lowest spore concentration was observed with 1.78 µl/ml resulting in a 34%
reduction in the number of spores per bee compared to non-treated bees. A clear dose response
was indicated from the best fitting polynomial regression line with a relatively high R² value of
0.9484 (P=0.0261). Based on the regression equation, 2.20 µl/ml cannabidiol was predicted to
result in 0 spores per bee. Mortality observed in the inoculated control bees was relatively high at
31.8%, peaking at 57.5% with 0.89 µl/ml cannabidiol, and then declining at higher doses. The
lowest measured mortality rate was 31.8% with 0 µl/ml cannabidiol, although the highest dose of
cannabidiol tested had only a slightly higher mortality at 35.1%. Thus, there was no reduction in
mortality for any of the doses tested. A strong dose response for mortality was indicated by a
best fitting polynomial regression line with a R² value of 0.9531 (P=0.0237). Based on the
regression equation, the predicted 0% mortality would be obtained with 2.28 µl/ml cannabidiol.
If 2.20 µl/ml cannabidiol were used, mortality is predicted to be 6.8%, which would be much less
than in non-treated bees. Thus, the results indicate that the responses to increasing doses of
cannabidiol was very similar for both the level of infection and bee mortality peaking at
approximately 0.89 µl/ml, but then declining at higher doses. The predicted dose resulting in no
spores is beyond the range tested in this experiment, and therefore was tested in section 2.2.6.
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The dose response of spore numbers per bee and bee mortality to citral was tested at 0,
0.38, 1.92 and 3.83 mg/ml (Figure 2.4). The highest spore concentration was observed with 0.38
mg/ml, and the lowest spore concentration was observed with 1.92 mg/ml resulting in a 95%
reduction in the number of spores per bee compared to non-treated bees. A clear dose response
was indicated from the best fitting polynomial regression line with an R² value of 0.8613
(P=0.0719). Based on the regression equation, 2.5 mg/ml citral was predicted to result in the
lowest the spore load at 4.9 X 105 spores per bee, which was still substantial. Mortality in the
inoculated control bees was relatively high at 31.8%, but was even higher with citral at all doses
tested. No clear dose response for mortality was observed as the best fitting linear regression line
had a R² value of 0.1766 (P=0.5797), and thus no predictions about mortality were made.
Therefore, the results indicate that a medium dose of citral may reduce the level of infection, but
this did not result in reduced mortality. Lesser and greater doses of citral appears to be
detrimental, increasing the level of infection in the bee.
The dose response of spore numbers per bee and bee mortality to 1-8 cineole was tested
at 0, 0.1, 0.52, and 1.03 µl/ml (Figure 2.5). The highest spore concentration was observed with 0
µl/ml, and the lowest spore concentration was observed with 0.1 µl/ml resulting in a 57%
reduction in the number of spores per bee compared to non-treated bees. The best fitting
polynomial regression line had an R² value of 0.1692 (P=0.5897) indicating no clear dose
response, and thus no prediction of the dose resulting in 0 spores per bee was made. Mortality in
the inoculated control bees was relatively low at 6.25%, and the lowest measured mortality rate
observed was 4.08% obtained with 1.03 µl/ml 1-8 cineole. A moderate dose response for
mortality was indicated by a best fitting polynomial regression line with a R² value of 0.8809
(P=0.0614). Based on the regression equation, 0% mortality would be predicted with 2.61 µl/ml
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1-8 cineole. Thus, the results indicate that there is no dose response of 1-8 cineole making it
impossible to predict reductions in spore production by N. ceranae, and it is possible that 1-8
cineole is ineffective against spore production. However, predictions of reducing mortality
appear strong with higher doses reducing mortality, which indicates a beneficial lifespan effect
of 1-8 cineole that is independent of spore reduction.
The dose response of spore numbers per bee and bee mortality to anethole was tested at
0, 0.38, 1.92 and 3.83 mg/ml (Figure 2.6). The highest spore concentration was observed with
3.83 mg/ml, and the lowest spore concentration was observed with 0.38 mg/ml resulting in a
3.5% reduction in the number of spores per bee compared to inoculated non-treated bees. A clear
dose response was indicated from the best fitting polynomial regression line with a relatively
high R² value of 0.9931 (P=0.0034). From the regression equation, the minimum spore number
per bee could be expected with 1.24 mg/ml anethole, resulting in 1.15 X 107 spores per bee,
which is still a high value. However, the regression line clearly shows that higher doses resulted
in higher spore numbers. Mortality in the inoculated control bees was relatively high at 23.1%,
and then progressively dropped with the lowest measured mortality rate at 4.25% obtained with
1.92 mg/ml anethole. A moderate dose response for mortality was indicated by a best fitting
polynomial regression line with a R² value of 0.8756 (P=0.0642). Based on the regression
equation, the lowest predicted mortality is 1.7% obtained with 2.5 mg/ml anethole, but mortality
is predicted to increase slightly at higher doses of anethole. Thus, the results indicate that
relatively low doses of anethole can modestly reduce spore numbers, but the compound promotes
the pathogen at higher doses. Similar results were obtained for mortality, but the increase in
mortality at the high dose of anethole was relatively small, and anethole may have beneficial
effects on lifespan that is independent of reductions in spore numbers.
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The dose response of spore numbers per bee and bee mortality to linalool was tested at 0,
0.38 and 3.83 mg/ml (Figure 2.7). The highest spore concentration was observed at 0 mg/ml, and
the lowest spore concentration was observed at 0.38 mg/ml resulting in a 22% reduction in the
number of spores per bee compared to non-treated bees. A poor dose response was indicated
from the best fitting linear regression line with an R² value of 0.0641 (P=0.8370) and thus no
prediction of the dose resulting in 0 spores per bee was made. Mortality in the control bees was
relatively high at 23.1%, and only slightly declined with increasing doses of linalool. The lowest
measured mortality rate was 13.3% obtained with 3.83 mg/ml linalool. A poor dose response for
mortality was indicated by a best fitting linear regression line with a R² value of 0.4765
(P=0.5149) and thus no prediction of the dose resulting in no mortality was made. Therefore, the
results indicate that the effects of linalool are too variable to make predictions about reductions
in spore production by N. ceranae or mortality.
The dose response of spore numbers per bee and bee mortality to TTO was tested at 0,
0.38, 3.83 and 125 mg/ml (Figure 2.8). The highest spore concentration was observed at 0.38
mg/ml, and the lowest spore concentration was observed at 3.83 mg/ml resulting in a 1.1%
reduction in the number of spores per bee compared to non-treated bees. A poor dose response
was indicated from the best fitting linear regression line with a R² value of 0.0984 (P=0.6863)
and thus no prediction of the dose resulting in 0 spores per bee was made. Mortality in the
control bees was relatively high at 31.8%, dropping to 21.1% with the lowest dose of TTO and
then increasing above control levels with higher doses. A strong dose response for mortality was
indicated by a best fitting linear regression line with an R² value of 0.9188 (P=0.0415). Based on
the regression equation, the mortality will increase with greater doses of TTO as the line is
trending upwards. Thus, the results are too variable to make predictions about the effect of TTO
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in reducing spore production by N. ceranae. However, very low doses of TTO may decrease
mortality but becomes detrimental at even slightly higher doses.
The dose response of spore production and bee mortality to lactic acid was tested at 0,
0.47, 2.38 and 4.7 µl/ml (Figure 2.9). The highest spore concentration was observed at 0.47
µl/ml, and the lowest spore concentration was observed at 2.38 µl/ml resulting in a 25.6%
reduction in the number of spores per bee compared to non-treated bees. A weak dose response
was indicated from the best fitting linear regression line with a R² value of 0.706 (P=0.1597).
Based on the regression equation, 15.5 µl/ml of lactic acid was predicted to result in 0 spores per
bee. Mortality in the control bees was relatively high at 28.9%, and then dropped to 2.3%
obtained with 0.47 µl/ml lactic acid. However, spore numbers were 5.65 X 106 at that dose,
indicating that the effect on mortality was not related to reduced N. ceranae reproduction. At
higher doses, mortality was similar to the control levels. The lowest measured mortality rate was
2.3% obtained with 0.47 µl/ml of lactic acid. A poor dose response for mortality was indicated
by a best fitting linear regression line with a R² value of 0.2633 (P=0.4869) and thus, no
predictions were made about mortality at other doses of lactic acid. Therefore, the results
indicate that increasing doses of lactic acid may reduce the level of infection as measured by N.
ceranae spore numbers per bee. The mortality results are too variable to make any predictions of
mortality at other doses, but low doses may have a beneficial lifespan effect.
The dose response of spore production and bee mortality to acetic acid was tested at 0,
0.10, 0.54 and 1.08 µl/ml (Figure 2.10). The highest spore concentration was observed at 1.08
µl/ml acetic acid, and the lowest spore concentration was observed at 0.10 µl/ml acetic acid
resulting in a 22% reduction in the number of spores per bee compared to non-treated bees. A
weak dose response was indicated from the best fitting linear regression line with an R² value of
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0.727 (P=0.1473). Based on the slope of the regression equation, the spore number per bee
increased with increasing doses of acetic acid. Mortality in the control bees was relatively high at
28.9%, and only slightly declined with the lowest measured mortality at 19.6% obtained with
0.54 µl/ml acetic acid. A relatively strong dose response for mortality was indicated by a best
fitting polynomial regression line with a R² value of 0.8917 (P=0.0557). Based on the regression
equation, the predicted minimum mortality of 19.8% can be expected at the dose of 0.70 µl/ml
acetic acid, which is slightly higher than that observed with 0.54 µl/ml acetic acid. Thus, the
results indicate that increasing doses of acetic acid increased the level of infection as measured
by N. ceranae spore numbers per bee, but acetic acid did slightly improve bee lifespans at
moderate doses.
The dose response of spore production and bee mortality to propionic acid was tested at
0, 0.05, 0.28 and 0.56 µl/ml (Figure 2.11). The highest spore concentration was observed at 0.05
µl/ml propionic acid, and the lowest spore concentration was observed at 0 µl/ml propionic acid.
A poor dose response was indicated from the best fitting polynomial regression line with an R²
value of 0.2333 (P=0.6780) and thus no prediction of the dose resulting in 0 spores per bee was
made. Mortality in the control bees was relatively high at 28.9%, and increased to 48.7% at 0.05
µl/ml propionic acid. Mortality then dropped to below control levels with the lowest measured
mortality rate of 18.3% being obtained with 0.28 µl/ml propionic acid. A poor dose response for
mortality was indicated by a best fitting polynomial regression line with a R² value of 0.4712
(P=0.3135) and thus, no predictions were made about mortality at other doses of propionic acid.
Therefore, the results indicate that increasing doses of propionic acid did not predictably reduce
the level of infection as measured by N. ceranae spore numbers per bee or bee mortality.
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The dose response of spore production and bee mortality to Bio-Mos was tested at 0, 0.1,
0.5 and 1 mg/ml (Figure 2.12). The highest spore concentration was observed at 0.5 mg/ml, and
the lowest spore concentration was observed at 0.1 mg/ml resulting in a 14.6% reduction in the
number of spores per bee compared to non-treated control bees. A strong dose response was
indicated from the best fitting polynomial regression line with an R² value of 1 (P=0.0327).
Based on the regression equation, spore numbers per bee are predicted to only increase with
higher doses of Bio-Mos. Mortality in the control bees was relatively high at 28.4%, and
increased to 100% at the highest dose of Bio-Mos tested. The lowest measured mortality rate was
28.4% obtained with 0 mg/ml Bio-Mos. A strong dose response for mortality was indicated by a
best fitting polynomial regression line with a R² value of 0.9115 (P=0.0452). Mortality was
predicted to increase with higher Bio-Mos doses. Thus, the results indicate that Bio-Mos is
detrimental to the honey bee, increasing the level of infection and bee mortality.
The dose response of spore production and bee mortality to Actigen was tested at 0, 0.1,
0.5 and 1 mg/ml (Figure 2.13). The highest spore concentration was observed at 0 mg/ml, and
the lowest spore concentration was observed at 1 mg/ml resulting in a 57% reduction in the
number of spores per bee compared to non-treated bees. A weak dose response was indicated
from the best fitting polynomial regression line with an R² value of 0.6772 (P=0.1787). Based on
the regression equation, the expected minimum spore number would be 8.1 X 105 spores per bee
occurring at 1 mg/ml Actigen. Mortality in the control bees was relatively high at 28.4%, and
progressively increased with increasing doses of Actigen, reaching 91%. The lowest measured
mortality rate was 28.4% obtained with 0 mg/ml Actigen. A strong dose response for mortality
was indicated by a best fitting polynomial regression line with a R² value of 0.9851 (P=0.0074).
Mortality was predicted to increase with higher Actigen doses. Thus, the results indicate that
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Actigen decreased the level of infection as measured by N. ceranae spore numbers per bee, but
the effect was limited and corresponded with increasing bee mortality.
The dose response of spore production and bee mortality to Acid Pac was tested at 0, 0.1,
0.5 and 1 mg/ml (Figure 2.14). The highest spore concentration was observed at 1 mg/ml, and
the lowest spore concentration was observed at 0.1 mg/ml resulting in a 33% reduction in the
number of spores per bee compared to non-treated control bees. A weak dose response was
indicated from the best fitting polynomial regression line with an R² value of 0.7991 (P=0.1065).
Based on the regression equation, spore numbers per bee are predicted to increase with higher
doses of Acid Pac. Mortality in the control bees was high at 28.4%, dropping slightly to 19.5% at
the lowest dose of Acid Pac, and then increasing above control levels at higher doses. A poor
dose response for mortality was indicated by a best fitting polynomial regression line with an R²
value of 0.5932 (P=0.2298). Mortality was predicted to increase slightly with higher Acid Pac
doses. Thus, the results indicate that Acid Pac may slightly decrease the level of infection and
increase bee lifespans, but only at the low dose of 0.1 mg/ml. However, Acid Pac has a
detrimental impact at higher doses increasing infection and bee mortality.
2.4.2 Replicated dose results
The average number of spores per bee with the positive control for zymosan was
approximately 50% higher in the replicated dose experiment (7.72E+06) compared to the dose
response experiments (5.25E+06). The average mortality was aproximately 60% higher at 9.94%
compared to 6.25% with the dose response experiments. Treatment with 3.86 mg/ml zymosan
resulted in a significant reduction in N. ceranae spores per bee of 37.18% compared to the
positive control (P=0.037) (Table 2.3). However, the number of spores per bee with zymosan
was still 4.85E+06, which was much greater than the 0 spores per bee predicted from the
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regression equation for 3.86 mg/ml zymosan in section 2.3.1. Zymosan was also able to reduce
mortality by 36.9% compared to the control, but this was not significantly different from the
positive control (P=0.25). However, mortality (6.26 %) with 3.86 mg/ml zymosan was very close
to the 5.26 % mortality predicted from the regression equation for 3.86 mg/ml zymosan in
section 2.3.1. Water intake and feed intake were not significantly different from the positive
control (P=0.573 and P=0.327 respectively).
The average number of spores per bee with the positive control for terpinen 4-ol was
similar in the replicated dose experiment (1.22E+07) as in the dose response experiments
(1.21E+07). However, the average mortality was slightly higher at 28.4% compared to 23.2%
with the dose response experiments. Treatment with 0.419 µl/ml terpinen 4-ol did not result in a
significant reduction in N. ceranae spores per bee compared to the positive control (P=0.1865)
(Table 2.3). The number of spores per bee with terpinen 4-ol remained at 1.64E+07, which was
much greater than the 0 spores per bee predicted from the regression equation for 0.419 µl/ml
terpinen 4-ol in section 2.3.1. While terpinen 4-ol increased mortality by 17% compared to the
control, this was not significantly different from the positive control (P=0.21). Mortality with
0.419 µl/ml terpinen 4-ol at 34.2 % was much higher than the 0 % mortality predicted from the
regression equation for 0.419 µl/ml terpinen 4-ol in section 2.3.1. Water intake was not
significantly different from the positive control (P=0.271), but feed intake was significantly
lower in bees fed terpinen 4-ol (P=0.007). The addition of an emulsifier with terpinen 4-ol had
no effect on any of the measured parameters.
The average number of spores per bee with the positive control for cannabidiol was
approximately two times higher in the replicated dose experiment (4.31E+06) than in the dose
response experiments (2.1E+06). However, the average mortality was slightly lower at 23.4%
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compared to 31.8% with the dose response experiments. Treatment with 2.2 µl /ml cannabidiol
did not result in a significant reduction in N. ceranae spores per bee compared to the positive
control (P=0.9256) (Table 2.3). The number of spores per bee with cannabidiol was still
4.16E+06, which was much greater than the 0 spores per bee predicted from the regression
equation for 2.2 µl /ml cannabidiol in section 2.3.1. Cannabidiol increased mortality by 33%
compared to the control, but this was not significantly different from the positive control
(P=0.1380). The 31.16 % mortality with 2.2 µl /ml cannabidiol was much higher than the 6.8 %
mortality predicted from the regression equation for 2.2 µl /ml cannabidiol in section 2.3.1.
Water intake was not significantly different from the positive control (P=0.84), but bees treated
with cannabidiol had 15% higher feed intake than control bees, which was significant (P=0.03).
The addition of an emulsifier with cannabidiol had no effect on any of the measured parameters.
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Table 2. 1. Doses of compounds from the literature with the corresponding study. Doses were
calculated from study doses using the body weight of the honey bee (0.1 g) or the feed consumption
over 16 days. This dose was complimented by two other doses, one higher, one lower (see Table
2.2). All doses were administered in 12 ml of 50% sugar syrup. Soy lecithin (1% w/w) was included
in the replicated dose trials.

COMPOUND
Zymosan
Terpinen 4-ol
Cannabidiol
Citral
1-8 Cineole
Anethole
Linalool
TTO*
Lactic acid
Acetic acid
Propionic acid
Bio-Mos
Actigen
Acid Pac
Soy lecithin

DOSE
1.6 mg/ml
0.19 µl/ml
0.89 µl/ml
1.92 mg/ml
0.52 µl/ml
1.92 mg/ml
1.92 mg/ml
125 mg/ml
2.38 µl/ml
0.54 µl/ml
0.28 µl/ml
0.50 mg/ml
0.50 mg/ml
0.50 mg/ml
1% w/w

STUDY
(Liu et al., 2011)
(Ninomiya et al., 2013)
(Borrelli et al., 2009)
(Dieter et al., 1993)
(Li et al., 2016)
(Domiciano et al., 2013)
(Queiroga et al., 2007)
(Santos et al., 2014)
(Maggi et al., 2013)
(Maggi et al., 2013)
(Venkatasubramani et al., 2014)
(Salem, 2016)
(Salem, 2016)
(Salem, 2016)
(Roger Williams, 2009)
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METHOD
Feed
Feed
Feed
Feed
Feed
Feed
In-vitro
Topical
Feed
Feed
Feed
Feed
Feed
Feed
Feed

SPECIES
Mice
Mice
Mice
Mice
Mice
Rats
S. epidermides
Honey Bees
Honey Bees
Honey Bees
Broilers
Sea Bass
Sea Bass
Sea Bass
Honey Bees

Table 2. 2 Doses of compounds used in the screening experiment. Dose 2 was typically the dose
from the literature and was complimented by two other doses, one higher (dose 3), one lower (dose
1). All doses were administered in 12 ml of 50% sugar syrup.

COMPOUND
Zymosan
Terpinen 4-ol
Cannabidiol
Citral
1-8 cineole
Anethole
Linalool
TTO*
Lactic acid
Acetic acid
Propionic acid
Bio-Mos
Actigen
Acid Pac

UNIT
mg/ml
µl/ml
µl/ml
mg/ml
µl/ml
mg/ml
mg/ml
mg/ml
µl/ml
µl/ml
µl/ml
mg/ml
mg/ml
mg/ml

DOSE 1
0.32
0.04
0.18
0.38
0.10
0.38
0.38
0.38
0.47
0.11
0.05
0.10
0.10
0.10

DOSE 2
1.60
0.19
0.89
1.92
0.52
1.92
1.92
3.83
2.38
0.54
0.28
0.50
0.50
0.50

DOSE 3
3.20
0.38
1.78
3.83
1.03
3.83
3.83
125
4.77
1.08
0.56
1.00
1.00
1.00

*The dose of 125 mg/ml Nano-encapsulated Tea Tree Oil was applied topically rather than orally
in the reference study. Knowing that this dose was very high, two lower doses were chosen for
testing along with the high dose.
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Figure 2. 1 Dose effect of zymosan on the number of N. ceranae spores per bee (
mortality of bees (

)and percent

) at 16 dpi. The lines of best fit for number of spores per bee and percent

mortality of bees are shown as black and grey dotted lines, respectively. The equation for the best
fitting line for spores per bee is: y = -355303x2 + 77128x + 5E+06 R² = 0.9879 (P=0.0060), and the
equation for the best fitting line for percent bee mortality is: y = 1.6135x2 - 6.4657x + 6.1764, R² =
0.9992 (P=0.0004).
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Figure 2. 2 Dose effect of terpinen 4-ol on the number of N. ceranae spores per bee (
mortality of bees (

)and percent

) at 16 dpi. The lines of best fit for number of spores per bee and percent

mortality of bees are shown as black and grey dotted lines, respectively. The equation for the best
fitting line for spores per bee is: y = -2E+08x2 + 6E+07x + 1E+07 R² = 0.9719 (P=0.0141), and the
equation for the best fitting line for percent bee mortality is: y = -56.631x + 20.685, R² = 0.9572
(P=0.0216).
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Figure 2. 3 Dose effect of cannabidiol on the number of N. ceranae spores per bee (
mortality of bees (

)and percent

) at 16 dpi. The lines of best fit for number of spores per bee and percent

mortality of bees are shown as black and grey dotted lines, respectively. The equation for the best
fitting line for spores per bee is: y = -2E+06x2 + 3E+06x + 2E+06 R² = 0.9484 (P=0.0261) and the
equation for the best fitting line for percent bee mortality is: y = -30.532x2 + 54.69x + 34.249, R² =
0.9531 (P=0.0237).
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Figure 2. 4 Dose effect of citral on the number of N. ceranae spores per bee (
mortality of bees (

)and percent

) at 16 dpi. The lines of best fit for number of spores per bee and percent

mortality of bees are shown as black and grey dotted lines, respectively. The equation for the best
fitting line for spores per bee is:, y = 399942x2 - 2E+06x + 3E+06 R² = 0.8613 (P=0.0719)
and the equation for the best fitting line for percent bee mortality is: y = 3.0837x + 42.463, R²=
0.1766 (P=0.5797).
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Figure 2. 5 Dose effect of 1-8 cineole on the number of N. ceranae spores per bee (
mortality of bees (

)and percent

) at 16 dpi. The lines of best fit for number of spores per bee and percent

mortality of bees are shown as black and grey dotted lines, respectively. The equation for the best
fitting line for spores per bee is: y = -2E+06x2 + 1E+06x + 4E+06 R² = 0.1692, (P=0.5897) and the
equation for the best fitting line for percent bee mortality is: y = -2.4342x + 6.3545, R²= 0.8809
(P=0.0614).
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Figure 2. 6 Dose effect of anethole on the number of N. ceranae spores per bee (
mortality of bees (

)and percent

) at 16 dpi. The lines of best fit for number of spores per bee and percent

mortality of bees are shown as black and grey dotted lines, respectively. The equation for the best
fitting line for spores per bee is: y = 311762x2 - 774504x + 1E+07 R² = 0.9931 (P=0.0034) and the
equation for the best fitting line for percent bee mortality is: y = 2.923x2 - 14.703x + 20.28, R²=
0.8756 (P=0.0642).
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Figure 2. 7 Dose effect of linalool on the number of N. ceranae spores per bee (
mortality of bees (

)and percent

) at 16 dpi. The lines of best fit for number of spores per bee and percent

mortality of bees are shown as black and grey dotted lines, respectively. The equation for the best
fitting line for spores per bee is: y = -162666x + 1E+07 R² = 0.0641 (P=0.837) and the equation for
the best fitting line for percent bee mortality is: y = -1.7297x + 19.56, R² = 0.4765 (P=0.5149).
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Figure 2. 8 Dose effect of nano-encapsulated tea tree oil on the number of N. ceranae spores per bee
(

)and percent mortality of bees (

) at 16 dpi. The lines of best fit for number of spores per bee

and percent mortality of bees are shown as black and grey dotted lines, respectively. The equation for
the best fitting line for spores per bee is: y = -2728.7x + 2E+06 R² = 0.0984 (P=0.6863) and the
equation for the best fitting line for percent bee mortality is: y = 0.4305x + 30.884, R² = 0.9188
(P=0.0415).
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Figure 2. 9 Dose effect of lactic acid on the number of N. ceranae spores per bee (
mortality of bees (

)and percent

) at 16 dpi. The lines of best fit for number of spores per bee and percent

mortality of bees are shown as black and grey dotted lines, respectively. The equation for the best
fitting line for spores per bee is: y = -321093x + 5E+06 R² = 0.706 (P=0.1597) and the equation for
the best fitting line for percent bee mortality is: y = 3.299x + 16.928, R² = 0.2633 (P=0.4869).
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Figure 2. 10 Dose effect of acetic acid on the number of N. ceranae spores per bee (
mortality of bees (

)and percent

) at 16 dpi. The lines of best fit for number of spores per bee and percent

mortality of bees are shown as black and grey dotted lines, respectively. The equation for the best
fitting line for spores per bee is: y = 2E+06x + 5E+06 R² = 0.727 (P=0.1473) and the equation for
the best fitting line for percent bee mortality is: y = 21.72x2 - 30.422x + 30.492, R² = 0.8917
(P=0.0557).
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Figure 2. 11 Dose effect of propionic acid on the number of N. ceranae spores per bee (
percent mortality of bees (

)and

) at 16 dpi. The lines of best fit for number of spores per bee and

percent mortality of bees are shown as black and grey dotted lines, respectively. The equation for the
best fitting line for spores per bee is:, y = -2E+07x2 + 1E+07x + 7E+06 R² = 0.2333 (P=0.6780)
and the equation for the best fitting line for percent bee mortality is: y = 69.313x2 - 75.473x +
38.951, R² = 0.4712 (P=0.3135).
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Figure 2. 12 Dose effect of Bio-Mos on the number of N. ceranae spores per bee (
mortality of bees (

)and percent

) at 16 dpi. The lines of best fit for number of spores per bee and percent

mortality of bees are shown as black and grey dotted lines, respectively. The equation for the best
fitting line for spores per bee is: y = 2E+07x2 - 4E+06x + 2E+06 R² = 1 (P=0.0327) and the
equation for the best fitting line for percent bee mortality is: y = 32.792x2 + 29.181x + 37.071, R² =
0.9115 (P=0.0452).
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Figure 2. 13 Dose effect of Actigen on the number of N. ceranae spores per bee (
mortality of bees (

)and percent

) at 16 dpi. The lines of best fit for number of spores per bee and percent

mortality of bees are shown as black and grey dotted lines, respectively. The equation for the best
fitting line for spores per bee is:, y = 1E+06x2 - 2E+06x + 2E+06 R² = 0.6772 (P=0.1787)
and the equation for the best fitting line for percent bee mortality is: y = -34.552x2 + 101.24x +
24.823, R² = 0.9851 (P=0.0074).

69

3.0E+06

100
90
80
70

2.0E+06

60
1.5E+06

50
40

1.0E+06

Mortality %

Spores per bee

2.5E+06

30
20

5.0E+05

10
0.0E+00

0
0

0.2

0.4

0.6

0.8

1

1.2

mg/ml
Spores per bee
Mortality %
Figure 2. 14 Dose effect of Acid Pac on the number of N. ceranae spores per bee (
mortality of bees (

)and percent

) at 16 dpi. The lines of best fit for number of spores per bee and percent

mortality of bees are shown as black and grey dotted lines, respectively. The equation for the best
fitting line for spores per bee is: y = 2E+06x2 - 453723x + 2E+06 R² = 0.7991 (P=0.1065) and the
equation for the best fitting line for percent bee mortality is: y = -25.624x2 + 38.382x + 23.239, R² =
0.5932 (P=0.2298).
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Table 2. 3 Effect of zymosan, terpinen 4-ol, and cannabidiol on water and feed intake, mortality and
spores per bee. Bees were treated ad libitum with 3.86 mg/ml zymosan, 0.419 µl/ml terpinen 4-ol
and 2.2 µl /ml cannabidiol in 50% sugar syrup. Soy lecithin (1% w/w) was tested with terpinen 4-ol
and cannabidiol in one replicate. Water and feed intake were measured four times and mortality was
monitored at 4 day intervals over the 16 day experiment. The spores per bee were measured once at
the end of the experiment. Results are averages of 5 replicate cages for the control and treated groups
with each cage containing 50 bees. Significant differences between compounds and their controls are
identified with an asterisk (*) based on a two sample t-test with P=0.05.

Water intake
(ml/bee)

Feed intake
(ml/bee)

Mortality %
(over 16 days)

Positive control (Zymosan)

0.101

0.323

9.94%

7.72E+06

Zymosan

0.114

0.360

6.26%

4.85E+06 *

Positive control (Terpinen 4-ol)

0.088

0.350

28.4%

1.22E+07

Terpinen 4-ol

0.125

0.278 *

34.2%

1.64E+07

Terpinen 4-ol + lecithin

0.090

0.261

26.0%

1.63E+0.7

Positive control (Cannabidiol)

0.090

0.413

23.4%

4.31E+06

Cannabidiol

0.104

0.485 *

31.2%

4.16E+06

Cannabidiol+ lecithin

0.174

0.393

29.4%

3.60E+0.6
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Spores per
bee

2.5 Discussion
In most primary screens in a drug discovery program, measurements at a single
concentration are primarily used, even though chemicals typically display complex
concentration-dependent relationships resulting in high numbers of false positives and false
negatives (Miller et al., 2012). Using dose response curves to screen for drugs can provide data
on a range of doses, increasing the chance of identifying an effective dose. For example, this was
used in primary screens to discover compounds active against protein tyrosine phosphatase 1B, a
diabetes, obesity and cancer target in humans (Miller et al., 2012) and to identify pyruvate kinase
activators and inhibitors, a cancer target in humans (Inglese et al., 2006). However, dose–
responses are most often done with 7–10 data points per compound to show concentrationdependent relationships, and preferably even more doses should be done (Miller et al., 2012). In
this study, only 3 data points per compound were tested in the primary screening with the middle
dose determined based upon the dose obtained from the literature adjusted to the small size of
honey bees using either their weight or average feed intake.
Out of the 15 compounds tested in the dose response trials, 20% showed promising
results based upon a high R² value and sizeable slope for regression lines. This appeared to be a
relatively high success rate for primary screening as only tea tree oil (Santos et al., 2014), lactic
acid and acetic acid (Maggi et al., 2013) have been tested previously on honey bees among the
compounds tested, and only lactic and acetic acid have ever been tested against N. ceranae
infection (Maggi et al., 2013). This success may be due to the compounds being very selectively
chosen from many compounds identified during a literature review based on their potential to
improve gut health or act as an antimicrobial agent.
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Among the 15 compounds tested in the dose response assay, zymosan appeared to be the
most promising compound in controlling N. ceranae infection as it showed the strongest
significant dose response for reducing the number of spores per bee. This was correlated with a
significant dose response for mortality. Zymosan is a beta-glucan found in the cell walls of fungi
(Liu et al., 2011). The product tested in this study was from the cell walls of Saccharomyces
cerevisiae. Zymosan functions as a pathogen-associated molecular pattern (PAMP) for many
organisms, initiating an immune response (Soltanian, 2009). For invertebrates, such as fruit flies
and horseshoe crabs, zymosan has been shown to act as a PAMP inducing all the major immune
mechanisms, including the humoral, cellular and phenoloxidase (PO) cascades (Soltanian, 2009).
The interaction of zymosan with animal immune systems is highly conserved having been shown
to occur as well in mammals, such as mice (Liu et al., 2011) and rats (Vetvicka et al., 2007).
Thus, it was expected that this PAMP would have an immuno-stimulatory effect on the honey
bee.
Zymosan was previously tested in honey bees by Mazzei et al. (2016), who fed a
commercial form of β-glucan derived from S. cerevisiae to honey bees in sugar syrup that were
infected with Deformed Wing Virus (DWV), and they found that the compound significantly
reduced DWV titers. This was attributed to a stimulated immune system based on significantly
increased hemocyte counts, specifically plasmatocytes, which is related to encapsulation of
pathogens in immunity (Strand, 2008), and increased PO, which creates melanin that covers
pathogens during immunity (Strand, 2008). However, N. ceranae is present in the intestine and
inside the gut epithelial and not in the hemolymph (Keeling & Fast, 2002). Therefore, zymosan
may have worked through stimulating other aspects of the immune system, such as AMPs.
Among the three main immune system pathways, IMD, Jak/Stat and the Toll pathway (Evans et
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al., 2006), it is likely that β-glucans stimulate the Toll and IMD pathways as these have been
shown to be affected by fungal PAMPs, and those pathways control the production of
compounds like the AMPs (Soltanian, 2009). This could help reduce spore production by N.
ceranae in the infected intestinal endodermal cells, thus reducing their mortality as well as the
mortality of bees fed zymosan.
As the regression equation was significant for zymosan, it was tested in a secondary
screening with replications at one dose, 3.86 mg/ml, which was approx. 20% higher than tested
in the dose-response screening. This was predicted to result in complete spore suppression.
Although that dose did significantly reduce spore numbers compared to the control, the number
of spores was far higher than that predicted. Zymosan may not have been as successful as
predicted because the replicated dose trials were done using spring bees, instead of winter bees.
Spring bees generally have stronger infections by N. ceranae, which may indicate a weaker
immune response than winter bees, and a weaker immune response may have limited the ability
of zymosan to sufficiently stimulate the immune system. Despite these issues, zymosan was
effective, but further work is needed using zymosan as an option for controlling N. ceranae
infection without the use of antibiotics. Perhaps different doses are required at different times of
the year to achieve the similar levels of induction of the immune system.
Terpinen 4-ol was another promising compound in controlling N. ceranae in the honey
bee from the dose response results, although the response was not linear like it was with
zymosan, and only the highest dose reduced spore counts. However, there was a much clearer
dose response in reduced mortality for all tested doses. Terpinen 4-ol is the main component of
Melaleuca alternifolia essential oil (Li et al., 2016). It has multiple activities, such as being antiinflammatory by supressing the production of macrophage inflammatory protein-2 (Ninomiya et
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al., 2013) and activating white blood cells (Budhiraja et al., 1999). It is also believed to be
antimicrobial by damaging cytoplasmic and organelle membranes of microbes, allowing their
cytoplasm to leak out leading to cell death (Li et al., 2016; Shao et al., 2013). This has been
shown for fungi, such as Botrytis cinerea (Shao et al., 2013), but there are no reports of it with
microsporidians.
While the antimicrobial activity of terpinen 4-ol against N. ceranae spores could possibly
explain the reduction in spore numbers and reduced mortality, it does not explain why the two
lowest doses resulted in higher spore numbers, even though they still reduced mortality
compared to the control. One possibility is that lower doses of terpinen 4-ol is benefitting the
bee, such as by being anti-inflammatory, without directly affecting the fungus. Another
explanation could be that lower doses of terpinen 4-ol are not able to kill N. ceranae spores in
the gut or infected intestinal endothelial cells but may be having an effect on another detrimental
microbe, such as bacteria in the gut of the bee, increasing health and longevity. Considering the
wide range of its activity against different bacterial species, such as against human oral bacteria
by TTO (Hammer et al.,2003), terpinen 4-ol could be reducing a range of bacterial species in the
honey bee gut, including those that are detrimental.
Considering the response to the different doses of terpinen 4-ol, it was surprising that
none of the doses of TTO nanoparticles tested were able to reduce N. ceranae spore loads in this
study, and mortality actually significantly increased with the increasing doses of TTO
nanoparticles. It is possible that TTO nanoparticles are toxic to honey bees when given orally at
the doses tested in this experiment. Nanoparticles of terpinen 4-ol were more stable and better
able to kill Candida albicans in biofilms, and thus are more effective than terpinen 4-ol alone
(Sun et al. 2012). The broad range of antimicrobial properties of TTO attributed to terpinen 4-ol
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( Li et al., 2016; Ninomiya et al., 2013; Shao et al., 2013) coupled with greater activity could
result in broad ranging killing of the intestinal microflora of the treated bees, including the
beneficial bacteria, resulting in increased mortality.
As the regression equation was significant for terpinen 4-ol, it was tested in a secondary
screening with replications at one dose, 0.419 µl/ml mg/ml, which was approx. 10% higher than
highest dose tested in the dose-response screening. This was predicted to result in complete spore
suppression. However, that dose did not significantly reduce spore numbers compared to the
control, and the number of spores was far higher than that predicted. Bees treated with terpinen
4-ol also had a higher mortality on average than the positive control bees, which contrasts with
the prediction from the dose response screening. One factor could be that that sugar syrup
containing terpinen 4-ol was less palatable as bees consumed significantly less syrup, which
could have contributed to increased mortality. The inclusion of soy lecithin as an emulsifier did
not alter spore numbers, mortality or syrup consumption, and thus solubility did not appear to be
an issue. Terpinen 4-ol may not have been as successful as predicted because the replicated dose
trials were done using spring bees, instead of winter bees, which may have stronger immune
systems. This would not affect its antimicrobial activity, but would affect terpinen 4-ol activities
mediated through the host, such as activation of defensive hemocytes and anti-inflammatory
properties, thus limiting the ability of terpinen 4-ol to sufficiently stimulate the immune system.
It would be interesting to test terpinen 4-ol again but using fall treatment with winter bees.
Cannabidiol (CBD), a non-psychotropic essential oil component derived from Cannabis
sativa, also showed promising results in controlling N. ceranae infection in the honey bee from
the dose-response screening. CBD was able to moderately reduce spores at the higher doses
tested, and showed a clear dose response, as indicated by a high R² value. CBD has significant
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antioxidant and anti-inflammatory properties in mammals, such as mice (Borrelli et al., 2009;
Rajan et al., 2016), and it has antibacterial activity, such as against S. aureus (Appendino et al.,
2008). However, Appendino et al. (2008) were unable to determine the mechanism of CBD
antimicrobial activity. CBD itself has not been reported for antifungal activity, but CBD-like
compounds, showed activity against Candida albicans (Muhammad et al., 2003). CBD or CBDlike compounds have never been tested on microsporidians. CBD showed a significant dose
response in reducing spores per bee, but only the highest dose was able to reduce spore loads
compared to the positive control. CBD also showed a similar dose response effect on mortality,
suggesting that it was due to reduced spore loads. Lesser doses of CBD increased spore loads
compared to the control, indicating that dose is critical to the efficacy of this compound.
CBD was tested at the predicted optimal dose of 2.2 µl /ml, with replicated doses, which
was approximately 15% higher than the highest dose tested in the dose-response screening.
However, that dose of CBD did not show a statistically significant reduction of N. ceranae spore
loads or mortality compared to control bees. As the bees consumed significantly more sugar
syrup containing the compound compared to control bees, CBD appears to be very palatable and
thus may have other applications in apiculture, like improving the palatability of feed. CBD with
or without soy lecithin as an emulsifier showed no difference in spore loads indicating that
solubility was not an issue. More different doses of CBD with more replications may be needed
to determine its effects on bees, including N. ceranae spore loads, honey bee mortality and feed
consumption. It would be interesting to see if administration of CBD to field colonies might
increase food consumption resulting in greater foraging activity and therefore honey production.
Citral was only a partially promising compound in controlling N. ceranae infection in the
honey bee from the primary dose-response screening. Citral showed appreciable antimicrobial
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activity against Gram-positive and Gram-negative bacteria, like E. coli (Onawunmi, 1989). It
also has antifungal properties against fungi, such as Candida spp. that infect humans (Silva et al.,
2008) and Penicillium italicum that infects citrus fruit (Tao et al, 2014). Although the medium
dose of citral reduced spores per bee by 95%, it showed a non-significant dose response and the
medium dose also caused much higher mortality than the positive control. In a similar way to
terpinen 4-ol, citral penetrates the membrane of microbes reducing their integrity, allowing
cytoplasmic fluid to leak out, eventually killing the cell (Tao et al., 2014). As citral is a nonspecific antimicrobial compound, the dose administered to the honey bee may be of great
importance in its effectiveness for Nosema control. Low doses may be insufficient in suppressing
the growth of N. ceranae spores, which may explain the high spore loads at the lowest dose of
citral tested in this study, but high doses may harm beneficial microbes, such as gut bacteria.
Altering the gut microbiota has been shown to lead to a number of honey bee health problems,
including increasing Nosema infection (Alberoni et al., 2016; Cox-Foster et al., 2007; Schwarz
et al., 2016). This may explain the high spore loads seen at the higher dose of citral in this
experiment.
1-8 Cineole was only partially promising in controlling N. ceranae infection in the honey
bee. 1-8 Cineole was able to reduce spore loads at both the high and low doses compared to the
control, but had little effect at the medium dose. The dose response of 1-8 cineole on number of
spores per bee was not significant, and therefore it was not selected for further testing. However,
the dose response for mortality was moderately significant, suggesting lower mortality rates at
higher doses. 1-8 Cineole has been shown to have anti-inflammatory properties, reducing several
classes of pro-inflammatory cells in mice (Li et al., 2016). Furthermore, 1-8 cineole has been
found to be antimicrobial to species of bacteria, such as Staphylococcus aureus (Hendry et al.
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2009). However, it has never been previously reported to be tested on arthropods. The
antimicrobial activity of 1-8 cineole may explain the reduction in spore loads seen in all doses
tested, and both the antimicrobial and anti-inflammatory activities may explain the decrease in
mortality observed. Replications and more doses are needed to determine if 1-8 cineole will be a
promising compound.
Anethole was not a promising compound in the primary screening. Anethole did not
decrease spore numbers and only reduced mortality at the medium dose. Anethole has antiinflammatory properties and has been shown to reduce the number of pro-inflammatory cells,
such as neutrophils, macrophages, and pro-inflammatory cytokines in mice (Kang et al., 2013).
Anethole also has antifungal activity against S. cerevisiae (Kubo et al. 2007). However, it has
never been previously reported to be tested on arthropods or against microsporidians. In honey
bees, pro-inflammatory cells can also be suppressed during infection of the gut lining with N.
ceranae (Dussaubat et al., 2012; Ishii et al., 2015). Therefore, anethole may be able to reduce
inflammation in the gut cells, and allow the digestive system to function normally during
infection. This may explain the reduction in mortality with anethole over control bees, but it
appears that the antifungal activity of anethole is limited against N. ceranae. However, the
addition of anethole to a compound with antimicrobial activity against N. ceranae may be
beneficial.
Linalool also did not show promising results in controlling N. ceranae in this experiment.
Linalool has antimicrobial properties against Rhodococcus equi, a pathogen of horses and
Staphylococcus epidermides, a pathogen of humans (Queiroga et al., 2007). However, there are
no reports of linalool being tested against Nosema spp. Linalool also has anti-inflammatory
activity (Peana et al., 2002) and anti-cancer activity (Iwasaki et al., 2016). At the lowest dose
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tested, linalool moderately reduced spore number per bee compared to the positive control,
corresponding with a reduction in mortality, but at the higher dose tested, spore numbers were
similar to the control. No significant dose response was seen. This suggests that testing lower
doses would be beneficial, and the benefits may be more related to anti-inflammatory rather than
antimicrobial activity.
The organic acids, lactic acid, acetic acid and propionic acid, and the combination of
acids and enzymes in Acid Pac were selected for testing in controlling N. ceranae in the bees
because of promising results in other studies. Audisio et al., (2011) showed that lactic acid
producing bacteria were directly antimicrobial to pathogenic bacteria of honey bees in vitro, and
Audisio et al., (2015) reported a decrease in N. ceranae levels in field colonies when fed lactic
acid producing bacteria. However, the effects could be due to multiple activities of the bacteria
rather than just lactic acid production. Direct testing of organic acids by Maggi et al., (2013)
showed that feeding lactic and acetic acids reduced N. ceranae infection levels in field colonies.
Organic acids are a product of the gut microbiota, specifically Lactobacillus spp., and in the gut
of the honey bee, and they can reduce the growth of competing bacteria that may be pathogenic
(Audisio et al., 2011). Organic acids can also cause thickening of the peritrophic membrane in
the gut lining of the honey bee, making penetration by Nosema spores more difficult (Maggi et
al., 2013). However, none of the organic acids tested reduced Nosema spore numbers or
decreased mortality. Lactic acid did reduce spore loads at the medium and high doses, and it is
possible that higher doses would be more effective. However, no significant dose responses for
reducing spore numbers or reduced mortality were seen for lactic acid. Acetic acid and propionic
acid generally increased spore numbers above control levels and slightly decreased mortality, but
no significant dose responses were found for either spore number or mortality. The results for

80

Acid Pac was similar to that of acetic acid. Acid Pac contains amylase, protease and cellulase
with citric acid and it lack of activity indicates that citric acid is no more effective than acetic
acid and the addition of enzymes to the acid provided little benefit. Acid Pac is marketed for use
in pigs, poultry and cows to aid in healthy gut function and digestion by decreasing the gut pH
and supplementing digestive enzymes. It appears to have limited potential for honey bees. One
reason that lactic, acetic and propionic acids were not successful could be the type of food in the
experiment. Sugar syrup is relatively simple for honey bees to digest compared to pollen, which
may require more assistance of the gut microflora. The addition of organic acids to the diet has
been shown to benefit the digestion of pollen (Lee et al.,, 2015). As pollen was not provided in
this study, those beneficial effects may not have taken place, and thus the organic acids may have
not have shown their real potential.
Mannan-oligosaccharides (MOS) have been shown to stimulate the immune system of
animals when included in the diet, which is likely a result of the oligosaccharides having a
PAMP-like interaction, very much like the β-glucan, zymosan. MOS can also affect the growth
and adhesion of bacteria, such as Vibrio anguillarum, to the gut epithelium due to its ability to
bind to the glycol-protein receptors and block them (Torrecillas et al., 2011). These could
explain how MOS suppresses the growth and abundance of pathogenic bacteria but allow
beneficial bacteria to flourish in the gut (Giannenas et al., 2016). The MOS product Bio-Mos is
marketed for cows and pigs and is promoted to improve gut health, digestion and prevent the
adhesion of pathogenic bacteria like E. coli, and the MOS product Actigen is also marketed for
cows and pigs and is claimed to stimulate the immune system by increasing the numbers of
leukocytes, lymphocytes and neutrophils. The MOS in both Bio-Mos and Actigen is obtained
from the enzymatic hydrolysis of the inner cell wall of S. cerevisiae. but Actigen is a more
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concentrated form of MOS than Bio-Mos. Only Actigen decreased spore loads, but mortality was
extremely high in bees fed Bio-Mos or Actigen. It is not clear why these sources of MOS should
be detrimental to honey bees. Perhaps, PAMP-like activity or blocking bacterial binding
negatively affected beneficial gut microbes in the honey bee. Another issue may be that the doses
used in this experiment were calculated from doses recommended for large animal livestock
species, and thus much lower doses are needed to avoid toxicity.
Many of the compounds tested showed some promise, either by reducing spore numbers
or increasing mortality. However, only zymosan had significant effects on N. ceranae spore
loads and bee mortality in both the primary dose-response screening and the secondary replicated
screening with one dose. Limitations of the experimental design was that only three doses of
each compound were tested, which could have resulted in false negatives. To address this, one
could test 7–10 doses, and preferably even more doses, for each compound such as suggested by
Miller et al. (2012) to more accurately show concentration-dependent relationships with a wider
range of doses than tested in these experiments.
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Chapter 3. Control of the parasitic fungus Nosema ceranae using natural compounds in
honey bee colonies
3.1 Introduction
Nosema ceranae and N. apis are microsporidian parasites of the honey bee ventriculus.
Microsporidia are obligate, spore forming fungal parasites, causing chronic infections on their
hosts, in most cases insects (Higes et al., 2006). The life cycle of N. ceranae and N. apis are
similar, with spores being ingested, germinating in the ventriculus and penetrating epithelial cells
of that organ. The parasites reproduce and then rupture the host cells, returning back into the gut
in as little as six days (Fries et al., 1992). N. ceranae has replaced N. apis as being the most
prevalent microsporidian in honey bee colonies in Canada and other countries (Emsen et al.,
2016; Klee et al., 2007). According to European researchers, the economic impact of N. ceranae
can be severe due to depopulation, reduced brood rearing, reduced honey crops and higher winter
mortality of colonies (Botías et al., 2013; Higes et al., 2006, 2007; Maggi et al., 2013; MartínHernández et al., 2007), although this scenario does not seem to be apparent in North America
(Guzman-Novoa et al., 2010).
For over 60 years, fumagillin has been the only registered antibiotic for use to treat
Nosema spp. in honey bees in North America (Huang et al., 2013). Fumagillin is a potent fungal
antibiotic that was first obtained from the fungus Aspergillus fumigatus in 1949 (van den Heever
et al., 2015). While effective, fumagillin poses concerns in food safety through the
contamination of hive products, such as honey and wax with residues of the antibiotic (Stoltz et
al., 1970; van den Heever et al., 2016). Additionally, the commercial formulation of fumagillin
sold in North America has been recently discontinued. Clearly, alternative compounds are
needed to control Nosema infections in honey bee colonies. Alternative approaches to antibiotics
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for improving the intestinal health of animals include essential oils or their active components,
prebiotics, probiotics and nutraceuticals (Naseri et al., 2012). In exploring some of these
alternatives for Nosema control in honey bees, a literature search was conducted, and several
compounds of these natural products were chosen for testing in honey bee colonies. Potential
compounds were selected based on their potential to benefit gut health, as N. ceranae damages
the gut epithelial lining of the bee. Potential compounds were also selected based on their
antimicrobial and specifically antifungal properties.
Essential oils are concentrated liquids from plants that contain volatile compounds,
mainly terpenoids and phenols (Hawrelak et al., 2009). Dietary intake of essential oils or their
components can help to increase host resistance to pathogens, such as eugenol from Syzygium
aromaticum that thickened the inner mucus layer of mice, increasing resistance to the enteric
pathogen Citrobacter rodentium (Wlodarska et al., 2015).
Prebiotics are defined as non-digestible food ingredients that benefit animals by
selectively stimulating the growth and activity of certain bacteria in the colon (Gibson &
Roberfroid, 1995). For example, chitosan, a potential prebiotic, is a deacetylated form of chitin
from the shells of crustaceans that can be directly antimicrobial. It has been found to inhibit the
growth of Serratia marcescens, a bacterial pathogen of Bombyx mori, both in vitro and in vivo
(Li et al., 2010). Specifically in bees, administration of chitosan was associated with a significant
decrease in the number of N. ceranae spores and an increase in the expression of genes
regulating antimicrobial peptides such as hymenoptaecin and defensin 2, when tested in a
laboratory setting (Valizadeh, 2016).
Probiotics are defined as living microbial food supplements for aiding animal health by
improving the balance of intestinal microorganisms (Fuller, 1989). One example is Enterococcus
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faecium, which is found in the intestines of a range of animals, including honey bees (Audisio et
al., 2011). E. faecium exhibits antimicrobial properties through the production of bacteriocin-like
compounds, that may aid in the prevention of N. ceranae infection (Audisio et al., 2011). These
antimicrobial properties might aid in controlling N. ceranae infections, although this hypothesis
has never been tested. The addition of E. faecium to pollen patties has been shown to increase the
digestibility of pollen substitutes and reduce honey bee mortality (Kaznowski, 2005). E. faecium
also produces lactic acid in the midgut of the honey bee (Audisio et al., 2011). Lactic acid causes
thickening of the peritrophic membrane in the ventriculus epithelium (Maggi et al., 2013). As
Nosema must go through this membrane to infect epithelial cells, this may be a mode of defense
against Nosema infection (Audisio et al., 2011; Belhadj et al., 2010). Protexin® (Probiotics
International Ltd., Lopen Head, Somerset, United Kingdom) a commercially formulated
probiotic, contains a single strain of E. faecium, that is marketed for improving the microbiota
and gut health of animals. If E. faecium were to provide similar benefits to honey bees, it could
help improve health, and re-establish the gut microbiota altered by antibiotic administration (Li
et al., 2017). This hypothesis is supported by the findings of Borges (2015), where Protexin®
was found to decrease Nosema spore levels by 50% compared to control bees in 16-day cage
experiments. Additionally, the mortality of bees fed Protexin® was lower than that of control
bees not infected with N. ceranae.
Nutraceuticals are pharmaceutical grade food ingredients with medicinal properties
(Ajibola et al., 2012). Naringenin, a flavone from citrus fruits, is anti-inflammatory as it can
increase the abundance and activity of antioxidants, scavenging ROS and other free radicals and
decreasing the levels and activity of pro-inflammatory cytokines in mice (Amaro et al., 2009).
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Feeding it to caged honey bees in the laboratory, resulted in a 70% reduction in N. ceranae spore
numbers and low mortality after 16 days (Borges, 2015).
The objective of this study was to determine the effect of one active component of an
essential oil (eugenol), one prebiotic (chitosan), one probiotic (Protexin®) and one nutraceutical
(naringenin) administered in solid or liquid form to field colonies on different parameters. We
hypothesized that feeding these compounds to honey bees infected with N. ceranae, would result
in a significant reduction in N. ceranae infectivity and infection intensity and improve colony
population, honey production and over-wintering survival.
3.2 Materials and Methods
3.2.1 Experimental overview
In the spring of 2017, colonies with natural Nosema infections were identified and moved
to an isolated experimental apiary. Colonies were allocated into one of 11 treatment groups. The
colonies were assessed for Nosema spore loads and population, providing pre-treatment data.
Treatments were applied in both sugar syrup and protein patties and the colonies were sampled
for Nosema spore loads and bee population several times throughout the year, and honey
production was recorded. The colonies were allowed to winter outdoors until the spring of 2018.
In the spring of 2018, the colonies were inspected for mortality, Nosema spore loads and bee
population. The study concluded after the spring inspection in 2018.
3.2.2 Screening for nosema disease and establishment of experimental apiary
Colonies that had pre-existing N. ceranae infections were used in this experiment since it
is a common practice to use naturally infected colonies in field experiments (Fries et al., 2013;
Gajger et al., 2015; Higes et al., 2009; Maggi et al., 2013; Schwarz, & Evans, 2013). The
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colonies were obtained from the University of Guelph Honey Bee Research Centre and a local
commercial beekeeper.
More than 150 colonies were initially screened for the presence of Nosema spp. spores.
Samples of aproximatly 100 bees were collected from the inner cover of each hive in glass jars
with 75% ethanol. In the laboratory, 25 abdomens from each sample were placed in a mortar
with 25 ml of dH20. The abdomens were macerated with a pestel and 10 µl of the solution
(avoiding larger pieces) were placed on a microscope slide. Using an optic microscope (400 X
magnification, Omax 40x-2500x, United Scope Inc. Kitchener, On, Canada) the sample was
evaluated for the presence of Nosema spores (either positive or negative). The Nosema species of
positive colonies was determined as per Hamiduzzaman et al. (2010), finding that they were
infected with N. ceranae only, with N. apis being totally absent. A total of 60 positive, and 6
negative colonies were included in the experiment, and moved to two experimental apiaries.
On May 18th 2017, all hives were sampled again to confirm N. ceranae infection.
Samples of about 100 bees were taken and analyzed in the lab as previously described (refer to
section 3.2.4 for details). In addition to detecting N. ceranae spores, a sample of the abdomen
macerate solution was placed on a hemocytometer and the spore loads were quantified. The
colonies were evenly distributed amongst the 11 treatment groups based on their spore loads.
This practice was followed to have 10 treatment groups (and one negative control) with similar
N. ceranae infection levels at the beginning of the experiment. The mean number of N. ceranae
spores per bee of the experimental colonies was 3.88E+06 ± 4.8E+05. Colonies were
individually identified by a numbered livestock tag. Additionally, colonies received a tag
identifying their treatment group.
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The experimental apiary in this study consisted of two bee yards in close proximity (less
than 5 km) to each other with very similar bee forage. The experimental hives were split into two
yards because of concerns that 66 hives would overpopulate one yard. To reduce yard effects on
the data, hives from a treatment group were evenly split between the two locations (3 hives at
each yard totalling 6 in a treatment group).
3.2.3 Treatments
Adding treatments to sugar syrup is very efficient and the most common method of
treatment administration to full sized honey bee colonies (Gajger et al., 2015; Huang et al., 2013;
Maggi et al., 2013). However, recent research suggests that compounds incorporated in a source
of lipids and proteins, like pollen or protein patties may be metabolizes differently in the honey
bee (Sammataro et al., 2009). Therefore, both methods of treatment administration were used in
this study.
The compounds tested were Protexin®, naringenin, chitosan and eugenol. The doses of
each compound were selected from previous studies and are shown in Table 3.1. The dose per
hive was calculated using the total consumption of the compound by each bee (calculated from
the studies) and multiplied by 12000. It is estimated that a single deep hive consists of about
12000 bees in the spring (Medivet Pharmaceuticals Ltd., 2018.), therefore, this number was used
in our calculations. Three control groups were included in the study. A positive control
consisting of colonies infected with N. ceranae and receiving no treatment, a negative control
consisting of Nosema-free colonies receiving no treatment, and a standard control, consisting of
colonies infected with N. ceranae and receiving the antibiotic fumagillin as per the label.
The protein patties were composed of 300 g sucrose, 76 g brewer’s yeast (Bulk Barn,
Guelph Ontario), 36 g egg powder (Elmira Pet Products, Elmira, Ontario, Canada), 33 ml water,
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5 ml canola oil (Metro, Guelph, Ontario, Canada), 5 ml lemon juice (Metro, Guelph, Ontario,
Canada) following a recipe from the Ontario Beekeepers Association Technology Transfer
Program (Les Eccles, personal communication)
The protein patties used were made following a recipe from the Ontario Beekeepers Association
Technology Transfer Program (Table 3.2). The ingredients were mixed using a Hobart mixer
(The Hobart MFG. CO. LTD, Don Mills Ontario, Canada). The patties for each treatment group
were mixed separately. Each colony received a 1 Lb (0.45 kg) patty, therefore, a batch of six
pounds (2.72 kg) was mixed at a time. Treatment groups receiving compounds in their patties
(Protexin® Patty (Protexin P), Naringenin Patty (Naringenin P), Chitosan Patty (Chitosan P) and
Eugenol Patty (Eugenol P) had the assigned doses of the compounds added to the patty. Regular
patties with no additives were made for treatment groups not receiving treated patties (positive
control, negative control, fumagillin control, Protexin® Syrup (Protexin S), Naringenin Syrup
(Naringenin S), Chitosan Syrup (Chitosan S) and Eugenol Syrup (Eugenol S). All colonies
received a 1 Lb protein patty in both the spring and the fall. The patties were sandwiched in a
sheet of wax paper and the paper was scored with a hive tool. The patty was then placed on the
top bars of the hive right above the brood nest. Care was taken to ensure that each colony
received the correct patty (treated or regular).
Treatment groups to receive treatment in sugar syrup (fumagillin, Protexin® S,
naringenin S, chitosan S and eugenol S) had compounds incorporated in the syrup with each
colony receiving 2 L. The syrup used in this study was made with 65% sucrose and 35% water.
Treatment groups not receiving treatments in the syrup (positive control, negative control,
Protexin® P, naringenin P, chitosan P and eugenol P) received 2 L of regular syrup. In this way,
every experimental colony received 2 L of sugar syrup and 1 Lb of protein patty with treatments
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administered in either the syrup, the patty or no treatment. The syrup was delivered to the colony
in hive-top feeders.
Eugenol and naringenin required the addition of 2 ml and 8 ml ethanol, respectively (per
hive) to dissolve. Ethanol (75%) was added as a solvent to a 50 ml tube along with the
compound and the tube was vortexed. The amounts of ethanol required were taken directly from
the same studies that were used to obtain the doses. Compounds were added dry (except for
eugenol and naringenin) to the protein patty during the mixing process. All compounds added to
the sugar syrup were first mixed with 250 ml of sugar syrup in a glass jar and shaken until
dissolved. This solution could then be easily mixed into the sugar syrup of individual colonies in
the field.
Experimental colonies were treated both in spring and fall during 2017. The spring and
fall treatments took place on May 31st and September 28th, respectively. The treatment protocol
was the same on both dates. Treatments were applied in the spring before honey supers were
added to the hives to prevent contamination of honey. Fall treatments were applied after honey
supers were harvested for the same reason.
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Table 3. 1 Doses of compounds for treating N. ceranae infected honey bee colonies. Doses were
calculated based on previous studies. Colonies were assumed to contain approximately 12000 bees at
the time of spring treatment. Therefore, the doses were calculated accordingly. The dose for eugenol
was obtained from preliminary cage trials conducted in 2016 for this thesis.

Compound
Fumagillin
Eugenol
Protexin®
Naringenin
Chitosan

Dose per
colony
2.5 g
130.9 mg
10.11 g
10.3 g
0.6 g

Source

Method

Medivet Pharmaceuticals Ltd., 2018.
This Thesis
(Borges, 2015)
(Borges, 2015)
(Valizadeh, 2016)

Syrup
Syrup
Syrup
Syrup
Syrup
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3.2.4 Nosema sample collection and analysis
Samples of approximately 200 adult worker bees were collected five times during 2017
to be analyzed for N. ceranae infectivity (percent infected bees) and infection intensity (spore
count per bee). Samples 1, 2, 3, 4 and 5, respectively, were collected on May 31st, June 21st,
August 2nd, Sept 28th and October 19th. A sample was also collected in the spring of 2018.
Sample 1 was the pre-treatment sample, which provided the base line infection level. Sample 2
was taken three weeks after the treatments to detect any changes in spore loads due to treatment
(Higes et al., 2008). Sample 3 was the mid-summer sample, aimed at the detecting any bounceback in infection intensity. Sample 4 was collected just prior to the fall treatment application,
again giving us pre-treatment infection levels. Lastly, sample 5 was collected three weeks after
the fall treatments were applied, allowing us to look for fall treatment effects. In order to collect
older bees, which consistently show the highest N. ceranae infection levels (Fries et al., 2013;
Maggi et al., 2013), samples were obtained from the honey supers (when supers were present) or
from the inner covers (when supers were not present). Samples were collected by removing a
frame and holding it at a 45% angle to the ground. An empty jar (500 ml) was then run along the
frame, collecting the bees with a rolling motion. When enough bees had been collected, the bees
were transferred into a jar containing 100 ml of 75% ethanol. This immediately killed and
preserved the bees. A paper tag, written on with lead pencil, was placed inside each jar to
identify the sample. The samples were transported to the laboratory and analyzed for both spore
counts and percent infected bees.
To obtain a representative infection intensity of each sample, 50 abdomens were removed
from the bees with tweezers. The abdomens were placed in 7” x 11” 3 mm plastic Vacuum Bags
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(Shortreed, Guelph, Canada). 50 ml of dH20 were added to the bag (1 ml/abdomen). The bags
were then placed in a stomacher machine (Stomoacher 400 Circulator, Seward, Worthing, West
Sussex, United Kingdom) and macerated for 60 s (Higes et al., 2013). 10 µl of the resulting
homogenate were placed on a hemacytometer using a micropipet. The spore loads were then
quantified under an optic microscope at 400 X magnification as per Cantwell (1970). The
stomacher machine was used instead of a mortar and pestel for several reasons. Using the
stomacher machine, we were able to double the number of abdomens from 25 using the
traditional mortar and pestal to 50. This larger sample size increases the accuracy of analysis
over the traditional method. The stomacher machine also allows each sample to be homogenized
for exactly 60 s, eliminating the human variance of crushing samples by hand with a mortar and
pestel. This again increases the accuracy of results.
To determine infectivity, the percentage of N. ceranae infected bees were analyzed from
each sample. The gut contents of each of 30 bees in a sample were individually expelled onto a
microscope slide and a cover slip was placed above the slide. The expulsion was performed by
holding the abdomen between the thumb and index finger and applying gentle pressure until the
gut contents came out. Each slide was individually examined under the microscope to determine
the presence or absence of N. ceranae spores at 400 X magnification. We therefore found the
number of bees out of 30 that had N. ceranae spores, and could calculate the infection
percentage. To obtain these data, our team examined the gut contents of 10,800 individual bees
during the 2017 season.
3.2.5 Assessments of colony populations
Colony assessments were preformed three times (May 31st, August 2nd and Sept 28th)
during 2017, and once in the spring of 2018. These assessments were intended to evaluate any
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effect of treatments on colony population growth. During a colony inspection, all frames in a
colony were removed and the adult and brood population were recorded. The adult population
was determined by counting the number of frames covered with adult bees, whereas the brood
population was calculated by counting the number of frames covered with brood (of all ages).
Colony assessments were performed by the members of the Ontario Beekeepers Association
Technology Transfer Program as per Delaplane et al. (2013).
3.2.6 Honey production
Honey supers were harvested from the experimental colonies on Aug 11th and Sept 28th
2017. Supers were labeled with the hive number they were harvested from. The supers were
individually weighed before and after extraction using a single beam platform scale (Detecto 500
lb, Cardinal Scale Manufacturing Co. Webb City Missouri, USA). Care was taken to return the
frames to the super they came from, ensuring any weight differences could be attributed only to
honey yield. This provided us with the honey production of each colony for the 2017 season.
3.2.7 Winter survival
Experimental colonies were assessed again in the spring of 2018 (May 15th). Samples
were taken for one final N. ceranae spore analysis, and colony assessments were performed as
described above. Colonies that died during the winter were recorded and this information was
used to calculate winter mortalities of the treatment groups.
3.2.8 Experimental colony management
Several aspects of colony management were performed on experimental colonies that
should be mentioned. All experimental colonies were treated with Oxytetracycline (Oxytet-25®,
Medivet Pharmaceuticals Ltd., Alberta, Canada) as per the label recommendations on April 11th
2017. Treatment with Oxytetracycline was done to prevent American and European foulbrood
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that could interfere with the variables evaluated. Swarm prevention took place on all
experimental colonies on May 23rd 2017. This was necessary because swarming would affect our
population and honey production data. To prevent swarming, all frames were removed from the
hives and swarm cells were destroyed. Varroa mites were controlled in experimental colonies
with Apivar® (Amitraz)(Vito-Pharma, France) as per the label recommendations. Two strips
were placed between the frames of the brood chamber on Sept 28th 2017. The strips were left in
place until November 8th.
3.3 Statistical analysis
3.3.2 Effect of treatments on N. ceranae infection intensity
The associations between the treatments and Nosema spore loads, the response variable,
were examined using generalized estimating equations (GEE). Because the response variable
constitutes count data it was modeled with a Poisson distribution in the analysis. We used GEE
in the analysis to take into account the over dispersion of spore counts between hives and the
dependence of spore counts within hives. Also, because the data were not normally distributed
and the variance was heterogeneous, the Johansen’s general formulation of Welch-James’s
statistic with approximate degrees of freedom with trimmed means and Winsorized variances
was implemented on the data. Trimmed means and Winsorized variances were implemented to
achieve robustness against non-normality (Villacorta, 2017). All the analyses were adjusted for
time to analyze changes in data between specific time points.
The effect of the treatments on spore loads were examined for a short term (three weeks after a
treatment was applied) as well as for a mid-term (from May 18th to October 5th). We also
examined the effect of treatments on spore loads every 3-4 weeks. Pairwise multiple
comparisons between treatments were carried out to test which pairs of treatments were
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statistically different. The statistical analyses were performed using the R version 3.3.1 with the
significance level set at P < 0.05.
3.3.3 Effect of treatments on percent infected bees (infectivity)
The number and percentage of infected bees were calculated for each treatment from the
data collected on May 18th (Sample 1) and on June 21st (Sample 2). The association between
treatments and the number of positive bees was also examined with GEE. The response variable
was the number of positive bees out of 30 bees analyzed for each treatment. Therefore, this
discrete variable was also modeled with a Poisson distribution in the analysis. Again, GEE was
used to adjust for the overdispersion of the counts between hives and dependence of the counts
within hives.
The mean proportion of infected bees was calculated for each treatment. Given that the
response variable was a nominal variable with two categories, infected or non-infected bees, and
observations were dependent, the effect of a treatment on the mean proportion of bees before a
treatment and after was assessed with the McNemar’s Chi-square test with continuity correction.
The statistical analyses were performed using the R version 3.3.1 with the significance level set
at P < 0.05.
3.3.4 Effect of treatments on brood and adult bee populations
The associations between the treatments and the number of frames with brood as well as
with the number of frames with bees were examined with a linear regression model, using the
difference in the number of frames between May 31st and August 2nd (short term) and between
May 31st and Sept 28th (mid-term). The number of frames with brood were transformed with the
power of -1 to satisfy the assumptions of the linear regression analysis in the short term. The
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statistical analyses were performed using the R version 3.3.1 with the significance level set at P <
0.05.

3.3.5 Effect of treatments on honey production
The data on honey production between positive hives, negative hives and hives treated
with different treatments were compared with the Student t-test. The normality assumption was
verified with the Shapiro-Wilk test. The statistical analyses were performed using the R version
3.3.1 with the significance level set at P < 0.05.
3.3.6 Effect of treatments on winter mortality and spring data
Data collected from experimental colonies in the spring of 2018 were used to determine
spores per bee, percent infected bees, adult bee population, brood population and winter
mortality. Statistical analysis for spores per bee, percent infected bees, adult bee population and
brood population was performed as in the previous sections.
The number of frames with adult bees or brood were compared between treatment groups
on a single date (May 15th 2018) instead of two dates, and data were subjected to a linear
regression model. The reference level was positive control colonies. The assumption of
normality was verified as before. The statistical analyses were performed with the significance
level set at P < 0.05 using the R version 3.3.1.
The winter mortality data is presented as percent mortality for each treatment group.
Because each treatment only has a single value, no statistical analysis for winter mortality could
be performed.
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3.4 Results
3.4.1 Effect of treatments on N. ceranae infection intensity
The effects of spring treatments on N. ceranae spore counts are shown in Figure 3.1 and
Table 3.2. Analysis of the data showed that Protexin® P was associated with a significant
decrease in spores per bee (coef= -1.59; P=0.03). Naringenin S was also associated with a
significant decrease in spores per bee (coef= -1.63; P=0.03). Eugenol P and naringenin P were
associated with nearly significant decreases in spores per bee (coef= -1.64; P=0.06 and coef= 1.51; P=0.08, respectively). The negative control was associated with a significant increase in
spores per bee (coef= 5.34; P=<0.01). Mean spores per bee are shown for all treatment groups
between May 18 and June 21 in Figures 3.2 (treatments applied in sucrose syrup) and 3.3
(treatments applied in protein patty).
The effects of fall treatments on spore counts are shown in Figure 3.4 and Table 3.3.
Analysis of the data showed that Protexin® S was associated with a significant decrease in
spores per bee (coef= -2.23; P=<0.01). Fumagillin was also associated with a significant
decrease in spores per bee (coef= -1.83; P=0.02). Eugenol S was associated with a nearly
significant decrease in spores per bee (coef= -1.45; P=0.08). Mean spores per bee are shown for
all treatment groups between September 28 and October 19 in Figures 3.5 (treatments applied in
sucrose syrup) and 3.6 (treatments applied in protein patty).
3.4.2 Effect of treatments on N. ceranae infectivity
The effects of spring treatments on the infectivity of N. ceranae are shown as percentage
of infected bees in Figure 3.7 and Table 3.4. Fumagillin was associated with a significant
decrease in the percentage of infected bees (coef= -1.84; P=0.05). Chitosan S also associated
with a significant decrease in the percentage of infected bees (coef. =-1.56; P=0.02). However,
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no other treatments were significantly associated with changes in N. ceranae infectivity after the
spring treatment.
The effects of fall treatments on N. ceranae infectivity are shown in Figure 3.8 and Table
3.5. Eugenol P was associated with a significant increase in the percentage of infected bees
(coef= 1.10; P=0.03). Protexin® S was associated with an almost significant decrease in the
percentage of infected bees (coef.=-0.81; P=0.08), whereas chitosan P significantly decreased the
percentage of infected bees (coef.=-0.98; P=0.02). However, no other treatments were
significantly associated with changes in N. ceranae infectivity after the fall treatment.
3.4.3 Effect of treatments on brood quantity
The effects of treatments on the number of combs containing brood were examined for
the periods between May 31st (date of treatment application) and August 2nd (Table 3.6) and
between May 31st and September 28th (Table 3.7). These periods were intended to examine short
and mid-term effects. Analysis of the short term data showed that no treatments were associated
with a significant increase in the number of brood combs. In fact, naringenin S and chitosan S
were associated with a significant decrease in brood production (coef.= -2.207; P= 0.03 and
coef= -2.913; P= <0.01, respectively). Analysis of the mid-term data showed that the positive
control was associated with a significant decrease in brood combs (coef.=-3.66; P= 0.04). No
other treatments had a significant effect on brood quantity in the mid-term.
3.4.4 Effect of treatments on adult bee population
The associations between the treatments and adult bee population were determined for
the same periods and in the same manner as described for brood. The results for short and midterm effects are shown in Tables 3.8 and 3.9. Analysis of the short term data showed that
Protexin® S was associated with a significant increase in the number of frames covered with
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bees (coef.= 2.367; P= 0.02). No other treatment had significant effects on adult bee population
in the short term. For the mid-term, eugenol S and protexin® P had a nearly significant
association with increases in adult bee population (coef.= 1.703; P= 0.09 and coef.= 1.828; P=
0.07, respectively).
3.4.5 Effect of treatments on honey production
A two sample t-test revealed that the colonies of the positive control yielded significantly
less honey than the negative control colonies (t=2.76; P=0.009). The mean honey production for
the negative and positive control colonies were 21.78±1.36 and 10.16±1.04 kg, respectively.
Honey production from each of the treatment groups was also compared to the positive control
colonies. Colonies treated with eugenol S, Protexin® S, and naringenin S, yielded significantly
more honey than the colonies of the positive control (t = 2.413, P = 0.0195; t = 1.9784, P =
0.0380; t = 2.0847, P = 0.0318, respectively; Figure 3.9).
3.4.6 Winter mortality and spring data
The effect of treatments on N. ceranae infection intensity (Table 3.10) and infectivity
(Table 3.11) as well as on adult bee and brood population (Table 3.12) after the winter was
analyzed from samples and evaluations conducted on May 15th 2018.
The change in infection intensity was evaluated between the dates October 19th 2017 and
May 15th 2018, allowing effects of treatments over the winter to be seen. Chitosan P was
associated with a significant reduction in spores per bee over the winter (coef.=-1.62; P=0.04).
Naringenin S was also associated with a significant reduction in spores per bee over the winter
(coef.=-1.57; P=0.01). Fumagillin was associated with a similar reduction (coef.=-40.6;
P=<0.01), however, this result was obtained from only 2 surviving colonies in the spring. The
positive control was associated with a significant increase in spores per bee over the winter
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(coef.=1.22; P=0.03). No other treatments were associated with a significant change in infection
intensity over the winter.
The change in infectivity was also evaluated over the winter of 2017-2018. Chitosan P
was associated with a significant increase in the percent infected bees over the winter
(coef.=5.49; P=<0.01). However, chitosan S was associated with a decrease in the percent
infected bees over the winter (coef.=-1.47; P=0.03). Eugenol S was associated with a nearly
significant reduction in the percent infected bees over the winter (coef.=-0.78; P=0.08). And the
negative control was associated with a significant reduction in the percent infected bees over the
winter (coef.=-1.39; P=0.01). No other treatments were associated with a significant change in
infectivity over the winter.
No treatments had a significant effect on the number of frames covered with brood or
bees on May 15th 2018 (F9,30=0.50, P=0.86) and (F9,30=0.55, P=0.82, respectively).
The effect of treatments on winter mortality (Table 3.13) were calculated using the
number of living colonies going into winter (October 19th 2017) and the number of living
colonies in the spring of 2018 (May 15th 2018). Some colonies died in late fall due to robbing
and were not included in the winter mortality calculations. The lowest winter mortality (0%) was
observed in both Protexin® P and Protexin® S, as well as the naringenin P treatment groups.
The highest winter mortality (50%) was observed in both chitosan S and chitosan P, as well as
the fumagillin treatment groups.
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Figure 3. 1 Mean number of N. ceranae spores per bee ± SE before and after spring treatment. May
18th (black) and June 21st (grey) represent the pre-treatment and three-week post-treatment dates for
each of the 11 treatments, respectively. Spring treatments were applied in patty (P) or sugar syrup
(S). The treatments were positive control=PC, negative control=NC, fumagillin=F, eugenol S=ES,
eugenol P=EP, Protexin® S=PS, Protexin® P=PP, naringenin S=NS, naringenin P=NP, chitosan
S=ChS, chitosan P=ChP.
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Table 3. 2 Mean number of N. ceranae spores per bee ± SE two weeks previous to spring treatment
(pre-treatment) and three weeks after treatment (post-treatment). Spring treatments were applied in
protein patty or sugar syrup formulation. Positive control colonies had a natural infection with
Nosema ceranae at the beginning of the experiment and received no treatment. Negative control
colonies had no infection with N. ceranae at the beginning of the experiment and received no
treatment. The coefficient indicates how the log of spores per bee is expected to change for a oneunit change in the treatment dose, given the other predictor variables in the model are held constant.
Mean spore numbers per treatment were determined from six colonies. Significance using Poisson
regression analysis at p <0.10 is indicated by * and p <0.05 is indicated by **.

Spores per bee

Spores per bee

(millions)

(millions)

pre-treatment

post- treatment

Positive Control

5.10 ± 0.96

Negative Control

Treatment

Coef.

P

2.68±0.56

-0.65

0.27

0.01±0

0.54±0.09

5.34

0**

Fumagillin

4.22±0.64

2.00±0.54

-0.1

0.92

Eugenol S

2.85±0.40

1.36±0.53

-0.09

0.93

Eugenol P

5.39±1.06

0.55±0.11

-1.64

0.06*

Protexin S

4.98±0.87

1.56±0.40

-0.52

0.43

Protexin P

4.19±0.54

0.45±0.13

-1.59

0.03**

Naringenin S

4.06±0.49

0.42±0.07

-1.63

0.03**

Naringenin P

3.88±0.45

0.45±0.09

-1.51

0.08*

Chitosan S

3.87±0.49

1.02±0.33

-0.69

0.38

Chitosan P

3.93±0.52

0.84±0.18

-0.9

0.21
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Figure 3. 2 Mean Nosema ceranae spore loads of treatment groups on May 18th (pre-treatment) and
June 21st (three-weeks post-treatment). Compounds were administered in 50% sugar syrup in the
spring.
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Figure 3. 3 Mean Nosema ceranae spore loads of treatment groups on May 18th (pre-treatment) and
June 21st (three-weeks post-treatment). Compounds were administered in protein patty in the spring.

105

4.50E+06
4.00E+06
3.50E+06

Spores per bee

3.00E+06
2.50E+06
2.00E+06
1.50E+06
1.00E+06
5.00E+05
0.00E+00

PC

NC

F

ES

EP

PS

PP

NS

NP

ChS

ChP

Treatmetns
28-Sep

19-Oct

Figure 3. 4 Mean number of N. ceranae spores per bee ± SE before and after fall treatment.
September 28th (black) and October 19th (grey) represent the pre-treatment and three-week posttreatment dates for each of the 11 treatments, respectively. Fall treatments were applied in patty (P)
or sugar syrup (S). The treatments were positive control=PC, negative control=NC, fumagillin=F,
eugenol S=ES, eugenol P=EP, Protexin® S=PS, Protexin® P=PP, naringenin S=NS, naringenin
P=NP, chitosan S=ChS, chitosan P=ChP.
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Table 3. 3 Mean number of N. ceranae spores per bee ± SE at the time of fall treatment (pretreatment) and three weeks after treatment (post-treatment). Fall treatments were applied in protein
patty or sugar syrup formulation. Positive control colonies had a natural infection with Nosema
ceranae at the beginning of the experiment and received no treatment. Negative control colonies had
no infection with N. ceranae at the beginning of the experiment and received no treatment. The
coefficient indicates how the log of spores per bee is expected to change for a one unit change in the
treatment dose, given the other predictor variables in the model are held constant. Mean spore
numbers per treatment were determined from six colonies. Significance using Poisson regression
analysis at p <0.10 is indicated by * and p <0.05 is indicated by **.

Spores per bee

Spores per bee

(millions)

(millions)

pre-treatment

post-treatment

Positive Control

0.82±0.09

Negative Control

Treatment

Coef.

P

1.89±0.44

0.84

0.12

0.57±0.10

2.88±0.73

0.79

0.31

Fumagillin

0.70±0.14

0.22±0.05

-1.83

0.02**

Eugenol S

1.73±0.39

0.94±0.19

-1.45

0.08*

Eugenol P

0.95±.18

2.79±0.76

0.42

0.64

Protexin S

2.87±0.46

0.72±0.14

-2.23

<0.01**

Protexin P

1.97±0.20

1.88±0.28

-0.88

0.14

Naringenin S

0.88±0.16

2.06±0.23

0.01

0.99

Naringenin P

2.23±0.36

2.11±0.81

-0.71

0.31

Chitosan S

0.81±0.09

1.86±0.16

-0.01

0.99

Chitosan P

1.27±0.22

1.98±0.30

-0.39

0.51
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Figure 3. 5 Mean Nosema ceranae spore loads of treatment groups on September 28th (pretreatment) and October 19th (three weeks post-treatment). Compounds were administered in 50%
sugar syrup in the fall.
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Figure 3. 6 Mean Nosema ceranae spore loads of treatment groups on September 28th (pretreatment) and October 19th (three weeks post-treatment). Compounds were administered in protein
patty in the fall.
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Figure 3. 7 Mean percentage of N. ceranae positive bees ± SE for each treatment (n=30 per sample)
for the spring season. May 18th (black) and June 21st (grey) represent the pre-treatment and threeweek post-treatment dates for each of the 11 treatments, respectively. The treatments are: positive
control=PC, negative control=NC, fumagillin=F, eugenol S=ES, eugenol P=EP, Protexin® S=PS,
Protexin® P=PP, naringenin S=NS, naringenin P=NP, chitosan S=ChS, chitosan P=ChP.
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Table 3. 4 Mean percentage of positive bees ± SE out of 30 sampled for each treatment. The
coefficients (Coef.) and P values were calculated from the data collected on May 18th and June 21st.
The coefficient indicates how the log of percent infected bees is expected to change for a one unit
change in the treatment dose, given the other predictor variables in the model are held constant.
Significance using Poisson regression analysis at p <0.10 is indicated by * and p <0.05 is indicated
by **.

No.

Percentage Positive

Percentage Positive

Colonies

Bees ± SE (May 18th)

Bees ± SE (June 21st)

PC

6

21.66±2.17

NC

6

F

Treatments

Coef.

P value

2.77±0.54

-0.18

<0.01

5.55±1.25

2.22±0.67

-0.22

0.21

6

27.22±3.17

0.55±0.22

-1.61

0.05*

ES

5

14.00±3.31

4.66±1.38

0.52

0.30

EP

6

18.88±2.57

1.11±0.28

-0.92

0.39

PS

6

13.88±1.54

6.66±1.61

0.88

0.10

PP

6

26.66±1.92

4.44±0.45

0.47

0.62

NS

6

12.77±1.33

1.11±0.45

-0.92

0.74

NP

6

21.11±2.64

2.22±0.67

-0.23

0.81

CS

6

20.55±4.23

0.00±0

-1.61

0.02**

CP

6

23.33±1.95

2.22±0.45

-0.23

0.63
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Figure 3. 8 Mean percentage of N. ceranae positive bees for each treatment ± SE (n=30 per sample)
for the fall season. September 28th (black) and October 19th (grey) represent the pre-treatment and
three-week post-treatment dates for each of the 11 treatments, respectively. The treatments are:
positive control=PC, negative control=NC, fumagillin=F, eugenol S=ES, eugenol P=EP, Protexin®
S=PS, Protexin® P=PP, naringenin S=NS, naringenin P=NP, chitosan S=ChS, chitosan P=ChP.
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Table 3. 5 Mean percentage of N. ceranae positive bees for each treatment ± SE (n=30 per sample).
The samples were collected on (Sept 28th) and (Oct 19th), which represent pre and post-treatment
samples. The coefficient indicates how the log of percent infected bees is expected to change for a
one unit change in the treatment dose, given the other predictor variables in the model are held
constant. Significance using Poisson regression analysis at p <0.10 is indicated by * and p <0.05 is
indicated by **.

No.

Percentage Positive

Percentage Positive

Colonies

Bees ± SE (Sept 28th)

Bees ± SE (Oct 19th)

PC

6

8.33 ± 1.48

NC

6

F

Treatments

Coef.

P value

15.00±1.783

1.51

0.14

6.66± 1.449

16.11± 4.309

0.07

0.58

5

1.33± 0.365

6.00± 0.365

-0.91

0.26

ES

5

4.66± 2.683

16.00± 2.076

0.06

0.48

EP

5

3.33± 0.667

18.00± 5.002

0.18

0.03**

PS

6

11.11± 1.2

8.88± 1.2

-0.52

0.08*

PP

6

13.88± 1.771

28.33± 5.474

0.64

0.84

NS

6

4.44± 1.093

14.44± 2.156

-0.04

0.45

NP

5

8.66± 1.116

11.33± 1.921

-0.28

0.53

CS

6

12.77± 3.341

18.88± 4.826

0.23

0.84

CP

6

17.22± 3.742

11.66± 2.67

-0.25

0.02**
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Table 3. 6 Mean number of frames containing brood on May 31st and August 2nd (short term) ± SE.
The coefficient indicates how the log of the number of brood frames is expected to change for a one
unit change in the treatment dose, given the other predictor variables in the model are held constant.
The coefficients and P values were calculated from the difference between the two dates using a
linear regression model with the significance level set at P < 0.05. The treatments are: positive
control=PC, negative control=NC, fumagillin=F, eugenol S=ES, eugenol P=EP, Protexin® S=PS,
Protexin® P=PP, naringenin S=NS, naringenin P=NP, chitosan S=ChS, chitosan P=ChP.

Mean No. frames

Mean No. frames

containing brood ±

containing brood ± SE

SE (May 31st)

(Aug 2nd)

PC

8.333 ± 0.76

NC

Treatments

Coef.

P

10.583 ± 0.54

-1.46

0.99

12.125 ± 0.24

10.542 ± 0.29

-1.58

0.09

F

8.208 ± 0.99

8.667 ± 0.71

4.58

0.62

ES

8.65 ± 0.82

10.05 ± 0.20

1.47

0.99

EP

11.25 ± 0.48

8.542 ± 0.65

1.07

0.99

PS

8.583 ± 0.69

9.458 ± 0.45

1.44

0.99

PP

9.917 ± 0.69

11.375 ± 0.22

1.34

0.99

NS

10.958 ± 0.24

8.875 ± 0.36

-2.08

0.03*

NP

10.125 ± 0.49

8.75 ± 0.83

1.88

0.99

ChS

12 ± 0.26

9.25 ± 0.10

-2.75

0.01*

ChP

10.25 ± 0.89

11.792 ± 0.36

1.02

0.99
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Table 3. 7 Mean number of frames containing brood on May 31st and September 28th (mid term) ±
SE. The coefficient indicates how the log of the number of brood frames is expected to change for a
one unit change in the treatment dose, given the other predictor variables in the model are held
constant. The P values are calculated from the difference between the two dates using a linear
regression model in R version 3.3.1 with the significance level set at P < 0.05. The treatments are:
positive control=PC, negative control=NC, fumagillin=F, eugenol S=ES, eugenol P=EP, Protexin®
S=PS, Protexin® P=PP, naringenin S=NS, naringenin P=NP, chitosan S=ChS, chitosan P=ChP.

Mean No. frames

Mean No. frames

containing brood ±

containing brood ± SE

SE (May 31st)

(Sept 28th)

PC

8.333±0.76

4.667±0.41

-3.66

0.04*

NC

12.125±0.24

5.708±0.53

-2.75

0.28

F

8.208±0.99

3.85±0.30

-2.33

0.38

ES

8.65±0.82

5.35±0.28

0.36

0.89

EP

11.25±0.48

4.75±0.48

-2.98

0.27

PS

8.583±0.69

4.292±0.34

-0.62

0.80

PP

9.917±0.69

5.958±0.35

-0.29

0.91

NS

10.958±0.24

4.667±0.19

-2.62

0.31

NP

10.125±0.49

6.05±0.21

0.06

0.98

ChS

12±0.26

4.792±0.34

-3.54

0.17

ChP

10.25±0.89

5.5±0.46

-1.08

0.67

Treatments
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Coef.
P value

Table 3. 8 Mean number of frames containing Adult bees on May 31st and August 2nd(short term) ±
SE. The coefficient indicates how the log of the number of frames containing adult bees is expected
to change for a one unit change in the treatment dose, given the other predictor variables in
the model are held constant. The P values are calculated from the difference between the two dates
using a linear regression model in R version 3.3.1 with the significance level set at P < 0.05. The
treatments are: positive control=PC, negative control=NC, fumagillin=F, eugenol S=ES, eugenol
P=EP, Protexin® S=PS, Protexin® P=PP, naringenin S=NS, naringenin P=NP, chitosan S=ChS,
chitosan P=ChP.

Mean No. frames

Mean No. frames

containing adult

containing adult

bees ± SE (May 31st)

bees ± SE (Aug 2nd)

PC

15.04±1.66

18.83±1.36

3.79

0.15

NC

13.75±1.74

16.58±2.3

-0.20

0.95

F

13.7±3.19

18.58±4.25

1.08

0.77

ES

10.00±3.01

21.25±4.89

6.00

0.12

EP

16.37±3.85

21.58±3.02

1.41

0.70

PS

12.12±1.7

19.54±2.17

3.62

0.33

PP

11.29±1.75

23.87±1.45

8.79

0.02*

NS

12.91±2.59

21.5±2.99

4.79

0.20

NP

13.91±2.18

20.00±3.67

2.29

0.53

ChS

14.62±1.55

21.70±2.51

3.29

0.37

ChP

14.75±1.81

22.25±2.99

3.70

0.32

Treatments
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Coef.
P value

Table 3. 9 Mean number of frames containing adult bees on May 31st and September 28th, (mid term)
± SE. The coefficient indicates how the log of the number of frames containing adult bees is
expected to change for a one unit change in the treatment dose, given the other predictor variables in
the model are held constant. The P values are calculated from the difference between the two dates
using a linear regression model in R version 3.3.1 with the significance level set at P < 0.05. The
treatments are: positive control=PC, negative control=NC, fumagillin=F, eugenol S=ES, eugenol
P=EP, Protexin® S=PS, Protexin® P=PP, naringenin S=NS, naringenin P=NP, chitosan S=ChS,
chitosan P=ChP.

Mean No. frames

Mean No. frames

containing adult

containing adult

bees ± SE (May 31st)

bees ± SE (Aug 2nd)

PC

15.04±1.66

10.12±1.34

-4.91

0.07

NC

13.75±1.74

11.5±2.15

2.5

0.50

F

13.7±3.19

10.45±2.64

0.26

0.94

ES

10.00±3.01

13.25±2.61

6.71

0.09

EP

16.37±3.85

9.45±2.66

2.61

0.51

PS

12.12±1.7

9.58±1.73

2.37

0.53

PP

11.29±1.75

13.62±1.48

6.87

0.07

NS

12.91±2.59

11.25±1.57

3.25

0.39

NP

13.91±2.18

14.3±1.69

4.41

0.26

ChS

14.62±1.55

11.87±2.3

2.16

0.56

ChP

14.75±1.81

13.04±1.96

3.20

0.39

Treatments
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Coef.
P value
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Figure 3. 9 Mean honey production (Kg) per hive ± SE for treatment groups. The treatments were
administered in either sugar syrup (S) or protein patties (P) and are, positive control=PC, negative
control=NC, fumagillin=F, eugenol S=ES, eugenol P=EP, Protexin® S=PS, Protexin® P=PP,
naringenin S=NS, naringenin P=NP, chitosan S=ChS, chitosan P=ChP.
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Table 3. 10 Mean number of spores per bee (millions) ± SE for each treatment before and after the
winter. The coefficient indicates how the log of spores per bee is expected to change for a one unit
change in the treatment dose, given the other predictor variables in the model are held constant. The
coefficients (Coef.) and P values were calculated from the data collected on October 19th and May
15th. Significance using Poisson regression analysis at P <0.10 is indicated by * and P <0.05 is
indicated by **.

Mean spores per

Mean spores per

bee (millions) ± SE

bee (millions) ± SE

Oct 19

May 15

Positive Control

2.10±1.21

Negative Control

Treatment

Coef.

P

7.13±2.16

1.22

0.03**

1.39±0.54

1.60±0.28

-1.08

0.15

Fumagillin

0.4±0.24

0.00±00

-40.6

<0.01**

Eugenol S

1.18±0.38

1.70±0.70

-0.86

0.39

Eugenol P

1.65±0.33

7.95±4.49

0.35

0.75

Protexin S

0.520±0.16

5.86±2.08

1.2

0.28

Protexin P

1.88±0.28

7.40±1.24

0.15

0.80

Naringenin S

2.28±0.38

1.60±0.40

-1.57

0.01**

Naringenin P

2.53±0.81

4.19±0.80

-0.72

0.28

Chitosan S

1.85±0.30

4.17±1.62

-0.14

0.54

Chitosan P

1.02±0.17

0.68±0.33

-1.62

0.04**

119

Table 3. 11 Change in percentage positive bees over the winter ± SE. The coefficient indicates how
the log of percent infected bees is expected to change for a one unit change in the treatment dose,
given the other predictor variables in the model are held constant. The standard errors (SE),
coefficients (Coef.) and P values were calculated from the data collected on October 19th and May
15th. Significance using Poisson regression analysis at P <0.10 is indicated by * and p <0.05 is
indicated by **.

Treatment

Percentage
Positive
Bees ± SE Oct
19

Percentage
Positive
Bees ± SE May 15

Coef.

P

Positive Control

16.66±2.2

32.22±8.41

0.66

0.13

Negative Control

18.00±5.68

8.66±2.52

-1.39

0.01**

Fumagillin

0±0

0±0

-0.66

0.13

Eugenol S

10.00±2.9

8.89±2.5

-0.78

0.08*

Eugenol P

11.11±5.48

25.55±14.7

0.17

0.70

Protexin S

6.66±1.05

10.66±2.64

-0.19

0.78

Protexin P

28.33±5.47

27.33±5.04

-0.68

0.17

Naringenin S

8.33±1.98

5.83±1.97

-1.02

0.29

Naringenin P

11.33±1.92

10±2.45

-0.78

0.24

Chitosan S

30±13.65

13.33±3.85

-1.47

0.03**

Chitosan P

0±0

1.11±0.64

5.49

<0.01**
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Table 3. 12 Mean number of frames containing brood and adult bees ± SE in spring 2018 (May 15th).
The coefficients indicate how the log of brood frames and adult bee populations are expected to
change for a one unit change in the treatment dose, given the other predictor variables in
the model are held constant.The Fumagillin treatment group was not included in the statistical
analysis because it only had two colonies that survived the winter. Significant differences based on
regression analysis are indicated with an asterisk (*)

Frames
Treatments

containing

Frames
Coef.

P

brood

covered with

Coef.

P

adult bees

Positive Control

2.91±2.8

2.91

0.15

3.11±2.3

3.1

0.06

Negative Control

4.45±2.5

1.53

0.54

4.15±2.1

0.98

0.64

Fumagillin

4.62

NA*

NA*

6.37

NA

NA

Eugenol S

5.25±2.8

2.33

0.41

5.58±2.3

2.41

0.31

Eugenol P

5.41±2.8

2.50

0.38

6.00±2.3

2.83

0.24

Protexin S

5.50±2.5

2.58

0.31

5.95±2.1

2.78

0.19

Protexin P

2.70±2.4

-0.20

0.93

3.50±2.0

0.33

0.87

Naringenin S

2.87±2.6

-0.04

0.98

3.31±2.2

0.14

0.94

Naringenin P

5.10±2.5

2.18

0.39

5.10±2.1

1.93

0.36

Chitosan S

3.66±2.8

0.75

0.79

4.00±2.3

0.83

0.72

Chitosan P

5.83±2.8

2.91

0.31

5.08±2.3

1.91

0.42

*The fumagillin treatment group had insufficient colony numbers to perform statistical analysis
on brood and adult bee population, and was therefore not available (NA).
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Table 3. 13 Winter mortality of experimental honey bee colonies over the winter of 2017-2018.
Colonies that died during the 2017 season were not included in the winter mortality calculation. The
number of colonies in the fall was recorded during hive wrapping (Nov 8th 2017) and the winter loss
was recorded during spring inspection (May 15th 2018).

Number of colonies
Treatment

Winter loss

% Winter Mortality

in the fall
Positive Control

5

2

40%

Negative Control

6

1

16.6%

Fumagillin

6

3

50%

Eugenol S

5

1

20%

Eugenol P

4

1

25%

Protexin® S

5

0

0%

Protexin® P

6

0

0%

Naringenin S

6

2

33.3%

Naringenin P

5

0

0%

Chitosan S

6

3

50%

Chitosan P

6

3

50%
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3.5.1 Discussion
The results of this study provide novel information about the impact that N. ceranae
infections, and natural compounds, have on the health, performance, productivity and winter
survivorship of honey bee colonies. In addition to having a reference for treatment evaluation of
nosema disease in the colonies (fumagillin), two control groups, a positive and negative control,
were included in this study. The analyses of the control groups generated several findings on N.
ceranae infection and its effects on honey bee colonies. The negative control hives, which
entered the experiment without infection by N. ceranae, were rapidly infected when placed in an
apiary next to heavily infected colonies. This was evident when looking at the spore load and the
percentage of infected bees data (Figures 3.2, 3.5, 3.8 and 3.9). This result was expected as Higes
et al. (2008) also found that N. ceranae free colonies became rapidly infected after being placed
adjacent to infected hives due to bee drift. However, despite becoming infected, colonies of the
negative control produced twice as much and significantly more honey than colonies of the
positive control (with high N. ceranae infection levels at the beginning of the study). Some
studies suggest that N. ceranae can reduce the honey yields of infected colonies for several
reasons. For instance, bees infected with N. ceranae have impaired nutrient absorption, and at the
same time, the parasites demand large amounts of energy from their hosts, leaving them with
significantly less energy to spend, which results in shorter foraging trips (Dussaubat et al., 2013).
Shorter, more frequent foraging trips, have also been found in honey bees infected with N. apis
(Dosselli et al., 2016). In addition, infection with N. ceranae results in more infected bees failing
to return to the hive during foraging. This may occur because foragers infected with N. ceranae
live significantly shorter lives than healthy bees (Dussaubat et al., 2013). Shorter foraging trips,
higher nutrient demands and shorter life spans of forager bees may result in less nectar being
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stored and therefore affect honey production. Only one study has looked at the difference in
honey production between field colonies with and without N. ceranae infection, and they found a
significant reduction in honey production in infected colonies (Botías et al., 2013). The results of
our study agree with that of Botias et al. (2013). Furthermore, this is the first time that a study in
North America that shows that N. ceranae significantly reduces honey production, and therefore
the profitability of beekeeping operations. In addition to reduced honey production, the positive
control was also associated with a significant reduction in brood quantity by September, 2017.
Several other studies have also found that N. ceranae may be associated to reduced brood rearing
in infected colonies (Botías et al.,2013; Higes et al., 2008, 2009; Maggi et al., 2013). The
positive control also showed the greatest reduction across all treatments in the amount of adult
bees in the mid-term, however, this result was not significant (P=0.07). In addition to the above,
the positive control treatment group experienced a 40% winter mortality during this study
compared to the 17% mortality experienced by the negative control, supporting the notion that N.
ceranae negatively affects colony health.
Fumagillin, a potent antibiotic was included in this study as a standard control treatment.
The fumagillin treatment group was not associated with a significant decrease in N. ceranae
spore numbers after the spring treatment (Table 3.3), but it was associated with a significant
reduction in the percent infected bees (Table 3.5). This suggests that fumagillin may have
prevented N. ceranae from spreading to new bees within a colony, but could not cure the disease
in bees with an established infection. This result is relevant because it shows that the antibiotic
on which North American beekeepers rely did not have a significant effect on infection intensity
when applied as per the label for spring treatment. Fumagillin did however, show a significant
decrease in N. ceranae spores per bee after the fall treatment, suggesting there may be a factor of
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seasonality to the efficacy of this antibiotic. There was no reduction of honey production, adult
bee population, or brood area in the fumagillin treatment group, suggesting that the treatment
was successful in mitigating the negative effects of N. ceranae on those parameters, as seen in
the positive control. This is in contrast to the findings of Mendoza et al. (2017) whom found that
colonies infected with N. ceranae and treated with Fumidil-B as per the label were not different
than untreated colonies in adult population, brood area or spore loads. Taken together, these
results indicate that treatment with fumagillin was relatively successful in reducing N. ceranae
infection in Ontario honey bee colonies and restoring honey production, brood area and adult bee
population. However, the fumagillin treatment group experienced a 50% winter mortality, which
along with chitosan, was the highest winter mortality seen in this trial, although these results
should be taken cautiously due to the low number of colonies that were overwintered. As
fumagillin is not specific in its activity to microsporidians, it may be harming the beneficial gut
microbes of bees, resulting in increased winter mortality. The health risks of fumagillin
discussed by van den Heever et al. (2016) such as antibiotic resistance and the contamination of
honey and wax, are other causes for alternatives to this antibiotic to be developed. Therefore, the
other treatments should be compared to fumagillin as the “industry standard” with hopes to
match or exceed its effectiveness.
Eugenol is a component of clove essential oil responsible for its potent antimicrobial and
antifungal properties (Viuda-Martos et al., 2007). As N. ceranae is a microsporidian fungus,
eugenol seemed a good potential candidate for natural control of nosema disease in honey bee
colonies. Eugenol was identified as a promising compound for N. ceranae control by preliminary
research done with caged bees in our laboratory in the fall of 2016 (data not shown). Work on
oral toxicity of this compound has also been done by feeding eugenol to honey bees (Ebert et al.,
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2007), which along with the results of our preliminary cage trials, allowed us to calculate our
dose. In this study, eugenol was associated with an almost significant reduction in spores per bee
after both the spring (89% reduction; P=0.06) and fall (55% reduction; P=0.08) treatments.
Eugenol applied in the spring was most effective when administered in the protein patty, while
the sugar syrup was the most effective method of application in the fall. This pattern was evident
across most treatments. Eugenol P in the fall was associated with an increase in the percentage of
infected bees, indicating poor N. ceranae control for eugenol administered in that formulation in
the fall. Eugenol S also had a moderate increase in the adult bee population measured in the fall,
although this was not significant (32.5%; P=0.09). Additionally, eugenol S, was associated with
a significant increase in honey production when compared to the positive control. The eugenol S
and P groups of colonies, experienced 20% and 25% winter mortality, respectively. The reason
for the decrease in N. ceranae spores, increased population, increased honey production and
moderate winter mortality observed in the eugenol treatment groups is not known, but there are
several possible explanations. Eugenol expresses potent antimicrobial properties, and is believed
to interfere with enzymes involved in fungal spore germination (Viuda-Martos et al., 2007). In
mice, eugenol caused thickening of the inner mucus layer of the intestinal tract, increasing
resistance to the enteric pathogen Citrobacter rodentium (Wlodarska et al., 2015). Further
investigation could reveal if eugenol has similar effects on the gut lining of the honey bee. It is
likely that the moderate reduction of N. ceranae spores is a result of a combination of the before
mentioned properties of eugenol, extending to a certain degree, the lifespan of worker bees
infected with N. ceranae.
The probiotic Protexin®, containing a single strain of E. faecium was included as a
treatment group in this study because of its benefits to gut health in cows (Lauková et al., 1993)
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and in pigs (Bednorz et al., 2013), and from promising results on nosema disease control in
caged bees (Borges, 2015). In this study, administration of Protexin® to honey bee colonies was
consistently associated with many positive effects on bee health, making it the most successful
compound at minimizing the damaging effects of N. ceranae. Protexin® P was most effective in
the spring treatment, whereas it worked better in syrup for fall treatments. Administration of
Protexin® P was associated with a significant decrease in the number of spores per bee after the
spring treatment. This is relevant because fumagillin, the only registered product for N. ceranae
control, did not have a significant reduction on spores after the spring treatment. Treatment with
Protexin® S also resulted in a significant decrease in spores per bee in the fall. Although
fumagillin also showed a significant decrease in spores per bee in the fall, Protexin® showed a
stronger reduction as shown by both the reduction coefficient and the P value (Table 3.4).
Protexin® S during the fall also showed a moderate reduction in the percent infected bees (20%;
P=0.08). Taking these findings together, Protexin® was found to reduce N. ceranae spores per
bee better than fumagillin after both spring and fall treatments. E. faecium has been used in many
species to improve gut health and supress the growth of gut pathogens. Including E. faecium into
the diet of cattle and pigs reduced the infection level of E. coli (Bednorz et al., 2013; Lauková et
al., 1993). In other studies, it was found that E. faecium produced lactic acid in the midgut of
chickens (Audisio et al., 2000) and honey bees (Audisio et al., 2011). Lactic acid has been
shown to cause thickening of the peritrophic membrane in the gut epithelium in honey bees
(Patricia et al., 2013) and in the gut epithelium of pigs (Bednorz et al., 2013). N. ceranae spores
must penetrate this membrane to infect epithelial cells and this might explain part of the results
seen in this study. Furthermore, E. faecium exhibits antimicrobial properties through the
production of bacteriocin-like compounds (AMPs), that may aid in the prevention of N. ceranae
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infection in bees (Audisio et al., 2011). Other studies that fed E. faecium to honey bees found
that it increased the life span of bees (Borges, 2015). This is supported by the findings of this
study, where supplementation with Protexin® S was associated with a significant increase in the
amount of adult bees measured in August. Protexin® was the only treatment group to
significantly increase the amount of adult bees in this period. The adult bee population after
administration of Protexin® P was still higher by September, when the colonies were assessed
again with moderate significance. Interestingly, Protexin® did not increase the amount of brood
present, either in the short term or the mid-term. This implies that Protexin® is extending the
lives of bees, rather than allowing the colony to rear more bees, which supports the findings of
Borges (2015). Colonies treated with Protexin® produced honey yields significantly higher than
the positive control colonies, indicating that their productiveness was similar to that of a healthy
colony. The high honey production was most likely due to the increased adult bee population.
Treatment groups receiving Protexin® S and P both experienced a winter mortality of 0%, which
was the lowest winter mortality seen in this study. The low cost, effectiveness, and safety of
Protexin® make it an ideal substitution for fumagillin in the treatment of N. ceranae. Protexin®
was able to reduce N. ceranae spores, increase adult bee populations, and maintain honey
production of colonies infected with the parasite. More work needs to be done on this product to
bring it to North American beekeepers. Areas of future research should look at administration
frequency, as the colonies may benefit from more frequent treatment. As Protexin® is a safe
probiotic, treatment during the honey flow may be possible, unlike most honey bee treatments.
Administration of Protexin® to N. ceranae free colonies should also be investigated, as the
product should still increase the life span of bees, and possibly increase production.
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Naringenin, a flavone from citrus fruits, was identified by Borges (2015) as being
promising in controlling N. ceranae in caged honey bees, and therefore was included in this
study, showing some moderate results. Naringenin S significantly reduced N. ceranae infection
intensity after the spring treatment. Naringenin P had a nearly significant reduction in infection
intensity in the spring too, although it had no effect on the infectivity of the parasite.
Additionally, no significant effects on spores per bee in the naringenin treatment group were
seen after the fall treatment in either formulation. Naringenin acts as an anti-inflammatory by
increasing the abundance and activity of antioxidants and decreasing the levels and activity of
pro-inflammatory cytokines (Amaro et al., 2009). It is possible that the anti-inflammatory
properties prevented the bees from mounting a proper immune response against the invading
pathogen. This may show a decrease in N. ceranae spore loads initially after treatment but would
not stop the infection from progressing. As a result, high spore loads could be seen in the midterm, as seen by the fall spore loads in this study. Surprisingly, naringenin S was associated with
a significant decrease in the amount of brood but this treatment had no effects on the amount of
adult bee population. As described above, the anti-inflammatory properties of naringenin may
have prevented bees from mounting a proper immune response. Brood may have been affected in
the same way and may explain the decreased brood seen in this experiment. Honey production in
this treatment group was significantly higher than that of the positive control, indicating that
naringenin may have increased the productivity of the colony over N. ceranae infected colonies.
Colonies receiving naringenin S experienced a winter mortality of 33%, while colonies receiving
naringenin P experienced a mortality of 0%. However, the results on winter mortality must be
taken with caution for the reasons explained above. Borges (2015) found a significant reduction
in N. ceranae spore loads in bees treated during 16 days with naringenin in a laboratory setting.
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The different nature of this study, using full sized colonies in the field, with drastically different
nutrition, may have decreased the efficacy of naringenin in the field. However, the significant
spore reductions seen after the spring treatment with naringenin and the increase in honey
production should not be overlooked and more work should be done on this compound in regards
to N. ceranae control, perhaps with different doses used.
Chitosan, or oligo-chitin, is a polysaccharide containing mainly chitin produced from
crustacean exoskeletons and was found by both Borges (2015) and Valizadeh (2016) to reduce
N. ceranae infections in honey bees in the laboratory. In this study, chitosan S in the spring and
chitosan P in the fall to colonies, was associated with a significant reduction in the percent
infected bees. These results suggest that treatment with chitosan reduces the infectivity of N.
ceranae, but parasitized bees were still highly infected. This is evident as the chitosan P
treatment group had 0% infected bees after spring treatment, and at the same time had 1 million
spores per bee from the homogenized samples. This indicated that most bees were not infected
but those who were had high infection levels. It is therefore probable that the 30 bees used in the
infectivity measurement were all un-infected or had very low levels of infection not detected
with the assay used, and that the 50 bee sample used for the infection intensity measurement
contained at least one highly infected individual. Chitosan S was also associated with a
significant decrease in brood production in the short term and no differences in adult bee
populations. Chitosan can act as a pathogen associated molecular pattern binding to pattern
recognition receptors, which triggers an immune response against pathogens (Hashimoto et al.,
2008). A possible explanation is that the initiated immune response may have caused bees to use
excess energy, decreasing the energy left for rearing brood, resulting in decreased brood
production. This effect would not last long after treatment and honey production in chitosan
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treated colonies was not different to that of negative control colonies. Colonies receiving
chitosan S and P experienced a relatively high winter mortality of 50%. Because of its inability
to consistently reduce N. ceranae infection in full sized colonies and reduced brood production,
it can be concluded that chitosan may not be suited for treating N. ceranae in honey bee colonies.
In this study, we administered natural compounds to honey bee colonies by either
incorporating them into sugar syrup or a protein patty. This was partly done to give beekeepers
options in treatment administration, and to see if a compound works better in a particular
formulation. The pattern that was seen across most treatments is that compounds administered in
the protein patty worked better than the sugar syrup in the spring, whereas the syrup worked
better in the fall. A noticeable delay in patty uptake was noticed in the fall as compared to the
spring, and in fact, some colonies never finished their patties, which is likely the reason for poor
patty results in the fall. Therefore, the most effective administration method may have nothing to
do with nutrient absorption, rather the best method may be feeding compounds in a form that the
colony will rapidly consume based on the time of year (patties in the spring, syrup in the fall).
3.5.2 Conclusions
This study was conducted to determine the effect of a component of one essential oil
(eugenol), one prebiotic (chitosan), one probiotic (Protexin®) and one nutraceutical (naringenin)
applied in solid or liquid formulation to field colonies, on N. ceranae infectivity and infection
intensity, bee population, honey production and over-wintering survival. Treatment with the
standard control fumagillin did not reduce N. ceranae intensity after the spring treatment but was
effective after the fall treatment when administered by label recommendations. Protexin®,
containing E. faecium, was successful in significantly reducing the intensity of N. ceranae
infections after both spring (administered in protein patty) and fall (administered in sugar syrup)
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treatments. Protexin® was also able to significantly increase the adult bee population and honey
yield while not changing brood production, suggesting an increase in worker life span. Colonies
infected with N. ceranae produced 50% less honey than healthy colonies. This is the first time
this result has been found in North America. Treatment with eugenol S, Protexin® S or
naringenin S was able to increase the honey production of colonies with a N. ceranae infection to
that of healthy colonies. Naringenin had negative effects on brood production after the spring
treatment. Eugenol had mixed results with a decrease in N. ceranae spores, increased bee
population and increased infectivity. Chitosan did not have any major effects on most of the
variables measured. Based on the above overall results, Protexin® seems to be a very good
candidate for controlling N. ceranae infections, as well as for promoting length of life and
general health and productivity in honey bee colonies. Results from other compounds like
naringenin and eugenol, warrant further investigation. Additionally, promising compounds from
cage experiments should be further tested.
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Chapter 4. General Discussion
4.1 Introduction
Nosema ceranae, a microsporidian fungus, is one of the most common parasites of adult honey
bees (A. mellifera) worldwide (Martín-Hernández et al., 2007). It has been found that this
parasitic fungus negatively affects digestive functions of the honey bee and may cause early
mortality and lower productivity in the insects. The only medicine authorized to control this
parasite in honey bee colonies, the antibiotic fumagillin, has been discontinued in Canada and
poses risks of contamination to honey and resistance of N. ceranae to the antibiotic (van den
Heever et al., 2016). Therefore, a study was undertaken to find alternative, safer compounds, for
the control of N. ceranae infections in honey bee colonies.
4.2 Screening essential oils, prebiotics and organic acids for control of Nosema ceranae and
reduced mortality of honey bees (Apis mellifera)
The objective of this study was to screen a number of novel compounds for their potential
to control infections of the fungus N. ceranae in A. mellifera. The compounds tested were
selected based on their potential ability to improve gut health or reduce the growth of
microsporidians after a literature review. Out of the 14 compounds tested in dose response trials
for reducing the number of spores of N. ceranae per bee, three showed promising results based
upon a high R² value from the regression analysis. These were zymosan, terpinen 4-ol and CBD.
Based on their modes of action, those compounds appear to have benefited the bees in different
ways. Zymosan functions as a pathogen-associated molecular pattern (PAMP), initiating an
immune response (Soltanian, 2009). Thus, zymosan could be acting to stimulate the immune
system to reduce spore numbers. Thus also reducing mortality. In contrast, terpinen 4-ol is antiinflammatory (Ninomiya et al., 2013) and antimicrobial (Li et al., 2016; Shao et al., 2013), and
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CBD is also anti-inflammatory (Borrelli et al., 2009) and antimicrobial (Appendino et al., 2008).
Thus, terpinen 4-ol and CBD would both be acting to reduce spore numbers by direct
antimicrobial activity. They could thus be reducing mortality by reducing the populations as
well as the negative impacts of inflammation caused by N. ceranae. It appears that reducing N.
ceranae spore numbers can decrease bee mortality by more than one mode of action.
A surprising result was that testing zymosan, terpinen-4-ol and CBD at a predicted
optimal dose with five replicates in cage trials in the laboratory did not result in the predicted
level of N. ceranae spores or bee mortality. The most likely explanation for this was the use of
spring versus winter bees, which may differ in the strengths of their immune systems. This
shows that standardizing the type of bee is critical for this work. Despite this , zymosan
significantly reduced N. ceranae spore counts and reduced bee mortality compared to the
control, although the latter was not significant. Further work is needed to investigate the use of
zymosan as an option for controlling N. ceranae infections at different times of the year. Perhaps
higher doses are required to induce the immune system of spring bees compared to winter bees.
4.3 Control of the parasitic fungus Nosema ceranae using natural compounds in honey bee
colonies.
The objective of this study was to determine the effect of an active component of one
essential oil (eugenol from clove oil), one prebiotic (chitosan), one probiotic (Protexin®) and one
nutraceutical (naringenin) administered in sugar syrup or a protein patty to field honey bee
colonies on N. ceranae infectivity and infection intensity, as well as on brood and adult bee
populations, honey production and over-wintering survival of colonies. These compounds were
selected based on promising results in controlling N. ceranae in honey bees in cage trials from
Borges (2015) and Valizadeh (2016).
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The negative control colonies, which had not detectable N. ceranae infections at the start
of the experiment, became rapidly infected when placed in an apiary next to infected colonies.
Higes et al. (2008) also found that N. ceranae free colonies became infected after being placed
adjacent to infected colonies likely due to bee drift. However, these colonies performed better
and differed from positive control colonies in a number of parameters, such as honey production
and lower infectivity after the winter. In the spring of 2018, the positive control had significantly
higher spore levels and an almost significant reduced bee population, while the negative control
had significantly less infected bees and no reduced bee population.
In addition to this study, only Botias et al (2013) has looked at the difference in honey
production between field colonies with and without N. ceranae infections, and they found a
significant reduction in honey production in infected colonies like in our study. This is the first
time that a study in North America demonstrates that N. ceranae infections can significantly
decrease honey production, which is directly related to the profitability of beekeeping operations.
The positive control was also associated with a significant reduction in brood production. This
may have occurred because foragers infected with N. ceranae live significantly shorter lives than
healthy bees, possibly resulting in less food for the brood (Dussaubat et al., 2013).
The antibiotic fumagillin was included in this study as a N. ceranae control treatment.
The fumagillin treatment group was not associated with a significant decrease in N. ceranae
spore number per bee (infection intensity) after the spring treatment but did significantly reduce
the percent N. ceranae infected bees (infectivity). However, fumagillin did cause a significant
decrease in spore number per bee after the fall treatment. There was no reduction in honey
production, adult bee population or brood area in fumagillin treated colonies, suggesting that the
treatment was successful in mitigating the negative effects of N. ceranae on those parameters.

135

The fumagillin treatment group experienced a 50% winter mortality, which was less than the
positive control but greater than the negative control. The high winter mortality could be due to
fumagillin being not specific in its activity to microsporidians and harming the beneficial gut
microbiota of bees. However, the mortality data must be taken cautiously because of the low
colony numbers used in treatment groups in this study.
The eugenol treatment was associated with a moderately significant reduction in N.
ceranae spore number per bee after spring and fall treatments. Eugenol S was associated with a
significant increase in honey production when compared to the positive control. The bees treated
with eugenol S or P experienced similar reduction in winter mortality, which was in the midrange for this study. The reduction in N. ceranae spore loads and increased honey production
could be a result of eugenol’s potent antimicrobial properties and its ability to interfere with
enzymes involved in fungal spore germination (Viuda-Martos et al., 2007). Eugenol also caused
thickening of the inner mucus layer of the mouse intestinal tract, increasing resistance to gut
pathogens (Wlodarska et al., 2015) and may function similarly in honey bees.
The group of colonies treated with Protexin® was consistently associated with many
positive effects on honey bee health in this study, making it the most successful compound at
minimizing the damaging effects of N. ceranae. Administration of Protexin® P in the spring and
Protexin® S in the fall significantly decreased the numbers of N. ceranae spores per bee.
Protexin® S during the fall also showed a moderately significant reduction in the percent
infected bees. Supplementation with Protexin® S was also associated with a significant increase
in the amount of adult bees but not brood. This can be explained by the findings of Borges
(2015) that Protexin® increased the lifespan of bees. Colonies treated with Protexin® produced
honey yields significantly higher than the positive control colonies. Treatment groups receiving
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Protexin® S and P both experienced no winter mortality, which was the lowest winter mortality
seen in this study. The administration of Protexin® may have reduced the growth of N. ceranae
by simple competitive exclusion with the probiotic bacteria, E. faecium (Bednorz et al., 2013;
Lauková et al., 1993), thickening of the peritrophic membrane in the gut epithelium of honey
bees due to the production of lactic acid (Patricia et al., 2013) or through the production of
bacteriocin-like compounds (anti-microbial peptides) (Audisio et al., 2011).
Naringenin S and P were both associated with a significant or moderately significant
reduction in the numbers of N. ceranae spores per bee after the spring treatment, but the number
of bees infected increased as the season progressed indicating that its effectiveness did not persist
for a long period of time. Perhaps more applications were needed. Naringenin S was associated
with a significant decrease in the amount of brood in the summer, which could be due to the antiinflammatory properties of naringenin preventing bees and brood from mounting a strong
immune response. Honey production in this treatment group was significantly higher than that of
the positive control. Colonies receiving naringenin S experienced a winter mortality of 33%,
while colonies receiving naringenin P experienced a mortality of 0%, indicating that the
application method has a major impact on its effectiveness. Naringenin acts as an antiinflammatory by increasing the abundance and activity of antioxidants and decreasing the levels
and activity of pro-inflammatory cytokines (Amaro et al., 2009). The anti-inflammatory
properties combined with the extra protein may have allowed the bees to have much better
overwintering.
Chitosan S in the spring and chitosan P in the fall were associated with a significant
reduction in the numbers of N. ceranae spores per bee. Chitosan S was also associated with a
significant decrease in brood production in the short term. Although the numbers of N. ceranae
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spores per bee was reduced, colonies receiving chitosan S and P still had a high winter mortality
of 50%. Chitosan can act as a PAMP binding to pattern recognition receptors, which triggers an
immune response against pathogens (Hashimoto et al., 2008). A possible explanation for the
reduction in brood production is that the increased immune response may have caused bees to
use excess energy, decreasing the energy left for rearing brood. This may also explain the
relatively high winter mortality, despite the decrease in infectivity.
Although very different types of compounds were administered to honey bee colonies,
they were impacted similarly by either incorporating them into sugar syrup or a protein patty.
The general trend was that compounds administered in a protein patty worked better than sugar
syrup in the spring, whereas the sugar syrup worked better than the patties in the fall. This is
likely due to the greater protein need in the spring, resulting in rapid patty uptake and thus
shorter exposure to the compounds, and lesser protein needs in the fall, resulting in longer
exposure due to slower use of the patty, which was observed in this study.
4.4 Future Research
Citral, lactic acid and Actigen were all able to reduce the number of N. ceranae spores
per bee compared to controls in the cage experiments at the doses tested in this study. However,
these compounds also increased bee mortality. Therefore these compounds, and others like
sulforaphane (Borges, 2015), may still be viable options for Nosema control if more research is
done on reducing their toxicity.
A mineral with the potential to reduce toxicity is zeolite clinoptilolite, a microporous
structure of silica and aluminum oxide. Zeolite has already been tested on honey bee colonies
and was found to be an effective Nosema control agent, reducing spores per bee by 58% at 40
days post treatment (Gajger et al., 2015). Zeolite can enhance the immunity of organisms,
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improve the bio-efficiency of food, promote the healing of damages tissues, and have
antimicrobial and antioxidant activity. The antioxidant activity may help negate the harmful
effects of ROS produced during the immune response and may be the critical feature for
lowering mortality.
Another possible method of reducing mortality with certain compounds is altering the
nutrition. The detoxification of compounds in the honey bee has been associated with an
increased energetic investment (Rand et al., 2015). Detoxification in honey bees was also
associated with the upregulation of at least 15 proteins in the energy producing oxidative
phosphorylation pathway and the TCA cycle along with proteins involved in protein and lipid
metabolism (Rand et al., 2015). It is then possible that the increased nutritional needs during
induced immunity resulted in some bees dying of nutritional stress as they were provided with
only sugar syrup and no source of proteins or lipids. In addition, Di Pasquale et al. (2013)
showed that feeding bees pollen with elevated levels of lipids resulted in higher lipid
metabolism, a larger fat body, and increased expression of immune genes. However, with many
sources of protein and lipids available in honey bee supplements, it is important to note that not
all proteins are equally beneficial. Kaznowski et al. (2005) warned that pollen substitutes made
from protein sources, such as fish meal, soy, wheat, corn, egg powder, yeast extract and
powdered milk, are indigestible to bees and often cause increased bee mortality. They suggested
feeding bees proteins from potato, yeast or pollen. The commercial protein patties used in this
study contained egg powder and yeast as protein sources. Liao et al., (2017) recognized the
issue of malnutrition in caged honey bee experiments and tested the effects of supplemental
protein in a toxicity trial of the pyrethroid insecticides, bifenthrin and β-cyfluthrin. The authors
supplemented the diets of their honey bees with pure casein, a protein from milk. This increased
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life span and reduced pesticide toxicity (Liao et al., 2017). Therefore, casein may be a good
candidate for future research in reducing the toxicity of some of the effective but toxic
compounds evaluated in this study. While protein supplementation may alleviate toxicity to
certain compounds, it can also increase Nosema infection (Fleming et al., 2015). The authors
found that bees fed sugar syrup supplemented with wildflower pollen had more Nosema spores
per bee than bees feed only sugar syrup at 15 dpi, and bees fed a commercial pollen substitute
had even more spores per bee. Therefore, supplemental proteins and lipids may help with
toxicity to certain compounds but may also increase Nosema infections.
Because of their promising results in the field study, eugenol, naringenin and Protexin®
should be investigated in larger field trials. There was considerable variation between colonies
and so more than 6 colonies per treatment would help to better determine the response. In
addition, a range of doses and different timings of administration should be investigated,
especially for Protexin® which showed no negative effects at any time and may even be more
beneficial at higher doses.
Based on the impact of application method, screening of compounds should be applied in
the protein patty in the spring, and the sugar syrup in the fall, eliminating the need for two
separate treatment groups, thus reducing the number of treatment groups needed by 50%. In this
study, the infectivity (percent infected bees) was evaluated in addition to infection intensity
(spore numbers from homogenized bees). From our results, the infectivity results did not
drastically change the conclusions of this study. As the infectivity data was very labor intensive
and not highly informative, future field studies should rely on spore number per bee only. These
changes would allow for significantly more colonies to be included in a study, or significantly
more sample dates to be included in the study.
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Another finding of this study that may influence future studies is the dynamics of N.
ceranae infection in the control colonies. The negative control colonies began the experiment
with no infection, but they then became infected while still producing significantly more honey
than the positive control colonies. After winter, the negative control colonies had returned to low
N. ceranae spore numbers without treatment, suggesting the immune system was better able to
defend against the parasite when bee activity is limited. However, this hypothesis needs to be
investigated. If mechanisms of resistance against Nosema that are heritable exist in the bees, then
bee genotypes more resistant to the fungus could be bred to reduce the dependency on chemical
treatments.
4.5 Conclusions
The screening of 14 essential oils, prebiotics, probiotics and organic acids for their
potential to control N. ceranae infections in A. mellifera showed that there are still new
compounds to be discovered that will reduce bee mortality and N. ceranae spore counts. Out of
the 14 compounds tested in the dose response screening trials, zymosan, terpinen 4-ol and
cannabidiol showed promising results, but only zymosan was shown to significantly reduce
spore loads in replicated experiments. However, more testing of all three compounds is needed,
particularly on honey bee colonies in field studies.
A field study to determine the effect of one essential oil (eugenol), one prebiotic
(chitosan), one probiotic (Protexin®) and one nutraceutical (naringenin) administered in solid or
liquid form to field colonies showed that they were all able to affect one or more parameters,
such as bee population, honey production, over-wintering survival and N. ceranae infections
(infectivity and infection intensity). Protexin®, containing E. faecium was the most successful
significantly reducing the intensity of N. ceranae infections after both spring (administered in
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protein patty) and fall (administered in sugar syrup) treatments. Protexin® had additional
benefits of significantly increasing adult bee populations and honey yield while not changing
brood production, suggesting an increase in worker life span that also reduced overwintering
losses. The second most promising compound was eugenol because of its ability to reduce N.
ceranae spore loads and increase honey production. The third most promising compound was
naringenin because of its ability to reduce N. ceranae spore numbers, increase honey production
and reduce overwintering losses but it had a negative impact on brood numbers, and the least
promising of all the compounds was chitosan which reduced spore numbers while negatively
affecting brood numbers. Based on the above overall results, Protexin® seems to be a very good
candidate for controlling N. ceranae infections, as well as for promoting length of life, general
health and productivity in honey bee colonies.
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