Control of the intestinal parasite Nosema ceranae in Apis mellifera using
nutraceuticals, prebiotics and probiotics

by
Daniel Borges

A Thesis
presented to
The University of Guelph

In partial fulfillment of requirements
for the degree of
Master of Science
in
Environmental Sciences

Guelph, Ontario, Canada
© Daniel Borges, September, 2015

ABSTRACT

CONTROL OF THE INTESTINAL PARASITE NOSEMA CERANAE IN APIS
MELLIFERA USING NUTRACEUTICALS, PREBIOTICS AND PROBIOTICS

Daniel Borges
University of Guelph, 2015

Advisors:
Dr. Ernesto Guzman
Dr. Paul H. Goodwin

Nosema ceranae is a damaging parasite of the honey bee, Apis mellifera. The only
registered treatment is the antibiotic fumagillin. Thirteen nutraceuticals, three prebiotics and
three probiotics were examined as novel alternative compounds for controlling N. ceranae.
Caged bees were inoculated with N. ceranae spores, and treatments were administered in sugar
syrup. The most effective nutraceuticals were sulforaphane (from cruciferous vegetables),
completely eliminating N. ceranae spores but causing 100% bee mortality at higher doses, and
naringenin (from citrus), reducing spores by 70% but only causing 10% bee mortality. The most
effective prebiotic was acacia gum, reducing spores by 50% but causing over 60% bee mortality.
The most effective probiotic was Protexin Concentrate© single-strain (ProtexinC1), reducing
spores by 50% and significantly increasing bee survival above uninfected, Nosema-free control
bees. Future research on reducing sulforaphane and acacia gum toxicity is needed. Naringenin
and ProtexinC1, however, are promising new controls for N. ceranae.
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CHAPTER ONE
LITERATURE REVIEW

1.1 The western honey bee, Apis mellifera
Honey bees are hymenopteran insects belonging to the genus Apis. There are 11
recognized species of honey bees and they are characterized by a number of factors, including
that they have eusocial, perennial colonies composed of different castes, nests made out of wax
comb produced by the worker caste and the production and storage of honey (Michener, 2007;
Caron and Connor, 2013). While many of these traits are shared by species of stingless bees in
the tribe Meliponini, stingless bees differ slightly in their caste differentiation and in the fact that
they mass provision their larvae while honey bees feed their larvae progressively (Michener,
2007).
Honey bee colonies are composed of a single queen and anywhere from a couple
thousand to 60,000 female workers (Michener, 2007). The number of males (drones) varies but
is generally only a few hundred (Caron and Connor, 2013). Eggs and larvae (brood) are reared in
hexagonal cells built out of wax comb. Workers are responsible for feeding brood, the queen and
drones as well as performing all hive tasks. The tasks that are performed by workers vary with
age and physiological development (Caron and Connor, 2013). Newly-emerged workers
consume pollen, causing the development of the hypopharyngeal glands (Di Pasquale et al.,
2013). These glands produce the nutritionally-rich royal jelly that is fed to young larvae and the
queen. Older workers begin tasks such as storing incoming nectar and pollen and ripening nectar,
the process of evaporating the water from collected nectar to produce honey (Caron and Connor,
2013). As the wax glands mature, workers transition to building and repairing comb as well as
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capping cells containing honey or larvae beginning to pupate (Caron and Connor, 2013). The
final in-hive task is guarding the nest entrance. Workers in this stage also begin orientation
flights in preparation for their final role as foragers (Caron and Connor, 2013). Foragers collect
pollen, nectar and water as well as antimicrobial plant resins (propolis) used to seal cracks, coat
the nest and protect the colony from disease (Evans et al., 2006; Caron and Connor, 2013).
The queen and drones are the reproductive members of the colony. After emerging, a
virgin queen goes on mating flights where she mates with an average of 12 drones, though 20 or
more is possible (Caron and Connor, 2013; Abdelkader et al., 2014). Mating with multiple
drones is important and has been shown to increase the health, productivity and disease
resistance of the colony (Evans et al., 2006; Bourgeois et al., 2012; Mattila et al, 2012). The
queen stores the sperm of the males she mates with in an organ called a spermatheca from where
it is used to fertilize eggs for the remainder of her life. A queen will lay around 1,000 eggs a day,
one per cell (Abdelkader et al., 2014). Unfertilized eggs are haploid and develop into male
drones through parthenogenesis while fertilized eggs are diploid and develop into females (Caron
and Connor, 2013). Caste differentiation between queens and workers is dependent on food
quality during the larval stage – queen larvae are fed royal jelly for the entire larval stage while
workers are fed royal jelly for the first three days and then switched to pollen and honey
(Michener, 2007).
While numerous species of bees are kept by humans, the western honey bee, Apis
mellifera, is the most widely kept species of bee (Caron and Connor, 2013). Once native to
Europe, Asia and Africa, A. mellifera has now been distributed worldwide for its use in
apiculture (Michener, 2007). It is best known for the nutritional and therapeutic benefits of its
honey, as well as for other hive products such as beeswax, propolis and pollen (Ajibola et al.,
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2012). The most important role for apiculture, however, is the pollination of crops. Insect and
animal pollinators contribute to the production of roughly 35% of crops used for human
consumption worldwide (Genersch, 2010). In 2005 alone, this amounted to an estimated value of
$235 billion CAD (€153 billion) (Gallai et al., 2009). Apis mellifera is responsible for 90% of
this pollination (Genersch, 2010), though more recent studies have refuted this number and
highlighted the increased importance of wild insect pollinators (Garibaldi et al., 2013). However,
regardless of the role of wild insect pollinators, A. mellifera remains the world‟s most
economically important pollinator species (Genersch, 2010).

1.2 Immunity in A. mellifera
The insect immune system does not have the equivalent of mammalian B and T cells or
strong antigen-targeting specificity (Azeez et al., 2014). As a result, insects rely mainly on the
innate immune system to defend against pathogens. The vast majority of research on insect
innate immunity has been done with fruit fly, Drosophila melanogaster, and the mosquito,
Anopheles gambiae (Kounatidis and Ligoxygakis, 2012; Clayton et al., 2014). While the names
used in the following sections for the immune pathway components are those used for D.
melanogaster and A. gambiae, orthologs of all components exist in A. mellifera (Evans et al.,
2006; Boncristiani et al., 2012).
The innate immune system of A. mellifera can be divided into the humoral immune
system and the cellular immune system. The former deals with the induction and release of
molecules that circulate in the haemolymph to neutralize or kill pathogens, while the latter deals
with haemocytes and haemocyte-mediated processes such as phagocytosis and encapsulation of
pathogens and wound healing (Schmid-Hempel, 2005).
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1.2.1 Insect humoral immune system
The two main pathways in the insect humoral immune system are the Toll and Immune
deficiency (Imd) pathways (Ma et al., 2013). These two pathways ultimately induce the
expression and production of antimicrobial peptides (AMPs) through activation of nuclear factor
κ-light-chain-enhancer of activated B cells (NF-κB) (Li et al., 2012b).
Activation of either pathway begins with the recognition of pathogen-associated
molecular patterns (PAMPs) by pattern recognition receptors (PRRs) of the innate immune
system (Strand, 2008). These PAMPs are conserved molecules associated with particular groups
of pathogens. Some major PAMPs include lipopolysaccharides (LPS) from Gram-negative
bacteria, peptidoglycans from Gram-positive (and, to a lesser degree, Gram-negative) bacteria
and β(1,3)-glucan and chitin from fungi (Schmid-Hempel, 2005).
The Toll pathway is activated by PRRs found circulating in the haemolymph. These
receptors include peptidoglycan recognition proteins (PGRPs) and glucan-binding proteins
(GNBPs) (Kocks et al., 2005; Ma et al., 2013). Binding of these receptors to their pathogenrelated ligands leads to cleavage of the circulating cytokine Spaetzle, which then binds to Toll
receptors on the cell surface (Evans et al., 2006). Toll receptors are transmembrane proteins that
are orthologous to mammalian Toll-like receptors (TLRs) (Evans et al., 2006). Once activated,
Toll receptors induce a signalling cascade within the cell that leads to activation of the Toll
pathway NF-κB transcription factor, Dorsal (Li et al., 2012b). Dorsal is normally bound to its
inhibitor protein, Cactus. Upon Toll activation, Cactus is phosphorylated and ubiquitinated,
causing it to dissociate from Dorsal. Dorsal can then enter the nucleus where it binds to DNA
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and induces expression of AMP genes (Li et al., 2012b). An overview of the insect Toll pathway
is shown in Figure 1.1.
The Imd pathway is activated by direct binding of PAMPs to PRRs on the cell surface
(Kocks et al., 2005; Ma et al., 2013). These transmembrane PRRs are PGRPs, called PGRP-LCs,
that particularly bind diaminopimelic acid-type peptidoglycans (Evans et al., 2006). These
receptors are generally activated by Gram-negative bacteria but some species of Gram-positive
bacteria and some fungi can also activate PGRP-LCs (Evans et al., 2006). Once activated, a
branching signalling cascade within the cell (involving the proteins, BG4 and TAK1) is induced
that merges and culminates in activation of the Imd pathway NF-κB transcription factor, Relish.
Similar to Dorsal, activated Relish enters the nucleus where it binds to DNA and induces
expression of AMP genes (Evans et al., 2006). The branching is important as the protein TAK1
in the Imd pathway can also activate the c-Jun N-terminal kinase (JNK) pathway, a third
pathway in the insect humoral immune system (Boncristiani et al., 2012). TAKI activates the
JNK pathway through the protein, Hemipterous (Evans et al., 2006). Hemipterous activates
another protein, Basket, which eventually leads to the downstream induction of AMP genes. The
JNK pathway also plays a role in cell proliferation and apoptosis (Boncristiani et al., 2012).
Overviews of the insect Imd and JNK pathways are shown in Figure 1.2.
Honey bees produce AMPs belonging to four main families: apidaecin, abaecin,
hymenoptaecin and defensin (Xu et al., 2009; Ilyasov et al., 2013). All are cationic peptides that
create channels or pores in the cell membranes of pathogens, causing the cessation of cellular
processes, leakage of ions and cellular contents and cell lysis (Ilyasov et al., 2013). Some AMPs
inhibit pathogen enzymes that are necessary for growth and replication (Schwarz and Evans,
2013). Apidaecin is considered to be the main honey bee AMP and is found in the highest levels
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in the haemolymph (Xu et al., 2009). It is active against Gram-negative bacteria. Hymenoptaecin
and abaecin are both complimentary to apidaecin – they are active against Gram-positive
bacteria and many Gram-negative bacteria that are resistant to apidaecin (Xu et al., 2009). Two
major defensin genes are known in honey bees, and the peptides produced by these genes,
defensin 1 and 2, are mainly active against Gram-positive bacteria, though they can also affect
some Gram-negative bacteria and fungi (Ilyasov et al., 2013). Defensins are produced in the
lowest amount among the AMPs of bees, and their production is often delayed, suggesting that
they may play a role in later stages of infection (Xu et al., 2009). Most AMP production occurs
in the adipocytes of the fat body, which is the main immunological organ in honey bees (Azeez
et al., 2014). Other sites of AMP production include haemocytes, the cuticle, the intestinal tract
and the glands of the head and thorax, including the hypopharyngeal, mandibular and thoracic
glands (Ilyasov et al., 2013; Azeez et al., 2014).
In addition to inducing the expression of AMPs, the Toll, Imd and JNK pathways also
induce expression of a number of enzymes in the phenoloxidase (PO) cascade (Evans et al.,
2006). The PO cascade is named after the terminal enzyme in the signalling cascade but is also
called the serine protease cascade as many of the enzymes involved are serine proteases (Ma et
al., 2013). The PO cascade leads to melanization and encapsulation of larger pathogens. In the
final step of the cascade, PO generates quinones, which polymerize to produce melanin and
cover the surface of the pathogen (Strand, 2008; Azeez et al., 2014). Many of the intermediates
in the PO cascade are toxic or generate reactive oxygen species (ROS), both which act to kill the
encapsulated pathogen (Strand, 2008; Azeez et al., 2014). The generation of ROS, either through
the PO cascade or other mechanisms, is another part of the immune response, and the enzyme
glucose dehydrogenase (GLD) appears to play a role in ROS generation (Lovallo and
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Cox-Foster, 1999). Generation of ROS, however, can be damaging to the host, and so immunemediated ROS generation is often accompanied by activation of genes encoding antioxidants,
such as superoxide dismutase (SOD) and glutathione (GSH) (Dussaubat et al., 2012).
While the PO cascade is activated by the Toll, Imd and JNK pathways and while many
components of the cascade are found in the haemolymph (inactivated), there is considerable
overlap with the cellular immune system (Strand, 2008). Many enzymes in the cascade are
produced in haemocytes, and haemocytes play a major role in the encapsulation of pathogens
(Strand, 2008).

1.2.2 Insect cellular immune system
The cellular immune response involves haemocytes and haemocyte-driven processes,
such as phagocytosis, encapsulation and wound healing (Schmid-Hempel, 2005). While the
names and exact functions of haemocytes vary in different insect Orders, the most commonly
recognized haemocytes in Hymenoptera, Orthoptera, Lepidoptera, Coleoptera, Blattodea,
Hemiptera and non-Drosophila Diptera are granulocytes, plasmatocytes, oenocytoids and
spherule cells (Strand, 2008). Granulocytes are the major phagocytic haemocytes, while
plasmatocytes, the main phagocytic haemocyte in Drosophila, are mainly involved in
encapsulation (Strand, 2008). Oenocytoids contain components of the PO cascade, and spherule
cells are believed to contain cuticular components and be involved in wound healing (Strand,
2008). Haematopoiesis occurs mainly in the fat body but can also occur in the haemolymph or
other tissues (Strand, 2008; Azeez et al., 2014).
Phagocytosis is the process in which haemocytes engulf smaller pathogens and
enzymatically degrade them with enzymes such as lysozyme (Kocks et al., 2005; Strand, 2008;
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Ma et al., 2013). For phagocytosis to occur, pathogens must first be recognized by PRRs found
on the haemocyte cell surface. Two key phagocytic receptors are Eater and Down syndrome cell
adhesion molecule (Dscam) (Kocks et al., 2005; Dong et al., 2006; Boncristiani et al., 2012;
Dong et al., 2012; Schwarz and Evans, 2013). Eater is a transmembrane receptor responsible for
recognition and phagocytosis of bacteria (Schwarz and Evans, 2013). Drosophila with an eater
gene knock-out do not engulf bacteria and are susceptible to infection and higher mortality
(Kocks et al., 2005). While insects do not have an acquired immune system, the transmembrane
immune receptor Dscam allows for considerable antigen-targeting specificity (Boncristiani et al.,
2012; Schwarz and Evans, 2013). Expressed in haemocytes, the Dscam gene has over 100 exons
that are differentially spliced and combined to create tens of thousands of Dscam splice variants
that can recognize a wide variety of bacterial, fungal and protozoan pathogens and target them
for phagocytosis (Dong et al., 2006; Dong et al., 2012).
Encapsulation occurs when the pathogen is too large to be engulfed by phagocytic
haemocytes (Strand, 2008). While plasmatocytes are the main haemocytes involved,
encapsulation generally begins with recognition and binding of granulocytes to the pathogen
surface. Plasmatocytes and more granulocytes continue to adhere to the pathogen surface until it
is fully encapsulated, preventing its growth and spread (Strand, 2008). The PO cascade and
melanization are closely linked to encapsulation. In many insects, melanin deposition on the
pathogen surface is required before granulocytes can bind and encapsulate the pathogen (Strand,
2008). During the encapsulation process, oenocytoids release enzymes involved in the PO
cascade, inducing melanization and the production of toxic intermediates and ROS that kill the
encapsulated pathogen (Strand, 2008; Ma et al., 2013; Azeez et al., 2014). Plasmatocytes contain
the enzyme glucose dehydrogenase (GLD) and it also appears to play a role in ROS generation
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during encapsulation (Lovallo and Cox-Foster, 1999). A similar response is seen after wounding.
A haemolymph clot made up of a fibrous matrix (possibly released from spherule cells)
embedded with granulocytes and plasmatocytes forms at the wound site (Strand, 2008). The clot
hardens as the PO cascade is activated and melanization at the wound site occurs (Strand, 2008;
Ma et al., 2013).
As previously mentioned, there is considerable overlap between the humoral immune
response and the cellular immune response (Strand, 2008). Activation of the Toll and Imd
pathways induces the production of AMPs as well as PO cascade enzymes (Evans et al., 2006;
Azeez et al., 2014). Activation of the Toll pathway also results in the production of cytokines
that regulate the inflammatory response (Azeez et al., 2014). These pro-inflammatory cytokines
activate the Janus kinase and signal transducer and activator of transduction (JAK/STAT)
cellular immune pathway (Evans et al., 2006). The JAK/STAT transmembrane receptor
Domeless initiates a cellular signalling cascade, beginning with activation of the protein
Hopscotch (orthologous to the mammalian protein, JAK), which activates Stat92E (orthologous
to the mammalian protein, STAT) and culminates in the proliferation and differentiation of
haemocytes as well as the promotion of phagocytic behaviour (Evans et al., 2006; Ma et al.,
2013). In this way, the humoral and cellular immune responses are induced and regulated by one
another – the Toll pathway induces the production of pro-inflammatory cytokines that activate
the JAK/STAT pathway and the JAK/STAT pathway promotes phagocytosis that leads to
degradation of pathogens and the release of PAMP fragments that activate the Toll pathway
(Strand, 2008). An overview of the insect JAK/STAT pathway is shown in Figure 1.3.
Viral immunity in insects is not well understood but the JAK/STAT pathway has antiviral
effects and is believed to be activated by viruses (Evans et al., 2006; Ma et al., 2013). This may
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or may not involve the gene, Aubergine, which is involved in the control of foreign RNA
molecules and some bacteria through RNA interference (RNAi) involving the enzyme Dicer and
the RNA-induced silencing complex (RISC) (Huang et al., 2014).

1.2.3 Honey bee social immunity
Evans et al. (2006) compared the genome of A. mellifera with two dipteran species, D.
melanogaster and A. gambiae. They looked specifically at genes in 17 different families that had
been shown to be linked to immunity. The authors found that the genome of A. mellifera contains
only one-third as many immune genes as the other species. This reduction in immune genes is
not something characteristic to all species in the genus Apis. Xu et al. (2009) compared the AMP
genes in A. mellifera and the eastern honey bee, Apis cerana, and found that A. cerana contained
significantly more genes coding for different AMP variants. This was particularly true with
hymenoptaecin. Evans et al. (2006) hypothesize that one reason for this might be that A.
mellifera augments its immune system and the innate immune response with social and
behavioural practices that reduce the spread of disease.
One such behavioural practice is the collection of propolis (Evans et al., 2006). Propolis
is a mixture of resinous substances that A. mellifera foragers collect from plant sources (Caron
and Connor, 2013). Propolis is rich in antimicrobial plant compounds, and bees use it to seal
cracks and coat the nest in order to protect the colony from disease (Evans et al., 2006; Caron
and Connor, 2013). In support of the hypothesis put forth by Evans et al. (2006), A. cerana can
produce more AMP variants with a wider scope of activity and recognition, but they do not
exhibit the behavioural practice of collecting propolis (Xu et al., 2009).
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Garófalo (1977) looked at survival curves of A. mellifera brood and found that they
approach survival curves for humans and other social animals. The author hypothesized that this
is due to increased parental care. In addition to building the nest out of antimicrobial materials,
A. mellifera workers also feed brood (and themselves) with strongly antimicrobial food sources
(Evans et al., 2006). Honey is known for its antimicrobial properties and contains a number of
AMPs, has a low pH, gradually releases hydrogen peroxide and is hygroscopic and hyperosmotic
(Ajibola et al., 2012). Even before it is ripened and converted to honey, nectar contains
numerous plant metabolites that have been shown to have antimicrobial properties (Richardson
et al., 2015). Another important food source for honey bees is beebread, a combination of pollen,
honey and worker glandular secretions (Caron and Connor, 2013). Beebread is a fermented
product and is rich in microorganisms, both from the collected pollen itself (Belhadj et al., 2010)
as well as from the bacteria found in the honey bee alimentary tract that are transferred to the
beebread (Anderson et al., 2013b; Endo and Salminen, 2013). Honey bees inoculate beebread
with microorganisms in order to prevent spoilage (Anderson et al., 2013b; Corby-Harris et al.,
2014). These microorganisms, mainly lactic acid bacteria (LAB), prevent spoilage by producing
organic acids, lowering the pH and producing AMPs and bacteriocins (Audisio et al., 2011;
Anderson et al., 2013b; Corby-Harris et al., 2014).
While not specifically a part of the innate immune system, the honey bee crop and gut
microbiota can be considered a part of social immunity. It is comprised of a large variety of
bacterial symbionts, including many LAB in the genera Lactobacillus, Bifidobacterium and
Enterococcus (Audisio et al., 2011; Anderson et al., 2013a; Endo and Salminen, 2013; CorbyHarris et al., 2014). These bacteria are obtained from food sources such as pollen, nectar and
beebread (Belhadj et al., 2010; Anderson et al., 2013b; Endo and Salminen, 2013) and are shared
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among nestmates through the social process of trophallaxis (Anderson et al., 2013a; Anderson et
al., 2013b). The gut microbiota protects honey bees from pathogen infection through the
production of organic acids, AMPs and bacteriocins, by lowering the pH and by competing with
pathogens for nutrients and space (Audisio et al., 2011; Anderson et al., 2013b; Endo and
Salminen, 2013; Corby-Harris et al., 2014).
Two other important social and behavioural traits that help protect A. mellifera are
grooming behaviour and hygienic behaviour. Honey bees that exhibit grooming behaviour will
physically remove, and sometimes injure, parasitic Varroa destructor mites on their body
(Guzmán-Novoa et al., 2011a, 2012; Caron and Connor, 2013). While a honey bee generally
grooms itself with its legs, it can solicit help from nestmates, who will then use their mandibles
to remove mites (Guzmán-Novoa et al., 2012). Hygienic behaviour refers to the tendency for
workers to detect and remove diseased, parasitized or dead brood (Unger and Guzmán-Novoa,
2010; Guzmán-Novoa et al., 2011a; Caron and Connor, 2013). This helps prevent the spread of
brood diseases as well as parasites such as Varroa (Unger and Guzmán-Novoa, 2010; GuzmánNovoa et al., 2011a).

1.3 The microbiota of A. mellifera
As previously mentioned, the community of symbiotic microorganisms inhabiting the
alimentary tract of A. mellifera plays a number of important roles, including protecting the honey
bee from pathogens (Audisio et al., 2011). Considerable research has gone into classifying the
species that inhabit the alimentary tract as well as into the functions this diverse set of
microorganisms perform (for a review, see Hamdi et al., 2011). While many studies have used
culture-dependent methods to grow, isolate and classify species (Olofsson and Vásquez, 2008;
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Vásquez et al., 2012; Kwong and Moran, 2013; Tajabadi et al., 2013; Corby-Harris et al., 2014),
a number of studies have used culture-independent methods through extraction of total DNA or
RNA from samples (Martinson et al., 2011; Mattila et al., 2012; Sabree et al., 2012; Anderson et
al., 2013b; Endo and Salminen, 2013). With either method, amplification and sequencing of the
bacterial 16S small subunit ribosomal RNA (16S SSU rRNA or just 16S rRNA) gene is used to
classify species.
Studies have generally divided the microbiota into those found in the foregut or crop and
those found in the mid- and hindgut (Anderson et al., 2013b; Corby-Harris et al., 2014). It is
generally agreed that the core gut microbiota of A. mellifera is composed of eight unique
bacterial phylotypes that often make up more than 90% of the sequences obtained from the gut
(Hamdi et al., 2011; Anderson et al., 2013b; Corby-Harris et al., 2014). These eight phylotypes
are often called Alpha 2.1, Alpha 2.2, Beta, Gamma 1, Gamma 2, Lactobacillus Firm 4,
Lactobacillus Firm 5 and Bifidobacterium sp. (Anderson et al., 2013b; Corby-Harris et al.,
2014). Taxonomically, the Alpha 2.1 and Alpha 2.2 phylotypes belong to the
Alphaproteobacteria, the Beta phylotype is a member of the Betaproteobacteria, the Gamma 1
and Gamma 2 phylotypes are members of the Gammaproteobacteria, the Lactobacillus Firm 4
and Lactobacillus Firm 5 phylotypes belong to the Firmicutes and the Bifidobacterium sp.
phylotype is a member of the Actinobacteria. While it is inconclusive which species the
Firmicutes, Actinobacteria and Alphaproteobacteria phylotypes represent, Gamma 1, Gamma 2
and Beta have been identified as Gilliamella apicola, Frischella perrara and Snodgrassella alvi,
respectively (Anderson et al., 2013b; Kwong and Moran, 2013; Corby-Harris et al., 2014). The
Bifidobacterium sp. is unknown but Bifidobacterium are a very common group of bacteria found
in the alimentary tract of many different organisms (Pokusaeva et al., 2011; Anderson et al.,
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2013a). There is some debate on the identity of the Firmicute phylotypes, Lactobacillus Firm 4
and Lactobacillus Firm 5. A 16S rRNA pyrosequencing study by Mattila et al. (2012) found no
Lactobacillus spp. at all in the honey bee gut but found a number of Firmicutes previously
associated with cow rumens. In response to this study, however, Sabree et al. (2012) examined
the sequence dataset of Mattila et al. (2012) and found them to be identical to the eight core gut
phylotypes, including the Lactobacillus Firm 4 and Lactobacillus Firm 5 phylotypes.
In contrast to studies on the eight core phylotypes found in the gut, there has been less
agreement in the literature on whether or not a core crop microbiota exists in A. mellifera. A
number of culture-dependent studies have put forth a list of 13 phylotypes that may represent a
putative core crop microbiota (Olofsson and Vásquez, 2008; Vásquez et al., 2012). Subsequent
studies, however, have refuted this (Anderson et al., 2013b; Corby-Harris et al., 2014). Anderson
et al. (2013b) used 16S rRNA sequencing and found no support for the 13 core crop phylotypes.
Instead, they found only two phylotypes that are commonly and consistently found in the honey
bee crop – one represented by the species Lactobacillus kunkeei and the other being one of the
two Alphaproteobacteria phylotypes also found in the core gut microbiota (Alpha 2.2). The
authors suggest that this difference might be due to the fact that Olofsson and Vásquez (2008)
and Vásquez et al. (2012) used culture-dependent methods and pointed out that culturedependent methods often overestimate the abundance of certain bacterial species while failing to
find others all together. However, a recent culture-dependent study by Corby-Harris et al. (2014)
also found no support for the 13-phylotype core crop microbiota. Instead, Corby-Harris et al.
(2014) found that L. kunkeei and Alpha 2.2 were the most common phylotypes found
consistently in the crop and suggest that these may represent the core crop microbiota. The
authors suggest that the extreme conditions in the honey bee crop prevent most bacterial species
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from colonizing. Other than L. kunkeei and Alpha 2.2, most species found in the crop are only
transient or on their way to the gut where the more favourable conditions allow for colonization
(Anderson et al., 2013b; Corby-Harris et al., 2014).
Culture-based studies on the honey bee gut microbiota have shed light on the metabolism
of the different bacterial species and phylotypes found there. The eight core gut phylotypes and
the two core crop phylotypes are all able to grow in the presence of oxygen, though some
phylotypes grow better under microaerophilic conditions (Engel et al., 2013; Corby-Harris et al.,
2014). While Disayathanoowat et al. (2012) found that Gammaproteobacteria in the guts of A.
cerana could be grown aerobically, the two A. mellifera core Gammaproteobacterial species, G.
apicola and F. perrara, generally grow better under microaerophilic conditions (Engel et al.,
2013; Kwong and Moran, 2013). This is also true of the core Betaproteobacterial species, S. alvi
(Kwong and Moran, 2013). While Bifidobacteria are generally anaerobic (Pokusaeva et al.,
2011), the particular species of Bifidobacteria found in the honey bee alimentary tract are
facultative anaerobes and can grow under aerobic or anaerobic conditions (Mattila et al., 2012;
Anderson et al., 2013a; Engel et al., 2013). In contrast to these microaerophilic and facultative
anaerobic species, many species of Alphaproteobacteria are obligate aerobes (Hamdi et al.,
2011). This may or may not be the case with the two core Alphaproteobacterial phylotypes.
These phylotypes are able to be grown under aerobic and microaerophilic conditions (Anderson
et al., 2013b), though they can be hard to culture and are not well studied (Engel et al., 2013). By
far the most abundant bacterial species in both the honey bee gut and crop are Firmicutes in the
genus Lactobacillus (Anderson et al., 2013b). These bacteria are facultative anaerobes and can
be grown easily under aerobic (Kaznowski et al., 2005; Disayathanoowat et al., 2012; Anderson
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et al., 2013b; Endo and Salminen, 2013; Engel et al., 2013), microaerophilic (Audisio et al.,
2011; Engel et al., 2013) and anaerobic (Belhadj et al., 2010) conditions.
The bacterial species that colonize the crop and gut of A. mellifera originate from a
number of sources. Many bacterial species are found in the environment in the soil, water, floral
nectar and pollen that bees come in contact with or actively collect (Belhadj et al., 2010;
Anderson et al., 2013a, 2013b; Corby-Harris et al., 2014). A large number of these bacterial
species are also found on the bodies of bees, in the hive environment and the honey and beebread
food stores (Anderson et al., 2013a, 2013b; Corby-Harris et al., 2014). Disayathanoowat et al.
(2012) found that the guts of honey bee larvae also contain bacteria, though at a much lower
quantity and diversity than that found in adults. They suggested that larvae acquire a gut
microbiota from being fed with microbial-rich foods such as beebread. Newly-emerged adult
bees also contain a very limited gut microbiota (Kaznowski et al., 2005; Vásquez et al., 2012),
but this builds up very quickly from feeding on beebread and trophallaxis with nestmates
(Vásquez et al., 2012; Anderson et al., 2013a, 2013b). While adult honey bees at different ages
consume vastly different diets, Corby-Harris et al. (2014) found that the core crop and gut
microbiota are essentially identical. Even more surprising is the fact that the core gut microbiota
found in A. mellifera is very similar to that found in other species of bees from all over the world
(Martinson et al., 2011). This includes other honey bee species, such as A. cerana (Yoshiyama
and Kimura, 2009; Disayathanoowat et al., 2012; Jiang et al., 2013; Wu et al., 2013), Apis
andreniformis and Apis dorsata (Martinson et al., 2011) as well as many Bombus species
(Martinson et al., 2011; Kwong and Moran, 2013). Martinson et al. (2011) suggested that the
common core microbiota is a result of eusociality and colony life and is maintained from
generation to generation through practices such as storing food and trophallaxis.
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1.4 Diseases and parasites of A. mellifera
In 2006, beekeepers across Canada began reporting higher than usual winter and earlyspring colony mortality, with rates reaching an average of 36% (Currie et al., 2010). This trend
has continued, with similar rates seen in the US, Europe and parts of Asia (Cox-Foster et al.,
2007; Currie et al., 2010; Genersch, 2010; vanEngelsdorp and Meixner, 2010; Evans and
Schwarz, 2011; Higes et al., 2013b). These colony loss incidents are not symptomatically
identical to each other, and a wide variety of factors have been suggested as being possible
causes, including weak and failing queens, malnutrition and starvation (vanEngelsdorp and
Meixner, 2010). Almost all studies, however, have implicated pathogens and parasites as playing
a role in colony mortality. Genersch (2010) concluded that honey bee parasites and pathogens
were the single most important cause of increased colony losses, and Evans and Schwarz (2011)
found that parasites and pathogens interacted with factors, such as honey bee nutritional status
and environmental toxins, to cause increased colony losses. In addition, places in the world free
of the major honey bee pathogens and parasites, such as Newfoundland and Labrador, exhibit
much lower colony mortality rates (Williams et al., 2010a; Shutler et al., 2014).
Honey bees are infected by a wide variety of pathogens and parasites from a number of
different taxa. The two main bacterial pathogens that infect honey bee larvae are Melissococcus
plutonius and the spore-forming Paenibacillus larvae (Genersch, 2010; Evans and Schwarz,
2011; Caron and Connor, 2013). These bacteria cause European foulbrood (EFB) and American
foulbrood (AFB), respectively. Larvae are infected when they consume bacteria (or spores in the
case of P. larvae). The bacteria grow and multiply rapidly in the midgut, starving and eventually
killing the larvae (Genersch, 2010). While AFB is a widespread and very serious disease that can
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kill entire colonies, it is easily diagnosed and well monitored and controlled (Genersch, 2010;
Caron and Connor, 2013). European foulbrood is generally considered less serious and
symptoms often disappear without the need for treatment (Caron and Connor, 2013). However,
there has been a recent surge in EFB infections in parts of Europe that has become problematic
(Genersch, 2010; Evans and Schwarz, 2011).
A number of mites can be damaging parasites of A. mellifera. The tracheal mite Acarapis
woodi infests the tracheal system of honey bees (Caron and Connor, 2013). Mated female mites
enter the trachea through the spiracles, where they reproduce and feed on the haemolymph by
piercing the tracheal wall (Caron and Connor, 2013). While once a serious problem, A. woodi is
now considered a minor pest, and honey bee strains resistant to tracheal mites exist (ex. Buckfast
bees) (Caron and Connor, 2013). A more serious parasite is the mite Varroa destructor. Mated
female Varroa mites enter larval cells just before they are capped (Caron and Connor, 2013).
There, they reproduce and feed on the haemolymph of the pupa (vanEngelsdorp and Meixner,
2010). Emerging adults that have been parasitized by Varroa mites are often deformed,
underweight and malnourished and have shorter lifespans (vanEngelsdorp and Meixner, 2010;
Caron and Connor, 2013). Varroa mite infestations reduce colony health and honey production
and have been linked to colony mortality (Currie et al., 2010; Genersch, 2010; Guzmán-Novoa et
al., 2010; vanEngelsdorp and Meixner, 2010; Medina-Flores et al., 2011; Emsen et al., 2014). A
number of treatments exist for Varroa mites, though resistance to many of these have developed
(vanEngelsdorp and Meixner, 2010; Caron and Connor, 2013). Honey bees that perform
hygienic and grooming behaviours are more resistant to Varroa mite parasitism (Unger and
Guzmán-Novoa, 2010; Guzmán-Novoa et al., 2011a; Guzmán-Novoa et al., 2012).
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Compared to other pathogens, little is known about the various viruses that infect honey
bees. Sacbrood virus (SBV) and black queen cell virus (BQCV) infect larvae, killing them and
covering their bodies in a tough, leathery sac (Caron and Connor, 2013). Adult honey bees can
be infected with a number of viruses, including Israeli acute paralysis virus (IAPV), Kashmir bee
virus (KBV), acute bee paralysis virus (ABPV), chronic bee paralysis virus (CBPV) and
deformed wing virus (DWV) (Cox-Foster et al., 2007; Caron and Connor, 2013). While many of
the paralysis viruses cause trembling, the inability to fly and loss of hair, they can also be
asymptomatic (Caron and Conner, 2013). Many, if not all, honey bee viruses are believed to be
linked to Varroa mite parasitism and are transmitted when mites feed on the haemolymph of
pupae and adult bees (Genersch, 2010; vanEngelsdorp and Meixner, 2010; Caron and Conner et
al., 2013). The clearest example of this is DWV, which has been shown to replicate within the
mite before transmission and causes stunted, shrivelled wings in adult bees (Genersch, 2010;
vanEngelsdorp and Meixner, 2010; Caron and Conner, 2013). Other than re-queening or
controlling Varroa mite levels, there are no treatments for honey bee viruses (Caron and Conner,
2013).
Fungi are also parasites of honey bees. Larvae can be infected with the ascomycotan
filamentous fungus Ascosphaera apis that causes chalkbrood (Evans and Schwarz, 2011; Caron
and Connor, 2013). Ingested fungal spores grow within the larvae, consuming resources and,
eventually, the entire larva‟s body. The dead, mummified larvae look like pieces of chalk as a
result of the overgrown fungal mycelium (Evans and Schwarz, 2011; Caron and Connor, 2013).
Chalkbrood infections occur more frequently during cool, damp weather and can be prevented
with proper ventilation, though re-queening is often necessary (Evans and Schwarz, 2011; Caron
and Connor, 2013). Stonebrood, a similar disease with similar symptoms, can be caused by the
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ascomycotan filamentous fungi Aspergillus flavus, Aspergillus niger and Aspergillus fumigatus,
though it is relatively rare (Caron and Connor, 2013).
Another group of honey bee parasites are the Microsporidian fungi belonging to the
genus Nosema. Microsporidia are obligate intracellular parasites of many invertebrate and
vertebrate species (Keeling and Fast, 2002; Ku et al., 2007). They infect most insect species,
including the economically important silkworm, Bombyx mori (Rao at al., 2005), and have also
been used as biological control agents for many insect pests (Lomer et al., 2001). Two species of
Nosema are known to infect the ventriculus or midgut of A. mellifera: Nosema apis and Nosema
ceranae (Caron and Conner, 2013). Nosema apis was long believed to be the only species of
Nosema infecting A. mellifera. Nosema ceranae, first discovered in 1994, was originally a
parasite of A. cerana (Fries et al., 1996). In 2005, however, N. ceranae was discovered infecting
A. mellifera in Taiwan (Huang et al., 2007b). Around the same time, it was also found infecting
A. mellifera in Spain (Higes et al., 2006). Though it was believed to have jumped hosts around
that time, more recent studies have found N. ceranae infecting A. mellifera in Brazilian samples
from as far back as 1979 (Teixeira et al., 2013) and American samples from as far back as 1975
(Traver and Fell, 2015). Nosema ceranae is believed to be replacing N. apis and is the dominant
(and sometimes only) Nosema species found infecting A. mellifera almost everywhere in the
world (Klee et al., 2007; Chen et al., 2008; Chen et al., 2009; Guzmán-Novoa et al., 2011b;
Hatjina et al., 2011; Chen et al., 2012; Martín-Hernández et al., 2012; Roudel et al., 2013).
There are very few exceptions, though N. apis appears to still be the dominant species in
Germany (Gisder et al., 2010).
The biology, impact and control of N. ceranae will be discussed in the following
sections.
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1.5 Nosema ceranae
1.5.1 Biology and lifecycle of N. ceranae
Much of what is known about the biology and lifecycle of N. ceranae is from research on
N. apis, as the two species are believed to be very similar. In the environment, N. ceranae exists
as a resistant, metabolically inactive spore (Gisder et al., 2010). The structure of the spore is
similar to that seen in other Microsporidian species (Keeling and Fast, 2002). The outer layer is
an electron-dense, proteinaceous exospore. Inside the exospore is the much thicker endospore,
composed primarily of chitin, though it also contains a variety of proteins (Keeling and Fast,
2002; Moretto et al., 2012). The innermost layer is the cell membrane, surrounding the
sporoplasm. Nosema ceranae is diplokaryotic, containing two haploid nuclei that are situated
roughly in the centre of the sporoplasm (Fries et al., 1992, 1996; Higes et al., 2007, 2013b;
Gómez-Moracho et al., 2014). Surrounding the nuclei and taking up the majority of the
sporoplasm are structures involved in infection. The polaroplast is a large aggregation of
membranes, known as the lamellar polaroplast in the anterior end of the spore and the vesicular
polaroplast in the posterior end of the spore (Keeling and Fast, 2002). Coiled around the inside of
the spore is the polar tube. This hollow, membrane-bound structure is attached at the anterior end
to an anchoring disc and is associated at the posterior end with a large vacuole (Keeling and Fast,
2002). Glycosylation is believed to be important for the structure and function of the polar tube,
possibly by increasing its stability, protecting it from degradation and aiding in cell adhesion
(Moretto et al., 2012). The polar tube membrane and the spore wall are covered in glycoproteins,
which may help the spore adhere to mucins or epithelial cells in the honey bee midgut (Keeling
and Fast, 2002; Moretto et al., 2012).
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For infection to occur, N. ceranae spores must first be ingested (Fries, 2010; Genersch,
2010). This predominantly occurs through ingestion of faeces infected with Nosema spores,
though transferring food via trophallaxis by infected individuals can also spread the parasite
(Bailey and Ball, 1991; Chen et al., 2008). While ingestion of infected faeces can occur at shared
food and water sources (for example, at floral nectar sources), spores are most commonly
ingested when workers are cleaning infected faeces from the comb (Bailey and Ball, 1991; Chen
et al., 2008). Honey bees do not generally defecate within the hive but are more likely to do so
during periods of confinement, such as during the winter or during times of poor weather (Doull,
1961). Nosema infection generally increases during or following these periods of confinement. In
particular, Nosema levels often spike in early spring as workers clean infected comb to allow for
the queen to begin laying eggs (Doull, 1961; Bailey and Ball, 1991). Nosema spores in faeces
remain viable in the environment for over a year (Bailey and Ball, 1991), though they may
remain viable longer when preserved inside the ventriculi of dead bees (Bailey, 1972b).
Once ingested, spores germinate when they reach the midgut or ventriculus of the honey
bee. It is not known exactly what triggers the spores to germinate but in vitro, spores can be
made to germinate by a number of stimuli, including changes in pH, hyperosmotic solutions, the
presence of cations or anions, UV light, peroxides or being dehydrated and then rehydrated
(Keeling and Fast, 2002). Germination occurs when the spore takes in large amounts of water,
causing the posterior vacuole to swell. The spore membrane is covered in aquaporins to allow the
influx of water and the osmotic pressure is believed to be caused by either the breakdown of
trehalose into glucose monomers or the breakdown of the spore membrane to release calcium
ions (Keeling and Fast, 2002). As the vacuole swells, it pushes on the tightly coiled polar tube,
causing it to rupture the spore and fire out like a harpoon, inverting itself in the process (Keeling
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and Fast, 2002). The polar tube pierces a nearby midgut epithelial cell and the sporoplasm is
injected through the polar tube into the host cell (Genersch, 2010). Once inside, the parasite uses
the resources and cellular machinery of the host to grow and multiply (Liu et al., 1984; Keeling
and Fast, 2002; Cornman et al., 2009; Li et al., 2009).
In order to grow, N. ceranae requires large amounts of oxygen, protein, lipids,
carbohydrates and nutrients. This high resource need is believed to be the reason why N. ceranae
and N. apis selectively parasitize midgut epithelial cells and why, with N. apis at least, spores are
not found in nearby muscle or connective tissues or the tracheal end tubes that come in contact
with the midgut (Liu et al., 1984). Nosema spores have not been conclusively found in any other
tissues. A study by Örösi-Pal (1938) is often cited for having found N. apis spores in eggs as well
as the ovaries, haemolymph and connective, nervous and muscle tissues of queen bees. However,
the study only observed “spore-like” structures that were not confirmed to be N. apis spores
(Steche, 1960). Gilliam and Shimanuki (1967) found N. apis spores in the haemolymph of
infected bees. However, the authors found these spores when piercing honey bee abdomens with
a hypodermic needle to obtain haemolymph. Human et al. (2013) have cautioned that piercing
the abdomen with a needle to obtain haemolymph must be done very carefully as it is extremely
easy and common to pierce the gut as well. For this reason, it is possible that Gilliam and
Shimanuki (1967) pierced the gut while obtaining haemolymph and that the spores originated
from the gut and not from the haemolymph. This limited tissue tropism with N. apis and N.
ceranae is in contrast to other Nosema species such as Nosema bombi (Fries, 2010) and Nosema
pyrausta (Lewis et al., 2009) that infect a wide variety of host tissues. While studies have not
conclusively found Nosema spores anywhere other than the midgut, many studies have found N.
ceranae DNA in other parts of the body, including the Malpighian tubules, hypopharyngeal
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glands, salivary glands, fat body, haemolymph, nervous tissue and the ovaries of queens (Fries,
2010; Genersch, 2010; Gisder et al., 2010; Traver and Fell, 2012; Huang and Solter, 2013).
Microsporidia do not possess mitochondria but, instead, have organelles known as
mitosomes (Li et al., 2009). Mitosomes do not contain their own genome, and they do not
perform aerobic cellular respiration. They have a double membrane and appear to be derived
from mitochondria, but their functions seem to be related to stealing host ATP and the
production of iron-sulphur clusters (Li et al., 2009). These iron-sulphur clusters are bound by the
protein ferredoxin and accept electrons from pyruvate:ferredoxin oxidoreductase (PFOR). In
anaerobic respiration by amitochondriate organisms, PFOR transfers electrons to ferredoxin,
which transfers them to NADP+, reducing it to NADPH in the conversion of pyruvate to acetyl
coenzyme A (acetyl-CoA) (Li et al., 2009). In aerobic respiration, the enzyme pyruvate
dehydrogenase (PDH) performs this reaction instead of PFOR. Instead of ferredoxin, a number
of electron transfer intermediates accept electrons from PDH, leading to the eventual reduction
of NAD+ to NADH (Li et al., 2009). Microsporidia appear to have a functional PDH gene but no
PFOR (Keeling and Fast, 2002, Li et al., 2009). They use a novel metabolic pathway to generate
acetyl-CoA, in which PDH instead of PFOR transfers electrons to ferredoxin, and ferredoxin
then reduces NADP+ to NADPH (Keeling and Fast, 2002, Li et al., 2009). This novel metabolic
pathway hints at the possibility that Microsporidia originally possessed mitochondria and lost
them secondarily, retaining the PDH gene (Li et al., 2009).
The growth of N. ceranae within honey bee epithelial cells begins with a vegetative stage
known as merogony (Fries et al., 1996; Higes et al., 2007). In this stage, growing spores called
meronts are seen surrounded by the host cell‟s endoplasmic reticulum, mitochondria and
numerous ribosomes (Liu et al., 1984; Fries et al., 1996; Higes et al., 2007). The meronts divide
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without cytokinesis, creating large, merogonial plasmodia with as many as four paired
diplokaryotic nuclei inside (Fries et al., 1992, 1996; Higes et al., 2007). Cytokinesis occurs later,
creating diplokaryotic merozoites (Fries et al., 1996). Sporogony begins with the deposition of
the electron-dense exospore, creating sporonts (Keeling and Fast, 2002). The sporonts continue
to divide, creating sporoblasts that synthesize their own organelles and infection structures and
develop into mature spores (Fries et al., 1996). It is believed that the Golgi apparatus and
endoplasmic reticulum of the host cell become the polar tube in the maturing sporoblasts
(Keeling and Fast, 2002). Mature spores burst out of the epithelial cells into the midgut lumen
where they can infect other cells or be released in the faeces (Caron and Conner, 2013). In N.
ceranae and N. apis infections in A. mellifera (but not A. cerana), intracellular germination can
be observed (Fries et al., 1992, 1996; Higes et al., 2007; Fries, 2010). This usually occurs in
early sporogony before mature spores are formed, allowing for more rapid spread of the parasite
to adjacent cells. Spores begin to mature only when vegetative stages are abundant and the host‟s
cells are highly infected (Fries et al., 1992).
While the highest infections are predominantly seen in foragers (Smart and Sheppard,
2012), N. ceranae and N. apis can infect in-hive workers as well as drones and queens (Traver
and Fell, 2011; Traver and Fell, 2012; Retschnig et al., 2014). Drones and queens become
infected with Nosema spores when being feed through trophallaxis by infected workers (Bailey,
1972a). Traver and Fell (2011) found N. ceranae DNA in pupae, hinting that larvae may be able
to be infected as well.
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1.5.2 Genome of N. ceranae
As previously mentioned, N. ceranae belongs to the phylum Microsporidia (Keeling and
Fast, 2002; Ku et al., 2007). Microsporidian genomes are characterized by being small and
significantly reduced, even containing smaller, prokaryotic-like rRNA genes (Keeling and Fast,
2002; Cornman et al., 2009). Like other Microsporidians, the genome of N. ceranae contains
overlapping genes and very few introns (Keeling and Fast, 2002; Cornman et al., 2009). It is
estimated to be 8.6 Mb (somewhere between 7.7 Mb and 9.8 Mb) and contains 2,614 putative
genes (Cornman et al., 2009). The genome of N. ceranae has few genes relating to transport and
response to chemical stimuli but many genes relating to growth (Cornman et al., 2009). This
makes N. ceranae well adapted to a lifecycle protected from environmental variation but
requiring rapid growth and reproduction (Cornman et al., 2009). Along with being small and
reduced, the genome of N. ceranae has also been found to contain many highly polymorphic
genes. This polymorphism and variation appears to be as high when comparing N. ceranae
spores isolated from bees in distinct geographical locations as it is when looking at spores
infecting a single bee (Huang et al., 2008; Hatjina et al., 2011; Sagastume et al., 2011; Medici et
al., 2012). It is even seen with rRNA genes that are generally conserved and kept similar through
processes such as gene conversion (Higes et al., 2013b). This polymorphism, however, is also
seen in rRNA genes in the closely related bumble bee parasite, N. bombi (Tay et al., 2005;
Cordes et al., 2012). Sagastume et al. (2014) found that the different rRNA genes in N. ceranae
are expressed and functional and present on rRNA molecules. They suggested that, similar to
what has been found in a few other organisms, such as flatworms (Carranza et al., 1999),
multiple, functional rRNA copies may give N. ceranae a selective advantage. Regardless of
whether there is a selective advantage or not though, the level of polymorphism and variation
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seen is surprising for an organism that reproduces asexually. Many researchers hypothesize that
N. ceranae and other Microsporidia may actually have a transient diploid stage akin to sex where
genetic recombination can occur (Sagastume et al., 2011; Higes et al., 2013b; Roudel et al.,
2013; Gómez-Moracho et al., 2014).
Many polymorphic genes have been examined in the hopes of differentiating N. ceranae
strains from different geographical regions with little to no success. These include rRNA genes,
polar tube protein genes, spore wall protein genes as well as non-coding regions associated with
rRNA genes (Huang et al., 2008; Chaimanee et al., 2011; Hatjina et al., 2011; Sagastume et al.,
2011, 2014; Medici et al., 2012; Higes et al., 2013b; Roudel et al., 2013). Chaimanee et al.
(2011) tested polar tube protein 1 and found that N. ceranae isolates infecting A. mellifera could
not be differentiated from those infecting A. cerana. They could, however, differentiate N.
ceranae isolates infecting A. mellifera and A. cerana from those infecting A. dorsata and Apis
florea. This suggests that either N. ceranae jumped hosts from A. cerana to A. mellifera very
recently or that there is still significant gene flow between N. ceranae populations infecting these
two species. The second hypothesis seems more plausible as beekeepers in many places in Asia
keep both A. cerana and A. mellifera, meaning the N. ceranae populations infecting these two
species have likely not diverged significantly (Chaimanee et al., 2011; Roudel et al., 2013;
Gómez-Moracho et al., 2014).

1.5.3 Effects of N. ceranae infection on A. mellifera
Similar to its biology and lifecycle, much of what is known about the effects of N.
ceranae infection on A. mellifera comes from studies on N. apis, as the two species are believed
to be very similar. Both N. ceranae and N. apis infect the midgut epithelium of A. mellifera and,
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as a result, have the most profound effects on digestion, metabolism and absorption. Infection
with Nosema causes energetic stress on the bee as its cellular resources are being utilized by the
developing parasite (Martín-Hernández et al., 2011; Aufauvre et al., 2014). At the cellular level,
epithelial cells infected with Nosema do not contain the enzymes or zymogens (enzyme
precursors) found in healthy epithelial cells, suggesting that they are dead or no longer functional
and producing digestive enzymes (Liu et al., 1984). Similarly, stained epithelial slides show high
metabolic enzyme activity in uninfected bees that is reduced significantly or absent in infected
bees (Pápay et al., 1987). Infection eventually leads to degeneration of epithelial cells,
exacerbating the energetic stress and poor nutrient absorption (Higes et al., 2007; MartínHernández et al., 2011; Aufauvre et al., 2014). Nosema infection also has an effect on tissues
and organs outside of the midgut. Infection with Nosema causes poor development and eventual
degeneration of hypopharyngeal glands, preventing royal jelly production and nurse-bee
functions (Martín-Hernández et al., 2007; Di Pasquale et al., 2013). In queens, Nosema infection
can cause a decline in mating success and eggs often fail to pupate (Imhoof and Schmid-Hempel,
1999; Martín-Hernández et al., 2007). As a result of these combined effects, infection with
Nosema significantly shortens the lifespan of A. mellifera (Imhoof and Schmid-Hempel, 1999;
Martín-Hernández et al., 2011; Dussaubat et al., 2012). This reduction in lifespan is also seen
with N. ceranae infection in other pollinators, such as the bumble bee Bombus terrestris
(Graystock et al., 2013).
Another effect that N. ceranae infection has on A. mellifera that contributes to a shorter
lifespan is the early onset of foraging behaviour (Martín-Hernández et al., 2007; Dussaubat et
al., 2013). The onset of foraging behaviour is controlled by a number of different physiological
and in-hive factors. Two closely related factors that appear to be important, however, are levels
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of circulating juvenile hormone (JH) and vitellogenin (Vg) (Goblirsch et al., 2013). Juvenile
hormone is an important regulator of insect development and maturation (Goblirsch et al., 2013).
Vitellogenin is a female-only protein with a number of functions. It is a yolk precursor protein
important for proper egg development but also plays an important role in the honey bee immune
response, has antioxidant properties and serves as a lipid carrier and nutrient reserve (Alaux et
al., 2011; Goblirsch et al., 2013; Chaimanee et al., 2014). Newly-emerged bees have high levels
of Vg in their fat bodies and low haemolymph titres of JH. As bees age, Vg levels (and related
fat body lipid stores) decrease and JH titres increase, leading to the induction of foraging
behaviour (Goblirsch et al., 2013; Holt et al., 2013). In bees infected with N. ceranae, JH titres
are found to be consistently higher (Ares et al., 2012; Goblirsch et al., 2013). In addition, a study
by Holt et al. (2013) found that N. ceranae infection upregulates expression of a transcription
factor that responds to JH titres and also upregulates genes involved in lipid metabolism. Ma et
al. (2013) found that infection of silkworms, B. mori, with the Microsporidian parasite Nosema
bombycis causes upregulation of genes related to JH synthesis and downregulation of genes
related to JH metabolism. The effect on Vg is not always as clear but it has been shown to
decrease initially with N. ceranae infection but increase later in infection as an immune response
is induced (Antúnez et al., 2009; Goblirsch et al., 2013). Infected queens are able to mount an
earlier and stronger immune response compared to workers and Vg levels increase initially and
do not decline until much later in infection (Alaux et al., 2011; Chaimanee et al., 2014). The
overall effect, however, is an early increase in JH titres and a decrease in Vg and lipid stores in
the fat body, leading to precocious foraging behaviour (Martín-Hernández et al., 2007;
Dussaubat et al., 2013).
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One of the most widely studied effects of N. ceranae infection in A. mellifera is the
parasite‟s effect on gene expression, particularly on immune-related genes. Numerous studies
have shown the downregulation of all four honey bee AMPs (Antúnez et al., 2009; Chaimanee et
al., 2012; Aufauvre et al., 2014), lysozyme (Aufauvre et al., 2014), glucose dehydrogenase,
which is involved in encapsulation and ROS-generation (Antúnez et al., 2009; Aufauvre et al.,
2014), enzymes involved in the PO cascade and Toll pathway (Aufauvre et al., 2014), Eater,
which is a phagocytic receptor (Chaimanee et al., 2014) as well as the enzyme alkaline
phosphatase (Dussaubat et al., 2012; Di Pasquale et al., 2013). Alkaline phosphatase is important
in mammals for intestinal health and aids in nutrient absorption, detoxification of bacterial LPS,
tolerance of gut microbiota, prevention of pathogenic bacterial invasion and reduction of
intestinal inflammation (Di Pasquale et al., 2013). Infection with N. ceranae also causes an
increase in ROS generation but a decrease in the expression and activity of antioxidants
(Dussaubat et al., 2012; Di Pasquale et al., 2013; Aufauvre et al., 2014). Ma et al. (2013)
showed that N. bombycis infection caused an upregulation in AMP genes as well as genes
involved in the PO cascade and the Toll and JAK/STAT pathways. The authors did not find PO
activity, however, but found parasite serine protease inhibitor (serpin) genes to be upregulated.
This agrees with Pan et al. (2013), who showed that N. bombycis has duplicated copies of genes
for serpins and cytotoxic pathways that are under positive selection. It is possible that the
immunosuppressive effect of N. ceranae infection is also due in part to the production of serpins.
In contrast, Schwarz and Evans (2013) showed the opposite trend compared to all the
previous studies. In early infection with N. ceranae, defensin 2 and Dscam genes were
upregulated, as well as genes involved in the Toll and Imd pathways. Later in infection, Eater
and the remaining AMPs were also upregulated. Similarly, a study by Chaimanee et al. (2012)
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found that Eater and Vg were unaffected by N. ceranae infection. Both studies, however, used
much lower numbers of spores to infect test bees and spore loads were lower, suggesting that
minor infections may induce an immune response while more intense infections lead to
immunosuppression.
In addition to immune genes, N. ceranae infection has been shown to affect expression of
genes relating to other cellular and organismal processes. Infection with N. ceranae has been
shown to downregulate genes involved with metabolism, particularly carbohydrate metabolism
(Holt et al., 2013; Aufauvre et al., 2014). Other studies have shown that lipid metabolism genes
are upregulated with infection, as are genes related to sugar transport (Dussaubat et al., 2012;
Holt et al., 2013). The increase in particular metabolism and sugar transport genes is believed to
be a result of the high energetic stress placed on the bee by N. ceranae infection (Dussaubat et
al., 2012). Chitin metabolism genes have also been shown to be upregulated by N. ceranae
infection (Aufauvre et al., 2014). The peritrophic membrane that encompasses the food bolus in
the midgut is composed of chitin and chitin metabolism may make the membrane weaker,
allowing for easier invasion of the midgut by pathogens (Aufauvre et al., 2014). In support of
this, Higes et al. (2013a) found the peritrophic membrane to be shattered and fragmented in N.
ceranae-infected bees, possibly as a result of the upregulation of chitin metabolism genes.
Infection has also been shown to downregulate genes related to neurogenesis and epithelial cell
renewal (Dussaubat et al., 2012; Holt et al., 2013). The Wnt pathway is responsible for cell
proliferation, differentiation and migration and plays a large role in tissue regeneration
(Dussaubat et al., 2012). Dussaubat et al. (2012) showed that N. ceranae infection
downregulated four genes involved in the Wnt pathway.
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In a final attempt to stop growth and reproduction of intracellular parasites, organisms
can initiate apoptosis. Microsporidia have been shown to inhibit apoptosis by preventing the
phosphorylation and activation of the transcription factor p53, an important mediator of DNAdamage repair and apoptosis (del Aguila et al., 2006). Nosema ceranae infection has also been
shown to downregulate apoptosis genes as well as decrease apoptotic enzyme activity (Higes et
al., 2013a; Holt et al., 2013).
Infection with N. ceranae causes impaired homing and orientation skills in foragers that
often results in them dying away from the hive (Dussaubat et al., 2013; Wolf et al., 2014). While
this can be beneficial in preventing the spread of infection within the hive, it can also lead to
depopulation if foragers die faster than they can be replaced (Martín-Hernández et al., 2007;
Higes et al., 2013b; Aufauvre et al., 2014). Botías et al. (2013a) found a strong inverse
relationship between N. ceranae infection intensity and both adult population and brood area.
Rapid depopulation followed by colony collapse was reported in Higes et al. (2008), who found
N. ceranae infection to be a major factor in increasing colony mortality. Higes et al. (2013b)
came to the same conclusion, though the authors admit the role that N. ceranae plays in colony
mortality remains a controversial one. Currie et al. (2010) also found N. ceranae to be a factor in
colony mortality but did not find it to be a large factor. Paxton (2010) suggested that N. ceranae
may play a bigger role in colony mortality when colonies are malnourished or faced with poor
environmental and climatic conditions. Cox-Foster et al. (2007), however, did not find a link
between N. ceranae infection and colony collapse. Both their study and a study by Botías et al.
(2013a) found N. ceranae infection over-represented in collapsing colonies, with all collapsing
colonies having an infection prevalence of over 50%. However, many non-collapsing colonies
were also found to be infected. Williams et al. (2010b) also did not find a link between N.
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ceranae infection and colony collapse but found over-wintering methods and environmental
conditions to be the determining factors. The role N. ceranae plays in colony collapse remains
largely unclear.
All three honey bee castes can be infected with N. ceranae. Drones appeared to be the
most susceptible, exhibiting the lowest spore counts but the highest mortality rates (Retschnig et
al., 2014). In workers, young bees also showed low spore counts but high mortality, with older
bees being able to survive with much higher spore counts and sustain an immune response longer
(Roberts and Hughes, 2014). For this reason, foragers were often seen with much higher spore
loads than in-hive bees (Smart and Sheppard, 2012). Young queens are also more susceptible to
infection (Chaimanee et al., 2014). Older queens were able to induce a stronger immune
response while also demanding more food from nurse bees to offset energetic stress (Alaux et
al., 2011). With all castes, susceptibility to N. ceranae infection was higher and the effects of
infection more pronounced when bees were exposed to pesticides (Alaux et al., 2010; Vidau et
al., 2011; Wu et al., 2012; Pettis et al., 2013; Aufauvre et al., 2014), ethanol (Ptaszyńska et al.,
2013) or poor nutrition (Di Pasquale et al., 2013; Holt et al., 2013). Some studies have found no
resistance to N. ceranae associated with any A. mellifera strains but believe that increased
resistance exists only at the colony level with polyandrous mating in queens and the resulting
genetic diversity (Fontbonne et al., 2013). Other studies, however, have found resistance to N.
ceranae in Russian (Bourgeois et al., 2012) and Danish (Huang et al., 2014) honey bee strains
and have even identified genes that may play a role in this resistance (Huang et al., 2014).
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1.5.4 Differences between N. apis and N. ceranae
At the level of the spore, N. ceranae and N. apis are very similar to one another. The
spore of N. ceranae is slightly smaller and contains only 20 to 23 polar tube coils, while the
larger N. apis spore contains anywhere from 30 to 44 polar tube coils (Fries et al., 1996; Huang
et al., 2007b). It is generally not possible to differentiate between the two species using light
microscopy – electron microscopy or polymerase chain reaction (PCR) and visualization with gel
electrophoresis must be used (Fries et al., 1996; Huang et al., 2007b). A recent study from
Scotland, however, found that the two species could be differentiated by measuring and
comparing the two-dimensional spore area with light microscopy (Bollan et al., 2013). At the
genome level, there are a number of differences between the two species. The genome of N.
ceranae contains rRNA genes on every chromosome (Cornman et al., 2009). The genome of N.
apis also contains numerous rRNA gene copies, but they are arranged in tandem repeats,
something seen in other eukaryotes but not in any other species of Nosema (O‟Mahony et al.,
2007; Higes et al., 2013b). Phylogenetically, N. ceranae is more closely related to the bumble
bee parasite N. bombi than it is to N. apis (Fries, 2010; Li et al., 2012a). Similar to N. bombi, N.
ceranae has a much wider host range than N. apis (Martín-Hernández et al., 2012). It is known
to infect the honey bees A. mellifera, A. cerana, A. florea, A. dorsata and A. koschevnikovi as
well as a number of Bombus species (Li et al., 2012a; Higes et al., 2013a).
The process of germination and the general lifecycle are essentially the same in both
species of Nosema (Keeling and Fast, 2002). One difference, however, is the temperature range
tolerance. Spores of N. ceranae lose viability after being in deep freeze or at colder temperatures
for short periods of time, while N. apis spores do not (Fries, 2010; Genersch, 2010). This has led
to the conclusion that N. ceranae grows better in hotter environments, while N. apis grows better
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in cooler environments, and this generally appears to be the case (Fries, 2010; Genersch, 2010).
Martín-Hernández et al. (2009) showed that N. ceranae could grow at high temperatures where
N. apis growth was not seen at all. They also found that N. ceranae produced more spores than
N. apis, sometimes double the amount, at all tested temperatures. However, the coldest
temperature they tested was 25°C and the reverse trend may have been seen at even lower
temperatures.
Despite the fact that N. ceranae generally grows better in hotter environments, the
overwhelming evidence is that N. ceranae is replacing N. apis worldwide, and it is often the
dominant or only species found (Klee et al., 2007; Martín-Hernández et al., 2007; Williams et
al., 2008b; Guzmán-Novoa et al., 2011b; Hatjina et al., 2011; Chen et al., 2012; Roudel et al.,
2013; Teixeira et al., 2013). A world bee health report by Matheson (1993) showed N. apis to be
almost ubiquitous worldwide. However, considering that this was before the discovery of N.
ceranae in A. cerana in 1994 (Fries et al., 1996), and in light of the overwhelming evidence cited
here, it is likely that most cases of Nosema infection reported by Matheson (1993) were in fact N.
ceranae. The only exception to this appears to be in Germany, where N. apis is still the dominant
species (Gisder et al., 2010). A study by Klee et al. (2007) found that N. apis was still the
dominant species in New Zealand and the UK, but the samples examined in the study were
collected in 2006 and follow-up research is needed to confirm whether that is still the case.
Whitaker et al. (2011) found N. apis to be more widespread than N. ceranae in Turkey, but the
sample sizes used were extremely small and not necessarily reliable.
While the general lifecycle of N. apis and N. ceranae are similar, there are a number of
differences that may explain why N. ceranae is replacing N. apis. The tissue tropism is the same
for both species and spores are only ever found in the midgut (see section 1.5.1 for a more
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in-depth discussion on tissue tropism) (Gisder et al., 2010; Huang and Solter, 2013). However,
while N. apis DNA is only found in the midgut, N. ceranae DNA has also been found in the
Malpighian tubules, hypopharyngeal glands, salivary glands, fat body, haemolymph, nervous
tissue and the ovaries of queens (Fries, 2010; Genersch, 2010; Gisder et al., 2010; Traver and
Fell, 2012; Huang and Solter, 2013). This suggests that N. ceranae may be able to affect other
parts of the body to a greater degree than N. apis. In possible support of this, N. ceranae
infection has been shown to cause higher energetic stress and higher bee mortality compared to
N. apis infection (Martín-Hernández et al., 2011). This, however, was not supported by Forsgren
and Fries (2010), who found no differences in mortality between bees infected with N. apis and
N. ceranae and only minor differences in the infectious dose and spore multiplication rates
between the two species. The effect on early-onset foraging is more pronounced in N. ceranae
infection, and JH titres are found to be higher in N. ceranae infection than in N. apis infection
(Ares et al., 2012). Infection with N. ceranae has also been found to cause immunosuppression
(Antúnez et al., 2009; Chaimanee et al., 2012; Dussaubat et al., 2012; Di Pasquale et al., 2013;
Aufauvre et al., 2014; Chaimanee et al., 2014). Immunosuppression, however, is not seen in
infection with N. apis (Holt et al., 2013). In contrast, N. apis infection causes upregulation of
abaecin, hymenoptaecin and defensin genes (Antúnez et al., 2009). The effects on metabolism,
epithelial renewal, neurogenesis and apoptosis genes appear to be the same in both species of
Nosema (Holt et al., 2013). Martín-Hernández et al. (2011) suggest that the more damaging
effects of N. ceranae infection may be the result of less efficient host-parasite integration as a
result of N. ceranae being a relatively newer parasite in A. mellifera.
At the colony level, N. ceranae infection is often asymptomatic, while N. apis infection is
characterized by dysentery and streaks of faeces at the hive entrance (Genersch, 2010).
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Martín-Hernández et al. (2007) found that the risk of colony depopulation is higher with N.
ceranae infection than N. apis infection. They also found that the seasonality observed with N.
apis (peak in early to mid-spring, absent in the summer, small peak in autumn and winter) was
absent with N. ceranae and that colonies were found to be highly infected all year round. While
most studies refute this lack of seasonality, they do find that N. ceranae is always present once a
colony is infected and does not disappear in the summer like N. apis (Gisder et al., 2010; Chen et
al., 2012; Martín-Hernández et al., 2012; Traver et al., 2012). Studies on seasonality also found
that N. ceranae generally peaked in either early spring in tropical climates (Chen et al., 2012) or
late spring/early summer in temperate climates (Traver et al., 2012). This means N. ceranae
would peak either before or after N. apis peaks, giving it a competitive advantage. In addition to
this, N. ceranae has a higher infection potential than N. apis. Nosema ceranae can cause an
infection with far fewer spores than are needed to cause an infection with N. apis (Forsgren and
Fries, 2010). Once an infection occurs, N. ceranae produces more spores – sometimes two or
three times the number that N. apis produces (Chen et al., 2009; Martín-Hernández et al., 2009;
Huang and Solter, 2013). However, N. apis is able to produce spores sooner than N. ceranae and
appears to have a faster start-up (Fries et al., 1992; Forsgren and Fries, 2010; Huang and Solter,
2013). This may be due to the fact that N. ceranae produces a large amount of immature spores
before mature spores begin to develop (Martín-Hernández et al., 2009).

1.5.5 Current treatment of Nosema infection
In the early 1950s, the antibiotic bicyclohexylammonium fumagillin (fumagillin) was
isolated from the fungus Aspergillus fumigatus and was first tested as a potential treatment for N.
apis infection in A. mellifera (Katznelson and Jamieson, 1952). It was found to be effective in
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reducing bee mortality and spore counts and was not found to be toxic to queens or have an
effect on brood production or development (Katznelson and Jamieson, 1952; Webster, 1994).
When spores were incubated with fumagillin, no decrease in infectivity was seen, suggesting that
it is only effective against vegetative stages of the parasite, not the environmentally-resistant
spore (Katznelson and Jamieson, 1952). Fumagillin has remained the only registered treatment
for Nosema infection for over 60 years.
A number of additional studies have been done to confirm the effectiveness of fumagillin.
It has been found to be effective against N. ceranae and not just N. apis (Williams et al., 2008a),
though it is not effective against the closely related N. bombi (Whittington and Winston, 2003;
Williams et al., 2008a). It has been suggested that a spring and fall fumagillin treatment are best
to control Nosema levels effectively (Tibor and Heikel, 1987). In support of this, Botías et al.
(2013a) found that treating colonies with fumagillin twice or four times a year resulted in
effective Nosema control and better colony health compared to infected, untreated colonies. This
included increased adult population, brood production and honey storage. Higes et al. (2011)
looked at the stability of fumagillin under different laboratory and field settings. They found that
fumagillin is effective in treating Nosema infection but that it degrades quickly at high
temperatures, including temperatures that would be experienced within the hive. They found that
administering fumagillin in a patty instead of in sugar syrup helped protect degradation. Higes et
al. (2011) also found that fumagillin degrades with UV exposure and that administering it in a
patty form did not protect it. However, the authors found that bees consumed the sugar syrup
much more readily than the patty. They also found that despite the quick degradation, fumagillin
residues could persist in honey and wax for up to five or six months.
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This degradation to low, seemingly harmless concentrations was the subject of a recent
study by Huang et al. (2013). The authors found that low concentrations of fumagillin that
persist in the hive could lead to the development of resistance. They tested a number of different
doses of fumagillin and found that medium and higher doses were effective in treating Nosema
infection. However, they found that lower doses – consistent with what would be found in the
hive months after treatment – resulted in N. ceranae hyper-proliferation. Cages treated with low
doses of fumagillin showed spore loads higher than the positive control and steeper spore
accumulation curves. This effect was not seen with N. apis. Huang et al. (2013) suggested that
low doses of fumagillin could kill more susceptible strains of N. ceranae, giving a competitive
advantage to more resistant, virulent strains and allowing them to proliferate.
Fumagillin has been found to work by inhibiting the enzyme, methionine
aminopeptidase-2 (MetAP-2) (Sin et al., 1997; Huang et al., 2013). MetAP-2 is important for
post-translational protein modifications that lead to myristoylation, the addition of a myristoyl
group to a protein (Sin et al., 1997; Huang et al., 2013). Myristoylation is important for
membrane-targeting of proteins and for signal transduction (Sin et al., 1997). Fumagillin is
believed to work by inhibiting MetAP-2 activity and preventing signal transduction pathways
important in cell cycle regulation and growth (Sin et al., 1997). Huang et al. (2013) examined the
potential toxic effects of fumagillin on honey bees. They looked at the MetAP-2 gene sequence
in a number of organisms and found that the fumagillin binding site is very similar in N. ceranae,
N. apis, N. bombi, A. mellifera and even humans. When they used a protein assay to test the
effect of fumagillin on honey bee MetAP-2, they found that a number of proteins were affected.
This included proteins involved in metabolism, mitochondria, cell structure and transport.
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In an attempt to find an alternative treatment for Nosema infection in A. mellifera,
Šichtová et al. (1993) tested the antibiotic Sinefungin from Streptomyces griseolus and S.
incarnatus. They found it to be effective but more toxic than fumagillin. Similarly, Gisder and
Genersch (2015) tested a number of antibiotics against N. ceranae in vitro. Only the antibiotics
metronidazole and tinidazole were found to be effective, but both were found to be cytotoxic.
Ptaszyńska et al. (2013) tested ethanol as a control for Nosema infection. Ethanol is sometimes
mixed in sugar syrup by beekeepers as a treatment for Nosema infection, though there is little
research to support this. Ptaszyńska et al. (2013) found that ethanol was toxic to bees and made
Nosema infection worse, increasing the spore loads above that of the positive control. Botías et
al. (2013b) tested a number of herbal and veterinary remedies against N. ceranae and found all
of them to be ineffective compared to fumagillin. The herbal and veterinary remedies tested by
Botías et al. (2013b) were Nosestat©, which contains iodine and formic acid, Vitafeed gold©,
which is an extract of Beta vulgaris (sugar beet) as well as the intestinal antiseptic, phenyl
salicylate.

1.6 Alternative treatment of N. ceranae
1.6.1 Nutraceuticals
The term nutraceutical is a combination of the words „nutrient‟ and „pharmaceutical‟
(Crandell and Duren, 2007). Nutraceuticals encompass micronutrients, macronutrients and
dietary supplements that are used therapeutically for the prevention and treatment of diseases
(Taillon and Andreasen, 2000; Crandell and Duren, 2007). There is an emphasis on the fact that
scientific research needs to have been done on these food components or natural compounds and
they must have proven health benefits (Taillon and Andreasen, 2000; Crandell and Duren, 2007).
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Despite this requirement, nutraceuticals are not drugs and are therefore not regulated and do not
need approval by the Food and Drug Administration (Crandell and Duren, 2007). This stresses
the need for review of the scientific literature when considering the safety and efficacy of
nutraceutical compounds (Crandell and Duren, 2007).
Many different compounds can be considered potential nutraceuticals. These include
vitamins, minerals, essential fatty acids, amino acids, antioxidants and herbal extracts (Taillon
and Andreasen, 2000). These compounds all act in different ways to prevent and treat a variety
of diseases. One class of nutraceuticals that have potential to be used as a control for N. ceranae
infection are compounds with direct antimicrobial properties. These compounds may kill N.
ceranae spores directly or prevent their growth and development. A large amount of research on
antimicrobial nutraceuticals begins with in vitro tests against bacteria and fungi. For example,
inhibitory assays have been done to show the antibacterial and antifungal activity of plant
extracts from Alstonia macrophylla (hard milkweed) (Chattopadhyay et al., 2001), Cupressus
lusitanica (Mexican cypress) (Kuiate et al., 2006) and Sebastiania schottiana (Filho et al., 1996).
Lizárraga-Paulín et al. (2013) reviewed a wide variety of nutraceuticals that have been tested for
antifungal properties in preventing spoilage of food by fungal aflatoxins and found that many
plant extracts and essential oils were effective in inhibiting Aspergillus flavus, a common food
spoilage agent that can produce significant quantities of aflatoxins. In addition to in vitro studies,
many in vivo studies have been done in a variety of organisms to test antimicrobial properties of
nutraceuticals. The antifungal properties of anethole from Pimpinella anisum (anise) and
polygodial from Pseudowintera colorato (mountain horopito) have been shown in vivo in rats
(Marotta et al., 2006). A number of studies have also been done in fish, including testing the
antifungal properties of clove oil in Labeo rohita (rohu) (Mohapatra et al., 2011) and the
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antibacterial properties of Zingiber officinale (ginger) in Oncorhynchus mykiss (rainbow trout)
(Nya and Austin, 2009). Another very common test animal is the chicken. The antibacterial
properties of capsaicin from chilli peppers have been extensively studied in chickens (Tellez et
al., 1993; McElroy et al., 1994).
Another class of nutraceuticals that have potential to be used as a control for N. ceranae
infection are compounds with anti-inflammatory properties. While they may not kill spores,
compounds with anti-inflammatory effects may help reduce signs of N. ceranae infection and
increase the health and lifespan of infected bees. Similar to antimicrobial nutraceuticals, many
compounds are first tested for anti-inflammatory properties in vitro on tissue cultures. For
example, the natural phenol, resveratrol, from grapes was shown to have anti-inflammatory
properties in human adipose tissue cultures by downregulating pro-inflammatory cytokine
expression (Ølholm et al., 2010). In vivo, studies in mice have shown the anti-inflammatory
properties of bilberries and bilberry extracts (Piberger et al., 2011), Ganoderma lucidum (reishi
mushroom) extracts (Hanaoka et al., 2011), rutin from buckwheat and citrus rinds (Kwon et al.,
2005), thymoquinone from Nigella sativa (Lei et al., 2012), baicalein from Scutellaria
baicalensis (Baikal skullcap) (Dou et al., 2012) and the flavonol kaempferol from many different
plants (Park et al., 2012). Similarly, a number of studies in rats have shown the antiinflammatory properties of Aloe spp. extracts (Park et al., 2011), vitamin E and catechins from
tea leaves (Sato et al., 1998; Ran et al., 2008), chrysin from passion flowers (Khan et al., 2012)
and the flavonol quercetin from many fruits and vegetables (Warren et al., 2008). Leiherer et al.
(2013) reviewed a wide variety of nutraceuticals that have been shown to be anti-inflammatory
in vitro and found that they showed promise in animal model systems but that further studies in
vivo were required to confirm their effectiveness and safety. Similar to the study by Ølholm et al.

42

(2010) on the anti-inflammatory properties of resveratrol in human adipose tissue cultures, the
compounds cited here all work by decreasing expression or activity of pro-inflammatory
cytokines or reducing oxidative damage. A number of studies have also shown that some
nutraceuticals have the opposite effect and are actually pro-inflammatory. Some of these include
epigallocatechin-3-gallate from tea leaves (Pae et al., 2012) and phytoestrogens such as genistein
from soy, which have also been shown to be myelotoxic and inhibit intestinal cell proliferation
(Chen et al., 2005; Guo et al., 2005; Seibel et al., 2008).
A final class of nutraceuticals that have potential to be used as a control for N. ceranae
infection are microbial PAMPs that are recognized by the PRRs of the immune system, such as
TLRs, and work by inducing an immune response upon recognition (St. Paul et al., 2013).
These compounds prime the immune system and may help the bee to fight infection. Ginger and
garlic extracts are known to be immunostimulants and have been shown to improve intestinal
health and strengthen the immune response in bacterially-challenged Oncorhynchus mykiss
(rainbow trout) (Nya and Austin, 2009; Nya and Austin, 2011). Nya and Austin (2011) also used
bacterial LPS as an immunostimulant with similar results. Many studies on immune-modulating
nutraceuticals have been done in chickens. Studies in chickens have shown the immune-boosting
properties of mannan-oligosaccharides from yeast cell walls (Gómez-Verduzco et al., 2009) and
bacterially-derived LPS and lipoteichoic acid (Parmentier et al., 2004, 2008).

1.6.2 Prebiotics and probiotics
Prebiotics are non-digestible carbohydrates and food ingredients that have been shown to
increase the growth and metabolic activity of the microorganisms found in the alimentary tract,
including LAB (Huang et al., 2005; Pokusaeva et al., 2011). Some examples of prebiotics are
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dietary fibres such as galactooligosaccharides (GOS) and fructooligosaccharides (FOS) (Huang
et al., 2005; Pokusaeva et al., 2011). Probiotics are living organisms (though sometimes only
their metabolites are used) that are ingested with the goal of altering the gut microbiota (Hamdi
et al., 2011). Probiotics help colonize the gut with beneficial bacteria while reducing the
numbers of pathogenic species. They can aid in preventing or treating microfloral dysbiosis or
imbalance that can result from disease or the use of antibiotics (Hamdi et al., 2011). As both
prebiotics and probiotics affect the gut microbiota, the beneficial effects are generally very
similar. Prebiotics and probiotics strengthen the gut microbiota and can increase digestion and
absorption of nutrients, increase the population of beneficial gut bacteria, decrease the population
of pathogenic bacteria, reduce gut inflammation and improve immune function and overall gut
health (Huang et al., 2005; Hamdi et al., 2011). The reduction in pathogenic bacteria is believed
to be caused by direct pathogen inhibition through AMP and bacteriocin production and through
competition for space and resources, though lowering the gut pH through the production of
organic acids may also play a role (Audisio et al., 2011).
While polysaccharides such as mannan-oligosaccharides are often called prebiotics, they
can also be labelled immunostimulants. This is because mannan-oligosaccharides are found in
yeast cell walls and are a PAMP recognized by PRRs in the immune system (Gómez-Verduzco
et al., 2009). Prebiotics and probiotics do share many characteristics with nutraceuticals, but the
former two supplements deal specifically with gut microbiota and, for this reason, they will be
treated separately for the purpose of this study.
Most studies on prebiotics are performed in vivo to test their effect on gut bacteria.
Mochizuki et al. (2010) fed enzymatic hydrolysate of corn gluten as a prebiotic to rats and found
that it reduced intestinal inflammation. Badia et al. (2012) found a similar anti-inflammatory
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effect when they fed locust bean gum to pigs as a prebiotic. Tamura et al. (2007) found that
feeding mice dietary fibre as a prebiotic in addition to the nutraceutical rutin increased the antiinflammatory effect of rutin and increased the population of beneficial bacteria in the gut.
Feeding xylooligosaccharides to mice (Hansen et al., 2013) and fenugreek seeds to pigs (Zentek
et al., 2013) as prebiotics had a number of positive effects. Both studies found that the prebiotics
had an anti-inflammatory effect and improved immune function while also increasing the
population of LAB in the gut, decreasing the population of pathogenic bacteria and increasing
the production of organic acids.
The most common bacteria used as probiotics are LAB and different species of
Bifidobacterium (not technically a LAB but produces lactic acid and other organic acids)
(Pokusaeva et al., 2011). Wu (1997) fed the LAB Lactobacillus acidophilus to chickens
challenged with the fungus Fusarium proliferatum. The probiotic supplementation decreased
mortality from F. proliferatum infection and increased weight gain in the chickens. Another
study in chickens showed that supplementation with a probiotic containing five species of LAB
and two species of fungi increased weight gain and improved digestion and absorption (Mehr et
al., 2007). Naseri et al. (2012) challenged chickens with the bacteria Campylobacter jejuni and
fed them either a LAB probiotic mixture or organic acids produced by LAB. They found that
both treatments increased weight gain but only the probiotic mixture improved immune function
and intestinal health and reduced caecal colonization by C. jejuni. Another study showed
improved intestinal health and regeneration as well as an anti-inflammatory effect with probiotic
supplementation in rats after chemotherapy treatment (Bowen et al., 2007). The authors also
found that the probiotic prevented the weight loss and severe diarrhea caused by the
chemotherapy.
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While LAB are commonly used as probiotics, fungi can also be used. Takahashi (2012)
challenged chickens with Escherichia coli and fed them with a probiotic containing the fungus
Aspergillus oryzae. The probiotic had an anti-inflammatory effect and strengthened the immune
response against E. coli. Similarly, Badia et al. (2012) challenged pigs with E. coli and fed them
a probiotic containing the fungus Saccharomyces cerevisiae. They found that S. cerevisiae
prevented adhesion of E. coli to the intestinal epithelium, reducing infection and the resulting
immune response.
Probiotics have also been tested in humans with mixed results. A probiotic given to
children suffering from irritable bowel syndrome (IBS) was found to reduce symptoms,
including diarrhea, abdominal pain, constipation, bloating and blood and mucus in stool
(Martens et al., 2010). Pinchuk et al. (2001) found that probiotic supplementation with Bacillus
subtilis reduced Helicobacter pylori infection in humans. In addition, in vitro inhibition assays
with LAB have found them to be antimicrobial and subsequent tests in humans found that they
were able to successfully colonize the human intestine (Verdenelli et al., 2009). In contrast to
these studies, Shavakhi et al. (2013) found that a probiotic mixture of seven LAB had no effect
on H. pylori infection in humans and even increased symptoms of abdominal pain.
The combined effects of prebiotics and probiotics have also been tested and found to be
beneficial. Håkansson et al. (2009) fed LAB to rats in addition to dietary fibre prebiotics in the
form of blueberry husks or rye bran. They found that the combined probiotics and prebiotics had
a strong anti-inflammatory effect, increased organic acid production and reduced the population
of pathogenic bacteria in the rat intestine.
Though not exactly a probiotic, bacterial metabolites and peptides are often used in the
same way prebiotics and probiotics are used. The cationic peptides produced by Brevibacillus
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texasporus have been tested on chickens challenged with Salmonella enterica (Kogut et al.,
2007; Kogut et al., 2010). The bacterial peptides boosted immune functions significantly and
provided increased protection against S. enterica infection. While they are being included here as
probiotics, some bacterial metabolites can also be considered immune-modulating nutraceuticals.

1.7 Conclusions
While its role in the worldwide increase in colony mortality is controversial (Cox-Foster
et al., 2007; Higes et al., 2008; Currie et al., 2010; Guzmán-Novoa et al., 2010; Paxton, 2010;
vanEngelsdorp et al., 2010; Williams et al., 2010b; Higes et al., 2013b), N. ceranae remains a
damaging parasite of A. mellifera. This is exacerbated by the parasite‟s near-ubiquitous
distribution and the trend that N. ceranae is replacing N. apis around the world (Klee et al.,
2007; Martín-Hernández et al., 2007; Williams et al., 2008b; Chen et al., 2012; Roudel et al.,
2013).
The development of fumagillin resistance in N. ceranae (Huang et al., 2013) and the risk
of contaminating honey with toxic residues (Higes et al., 2011) point to a need for safer,
alternative treatments for Nosema infection. This study seeks to test a number of nutraceutical
compounds, prebiotics and probiotics in the hopes of finding natural control methods for N.
ceranae infection.

1.8 Hypotheses
Feeding honey bees nutraceutical compounds, prebiotics and/or probiotics after
inoculation with N. ceranae spores will significantly reduce their spore loads and bee mortality
rates compared to inoculated control bees at 16 days post-inoculation.
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1.9 Objectives
1. Screen nutraceuticals on caged honey bees inoculated with N. ceranae spores and
determine spore loads and bee mortality. Conduct further studies on two or three selected
compounds to examine dose response and to choose the compound and dose that yields the best
results in controlling N. ceranae infection in honey bees.
2. Screen prebiotics and probiotics on caged honey bees inoculated with N. ceranae
spores and determine spore loads and bee mortality. Conduct further studies on two or three
selected prebiotics or probiotics to examine dose response and choose the compound/formula
and dose that yields the best results in controlling N. ceranae infection in honey bees.
3. Conduct mortality experiment on caged honey bees inoculated with N. ceranae spores
and fed with the selected nutraceuticals, prebiotics and/or probiotics and compare survivorship
curves.
4. Examine gut microbiota in honey bees inoculated with N. ceranae spores and fed with
the selected nutraceuticals, prebiotics and/or probiotics by dilution plating gut bacteria.

48

Figure 1.1 Overview of the insect Toll immune pathway. Names of key signalling
molecules are those used for Drosophila melanogaster and the mosquito, Anopheles
gambiae. However, orthologs of all components exist in A. mellifera. The Toll
pathway is activated by bacteria and fungi. Bacterial and fungal PAMPs are
recognized by PRRs found circulating in the haemolymph. Binding of these
receptors to their pathogen-related ligands leads to cleavage of the circulating
cytokine Spaetzle (SPZ), which then binds to transmembrane Toll receptors on the
cell surface. Binding of Spaetzle to Toll receptors induces a signalling cascade that
leads to activation of the Toll pathway NF-κB transcription factor, Dorsal.
Activation of Dorsal causes dissociation with its inhibitor, Cactus. Dorsal then enters
the nucleus where it binds to DNA and induces expression of AMP genes. Figure
simplified from Evans et al. (2006).
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Figure 1.2 Overviews of the insect Imd and JNK immune pathways. Names
of key signalling molecules are those used for Drosophila melanogaster and
the mosquito, Anopheles gambiae. However, orthologs of all components
exist in A. mellifera. The Imd pathway is activated by bacteria and fungi.
Bacterial and fungal PAMPs are recognized by transmembrane PRRs on the
cell surface. Once activated, a branching signalling cascade within the cell
(involving the proteins, BG4 and TAK1) is induced that merges and
culminates in activation of the Imd pathway NF-κB transcription factor,
Relish. Upon activation, Relish enters the nucleus where it binds to DNA and
induces expression of AMP genes. The protein TAK1 in the Imd pathway
can also activate the JNK pathway. TAKI activates the JNK pathway through
the protein, Hemipterous (hem). Hemipterous activates another protein,
Basket, which eventually leads to the downstream induction of AMP genes.
The JNK pathway also plays a role in cell proliferation and apoptosis. Figure
simplified from Evans et al. (2006).
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Figure 1.3 Overview of the insect JAK/STAT immune pathway.
Names of key signalling molecules are those used for Drosophila
melanogaster and the mosquito, Anopheles gambiae. However,
orthologs of all components exist in A. mellifera. In addition to
inducing the expression of AMP genes, activation of the Toll pathway
results in the production of pro-inflammatory cytokines. These proinflammatory cytokines activate the JAK/STAT pathway by binding
to the transmembrane receptor, Domeless. Once activated, Domeless
initiates a cellular signalling cascade, beginning with activation of the
protein Hopscotch (orthologous to the mammalian protein, JAK),
which activates Stat92E (orthologous to the mammalian protein,
STAT) and culminates in the proliferation and differentiation of
haemocytes as well as the promotion of phagocytic behaviour. Figure
simplified from Evans et al. (2006).
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CHAPTER TWO
CONTROL OF NOSEMA CERANAE INFECTION IN APIS MELLIFERA
USING NUTRACEUTICALS

2.1 Introduction
Research on Microsporidian parasites has often focused on their use as biological control
agents for invertebrate pests. For example, Nosema locustae has been used in the past for the
biological control of locust and grasshopper species (Lomer et al., 2001) and, more recently,
Vairimorpha invictae has been studied for its potential as a biological control agent of the
invasive fire ant species in the US (Oi et al., 2012). Microsporidia, however, are also important
parasites of mammals, fish and economically-important invertebrate species such as honey bees,
bumble bees and the silkworm B. mori (Keeling and Fast, 2002). As a result, increasing amounts
of research are being dedicated to the control of Microsporidian parasites, including control
using natural compounds and nutraceuticals.
The nutraceutical resveratrol from grapes has been shown to be antimicrobial in vitro
against the Microsporidian parasite Encephalitozoon cuniculi (Leiro et al., 2004). Carloye et al.
(1998) showed that xanthotoxin from Ammi majus (false Queen Anne‟s lace) reduced mortality
caused by infection in Trichoplusia ni (cabbage looper) larvae with a Microsporidian parasite in
the genus Vairimorpha. A number of plant extracts have also been tested on the silkworm
parasite, N. bombycis. Devi et al. (2010) tested eleven different plant extracts on N. bombycis
and found extracts from neem, garlic, turmeric and tulasī to be effective at reducing spore
viability in vitro and reducing percent infection in vivo.
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A growing body of research has also been done on nutraceutical use in Apis mellifera in
the treatment of a number of diseases and parasites. For example, the essential oil from Satureja
montana (winter savory) has been shown in the field to successfully reduce infection prevalence
in A. mellifera of Ascosphaera apis, the fungus causing chalkbrood (Higes-Pascual et al., 1998).
Damiani et al. (2014) showed that ethanolic extracts from Laurus nobilis (bay laurel) could kill
P. larvae and Varroa mites and reduce Nosema ceranae spore loads. It was found, however, to
be quite toxic at higher doses. Similarly, Porrini et al. (2011) used extracts from L. nobilis as
well as from garlic, Ilex paraguariensis (Yerba mate) and Artemisia absinthium (wormwood)
against N. ceranae. The higher dose of all extracts was found to be toxic to bees, while the lower
dose of only L. nobilis was found to reduce N. ceranae infection. Both Porrini et al. (2011) and
Damiani et al. (2014) hypothesized that this antimicrobial effect was the result of flavonoids,
terpenoids, saponins, tanins and other alkaloids found in the ethanolic extracts. Extracts from
Thymus vulgaris (thyme), Salvia officinalis (sage), Pimpinella anisum (anise), Satureja montana
(winter savory) and Mentha x piperita (peppermint) were all found to reduce bee mortality
associated with N. apis infection in the field (Bogdan et al., 1986). None of the extracts,
however, were found to have an effect on N. apis spore loads. Commercial nutraceutical
products such as Bee Cleanse© have also been tested against honey bee diseases and parasites.
Gajger et al. (2013) found Bee Cleanse© to be effective in the field in reducing Varroa mite
populations and N. ceranae spore loads. Bee Cleanse© is advertised as containing herbal extracts,
vitamins, minerals and essential oils but the specific ingredients are not listed.
A number of nutraceuticals have potential to be used as a control for N. ceranae infection
in A. mellifera. While the majority of these have not been tested in bees, some research on bees
has been done on the essential oil from Origanum vulgare (oregano oil) and its active
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components. The main active component in oregano oil is carvacrol, though it also contains
thymol (Turgis et al., 2012). Thymol is the main active component in Thymus vulgaris (thyme)
though it is also found in a variety of other plants (Maistrello et al., 2008). Oregano oil and its
active components are known to be antimicrobial and act by disrupting bacterial cell walls and
altering cell membrane permeability (Tsinas et al., 2011). However, they are believed to be safe
for ingestion by bees (Ebert et al., 2007). Both thymol and carvacrol have been found to be
absorbed by A. mellifera larvae when ingested (Sammataro et al., 2009). This was especially true
in older larvae that had been fed the two compounds mixed into a liquid protein diet as opposed
to sugar syrup. Thymol has been shown to reduce N. ceranae spore loads in infected bees as well
as increase their lifespan above that of the infected control (Maistrello et al., 2008; Costa et al.,
2010). Carvacrol has been tested on bees against N. apis in the form of an extract from Satureja
montana (winter savory), in which it is one of the main active components (Turgis et al., 2012).
Winter savory extract was shown to reduce bee mortality caused by N. apis infection but did not
have an effect on N. apis spore loads (Bogdan et al., 1986). In addition to their effects on
Nosema, oregano oil, carvacrol and thymol have all been shown to be effective in controlling
Varroa mites (Gashout and Guzmán-Novoa, 2009), and carvacrol has been shown to be effective
in reducing Ascosphaera apis infections (Higes-Pascual et al., 1998). In studies in other
organisms, carvacrol and thymol have also been shown to have anti-inflammatory properties
(Kim et al., 2010; Lillehoj et al., 2011; Cho et al., 2012; Giannenas et al., 2012).
Many other nutraceuticals have potential to be used as a control for N. ceranae infection
in A. mellifera. One candidate is the highly antimicrobial compound, sulforaphane, an
isothiocyanate found in cruciferous vegetables such as broccoli that can arrest pathogen growth
and initiate apoptosis (Johansson et al., 2008). Sulforaphane is also known to have
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anti-inflammatory properties through the upregulation of a number of antioxidant genes (Yanaka
et al., 2013; Shen et al., 2014; Wang et al., 2014). Garlic extracts, such as (di)allyl sulfide, are
also known to be antimicrobial and anti-inflammatory (Devi et al., 2010; Lee et al., 2012; Kim et
al., 2013), as are extracts from Cinnamomum spp. (cinnamon), such as trans-cinnamaldehyde
(Jamroz et al., 2006; Qin et al., 2009; Kim et al., 2010; Verlinden et al., 2013). While transcinnamaldehyde is believed to disrupt pathogen cell membranes (Kollanoor-Johny et al., 2012),
its antimicrobial effect – similar to garlic extracts – may also be due to the prevention of
intestinal invasion by pathogens through stimulating the production of digestive enzymes and
mucins (Jamroz et al., 2006; Nya et al., 2011; Lee et al., 2012; Yan and Kim, 2012; Kim et al.,
2013). Naringenin, a flavonone from citrus fruit, is a powerful anti-inflammatory and can act as
an antioxidant to scavenge ROS and other free radicals (Amaro et al., 2009; Jayaraman et al.,
2012; Assini et al., 2013). The phenolic compound, hydroxytyrosol, from olive oil and olive
leaves can act as an antioxidant as well and is also known to have anti-inflammatory properties
(Schaffer et al., 2007; Rodríguez-Gutiérrez et al., 2012). In addition, embelin from Embelia ribes
(false black pepper) has been used in folk medicine for thousands of years to treat fever and
gastrointestinal ailments and has been shown to possess anti-inflammatory properties (Kumar et
al., 2011; Chaudhari et al., 2012). The anti-inflammatory properties of the above nutraceuticals
all involve decreasing the levels of pro-inflammatory cytokines and increasing the levels and
activity of antioxidants (Schaffer et al., 2007; Amaro et al., 2009; Qin et al., 2009; Kim et al.,
2010; Kumar et al., 2011; Lillehoj et al., 2011; Jayaraman et al., 2012; Lee et al., 2012;
Rodríguez-Gutiérrez et al., 2012; Kim et al., 2013; Yanaka et al., 2013; Shen et al., 2014; Wang
et al., 2014).
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Nutraceuticals that act as immunostimulants may also be effective in the control of N.
ceranae infection. The synthetic, double-stranded viral RNA molecule polyinosinic:polycytidylic
acid (poly I:C) acts as a TLR3 ligand and can initiate an immune response (Parvizi et al., 2012a,
2012b; St. Paul et al., 2012, 2013). Poly I:C has also been shown to initiate an immune response
in arthropods such as the Pacific white shrimp, Litopenaeus vannamei, through activation of the
NF-κB immune pathway (Li et al., 2012b). Another potential immunostimulant is the chitincontaining polysaccharide, chitosan, derived from the shells of crustaceans. Chitin is a PAMP
from fungal cell walls that is recognized by PRRs of the immune system to fight fungal
infections (Huang et al., 2007a). Chitosan oligosaccharides have been shown to induce an
immune response (Huang et al., 2005, 2007a) but have also been found to have antibacterial
properties through the disruption of bacterial cell walls and cell membranes (Li et al., 2010).
One nutraceutical with potential as a control for N. ceranae is the compound
tetrahydrocurcumin from the spice turmeric (Curcuma longa). Tetrahydrocurcumin is a
metabolite of curcumin and both have been shown to be potent anti-inflammatory compounds in
numerous studies through directly acting as antioxidants as well as reducing the levels of proinflammatory cytokines (Okada et al., 2001; Bie et al., 2011; Lai et al., 2011; Nakmareong et al.,
2011; Xiang et al., 2011; Kubota et al., 2012; Motawi et al., 2012; Ghosh et al., 2014). In
addition to being potent anti-inflammatories, curcumin and tetrahydrocurcumin are also both
antimicrobial compounds (Devi et al., 2010; Lee et al., 2011) and immunostimulants (Okazaki et
al., 2010). Their antimicrobial properties may be a result of preventing biofilm formation (Lee et
al., 2011) or they may be a result of arresting pathogen growth and initiating apoptosis (Lai et
al., 2011).
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While not exactly a nutraceutical, mineral oil has been shown to reduce constipation and
increase intestinal evacuation (Hotwagner and Iben, 2008). Feeding honey bees mineral oil may
help them to eliminate N. ceranae spores and result in reduced infection.
The goal of this study was to screen a number of nutraceutical compounds for their
potential in controlling N. ceranae infection in A. mellifera. This study examined oregano oil,
carvacrol, thymol, sulforaphane, diallyl sulfide, trans-cinnamaldehyde, naringenin,
hydroxytyrosol, embelin, poly I:C, chitosan, tetrahydrocurcumin and CIVITAS©, a food-grade
mineral oil product from Petro-Canada. While thymol and carvacrol have been tested previously
in honey bees against N. ceranae and N. apis (Bogdan et al., 1986; Maistrello et al., 2008; Costa
et al., 2010) and oregano oil, thymol and carvacrol have been tested against other honey bee
parasites (Higes-Pascual et al., 1998; Gashout and Guzmán-Novoa, 2009), the remaining
compounds have not been previously tested in honey bees. However, these compounds may have
potential to control N. ceranae as a result of their antimicrobial or immune-modulating
properties. In addition, some of these compounds may also have potential to reduce signs of N.
ceranae infection and reduce honey bee mortality as a result of their anti-inflammatory
properties. The compounds were mixed with sugar syrup and fed to caged honey bees that had
been individually inoculated with N. ceranae spores in a laboratory setting. Bee mortality, feed
intake, water intake 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
Honey bee foragers were collected from hives at the Honey Bee Research Centre at the
University of Guelph (Guelph, Ontario) and used for diagnostic testing of Nosema levels.
Around 30 foragers were collected from the hive entrances of each hive using a modified
vacuum (Gary and Marston, 1976). The bees were vacuumed into an attached glass mason jar.
Jars were then removed from the vacuum, closed with a lid and placed in the freezer to sacrifice
and store bees until spore counts were performed. Nosema spore counts were performed on all
samples to determine which colonies were highly infected and which were Nosema-free. Spore
counting was done by macerating bee abdomens in distilled water at a ratio of one abdomen to 1
ml of distilled water using a mortar and pestle. Spores were quantified under a microscope using
a haemocytometer (Reichert, Hausser Scientific, Horsham, PA) as per Cantwell (1970). After
identifying the hives with the highest spore counts, 300-400 bees were collected from the hive
entrances of each of these hives using the modified vacuum. Jars were removed from the
vacuum, closed with a lid and placed in the freezer to sacrifice bees. The jars were removed from
the freezer 2-3 h later, and dead bees were carefully poured into labelled bags (one bag per hive).
The bags were stored at -20°C until spores were extracted. This single collection of Nosemainfected bees was used as a source for all experiments in the summer and fall of 2013 and the
same method was used to create a second collection of Nosema-infected bees for use in the
summer and fall of 2014.
For spore extraction and quantification, around 12 to 15 bee abdomens were crushed
using a mortar and pestle and 25 ml of distilled water. Avoiding larger pieces, the macerate was
pipetted into 15 ml tubes using a funnel and a piece of nylon honey filter with a pore size of 80
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holes per linear inch (177 μm) (Better Bee Supplies, Cambridge, Ontario). Water was added to
the mortar and then pipetted into the 15 ml tubes until the mortar was virtually clear except for
larger particles. The macerate was then transferred into 2 ml tubes and centrifuged for 8 min at
800 x g and then for one additional min at 900 x g. The supernatant was discarded, leaving a
small amount of liquid in the bottom of each tube. The remaining macerate was then combined
into one 2 ml tube and vortexed for 10 s.
To quantify the spores for inoculation, a 1:10 dilution was created using 10 µl of spore
macerate and 90 µl of distilled water. The dilution was put on a haemocytometer and spores were
quanitified as per Cantwell (1970). The number of spores in the dilution was multiplied by 10 to
give the number of spores/ml in the original suspension. This was repeated and the average of
the two spore counts was used. Spore extraction and quantification were done the evening before
infecting bees and, the spores were kept in the fridge overnight at 4°C to ensure freshness.

2.2.2 Nosema species identification
To determine the species of Nosema and ensure that experiments were run with N.
ceranae, groups of four, three, two and single bees from the Nosema-infected bee collection
were used for DNA extraction and molecular analysis by polymerase chain reaction (PCR). This
was done as per Hamiduzzaman et al. (2010). One to four bee abdomens per sample were placed
in a small mortar along with cetyltrimethyl ammonium bromide (CTAB) buffer. The buffer was
composed of 0.03 M hexadecyltrimethyl ammonium bromide, 0.05 M
tris(hydroxymethyl)aminomethane, 0.01 M methylenediamine tetra-acetic acid and 1.1 M NaCl
in distilled water. The CTAB buffer was titrated to a pH of 8.0. The CTAB was added at 300 µl
per bee abdomen, up to a maximum of 900 µl per mortar. The abdomens were crushed using a
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pestle and transferred by pipette to pre-labelled 2 ml tubes, avoiding the larger particles.
Proteinase K enzyme solution (20 mg/ml) was added to each tube at 4 µl per 300 µl of CTAB
buffer, up to a maximum of 12 µl of Proteinase K solution per 2 ml tube. The tubes were then
vortexed well and placed in a water bath at 60°C for 3 h, removing them to mix gently every 20
min or so.
After 3 h, the tubes were removed and gently mixed. Phenol-chloroform (1:1) solution
was added to each tube in the same amount as CTAB solution originally used. The tubes were
mixed very gently and then centrifuged for 15 min at 13,000 rpm. New 2 ml tubes were labelled
and the upper layer of the centrifuged tubes was transferred by pipette to the new tubes. The old
tubes were discarded. The previous step was then repeated, adding the same amount of phenolchloroform (1:1) solution as was removed from the upper layer of the previous centrifuged tubes.
This was mixed gently and centrifuged for 15 min at 13,000 rpm. The upper layer was then
transferred by pipette to a new 1.5 ml tubes. Chloroform was added to the new tubes to eliminate
any residues of phenol. The tubes were gently mixed, centrifuged for 5 min at 13,000 rpm and
the upper layer was transferred by pipette to new tubes. All steps involving phenol and
chloroform were done under a fume hood.
Out of the fume hood, 3 M NaOAc solution was added to each tube (10% of the volume
in each tube) along with cold 95% ethanol (twice the volume in each tube). The tubes were
mixed gently and placed in the freezer overnight at -20°C for DNA to precipitate. The next day,
the sample tubes were removed from the freezer and centrifuged for 15 min at 10,000 rpm. Most
of the ethanol was gently decanted and the remaining ethanol was pipetted out, avoiding the
DNA pellet. The tubes were centrifuged again for 3 min at 10,000 rpm and any residues of
ethanol were discarded by pipette. The tubes were then left open in a laminar flow hood for 15 to
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20 min for the pellet to dry. Once dry, 25 µl of distilled water was added to each tube and the
tubes were placed in a water bath at 65°C for 10 min. The tubes were then gently mixed by
pipette and stored at -20°C until amplification by PCR. Dilutions (1:10) of the DNA samples
were made as well.
Molecular analysis was done by amplifying the 16S small subunit rRNA gene of N. apis
and N. ceranae in the same tube, as per Hamiduzzaman et al. (2010). The 15 µl reaction tubes
each contained 1.5 µl of 10x PCR buffer (New England BioLabs, Pickering, Ontario), 0.5 µl of
10 mM dNTPs (Bio Basic Inc., Markham, Ontario), 1 µl of each forward and reverse primer (10
µM) (Laboratory Services, University of Guelph), 0.2 µl of 5 U/µl Taq polymerase (New
England BioLabs, Pickering, Ontario), 6.8 µl of distilled water and 2 µl of DNA sample (10 ng
in 2 µl). The 16S rRNA primers for Nosema were MITOC-F (5‟-CGGCGACGATGTGATATGAAAATATTAA-3‟) and MITOC-R (5‟-CCCGGTCATTCTCAAACAAAAAACCG-3‟)
for N. ceranae and APIS-F (5‟-GGGGGCATGTCTTTGACGTACTATGTA-3‟) and APIS-R
(5‟-GGGGGGCGTTTAAAATGTGAAACAACTATG-3‟) for N. apis. If the DNA was diluted
(1:10), the reaction mixture was as listed. However, if original, undiluted DNA samples were
used, only 1 µl of DNA sample was used, meaning 7.8 µl of distilled water was needed to bring
the mixture to 15 µl. The reactions were all carried out with a Mastercycler (Eppendorf,
Mississauga, Ontario). The thermal cycler program was set for 2.5 min at 94°C, followed by 10
cycles of 15 s at 94°C, 30 s at 61.8°C and 45 s at 72°C and 20 cycles of 15 s at 94°C, 30 s at
61.8°C and 50 s at 72°C. A final extension step went for 7 min at 72°C, holding reactions after
that at 4°C (modified from Martín-Hernández et al., 2007).
The PCR products were separated by electrophoresis in a 1.1% agarose gel. The gel was
prepared by mixing 1 g of agarose powder in 100 ml of 1x TAE buffer. The 1x TAE buffer was
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prepared from a stock solution of 50x TAE buffer, which was prepared by mixing 242 g of Tris
base, 57.1 ml of glacial acetic acid and 100 ml of 0.5 M ethylenediaminetetraacetic acid (EDTA)
(pH 8.0) and bringing the solution up to 1 L with distilled water. The 50x TAE buffer was then
titrated to a pH of 8.5. The 100 ml of 1x TAE buffer and 1 g of agarose powder were mixed in a
beaker and heated in a microwave. Once the powder was completely dissolved, the solution was
cooled slightly under running water (for approximately 1 min) and 2.2 µl of ethidium bromide
(10 mg/ml) was added. The solution was then mixed and poured into a gel tray with the
appropriate size of gel combs. The gel was allowed to harden for around 30 to 40 min before
being transferred to a horizontal gel electrophoresis system. The gel bed was filled with 1x TAE
buffer and the combs were removed. The PCR tubes were mixed with 2 µl of loading dye and
then pipetted into the wells. A 100 bp DNA ladder (Bio Basic Inc., Markham, Ontario) was
added to the first well. The gel electrophoresis was run at 80 V for around 50 min. Gels were
removed and bands visualized under UV light using a Benchtop UV Transilluminator (UVP,
LLC, Upland, California). Images were captured using a digital camera. The N. ceranae primers
yield a 218 bp PCR product, while the N. apis primers yield a 321 bp PCR product (MartínHernández et al., 2007).

2.2.3 Inoculation with N. ceranae spores
Infecting honey bees with N. ceranae spores was done as per Maistrello et al. (2008) with
some modifications. Frames with capped brood from Nosema-free hives were incubated
overnight and newly-emerged adult bees were manually collected in the morning. Bees were
starved for only 2 h before inoculation, however, instead of being kept in cages and starved for
24 h. Before inoculation, 10 to 15 bees were sacrificed and a spore count performed to ensure
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that the newly-emerged bees were Nosema-free. The spore extract from the previous night was
removed from the refrigerator and diluted to a concentration of 10,000 spores/µl in 50% sugar
syrup. Bees were fed 5 µl of the sugar syrup containing the extracted spores, with each bee
getting approximately 50,000 spores. Feeding was done with a micropipette (Research model,
Eppendorf, Mississauga, Ontario) and bees that did not consume the entire 5 µl of inoculum were
discarded. After feeding, bees were placed in wooden hoarding cages (13.0 x 9.5 x 15 cm), with
generally 40 bees per cage, and kept in an incubator at 30°C. The cages contained a glass slide
on the front and a wire mesh (3 mesh/cm) on the bottom. Negative control bees were
individually fed 5 µl of plain sugar syrup without spores using a micropipette as well.

2.2.4 Nutraceutical compounds
Oregano oil, carvacrol, thymol, allyl sulfide, trans-cinnamaldehyde, (±)-Naringenin and
polyinosinic:polycytidylic acid sodium salt were obtained from Sigma-Aldrich (Oakville,
Ontario). D,L-sulforaphane, hydroxytyrosol, embelin, and tetrahydrocurcumin were obtained
from Toronto Research Chemicals Inc. (Toronto, Ontario). Polyglucosamine (low molecular
weight chitosan) was obtained from BioAmber Inc. (called DNP Green Technology at the time,
Montreal, Quebec). CIVITAS© was obtained from Petro-Canada Lubricants (Mississauga,
Ontario). Fumagillin, in the product Fumagilin-B, was used as a standard treatment control.
Fumagilin-B was obtained from Medivet Pharmaceuticals Ltd. (High River, Alberta).
The administration of nutraceutical compounds was done by mixing them in 50% sugar
syrup in drip feeders. Because most compounds had not previously been tested on bees, doses
were determined by looking at studies in other organisms. If the compound was added to feed or
water at a particular concentration, that concentration was generally used for this experiment. If
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the compound was given in a dose per unit body weight, the appropriate dose was calculated for
a honey bee using an average body weight of 100 mg per bee. A number of studies were
examined for each compound and one dose was selected for each compound (generally the
average dose among the studies or the most common dose used). The doses used are shown in
Table 2.1 and the studies used to choose a dose for each compound are listed in S2.1.
It was known from previous studies (Guzman, unpublished data) that 40 honey bees
would not consume an entire feeder of sugar syrup in four days, which was the number of days
between feeder changes. Because of this, the entire dose for 40 bees for the duration of the
experiment was administered in the sugar syrup each time it was changed. This helped ensure
that the bees consumed the appropriate dose by the end of the experiment.
The drip feeders used for this experiment could hold about 12 ml of sugar syrup when
they were around 4/5 full, which was determined to be an adequate amount to fill the feeders.
Because this volume of sugar syrup was used, nutraceutical doses were calculated and
administered as the amount of the compound used in mg per 12 ml of sugar syrup. However,
Table 2.1 contains the doses in mg/ml of sugar syrup. Ethanol at a concentration of 4 µl/ml of
sugar syrup was added to feeders containing oregano oil, thymol, carvacrol, fumagillin,
tetrahydrocurcumin, sulforaphane, naringenin, embelin, allyl sulfide and CIVITAS© to aid in
dissolving the compounds. The feeders containing the remaining four compounds – chitosan,
trans-cinnamaldehyde, poly I:C and hydroxytyrosol – had the same volume of distilled water
added instead of ethanol to aid in dissolving the compounds.

64

2.2.5 Nutraceutical screening
Each cage of 40 bees was administered one nutraceutical compound and there were three
additional cages, each with a different control treatment. A positive control cage consisted of N.
ceranae-inoculated bees that were fed only sugar syrup without any of the nutraceutical
compounds. A negative control cage consisted of un-inoculated, Nosema-free bees that were also
fed only sugar syrup. A standard treatment control consisted of N. ceranae-inoculated bees that
were fed sugar syrup containing the antibiotic fumagillin. The experiment was replicated 3 times
for a total of 48 cages (13 compounds + 3 control treatments x 3 replicates).
As mentioned in section 2.2.4, administration of the nutraceuticals was done by mixing
them in sugar syrup in drip feeders. Feeders containing water were also provided for all cages.
As previously mentioned, the cages containing positive and negative control bees were provided
with feeders with only sugar syrup. The standard treatment control bees were provided with
feeders with sugar syrup mixed with fumagillin. Feeders were changed every four days and
weighed before and after using a balance (Model S-403, Denver Instrument, Bohemia, NY) to
determine syrup consumption. Feeders were first removed from the cages and individually
placed on the balance scale. The weights were recorded and the sugar syrup was then discarded.
The feeders were washed with water and 70% ethanol before being autoclaved. A new set of
feeders, autoclaved in advance, were used when changing the feeders. The nutraceutical
compounds or fumagillin were mixed with sugar syrup (as in section 2.2.4) and this was used to
fill the new feeders. The new feeders were then weighed before being placed back on the cages.
Dead bees were removed every day and counted. At 16 days post-inoculation, remaining
bees were sacrificed by placing the cages in the freezer. Spore counts were done on sacrificed
bees as previously described using a mortar and pestle and quantification under a microscope
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using a haemocytometer. Remaining bees from each cage were divided into three subsets
(roughly 10 bees per subset) and counted separately to get an idea of the variation in spore
counts within a cage. However, only the average of the three subsets was reported and used for
statistical analysis. Bee mortality was calculated excluding bees that died during the first 48 h, as
this is typically due to handling and inoculation stress and not N. ceranae infection. The average
number of bees alive between each feeder change and the amount of syrup consumed was used
to estimate total feed intake per bee over the course of the experiment.

2.2.6 Dose response with selected nutraceutical compounds
Based on the results from the nutraceutical screening experiment, sulforaphane,
naringenin and carvacrol were selected for further study with a dose response experiment.
Inoculation with N. ceranae spores was done as per section 2.2.3 and mixing and administration
of compounds was done in sugar syrup in drip feeders as per section 2.2.4. The experimental
design was similar to section 2.2.5. Each cage contained 40 bees and there was a positive control
cage, a negative control cage as well as a fumagillin-treated cage. Four doses of each compound
were chosen for the dose response experiment, some higher than the dose used in the screening
experiment and some lower (see Table 2.2 for doses of each compound). Feeders containing
water were also provided for each cage. The experiment was replicated 3 times for a total of 45
cages (3 compounds x 4 doses + 3 control treatments x 3 replicates).
As per section 2.2.5, feeders were changed every four days and weighed before and after
to determine syrup consumption. For the dose response experiment, water feeders were also
changed every four days and weighed before and after to determine water intake. This was done
as described for syrup feeders in section 2.2.5 with one modification. Instead of using a new set

66

of feeders, autoclaved in advance, each time, water feeders were emptied, washed out with warm
water and refilled. Water feeders were only autoclaved at the beginning and end of each
experiment.
Dead bees were removed every day and counted. At 16 days post-inoculation, remaining
bees were sacrificed by placing the cages in the freezer. Spore counts were done on sacrificed
bees as previously described. Remaining bees from each cage were also divided into three
subsets, though only the average of the three subsets was reported and used for statistical
analysis. Bee mortality and feed intake were calculated as per section 2.2.5. Water intake was
also calculated, using the same method for calculating feed intake.
After analysing the linear regressions for the dose response experiment for both spore
counts and bee mortality, one additional dose was chosen for sulforaphane and naringenin (Table
2.2). An additional dose was chosen to strengthen the regression analysis. The additional dose
used for each compound was chosen to maximize spore reduction while minimizing bee
mortality. This experiment was performed exactly as above but no cage with fumagillin was used
as fumagillin was already shown in the screening experiment and the first dose response
experiment to completely eliminate N. ceranae spores. This experiment was also replicated 3
times for a total of 12 cages (2 compounds x 1 additional dose + 2 control treatments x 3
replicates). Spore counts were done exactly as before, as were bee mortality, feed intake and
water intake calculations. The additional dose for each compound was added to the previous
doses for regression analysis.
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2.2.7 Bee mortality with selected nutraceutical compounds
In addition to the dose response experiment, a mortality experiment was run using 0.2917
mg/ml sulforaphane and 4.1667 mg/ml naringenin (Table 2.2). The inoculation, nutraceutical
administration and experimental design were as per sections 2.2.3, 2.2.4, 2.2.5 and 2.2.6. A
positive control cage and negative control cage were used as well but not a fumagillin cage. The
only difference was that 30 bees were used per cage instead of 40 and the mortality experiment
involved only one cage of each treatment. As each bee was analysed individually for mortality,
the experiment was replicated 30 times per treatment.
While bee mortality was recorded and calculated for all other screening and dose
response experiments, a separate mortality experiment was needed as the 16 day experiment
duration was not long enough to show significant differences in bee mortality between the
negative and positive control bees as a result of N. ceranae infection. In order to examine if there
was a difference, the mortality experiment was allowed to continue until every individual bee
had died.
Feeders were changed every four days but were not weighed. Dead bees were removed
every day and counted, but bees were not sacrificed on day 16. Instead, the experiment was
allowed to continue until every individual bee had died. Observations for the mortality
experiment lasted for 54 days until the final bee had died.
Spore counts were periodically performed on dead bees to ensure that the inoculation was
successful and that bees were infected (data not presented). However, spore counts, feed intake
and water intake were not recorded for this experiment. Survivorship curves were created for
each treatment using the mortality data for each bee within that particular treatment cage. As for
previous experiments, bees that died within the first 48 h were excluded from the analysis.
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2.2.8 Statistical analysis
All statistical analyses were conducted using SPSS version 22 (IBM SPSS Statistics,
Armonk, New York) and all tables and figures (except for the survival curves) were created in
Excel 2010 (Microsoft, Redmond, Washington). An analysis of variance (ANOVA) was used to
analyse variation in spore counts, bee mortality and feed intake for the nutraceutical screening
experiment. A Shapiro-Wilk normality test was used to test data for normality. In cases where
the data and all data transformations were determined to be non-normal by the Shapiro-Wilk test,
a visual inspection of the distribution, Q-Q plot and box-plot for each set of data and transformed
data was used to determine if the data were normal or approximately normal and could therefore
be used for the ANOVA. While the untransformed spore count data was found to be slightly
non-normal by the Shapiro-Wilk test (statistic(46) = 0.937, p = 0.015), visual inspection of the
Q-Q plot and box-plot showed the data to be normal and the distribution to be approximately
normal with a smaller spike at a value of zero. The data were determined to be approximately
normal and were used for the ANOVA. All attempts to transform the data resulted in highly
skewed, non-normal data. Spore counts were also converted to the percent reduction from the
positive control for each replicate and then averaged, though percent reduction was not used for
the analysis for the screening experiment. As mentioned previously, bee mortality was calculated
excluding bees that died within the first 48 h. Mortality data was non-normal and was
transformed. The square root of mortality was used for the analysis and was found to be
normally distributed (statistic(46) = 0.966, p = 0.203). Untransformed feed intake data was used
in the analysis as it was confirmed to be normally distributed (statistic(44) = 0.988, p = 0.923). If
the ANOVA found significant differences between treatments, the Fisher‟s LSD post hoc
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multiple-means comparison test was performed to determine which means were significantly
different from one another.
An ANOVA was used to compare spore counts, bee mortality, feed intake and water
intake for the dose response experiments as outlined above. Spore count values for sulforaphane
were non-normal and were transformed. The square root of the spore count values was used for
the ANOVA. Though the Shapiro-Wilk test found the transformed data to be slightly non-normal
(statistic(21) = 0.906, p = 0.046), visual inspection of the distribution, Q-Q plot and box-plot
showed the data to be approximately normally distributed. The square root of the spore count
values for carvacrol and naringenin were normally distributed (statistic(21) = 0.915, p = 0.067
for carvacrol; statistic(21) = 0.935, p = 0.176 for naringenin) and were also used for the
ANOVA. Bee mortality data were non-normal for all three compounds and were transformed for
the analyses. The square root of mortality was used for carvacrol and naringenin. While the
Shapiro-Wilk test found the square root of mortality to be slightly non-normal (statistic(21) =
0.908, p = 0.049 for carvacrol; statistic(21) = 0.905, p = 0.044 for naringenin), visual inspection
of the distribution, Q-Q plot and box-plot showed the data to be approximately normally
distributed. Similarly, the natural logarithm of mortality was used for sulforaphane and was also
slightly non-normal (statistic(21) = 0.888, p = 0.020). Visual inspection of the distribution, Q-Q
plot and box-plot, however, also showed the transformed data to be approximately normally
distributed. Feed intake data was non-normal and was transformed before analysis by taking the
natural logarithm of each value. The transformed feed intake data was normally distributed for
all three compounds (statistic(21) = 0.966, p = 0.641 for carvacrol; statistic(27) = 0.971, p =
0.619 for naringenin; statistic(24) = 0.938, p = 0.144 for sulforaphane). Similar to feed intake,
water intake data was non-normal and was also transformed before analysis by taking the natural
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logarithm of each value. The transformed water intake data was also normally distributed for all
three compounds (statistic(15) = 0.955, p = 0.614 for carvacrol; statistic(21) = 0.942, p = 0.235
for naringenin; statistic(18) = 0.938, p = 0.270 for sulforaphane).
In addition to the ANOVA, regression analyses were also conducted for the dose
response experiments. A linear regression was applied to each treatment for spore count, bee
mortality, feed intake and water intake vs. dose. The transformations used for the ANOVA, as
described above, were also used for each linear regression. The linear regressions for spore count
and bee mortality were used for sulforaphane and naringenin to decide on doses for the final
experiment. The results from the final experiment, using the additional dose for each compound,
were added and the ANOVA and regression analyses were run again. The data transformations
described above were used when running the analyses again except for bee mortality for
sulforaphane. Instead of using the natural logarithm of mortality, the square root of mortality was
used for sulforaphane. This was the same transformation used for the bee mortality data for
carvacrol and naringenin. Though the Shapiro-Wilk test found the square root of mortality to be
slightly non-normal for sulforaphane (statistic(27) = 0.901, p = 0.014), visual inspection of the
distribution, Q-Q plot and box-plot showed the data to be approximately normally distributed.
The regression analyses and ANOVA run for each compound for spore count, bee mortality, feed
intake and water intake included the non-treated positive control as a dose of 0 mg/ml. As doses
were pooled from the nutraceutical screening and two dose response experiments, the positive
control values from the three experiments were also pooled for the analyses.
For the dose of 0.6250 mg/ml sulforaphane, there were generally less than 10-15 bees
alive for the second half of the experiment. For the last third of the experiment, there were
generally only 4-5 bees alive. As a result of the low number of bees alive for much of the
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experiment, the normal dripping of the sugar syrup and water feeders grossly over-estimated feed
and water intake for this dose. Because of this, the feed intake and water intake values for this
dose were excluded from all analyses.
The mortality experiment was analysed by creating Kaplan-Meier survival curves for the
bees in each treatment. The curves were compared using three different post hoc tests to ensure
that comparisons were not biased towards the beginning, middle or end of the survival curves.
The curves were compared with log-rank/Mantel-Cox, Breslow/Generalized Wilcoxon and
Tarone-Ware tests to determine which curves were significantly different from one another.
All tests used a Type I error rate of 0.05 to determine significance.

2.3 Results
2.3.1 Nosema species determination by PCR
PCR of the 16S rRNA resulted in only the 218 bp sequence being amplified,
corresponding with N. ceranae (Figure 2.1 a, b). This was true for Nosema-infected bees tested
from the early summer 2013 and 2014 collections. Nosema apis was not detected in any samples,
nor were there any co-infections. All extracted spores used for inoculation were therefore
confirmed to be N. ceranae.

2.3.2 Nutraceutical screening
Twelve different nutraceutical compounds and the food-grade mineral oil product
CIVITAS© were screened for their potential in controlling N. ceranae infection in A. mellifera.
Fumagillin was included as a standard treatment control along with a positive, inoculated control
and negative, un-inoculated control.
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When the spore counts were examined, significant differences were found between
treatments (F(15,30) = 8.036, p < 0.00001) (Table 2.3). The negative control and fumagillin
treatments had no spores. Excluding these treatments, mean spore counts ranged from 21.3 x 106
± 4.81x 105 spores/bee for the positive control at the highest to 7.71 x 106 ± 7.96 x 105
spores/bee for sulforaphane at the lowest. Based on their percent reduction values and spore
counts, sulforaphane, carvacrol and naringenin were the most effective treatments, with the
greatest reduction being 64.0 ± 3.36% for sulforaphane compared to the positive control.
However, the spore counts for sulforaphane treatment were not significantly different from
carvacrol, naringenin, tetrahydrocurcumin, thymol, oregano oil or embelin, though it was
different from all other treatments, including the positive control. Hydroxytyrosol, transcinnamaldehyde and CIVITAS© treatments were not significantly different from the positive
control.
No significant differences were found between treatments for bee mortality (F(15,30) =
0.890, p = 0.581) or feed intake (F(15,28) = 1.528, p = 0.162) (Table 2.4). Though not
significant, fumagillin and sulforaphane treatments showed very low feed intake values (389.6 ±
77.95 and 403.9 ± 33.70 mg of syrup/bee in 16 days, respectively) compared to the positive and
negative controls (591.2 ± 40.19 and 554.9 ± 49.53 mg of syrup/bee in 16 days, respectively).
Water intake was not recorded for the nutraceutical screening experiment.

2.3.3 Dose response with selected nutraceutical compounds
The three neutraceuticals with the lowest spore counts, sulforaphane, carvacrol and
naringenin, were chosen for a dose response experiment. The regression lines for spore count vs.
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dose are shown in Figure 2.2, the regression lines for mortality vs. dose are shown in Figure 2.3
and the regression lines for feed intake vs. dose are shown in Figure 2.4.
The regression line for square root of spore count vs. dose for sulforaphane was
significant (R2 = 0.704, F(1,25) = 59.565, p < 0.001, y = -3612.4x + 3932.8) (Figure 2.2 a), and
there were highly significant differences found between doses (F(6,20) = 15.975, p < 0.00001).
The highest dose of 1.2500 mg/ml sulforaphane was able to eliminate the spores completely in
all three replicates, and the next highest dose of 0.6250 mg/ml was able to reduce spore counts to
around 1.00 x 106 spores/bee, corresponding to a 95% reduction from the positive control,
indicating a high potential for disease control. The lowest dose of sulforaphane tested that was
significantly different from the non-treated positive control (0 mg/ml sulforaphane) was 0.1250
mg/ml. The spore counts for the non-treated positive control and the lowest dose of sulforaphane
tested (0.0125 mg/ml) showed high variability, with spore counts ranging from around 25.0 x 106
spores/bee to as low as 9.00 x 106 spores/bee.
The regression line for square root of spore count vs. dose for naringenin showed a slight
negative relationship, though it was not significant (R2 = 0.074, F(1,25) = 2.022, p = 0.167, y = 254.22x + 3767.2) (Figure 2.2 b). There were also no significant differences found between
doses (F(6,20) = 1.331, p = 0.289), though 0.1000 mg/ml was significantly different from the
non-treated positive control in the initial screening (Table 2.3). This was mostly due to greater
variaibility in the non-treated positive control in the two dose response experiments compared to
the screening experiment. The average percent reduction in spore counts was approximately 70%
at the dose of 2.0833 mg/ml naringenin, though it was only 40-50% at the highest dose of 4.1667
mg/ml (corresponding to around 7.50 x 106 and 10.5 x 106 spores/bee, respectively). However,
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the variability in spore counts was very large for most doses, except for the highest dose of
4.1667 mg/ml naringenin, which showed very little variability in spore counts.
The regression line for square root of spore count vs. dose for carvacrol was not
significant (R2 = 0.0122, F(1,19) = 0.235, p = 0.634, y = -287.93x + 4047.0) (Figure 2.2 c), and
no significant differences in spore counts were found between the different doses (F(5,15) =
0.804, p = 0.564), though 0.1000 mg/ml was significantly different from the non-treated positive
control in the initial screening (Table 2.3). Like with naringenin, this was mostly due to greater
variaibility in the non-treated positive control in the two dose response experiments compared to
the screening experiment. The variability in spore counts was very high for all doses of
carvacrol, and no relationship was seen between spore count and dose.
The regression line for square root of mortality vs. dose for sulforaphane was significant
(R2 = 0.717, F(1,25) = 63.344, p < 0.001, y = 7.3033x + 2.6783) (Figure 2.3 a), and there were
highly significant differences in bee mortality between doses (F(6,20) = 24.053, p < 0.00001).
All doses of sulforaphane tested were significantly different from the non-treated positive control
(0 mg/ml sulforaphane), except for the two lowest doses (0.0125 and 0.1250 mg/ml
sulforaphane). Bee mortality increased sharply with increasing doses of sulforaphane, indicating
high toxicity. The highest dose of 1.2500 mg/ml sulforaphane resulted in 100% bee mortality in
all three replicates, and the next highest dose of 0.6250 mg/ml caused bee mortality of around
97%.
The regression line for square root of mortality vs. dose for naringenin was not
significant (R2 = 0.0549, F(1,25) = 1.454, p = 0.239, y = 0.2848x + 2.1803) (Figure 2.3 b), and
there were no significant differences in bee mortality between doses (F(6,20) = 0.506, p =
0.797). The bee mortality remained low (below 16-17%) for all doses of naringenin, indicating
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low toxicity. The only exception was a single replicate at 1.0417 mg/ml naringenin that resulted
in around 45% bee mortality. The other two replicates at the same dose, however, resulted in 0%
bee mortality for an average of 15.32% bee mortality.
The regression line for square root of mortality vs. dose for carvacrol was significant (R2
= 0.2812, F(1,19) = 7.439, p = 0.013, y = 1.8681x + 2.2334) (Figure 2.3 c). However, there were
no significant differences in bee mortality between doses (F(5,15) = 2.557, p = 0.073). Similar to
what was seen with sulforaphane, bee mortality increased with increasing doses of carvacrol,
though the lower slope of the regression line (1.8681 versus 7.3033) indicated less toxicity. In
addition, no doses of carvacrol resulted in 100% bee mortality. The highest dose of 1.2500
mg/ml carvacrol resulted in around 25% bee mortality, though the variability in bee mortality at
this dose was relatively high and ranged from around 7% to around 47%.
The regression line for the natural log of feed intake vs. dose for sulforaphane was
significant (R2 = 0.7071, F(1,22) = 53.034, p < 0.001, y = -0.669x + 6.1808) (Figure 2.4 a), and
there were highly significant differences in feed intake between doses (F(5,18) = 14.338, p <
0.00001). Feed intake decreased with increasing doses of sulforaphane, from around 520.0 mg of
sugar syrup per bee in 16 days at a dose of 0 mg/ml to around 225.0 mg of sugar syrup per bee in
16 days at the highest dose of 1.2500 mg/ml. However, it is unclear whether this is an artefact of
bees dying earlier than in other treatments, thus resulting in less total sugar syrup consumption.
However, even when the higher doses of sulforaphane that resulted in the most bee mortality
were removed, there were still significant differences in feed intake between the lower doses
(F(4,16) = 5.906, p = 0.004) and the linear regression was still significant (R2 = 0.587, F(1,19) =
26.974, p < 0.001, y = -1.594x + 6.249). All doses of sulforaphane were significantly different
from the non-treated positive control, except for the lowest dose of 0.0125 mg/ml. This indicates
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that sulforaphane negatively affects food uptake by honey bees in addition to increasing
mortality.
The regression line for natural log of feed intake vs. dose for naringenin was not
significant (R2 = 0.0149, F(1,25) = 0.387, p = 0.539, y = -0.0131x + 6.2192) (Figure 2.4 b), and
there were no significant differences in feed intake between doses (F(6,20) = 1.428, p = 0.253).
No relationship was seen between feed intake and dose for naringenin, indicating no effect on
feed uptake by honey bees in addition to low toxicity.
The regression line for natural log of feed intake vs. dose for carvacrol was significant
(R2 = 0.313, F(1,19) = 8.672, p = 0.008, y = -0.273x + 6.300) (Figure 2.4 c), though no
significant differences were found in feed intake between doses (F(5,15) = 2.099, p = 0.122).
This indicates that higher doses would be needed before a significant difference would be
observed in comparison to the non-treated positive control. Feed intake decreased with
increasing doses of carvacrol, though this decrease was not as sharp as what was seen with
sulforaphane, as seen in the differences in the slopes of the regression lines (-0.669 for
sulforaphane versus -0.273 for carvacrol). The highest dose of 1.2500 mg/ml carvacrol resulted
in a feed intake value of around 410.0 mg of sugar syrup per bee in 16 days, compared to around
225.0 mg of sugar syrup per bee in 16 days at the highest dose of sulforaphane. In both cases, the
non-treated positive control (0 mg/ml) resulted in a feed intake value of around 530.0 mg of
sugar syrup per bee in 16 days.
There were no significant differences in water intake between doses for sulforaphane,
naringenin or carvacrol (F(4,13) = 0.395, p = 0.809 for sulforaphane; F(5,15) = 0.683, p = 0.644
for naringenin; F(4,10) = 0.262, p = 0.896 for carvacrol) (Table 2.5). The linear regressions for
water intake vs. dose were also not significant for any of the three compounds (R2 = 0.014,
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F(1,16) = 0.225, p = 0.641, y = 0.107x + 5.413 for sulforaphane; R2 = 0.027, F(1,19) = 0.524, p
= 0.478, y = -0.053x + 5.457 for naringenin; R2 = 0.001, F(1,13) = 0.011, p = 0.919, y = -0.023x
+ 5.497 for carvacrol) (data not shown). The highest water intake value was 317.4 ± 51.28 mg of
water per bee in 16 days for naringenin at 1.0417 mg/ml and the lowest water intake value was
176.7 ± 38.49 mg of water per bee in 16 days for naringenin at 4.1667 mg/ml. The exceptionally
high water intake at 0.6250 mg/ml sulforaphane was likely due to the small number of bees
remaining alive. This resulted in dripping of the water feeders without uptake by the bees.

2.3.4 Bee mortality with selected nutraceutical compounds
The Kaplan-Meier survival curves for 0.2917 mg/ml sulforaphane in sugar syrup and
4.1667 mg/ml naringenin in sugar syrup as well as for the negative and positive control bees are
shown in Figure 2.5.There were significant differences found between the survival curves using
the log-rank/Mantel-Cox post hoc test (χ2(3) = 52.502, p < 0.00001), the Breslow/Generalized
Wilcoxon post hoc test (χ2(3) = 54.475, p < 0.00001) and the Tarone-Ware post hoc test (χ2(3) =
54.906, p < 0.00001). Bees that were fed sulforaphane had the lowest survival, and the survival
curve for sulforaphane-fed bees was significantly different from all other treatments. The next
lowest survival was for positive control bees, and the survival curve for the positive control was
also significantly different from all other treatments. The negative control bees and the bees fed
naringenin had the highest survival. The survival curves for the negative control and naringeninfed bees were not significantly different from one another, though they were significantly
different from the positive control and sulforaphane survival curves.
Though the survival curve for the sulforaphane-fed bees was significantly lower than the
survival curve for the positive control bees, all of the bees in the positive control died before the
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final bee died in the sulforaphane treatment cage. Likewise, the survival curves for naringenin
and the negative control were not significantly different from one another, but one bee in the
negative control cage survived until day 54, surviving more than two weeks longer than the last
bee that died in the naringenin treatment cage.

2.4 Discussion
While it was not the aim of this study to explore trends in the prevalence and seasonality
of N. ceranae, the results obtained from the Nosema screening and species diagnosis provide
more insight on these topics. In order to create a Nosema reserve for the purposes of this study,
honey bee foragers were collected from the entrances of all hives at the Honey Bee Research
Centre at the University of Guelph. While PCR analysis was not done on every hive, all samples
of bees from highly infected hives were found to only be infected with N. ceranae, both in 2013
and in 2014. Nosema apis was not found in any samples and no co-infections were found either.
In addition, the lack of seasonality reported for N. ceranae infection in Spain (Martín-Hernández
et al., 2007) was not supported in this study. Regardless of the level of infection in hives in the
beginning of the summer, the Nosema spore counts dropped drastically later in the summer and
early fall, though they rarely got to zero. Therefore, it was necessary to collect foragers for later
extraction of Nosema spores in late spring or early summer. This seasonality is more in line with
what researchers have found for N. ceranae in countries such as Germany (Gisder et al., 2010),
Taiwan (Chen et al., 2012) and the United States of America (Traver et al., 2012). However, as
this was not the aim of this study, the data collected here is incomplete and the results on these
topics must be interpreted with caution.
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The aim of this study was to examine a number of nutraceutical compounds for their
potential in controlling N. ceranae infection in A. mellifera. The antibiotic fumagillin has been
the only registered treatment for Nosema infection for more than 60 years (Katznelson and
Jamieson, 1952). While it is effective (Tibor and Heikel, 1987; Webster, 1994; Williams et al.,
2008a), the potential risk of contaminating honey and hive products (Higes et al., 2011; Huang et
al., 2013) and the recent development of N. ceranae resistance to fumagillin (Huang et al, 2013)
point to a need for safer, alternative control methods.
Of all the nutraceuticals tested, sulforaphane shows particular promise in the
development of a natural treatment for N. ceranae. Unfortunately, while sulforaphane was found
to completely eliminate spores at higher doses, it was also found to be highly toxic and caused
elevated bee mortality. A few antibiotics other than fumagillin have been tested against N.
ceranae and have been found to completely eliminate spores as well (Šichtová et al., 1993;
Gisder and Genersch, 2015). However, these antibiotics were also found to be cytotoxic in vitro
or highly toxic to bees in vivo. They pose the same risks as fumagillin, if not greater as a result of
their increased toxicity, in terms of contaminating honey and hive products. With regards to
other, more natural treatments, sulforaphane stands out as a much more effective compound in
the control of N. ceranae infection. Natural, alternative treatments such as iodine, formic acid,
plant extracts and ethanol have been tested against N. ceranae and have failed to show any
promise or have even increased infection (Botías et al., 2013b; Ptaszyńska et al., 2013).
Sulforaphane is an isothiocyanate found in cruciferous vegetables such as broccoli (Hu et
al., 2006). While it is not an antioxidant itself, sulforaphane is believed to be a potent inducer of
antioxidant genes, many of which are controlled by the transcription factor nuclear factor
(erythroid-derived 2)-like 2 (Nrf2) (Shen et al., 2014; Wang et al., 2014). Found normally in the
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cytoplasm, Nrf2 is bound by an inhibitory protein complex composed of Kelch-like enoyl-CoA
hydratase (ECH)-associated protein 1 (Keap1) and Cullin 3. This inhibitory protein complex
prevents the translocation of Nrf2 to the nucleus and causes its degradation by ubiquitination
(Shen et al., 2014). Triggers such as oxidative stress cause the dissociation and degradation of
the Cullin 3-Keap1 inhibitory complex, allowing Nrf2 to enter the nucleus, bind to DNA and
upregulate antioxidant genes (Shen et al., 2014). Wang et al. (2014) and Shen et al. (2014) both
showed that sulforaphane could ameliorate oxidative damage in mice by increasing the
expression of Nrf2 and the antioxidants it regulates. Yanaka et al. (2013) showed that oral
administration of sulforaphane prevented aspirin-induced lesions in the small intestines of mice.
Though the mechanism by which this occurs is not examined in the study, the authors
hypothesize that it was through upregulation of Nrf2 by sulforaphane.
In addition to its antioxidant properties, sulforaphane has also been shown to have
anticancer properties. Hu et al. (2006) showed that mice fed with sulforaphane had fewer and
smaller polyps when their colons were examined. The authors also found that sulforaphane
downregulated a number of kinases involved in the Wnt signalling pathway. Aberrant signalling
of the Wnt pathway can lead to cancer through unchecked cell proliferation and growth and the
suppression of apoptosis (Hu et al., 2006). Sulforaphane is believed to prevent cancer formation
by suppressing cell proliferation and inducing apoptosis. Johansson et al. (2008) found that
sulforaphane was highly antimicrobial against a wide range of bacteria and fungi in vitro. They
hypothesize that sulforaphane can arrest pathogen growth and induce apoptosis, thus killing the
pathogen. Yanaka et al. (2013) also found that sulforaphane prevented mucosal invasion by
pathogenic bacteria. This was likely due to sulforaphane‟s effect on cell growth and apoptosis,
resulting in the death of intestinal bacteria and the prevention of mucosal invasion.
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A combination of these effects may explain why sulforaphane was so effective in the
treatment of N. ceranae. As has been previously mentioned, infection with N. ceranae has been
shown to increase ROS generation and to decrease the expression and activity of antioxidants
(Dussaubat et al., 2012; Di Pasquale et al., 2013; Aufauvre et al., 2014). Sulforaphane‟s effect
on Nrf2 expression may help to balance this out and prevent oxidative damage in infected bees.
However, it is likely the effect on cell proliferation and apoptosis that has a larger impact. Like
Johansson et al. (2008), sulforaphane in honey bees may have prevented proliferation and
growth of N. ceranae spores in addition to inducing apoptosis of spores and/or host cells. Other
Microsporidia have been shown to prevent p53 phosphorylation and activation in host cells,
preventing its translocation to the nucleus and the induction of cell cycle arrest and apoptosis
(del Aguila et al., 2006). Holt et al. (2013) found that N. ceranae infection altered the expression
of genes related to apoptosis, and Higes et al. (2013a) found that apoptosis was almost
completely absent in the midgut of infected bees. Sulforaphane treatment, then, may prevent
parasite growth while also reversing the suppression of apoptosis, leading to the destruction of N.
ceranae spores.
Unfortunately, it may be this same effect on the Wnt pathway that leads to the increased
bee mortality with sulforaphane treatment. Dussaubat et al. (2012) showed that N. ceranae
infection downregulated a number of genes in the Wnt pathway. Though this has a positive effect
in the case of cancer cell proliferation in mice (Hu et al., 2006), downregulation of the Wnt
pathway also leads to decreased repair of damaged tissue in N. ceranae-infected honey bees
(Dussaubat et al., 2012). In the case of Nosema-infected bees, the dual-pronged downregulation
of the Wnt pathway from N. ceranae and sulforaphane as well as the induction of apoptosis by
sulforaphane could lead to irreparable damage to the midgut epithelium. In addition, Johansson
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et al. (2008) warned that sulforaphane‟s antimicrobial effect is likely not selective to pathogenic
bacteria and could also decimate populations of beneficial bacteria in the gut. Overall,
sulforaphane may indiscriminately kill N. ceranae and honey bee gut bacteria alike in addition to
causing irreparable damage to the midgut epithelium through apoptosis and preventing its repair.
While its antimicrobial properties are very promising, the high bee mortality caused by
sulforaphane is a significant drawback. Research into ways of reducing sulforaphane‟s toxicity is
needed before it can be considered as a candidate for controlling N. ceranae infection.
Another compound found to be effective in controlling N. ceranae in this study was the
citrus fruit flavonone naringenin. Naringenin has been shown in a number of studies to be a
potent anti-inflammatory. Amaro et al. (2009) showed that oral administration of naringenin in
drinking water drastically reduced intestinal inflammation in mice by downregulating expression
of free radical-generating enzymes, such as inducible nitric oxide synthase (iNOS). This lowered
ROS and prevented oxidative damage. Similarly, Jayaraman et al. (2012) found that oral
administration of naringenin attenuated the upregulation of iNOS in rats with ethanol-induced
liver inflammation. The study also found that naringenin downregulated the expression of a
number of pro-inflammatory cytokines, such as interleukin-6 (IL-6) and tumour necrosis factor-α
(TNF-α), as well as enzymes and receptors that can react to cytokines and produce more
inflammatory intermediates. In addition, the authors point out that naringenin‟s many hydroxyl
groups allow it to act directly as an antioxidant, scavenging free radicals and preventing
oxidative stress.
Naringenin‟s anti-inflammatory properties may play a major role in why naringenin-fed
bees were found to have a survival curve not significantly different from un-inoculated negative
control bees but significantly higher than inoculated positive control bees. The increase in ROS
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generation and decrease in antioxidant activity caused by infection with N. ceranae were likely
prevented by the antioxidant activity of naringenin and its downregulation of free radicalgenerating enzymes (Dussaubat et al., 2012; Di Pasquale et al., 2013; Aufauvre et al., 2014).
However, while preventing ROS generation and oxidative stress had the beneficial effect of
allowing the bees to live longer, spore counts were more variable with naringenin treatment and
a significant dose response in spore counts was not seen. Free radicals can damage host tissues,
but the generation of ROS is also an important part of the insect immune response, particularly
during melanization and encapsulation when ROS generated through the PO cascade are used to
kill encapsulated pathogens (Strand, 2008; Ma et al., 2013; Azeez et al., 2014). Thus, limiting
the increase in ROS generation during N. ceranae infection by naringenin may have reduced a
mechanism of resistance against the parasite. For example, Didier et al. (2010) showed that nitric
oxide and ROS produced by macrophages are important for the control of the Microsporidian
parasite, Encephalitozoon cuniculi, in mice. The authors also found that nitric oxide- and ROSdeficient mice could survive infection but that they had extremely high parasite loads. Leiro et
al. (2001a and b) also showed that macrophage-generated ROS were important for the control of
two Microsporidian parasites of fish, Tetramicra brevifilum and Microgemma caulleryi.
Interestingly, both studies also found that while initial infection was associated with an increase
in ROS production, later stages of infection showed significantly lower ROS generation. The
authors suggest that Microsporidia may be able to modulate the host ROS generation in order to
avoid growth inhibition or destruction by an immune response. Thus, an explanation for the
results of this study is that the antioxidant properties of naringenin may have protected host
tissues from oxidative damage, resulting in improved longevity, but also prevented ROS
generation that may be required to fight off N. ceranae infection.
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The anti-inflammatory and antioxidant properties of naringenin may explain the majority
of its effects in controlling N. ceranae. However, Assini et al. (2013) found that in addition to
reducing the expression of pro-inflammatory cytokines, feeding naringenin increased lipid
oxidation in the liver of mice fed a high fat diet. This lowered circulating free fatty acids and
prevented the development of atherosclerosis plaques and subsequent chronic inflammation. In
honey bees, the main site of lipid metabolism is the fat body, which also happens to be the main
immunogenic organ where expression of many immune related genes is highest (Di Pasquale et
al., 2013). Feeding bees naringenin may have helped increase lipid metabolism in the fat body
and aid in the induction of a strong immune response. In support of this, Di Pasquale et al.
(2013) found that feeding bees pollen sources rich in lipids increased fat body development and
expression of immune genes regulated by the fat body. It is possible, then, that feeding bees
naringenin combined with a lipid-rich pollen diet may help improve naringenin‟s effectiveness
by increasing lipid metabolism, fat body development and the induction of a strong immune
response against N. ceranae infection.
A surprising finding in this study was that there was no dose response for naringenin with
feed intake, even with a dose as high as 4.1667 mg/ml. Patton et al. (1997) found that naringenin
at even low doses had an anti-feedant effect on Japanese beetles. The study, however, did not
explain whether the naringenin was purchased or obtained in a pure form or if it was extracted
from a plant source. Naringenin is a tasteless metabolite of naringin, the compound that gives
citrus fruit its bitter taste (Amaro et al., 2009). It is possible that the naringenin used by Patton et
al. (1997) contained some naringin, and it was this bitter compound that caused the anti-feedant
effect. It is also possible that honey bees have a different response to naringenin than other
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insects or that the sweetness from the sugar syrup that the compound was mixed with
overpowered any lingering bitterness that the naringenin may have had.
Caravacol and thymol are the antimicrobial components of oregano oil, which has been
shown to be highly antimicrobial against a variety of bacterial and fungal pathogens (Tsinas et
al., 2011; Turgis et al., 2012). Tsinas et al. (2011) found that both carvacrol and thymol act by
disrupting the bacterial cell wall in addition to altering cell membrane permeability to ions. This
leads to the leakage of ions and other cellular contents, the cessation of cellular processes and the
subsequent death of the pathogen (Tsinas et al., 2011). However, Turgis et al. (2012) found that
the amount of carvacrol and thymol present in oregano oil can vary greatly. While oregano oil
can contain as low as 50% carvacrol, it is generally around 70%. In contrast, thymol is much
more variable in oregano oil but is generally much lower, being much higher in the essential oil
of Thymus vulgaris (thyme) (Maistrello et al., 2008). Tsinas et al. (2011) also suggested that
oregano oil‟s antimicrobial properties may be more than the sum of the antimicrobial properties
of carvacrol and thymol. However, the fact that oregano oil was less effective in this study than
both carvacrol and thymol could suggest that the oregano oil used contained lower amounts of
carvacrol and thymol. The bottle of oregano oil used for this study was also purchased a few
years earlier than this study was conducted for use in a separate experiment. It is possible that the
active components in oregano oil broke down over time, and the levels of carvacrol and thymol
were even lower than that generally found in fresh oregano oil. This is the case with phenols
found in olive oil, which have been found to degrade over time, particularly with exposure to UV
light (Siliani et al., 2009).
In this study, purified carvacrol and thymol were both more effective than oregano oil in
controlling N. ceranae. As has already been mentioned, carvacrol and thymol have both been
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shown to affect cell membrane permeability and kill pathogens in this manner (Tsinas et al.,
2011; Verlinden et al., 2013). However, Jamroz et al. (2006) showed that carvacrol also has an
antimicrobial effect in vivo in chickens through stimulation of mucus production in gut epithelial
cells and the prevention of adhesion and mucosal invasion by pathogenic bacteria. Glycosylation
has been shown to be important for the structure and function of the Microsporidian polar tube,
and the glycoproteins found abundantly on the polar tube and spore wall are believed to help
with adherence to mucins in the honey bee midgut (Keeling and Fast, 2002; Moretto et al.,
2012). It is possible then that carvacrol helped lower N. ceranae infection both by directly killing
spores and by preventing spore adhesion in the honey bee midgut.
In addition to their antimicrobial properties, both carvacrol and thymol have been found
to increase antioxidant activity and cause a subsequent reduction in oxidative damage
(Giannenas et al., 2012). Carvacrol has also been shown to downregulate genes in mice and
chickens related to the production of pro-inflammatory cytokines as well as genes relating to
cytokine receptors that initiate an inflammatory response (Kim et al., 2010; Lillehoj et al., 2011;
Cho et al., 2012). It is possible that both thymol and carvacrol helped prevent inflammation and
oxidative damage in N. ceranae-infected bees, which could have lowered bee mortality. Indeed,
Bogdan et al. (1986) tested the essential oils of thyme (containing thymol) and winter savory
(containing carvacrol) against N. apis in honey bees in the field and found that there was no
effect on spore reduction but that both essential oils lowered bee mortality associated with N.
apis infection. In this study, no significant differences were seen in bee mortality between
treatments in the nutraceutical screening experiment. However, while this also included
naringenin, extending the experiment duration in the mortality experiment allowed for this
reduction in bee mortality with naringenin treatment to become apparent. It is possible then that
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thymol and carvacrol may have had an effect on bee mortality if they were also tested for a
longer period of time, which they were not in this study. In contrast, oregano oil (but not thymol)
was found to have a slightly toxic effect on bees (Ebert et al., 2007), though this was not found
by Gashout and Guzmán-Novoa (2009), who found oregano oil to have low toxicity against both
adult honey bees and larvae. Any toxic effect oregano oil may have can likely be attributed to
carvacrol, which is its main component. Thus, increasing the dose of carvacrol should have
increased bee mortality, which was observed in this study. In terms of thymol, Gashout and
Guzmán-Novoa ( 2009) found it to have low toxicity against adult bees, though thymol did show
toxicity against larvae. While it is not generally considered toxic, thymol has been shown to
decrease expression of immune genes in honey bees (Boncristiani et al., 2012). This reduction in
the immune response may have countered thymol‟s antimicrobial effects and allowed the
parasite to grow, causing increased bee mortality. However, both of these effects would need to
be explored more with a mortality experiment with a longer duration to see if significant
differences would be found.
Unlike the other nutraceuticals in this study, carvacrol and thymol have previously been
tested on honey bees against parasites and pathogens. Carvacrol has only been tested against the
fungus Ascosphaera apis and only in the essential oil of winter savory but it was found to
significantly reduce infection (Higes-Pascual et al., 1998). Thymol, however, has specifically
been tested against N. ceranae. In both studies, thymol significantly reduced spore counts in N.
ceranae-infected bees (Maistrello et al., 2008; Costa et al., 2010). Costa et al. (2010) also found
it to decrease bee mortality caused by infection. However, it is important to note that neither of
these studies saw any significant effects on bee mortality or spore counts until 25 days post
infection. In a study on the antimicrobial effects of thymol on the Microsporidian
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Encephalitozoon intestinalis, thymol was not found to prevent spore growth (Bernardo et al.,
2004). It is possible that thymol was found to be less effective than carvacrol in controlling N.
ceranae infection because it is not as effective against Microsporidia (Bernardo et al., 2004) or
its antimicrobial effect is weaker and delayed and would require a longer experiment duration for
greater differences to be seen (Maistrello et al., 2008 and Costa et al., 2010).
While several studies have shown that both thymol and carvacrol are effective in honey
bees, Sammataro et al. (2009) found that these compounds were absorbed differently depending
on the age of the bee and the diet the compounds were administered in. They found that while
carvacrol and thymol could be absorbed and subsequently isolated from honey bee larvae fed
these compounds, this was only true with older larvae that were fed thymol and carvacrol mixed
into a liquid protein diet but not in sugar syrup. The authors speculate that this may be a result of
differences in the diet of early and late larval instars. They point out that early instars consume
protein mainly from nurse bee hypopharyngeal gland secretions and that this protein had been
digested and processed and did not likely contain plant compounds found in nectar. In contrast,
late instars are fed larger quantities of beebread, meaning their protein source later in larval
development would be undigested and likely to contain plant compounds found in nectar and
pollen. Sammataro et al. (2009) hypothesized that feeding these compounds in a protein diet
would increase the effectiveness of thymol and carvacrol as this is how they would be
encountered by larvae and may be better absorbed as a result. Mixing them into a liquid protein
diet may also be effective in the control of N. ceranae. Infection with N. ceranae is usually seen
in foragers and less often in nurse bees (Martín-Hernández et al., 2012). While nurse bees
consume a diet rich in proteins to aid in production of hypopharyngeal gland secretions, foragers
consume mainly carbohydrates in the form of nectar and honey (Corby-Harris et al., 2014). This
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suggests that mixing nutraceuticals in sugar syrup is a more appropriate vehicle than in a protein
diet. However, it is likely that N. ceranae infection begins in nurse bees and causes early onset of
foraging behaviour (Martín-Hernández et al., 2007; Ares et al., 2012; Goblirsch et al., 2013). In
addition, the bees used for this study were inoculated when they were newly-emerged and most
likely to be feeding on protein-rich beebread and pollen stores. As a result, feeding nutraceuticals
in a protein diet may increase their absorption by newly-emerged and in-hive bees and prevent N.
ceranae infections from beginning or prevent spore proliferation in early infection. The
effectiveness may be heightened further by feeding bees a protein and lipid-rich diet as carvacrol
has also been shown to increase lipid metabolism (Kim et al., 2010; Lillehoj et al., 2011).
Similar to what was discussed earlier with regards to naringenin, Di Pasquale et al. (2013)
showed that increased lipid metabolism leads to increased fat body development and
upregulation of immune-related genes. The combination of feeding bees nutraceuticals in a
protein and lipid-rich diet then may increase nutraceutical absorption as well as immune
function.
In this study, tetrahydrocurcumin caused a reduction in spore counts that was not
significantly different than the most effective compound, sulforaphane. Indeed,
tetrahydrocurcumin shares a lot of similarities with sulforaphane and their effects in controlling
N. ceranae infection may be closely linked. Tetrahydrocurcumin is one of the metabolites of
curcumin, which is the main active ingredient in the spice turmeric (Curcuma longa)
(Nakmareong et al., 2011). Both curcumin and tetrahydrocurcumin have been shown to be potent
anti-inflammatories when fed to mice and rats through the downregulation of expression of proinflammatory cytokines such as TNF-α, IL-6, IL-1β and interferons as well as the
downregulation of expression of enzymes that lead to the production of cytokines, such as
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cyclooxygenase-2 (COX-2) (Bie et al., 2011; Kubota et al., 2012; Motawi et al., 2012). Both
compounds have also been found to act directly as antioxidants in mice and rats and actively
scavenge free radicals while also downregulating expression of ROS-generating enzymes,
upregulating expression of antioxidant enzymes and reducing oxidative stress (Okada et al.,
2001; Lai et al., 2011; Nakmareong et al., 2011; Motawi et al., 2012; Ghosh et al., 2014).
While Nrf2 expression was not specifically examined, Okada et al. (2001) found that
feeding both curcumin and tetrahydrocurcumin to mice increased expression of a group of
antioxidants normally regulated by Nrf2 (Shen et al., 2014). This is similar to sulforaphane,
which was also shown to increase Nrf2 expression in mice (Shen et al., 2014; Wang et al., 2014).
Another similarity is that both curcumin and tetrahydrocurcumin, like sulforaphane, were shown
to have anticancer properties through downregulation of proteins involved in the Wnt signalling
pathway in mice (Lai et al., 2011). Similar to sulforaphane, this could have prevented growth of
N. ceranae spores while inducing apoptosis and killing the parasite. In support of this, Xiang et
al. (2011) found that feeding tetrahydrocurcumin increased expression of O-type forkhead box
domain (FOXO) transcription factors in Drosophila. These transcription factors are related to
p53 and are important for regulating cell proliferation and inducing apoptosis (Renault et al.,
2011). However, like sulforaphane, these effects on cell proliferation and apoptosis may also
further suppress regeneration of damaged epithelial tissue caused by N. ceranae infection and
cause increased honey bee mortality (Dussaubat et al., 2012). While no significant differences in
bee mortality were seen between treatments for the nutraceutical screening, it is worthwhile to
note that tetrahydrocurcumin caused the highest bee mortality after sulforaphane and fumagillin
treatments. It is possible that higher doses of tetrahydrocurcumin would have similar effects on
spore counts and bee mortality as seen with increased doses of sulforaphane.
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In addition to their anti-inflammatory and anticancer properties, curcumin and
tetrahydrocurcumin are also antimicrobial compounds. Devi et al. (2010) found curcumin to
reduce viability of N. bombycis spores in vitro and to reduce infection prevalence in vivo in the
silkworm, B. mori. Lee et al. (2011) also found curcumin to be antimicrobial in vitro. In contrast,
Ghosh et al. (2014) pointed out that curcumin and tetrahydrocurcumin suffer from poor
absorption and bioavailability and that this may reduce their effectiveness. This poor absorption
and bioavailability could potentially explain why a compound with such similar properties to
sulforaphane caused a lower percent reduction in N. ceranae spore counts. Like naringenin,
curcumin and tetrahydrocurcumin have been shown to increase lipid metabolism (Kubota et al.,
2012). As a result, feeding tetrahydrocurcumin to bees in combination with a lipid-rich diet may
increase absorption and effectiveness of tetrahydrocurcumin while also increasing fat body
development and immune function (Di Pasquale et al., 2013).
While tetrahydrocurcumin has been shown to be an immunostimulant, its main effect has
been to increase the production of immunoglobulins in rats (Okazaki et al., 2010). As honey bees
do not have a well-developed adaptive immune system like rats and do not produce
immunoglobulins, it is unknown whether tetrahydrocurcumin would have had an immunemodulating effect in A. mellifera against N. ceranae infection.
Embelin was another compound in this study that was found to be effective in controlling
N. ceranae but not significantly different from the most effective compound, sulforaphane.
Embelin is the main active component in Embelia ribes (false black pepper) and has been used in
traditional medicine for thousands of years to reduce inflammation and aid in the treatment of
gastrointestinal illnesses in humans (Kumar et al., 2011). It has been shown to be antiinflammatory through decreasing expression of pro-inflammatory cytokines such as TNF-α, IL-6
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and IL-1β in mice (Kumar et al., 2011). In addition, embelin significantly reduced oxidative
damage and decreased plasma levels of free fatty acids, triglycerides and cholesterol in mice and
rats (Kumar et al., 2011; Chaudhari et al., 2012). Chaudhari et al. (2012) did not examine the
exact mechanism through which embelin lowers plasma lipid levels but it is possible that it
increases lipid metabolism in the liver in a similar way as was seen with naringenin (Assini et
al., 2013), carvacrol (Kim et al., 2010; Lillehoj et al., 2011) and tetrahydrocurcumin (Kubota et
al., 2012).
While the reduction in spore counts seen with embelin was not significantly different
from sulforaphane, it had the highest spore count values out of carvacrol, naringenin,
tetrahydrocurcumin, thymol and oregano oil, which were the other compounds not significantly
different from sulforaphane. Embelin, like naringenin, has strong antioxidant properties, which
has the advantage of protecting host tissues from oxidative damage but also the disadvantage of
counteracting the ROS-generation induced by the honey bee immune system to fight off the
parasite (Strand, 2008; Ma et al., 2013; Azeez et al., 2014). Embelin may have reduced ROS
generation and prevented oxidative damage to tissue while at the same time, interfering with the
killing of encapsulated spores by ROS generated through the PO cascade. Embelin also has a
stimulatory effect on lipid metabolism in rats (Chaudhari et al., 2012). In honey bees, lipid intake
and increased lipid metabolism have been shown to increase fat body development and the
expression of immune genes regulated by the fat body (Di Pasquale et al., 2013). As has been
shown with a number of other nutraceutical compounds, it is possible that the absorption of
embelin in honey bees could be increased if the compound is given to bees in combination with a
lipid-rich diet, which may also increase fat body development and immune function (Di Pasquale
et al., 2013).
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The compounds allyl sulfide, poly I:C and chitosan had an intermediate effect on N.
ceranae infection. The reduction in spore counts caused by feeding with these compounds was
significantly lower than sulforaphane but still significantly different from the positive control.
Allyl sulfide is a sulphur compound found in garlic (Lee et al., 2012). It is a metabolite of allicin,
the main active ingredient in garlic (Porrini et al., 2011). Allyl sulfide and garlic extracts have
been found to possess anti-inflammatory properties in rats and chickens through decreasing
expression of pro-inflammatory cytokines such as TNF-α and IL-1β and through prevention of
macrophage infiltration of tissue (Lee et al., 2012; Kim et al., 2013). Garlic extracts have also
been shown to increase production of digestive enzymes and increase activity of alkaline
phosphatase in the rainbow trout, Oncorhynchus mykiss (Nya et al., 2011). This may help
counter the suppression of digestive enzyme production seen with Nosema infection in honey
bees (Liu, 1984), as well as the decrease in honey bee alkaline phosphatase expression and
activity (Dussaubat et al., 2012; Di Pasquale et al., 2013). Alkaline phosphatase activity is
related to intestinal health and plays an important role in nutrient absorption, reducing intestinal
inflammation, improving tolerance of gut microbiota and decreasing mucosal invasion by
pathogenic bacteria (Di Pasquale et al., 2013). The combined effects of increasing alkaline
phosphatase activity, increasing production of digestive enzymes and lowering inflammation
may allow allyl sulfide to ameliorate some of the negative impacts of N. ceranae infection.
However, as these effects mainly relate to decreasing signs of infection, it is possible that garlic
extracts such as allyl sulfide only acted to improve honey bee intestinal health without
significantly reducing spore loads or parasite growth. A larger impact, then, may be seen on
increased survival with supplementation of garlic extracts. This would require further testing,
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however, as the short duration of the nutraceutical screening experiment was insufficient to show
significant differences in bee mortality between treatments.
Though these may be the main mechanisms by which garlic extracts affect N. ceranae
infection in honey bees, it is also worthwhile to note that a reduction in spore counts from the
positive control was seen with allyl sulfide, even if it was not as pronounced as with other
compounds. Garlic extracts have been found to be antimicrobial, though this property seems to
vary greatly from study to study. Devi et al. (2010) tested eleven different plant extracts against
N. bombycis. Among those, garlic extract was one of four plant extracts that were effective in
reducing spore viability in vitro and reducing infection prevalence in vivo in silkworms. In
contrast, Bernardo et al. (2004) found that garlic extract was not effective in reducing spore
proliferation of the Microsporidian parasite Encephalitozoon intestinalis in green monkey kidney
epithelial cell cultures. Similarly, Porrini et al. (2011) found that garlic extract was not effective
in the control of N. ceranae infection in A. mellifera. The authors pointed out that while allicin
and its metabolites show antimicrobial properties, they are also extremely unstable, particularly
in ethanolic extracts or when exposed to ethanol. This study, however, shows that the allicin
metabolite allyl sulfide is effective against N. ceranae. For this study, a small amount of ethanol
was used to increase the solubility of allyl sulfide in sugar syrup. It is possible that the ethanol,
even in such a low amount, degraded the allyl sulfide, reducing its effectiveness as an
antimicrobial agent. However, it is also possible that the ethanol increased its absorption, making
it more effective than the garlic extract used by Porrini et al. (2011). More research is needed to
see if allyl sulfide‟s anti-inflammatory and intestinal health-promoting effects have potential in
controlling N. ceranae infection in A. mellifera.
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Another compound in this study found to have an intermediate effect on reducing N.
ceranae infection was the synthetic, double-stranded viral RNA molecule poly I:C. Poly I:C is an
immunostimulant that works in mammals and birds by binding to the immune Toll-like receptor
TLR3 and imitating a viral infection (St. Paul et al., 2013). Binding of poly I:C to TLR3 after
intramuscular injections induced an immune response in chickens infected with avian influenza
virus and led to a reduction in viral shedding (St. Paul et al., 2012). This was believed to be due
to the activation of the NF-κB immune pathway, resulting in the maturation of antigen-producing
immune cells and the production of RNAase enzymes that cleave viral RNA (Parvizi et al.,
2012a, 2012b). While it is unknown if insects possess an exact TLR3 homolog, poly I:C has
been shown to activate the NF-κB immune pathway in an arthropod, the Pacific white shrimp
(Litopenaeus vannamei), through the activation of the Toll pathway (Li et al., 2012b). Li et al.
(2012b) showed that injection of poly I:C in the Pacific white shrimp activated the NF-κB
pathway and the subsequent production of AMPs, similar to the response seen with injection
with LPS or the bacterial pathogens, Vibrio parahaemolyticus and Staphylococcus aureus.
However, the exact effect that this has on viral infections is not clearly understood. Viral
infections in insects are believed to induce an immune response through the JAK/STAT pathway
(Evans et al., 2006; Ma et al., 2013). Similar to the binding of poly I:C to TLR3, activation of
the JAK/STAT pathway leads to maturation of haemocytes and an increase in phagocytic
behaviour (Evans et al., 2006; Ma et al., 2013). This may or may not be related to activation of
the gene Aubergine, which plays an important role in viral immunity through RNA interference
(Huang et al., 2014).
One possible reason why poly I:C may not have had a strong negative effect on N.
ceranae in this study is because of an inefficient and misdirected immune response mounted

96

against a viral infection instead of a fungal infection. However, activation of the NF-κB pathway
leads to a number of responses, including the production of AMPs and the activation of
melanization and the PO cascade in honey bees (Evans et al., 2006; Li et al., 2012b). As a result,
one would expect that some of the induced immune responses would have an effect on N.
ceranae. This induction of immune responses could be responsible for the reduction in spore
counts, even if it was less than what was seen with other compounds tested.
Another factor impacting the effectiveness of poly I:C is the treatment method. Parvizi et
al. (2012b) found that intramuscular injection with poly I:C had a much greater immunemodulating effect than aerosol administration. Similarly, Li et al. (2012b) used an injection when
administering poly I:C to shrimp. Thus, the lower effectiveness of poly I:C in this study may
have resulted from treating the bees by feeding the compound in sugar syrup instead of injecting
the compound. The poly I:C may have been digested in the midgut before it was able to have an
effect on the honey bee immune response.
In this study, chitosan was also found to have an intermediate effect on N. ceranae
infection. The reduction in spore counts caused by chitosan treatment was significantly lower
than sulforaphane but still significantly different from the positive control. Similar to poly I:C,
chitosan is an immunostimulant. Produced from the treatment of crustacean shells with sodium
hydroxide, chitosan is derived from chitin, the main component of both arthropod exoskeletons
and fungal cell walls (Huang et al., 2007a). As a result, chitosan treatment has been shown to
mimic a fungal infection and induce an immune response (Huang et al., 2007a). However,
similar to the study by Okazaki et al. (2010) on the immune-modulating effects of curcumin,
chitosan has mainly been shown to increase the production of a number of immunoglobulins in
chickens (Huang et al., 2007a). As the insect immune system does not produce
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immunoglobulins, the immune-modulating effect of chitosan may not have occurred in honey
bees. The small reduction in spore counts with chitosan treatment in this study may have
occurred due to its antimicrobial properties and its effect on intestinal absorption. Huang et al.
(2005) found that feeding chickens chitosan oligosaccharides led to an increase in absorption and
digestibility of nutrients and protein and increased feed efficiency. The authors attributed this
increased absorption to chitosan‟s prebiotic effect on gut bacteria. Another study on the
antimicrobial properties of chitosan found that it was inhibitory against Serratia marcescens, a
bacterial pathogen of B. mori, both in vitro and in vivo (Li et al., 2010). The authors found that
the positively charged chitosan interacted with the negatively charged particles on the bacterial
cell wall. Following the interaction with and removal of the cell wall, chitosan disrupted the cell
membrane, killing the bacteria. In this study, chitosan may have had a weak antimicrobial effect
against N. ceranae while also promoting digestive health and absorption. If correct, chitosan may
have decreased signs of N. ceranae infection and increased honey bee survival, though these
were not tested and would require a longer experiment duration to examine fully.
The other three treatments, hydroxytyrosol, trans-cinnamaldehyde and CIVITAS©, did
not differ significantly from the positive control in terms of spore counts. Hydroxytyrosol is a
phenolic compound found in olive oil and olive leaves (Schaffer et al., 2007). While it can act as
an antioxidant to scavenge free radicals and has been shown to protect against oxidative damage,
hydroxytyrosol also has very poor bioavailability and is poorly absorbed (Rodríguez-Gutiérrez et
al., 2012). It has been found to be anti-inflammatory in vitro, but effects in vivo in mammals
such as mice are often only seen at very high doses or not at all (Schaffer et al., 2007). While
hydroxytyrosol can be degraded with exposure to UV light (Siliani et al., 2009), the
hydroxytyrosol used in this experiment was stored carefully in the dark and likely did not
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undergo any degradation. One reason why this compound was ineffective could be its poor
bioavailability.
The food-grade mineral oil product CIVITAS© was also found to be ineffective against
N. ceranae infection. While mineral oil has been proven to promote regularity and increase
intestinal evacuation (Hotwagner and Iben, 2008), it was unable to have this effect on the bees in
this experiment as caged bees do not defecate. Even with CIVITAS© feeding with the high dose
that was used, the caged bees did not defecate. Bees normally defecate only while flying (Caron
and Connor, 2013). Because the bees consumed large amounts of mineral oil but were unable to
defecate, CIVITAS© treatment likely had no effect on N. ceranae and may have even caused
increased stress on the bees as it increased the need to defecate. While it may not have been
effective in a caged study, it would be worthwhile to test CIVITAS© on N. ceranae-infected bees
in a field or semi-field setting where they would be able to defecate more frequently and
potentially eliminate more spores.
The ineffectiveness of trans-cinnamaldehyde (cinnamaldehyde) against N. ceranae in this
study was the most unexpected of the results obtained. Cinnamaldehyde is the main active
ingredient in the spice cinnamon (Cinnamomum spp.) and has been shown in numerous studies
to have anti-inflammatory, antioxidant and antimicrobial properties (Kollanoor-Johny et al.,
2012). It has been shown to have an anti-inflammatory effect through decreasing expression of
pro-inflammatory cytokines such as TNF-α, IL-6 and IL-1β in hamsters and chickens (Qin et al.,
2009; Kim et al., 2010; Lillehoj et al., 2011). It has also been shown to be antimicrobial both in
vitro and in vivo in chickens and pigs (Kollanoor-Johny et al., 2012; Yan and Kim, 2012;
Verlinden et al., 2013). It has been proposed that this antimicrobial effect is through increasing
membrane permeability and causing the leakage of ions and cellular contents or through the
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inhibition of energy generation and glucose uptake by bacteria (Kollanoor-Johny et al., 2012).
These two mechanisms, however, are not mutually exclusive, and cinnamaldehyde may be able
to cause both. In addition to directly killing bacteria, cinnamaldehyde has been shown to increase
intestinal mucin production in chickens and pigs, preventing adhesion of pathogenic bacteria to
the intestinal epithelium and improving overall intestinal health (Jamroz et al., 2006; Yan and
Kim, 2012). Indeed, one of the only studies that found cinnamaldehyde to be ineffective was by
Orengo et al. (2012), who found that cinnamaldehyde did not ameliorate the poor growth
performance and bloody diarrhea caused in chickens infected with the apicomplexan parasite,
Eimeria acervulina.
One explanation for the ineffectiveness of cinnamaldehyde in this study may be that its
antimicrobial properties are only effective against bacteria and not against Microsporidian fungal
parasites. This may also be why cinnamaldehyde was ineffective against an apicomplexan
parasite, which is a type of protist and also not a bacteria (Orengo et al., 2012). Another possible
explanation is that cinnamaldehyde had an anti-feedant and insecticidal effect on honey bees.
This was seen by Huang and Ho (1998), who found that cinnamaldehyde had a strong antifeedant effect and reduced growth in the larvae and adults of the grain storage pests Tribolium
castaneum (red flour beetle) and Sitophilus zeamais (maize weevil). This is a possibility as all of
the previous studies were done in vertebrates, and this effect may only be seen in invertebrates or
insects specifically. However, no anti-feedant effect was seen in this study. In fact,
cinnamaldehyde had the highest feed intake value of all the nutraceutical compounds and was
only second to the positive control. This, however, does not exclude the possibility that
cinnamaldehyde had some weak insecticidal effect on honey bee growth or development. It was
not reflected in the bee mortality obtained for cinnamaldehyde, but it is possible that like many

100

of the other nutraceuticals tested in the screening, the duration of the experiment was not long
enough for differences in bee mortality to appear.
Another explanation for the ineffectiveness of cinnamaldehyde in this experiment may be
related to a study by Lillehoj et al. (2011) in chickens. The authors found that cinnamaldehyde
altered expression of a wide variety of genes. Among these, cinnamaldehyde was found to
increase expression of a number of pro-inflammatory cytokines. While the production of
cytokines is important during an immune response, they can also lead to chronic inflammation
and oxidative damage. It may be that cinnamaldehyde increased inflammation in honey bees
already experiencing greater inflammation as a result of N. ceranae infection. The energetic
costs of this extra inflammation may have been more stress for the bees, and thus an effective
immune response was not possible. This is in agreement with Roberts and Hughes (2014), who
showed that an immune response is costly and that trade-offs may need to be made. It is possible
that the high feed intake values for cinnamaldehyde-fed bees was due to increased energetic
stress and the inability of the bees to put energy into effectively fighting the parasite.
In summary, the results of this study found that seven of the nutraceutical compounds
show promise as natural, alternative controls for N. ceranae infection in A. mellifera. These were
sulforaphane from broccoli and cruciferous vegetables, naringenin from citrus fruit, oregano oil,
thymol and carvacrol, which are the active components in oregano oil, tetrahydrocurcumin from
the spice turmeric and embelin from false black pepper. Sulforaphane was particularly effective
in controlling N. ceranae, but more research is needed on ways of reducing its high toxicity
against bees before it can be considered as a candidate for controlling N. ceranae infection. For
naringenin, thymol, carvacrol, tetrahydrocurcumin and embelin, more research is needed on
ways to increase their effectivenss, possibly by the administration of these nutraceuticals in
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combination with a diet rich in proteins and lipids in an attempt to increase their absorption and
bioavailability (Sammataro et al., 2009; Di Pasquale et al., 2013).
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Table 2.1 Doses of fumagillin and the nutraceutical compounds
used for the screening experiment. All doses are listed in mg/ml
of 50% sugar syrup.
Treatment

Dose (mg/ml of sugar syrup)

Fumagillin

0.0500a

Oregano oil
Thymol

0.1250
0.1250

Carvacrol
Chitosan

0.1000
0.0600

trans-cinnamaldehyde
Tetrahydrocurcumin

0.1000
0.2000

Sulforaphane
Naringenin
Embelin
Allyl sulfide
Hydroxytyrosol
Poly I:C
CIVITAS©

0.1667
0.1000
0.1000
0.0300
0.2000
0.0183
12.500

a - Fumagilin-B powder contains 21 mg of fumagillin/g of powder; 2.3810 mg/ml
Fumagilin-B powder was used, containing the appropriate dose of 0.0500 mg/ml
fumagillin
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Table 2.2 Doses of sulforaphane, naringenin and carvacrol used
for the dose-dependency experiments. All doses are listed in
mg/ml of 50% sugar syrup.
Treatment

Dose (mg/ml of sugar syrup)

Carvacrol

0.0125
0.1000a
0.1250
0.6250
1.2500

Sulforaphane

Naringenin

0.0125
0.1250
0.1667a
0.2917b
0.6250
1.2500
0.0208
0.1000a
0.2083
1.0417
2.0833
4.1667b

a - doses used in the original screening experiment for each compound
b - doses chosen for sulforaphane and naringenin for the final dose-dependency
experiment; doses were also used for the mortality experiment
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Table 2.3 Mean spore counts ± SE (spores/bee) of N. ceranae-infected honey bees fed
different nutraceutical compounds. Mean percent reduction from the positive control ± SE
(%) is also included. Percent reduction was calculated based on the spore count for the
positive control for each replicate and then averaged. Treatments followed by the same letter
are not significantly different based on the ANOVA and Fisher‟s LSD multiple means
comparison test applied to untransformed spore count data (α = 0.05).
Treatment

Mean spore count
(spores/bee)

Mean percent
reduction from
positive control
(%)

Negative control
Fumagillin
Sulforaphane
Carvacrol
Naringenin
Tetrahydrocurcumin
Thymol
Oregano oil
Embelin
Allyl sulfide
Chitosan
Poly I:C
Hydroxytyrosol
trans-cinnamaldehyde

0.00 ± 0.00
0.00 ± 0.00
7.71E+06 ± 7.96E+05
9.16E+06 ± 2.02E+06
10.9E+06 ± 1.61E+06
11.3E+06 ± 1.58E+06
12.8E+06 ± 1.81E+06
13.1E+06 ± 4.89E+06
13.1E+06 ± 3.04E+06
14.2E+06 ± 9.52E+05
14.9E+06 ± 2.41E+06
15.0E+06 ± 2.62E+06
15.1E+06 ± 9.96E+05
16.2E+06 ± 2.74E+06

100 ± 0.00
100 ± 0.00
64.0 ± 3.36
56.7 ± 10.1
49.0 ± 7.09
47.1 ± 6.58
40.6 ± 7.31
39.6 ± 22.2
37.7 ± 12.9
33.2 ± 5.84
29.9 ± 13.0
29.8 ± 12.0
28.9 ± 1.94
24.4 ± 12.0

CIVITAS©
Positive control

18.8E+06 ± 5.61E+05
21.3E+06 ± 4.81E+05

11.9 ± 2.55
0.00 ± 0.00
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Fisher‟s LSD means
comparison letters
a
a
b
b, c
b, c, d
b, c, d
b, c, d
b, c, d, e
b, c, d, e
c, d, e
c, d, e
c, d, e
c, d, e, f
d, e, f
e, f
f

Table 2.4 Mean bee mortality ± SE (%) and mean feed intake ± SE (mg of
syrup/bee in 16 days) of N. ceranae-infected honey bees fed different
nutraceutical compounds. Bees that died within the first 48 h were excluded
from the mortality calculations. There were no significant differences found
between treatments for bee mortality or feed intake based on the ANOVA
applied to the square root transformed bee mortality data and untransformed
feed intake data (α = 0.05). Untransformed bee mortality values are shown
here.
Treatment

Mean bee mortality (%)

Mean feed intake (mg of
syrup/bee in 16 days)

Positive control
Negative control
Fumagillin
Sulforaphane
Carvacrol
Naringenin
Tetrahydrocurcumin
Thymol
Oregano oil
Embelin
Allyl sulfide
Chitosan
Poly I:C

7.12 ± 4.79
4.27 ± 4.27
18.5 ± 9.24
23.2 ± 7.55
13.6 ± 1.83
9.34 ± 4.60
15.7 ± 8.14
12.8 ± 5.57
15.7 ± 4.13
7.69 ± 5.13
13.0 ± 6.13
12.2 ± 6.17
9.36 ± 2.17

591.2 ± 40.19
554.9 ± 49.53
389.6 ± 77.95
403.9 ± 33.70
503.9 ± 35.37
548.0 ± 10.58
536.7 ± 31.39
425.2 ± 34.02
450.8 ± 48.84
565.4 ± 72.42
566.1 ± 45.13
548.4 ± 48.08
513.0 ± 54.44

Hydroxytyrosol
trans-cinnamaldehyde

9.83 ± 1.94
7.64 ± 5.28

512.5a
585.1 ± 95.75

CIVITAS©

11.7 ± 5.82

542.7 ± 48.52

a - not an average as feeder weights were lost (feeders leaked out completely); as it is not an average, no
standard error could be calculated; value is from replicate 3
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Table 2.5 Mean water intake ± SE (mg of water/bee in 16 days) of N.
ceranae-infected honey bees fed different doses of the nutraceuticals
carvacrol, sulforaphane and naringenin. There were no significant
differences found between doses within each treatment for water intake
based on the ANOVA applied to the natural logarithm transformed water
intake data (α = 0.05). Untransformed water intake values are shown here.
Treatment

Dose (mg/ml of sugar
syrup)

Mean water intake (mg of
water/bee in 16 days)

Positive control
Negative control
Carvacrol

0.0125

284.7 ± 63.28
187.3 ± 19.79
248.9 ± 29.29

0.1000a
0.1250
0.6250
1.2500

not recorded
219.0 ± 73.94
267.4 ± 64.82
251.3 ± 61.73

0.0125
0.1250

213.0 ± 50.57
273.8 ± 105.0

0.1667a
0.2917

not recorded
185.7 ± 11.30

0.6250b
1.2500
0.0208

985.5b
272.9 ± 32.15
207.6 ± 60.62

0.1000a
0.2083
1.0417
2.0833
4.1667

not recorded
211.6 ± 87.42
317.4 ± 51.28
246.7 ± 69.67
176.7 ± 38.49

Sulforaphane

Naringenin

a - doses used in the original screening experiment for each compound; water intake was not
recorded for the original screening experiment
b - because of low number of bees alive for most of the experiment at this dose, normal feeder
dripping grossly over-estimated water and feed intake values; values were not included in analysis
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Figure 2.1 Detection of Nosema species in honey bees by PCR.
Honey bees were collected from hives at the Honey Bee Research
Centre at the University of Guelph in the summer of a) 2013 and b)
2014. DNA was extracted from macerated abdomens. PCR with
primers specific to Nosema apis or Nosema ceranae (Maistrello et
al., 2007) were used to determine Nosema spp. PCR with N. apis
and N. ceranae specific primers amplifies a 321 and 218 bp
sequence of the 16S rRNA gene, respectively. Only a 218 bp
sequence associated with N. ceranae was amplified and visualized
for all samples in 2013 and 2014. The lane labelled N is a negative
control and the lane labelled L is a 100 bp DNA ladder. Lanes 1a
and 1b used DNA samples extracted from single bees as a template,
lanes 2a and 2b from two bees, lanes 3a, 3b, 3c and 3d from three
bees and lanes 4a, 4b, 4c and 4d from four bees. The lane labelled C
in 2014 is a N. ceranae-positive control from the 2013 samples.
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Figure 2.2 Regression analyses of spore count vs. dose for N. ceranae-infected honey bees
fed different doses of the nutraceuticals sulforaphane, naringenin and carvacrol. Linear
regressions of the square root of spore count vs. dose (mg/ml of sugar syrup) are shown for
a) sulforaphane, b) naringenin and c) carvacrol. Regression equations, R2 values and p
values are displayed for each graph.

109

Square root(mortality)

a)

10
8
6
4

y = 7.3033x + 2.6783
R² = 0.717
p < 0.001

2
0
0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

Dose (mg/ml of sugar syrup)

Square root(mortality)

b) 10
y = 0.2848x + 2.1803
R² = 0.0549
p = 0.239

8
6
4
2
0
0.0

1.0
2.0
3.0
4.0
Dose (mg/ml of sugar syrup)

5.0

Square root(mortality)

c) 10
y = 1.8681x + 2.2334
R² = 0.2812
p = 0.013

8
6
4
2
0
0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

Dose (mg/ml of sugar syrup)

Figure 2.3 Regression analyses of bee mortality vs. dose for N. ceranae-infected honey
bees fed different doses of the nutraceuticals sulforaphane, naringenin and carvacrol.
Linear regressions of the square root of bee mortality vs. dose (mg/ml of sugar syrup) are
shown for a) sulforaphane, b) naringenin and c) carvacrol. Regression equations, R2 values
and p values are displayed for each graph.
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Figure 2.4 Regression analyses of feed intake vs. dose for N. ceranae-infected honey bees
fed different doses of the nutraceuticals sulforaphane, naringenin and carvacrol. Linear
regressions of the natural logarithm of feed intake vs. dose (mg/ml of sugar syrup) are
shown for a) sulforaphane, b) naringenin and c) carvacrol. Regression equations, R2 values
and p values are displayed for each graph. Because of the low number of bees alive for
most of the experiment at the dose 0.6250 mg/ml of sugar syrup for sulforaphane, normal
feeder dripping grossly over-estimated feed intake values. Values for this dose were
excluded from the analysis.
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Negative control
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Sulforaphane (0.2917 mg/ml)
Naringenin (4.1667 mg/ml)

Figure 2.5 Kaplan-Meier survival curves for N. ceranae-infected honey
bees fed the nutraceuticals sulforaphane and naringenin. Log
rank/Mantel-Cox, Breslow/Generalized Wilcoxon and Tarone-Ware
curve comparison tests were all used to determine which curves were
significantly different from each other (α = 0.05). Curves labelled with
the same letter are not significantly different.
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CHAPTER THREE
CONTROL OF NOSEMA CERANAE INFECTION IN APIS MELLIFERA
USING PREBIOTICS AND PROBIOTICS

3.1 Introduction
The use of probiotics in beekeeping is a relatively new phenomenon that has arisen out of
the study of colony collapse and the possible links between this and gut microbiota dysbiosis
(Hamdi et al., 2011). While studies exist on the general health benefits of probiotic use in bees at
both the individual (Pătruică and Mot, 2012; Andrearczyk et al., 2014) and colony (Audisio and
Benítez-Ahrendts, 2011; Pătruică and Huţu, 2013) levels, a substantial amount of research is
beginning to be done on the use of probiotics as a control for honey bee pathogens and parasites.
In addition to using live bacteria as probiotics, a number of studies have also examined
supplementation with organic acids from lactic acid bacteria (LAB) (Naseri et al., 2012; Pătruică
and Mot, 2012; Maggi et al., 2013; Pătruică and Huţu, 2013) or a number of other bacterial
metabolites, such as surfactins (Porrini et al., 2010), cationic peptides (Kogut et al., 2007; Kogut
et al., 2010) and antibiotics (Pinchuk et al., 2001), or bacterially-derived substances, such as
peptidoglycan and lipopolysaccharides (LPS) (Evans and Lopez, 2004).
Supplementation with organic acids from LAB has been used in honey bees with positive
results. Pătruică and Mot (2012) fed lactic and acetic acid to colonies of bees and found that the
gut microbiota of bees fed organic acids contained higher amounts of LAB and lower amounts of
potentially pathogenic bacteria compared to the control. The same experimental design was used
by Pătruică and Huţu (2013) to show benefits at the colony level, including increased brood
production, adult population and honey storage. Maggi et al. (2013) used lactic, phenyl-lactic

113

and acetic acid against N. ceranae infection and also found beneficial effects at the colony level,
including increased adult population and better winter survival. In addition, the authors also
found that these organic acids reduced N. ceranae spore counts by around 50% while the spore
counts in the control treatments increased significantly above that of the organic acid treatment.
Metabolites and antimicrobial peptides (AMPs) produced by probiotic bacteria have also
been used in honey bees. Metabolites from B. subtilis and Enterococcus faecium reduced
viability of N. ceranae spores in vitro by almost 50% (Porrini et al., 2010). The same study
tested these bacterial metabolites in vivo and found them to significantly reduce the percentage of
bees with high spore loads (> 10 x 106 spores/bee) compared to the control.
While not specifically bacterial metabolites, Evans and Lopez (2004) fed honey bee
larvae with the PAMPs, peptidoglycan and LPS. They found that feeding larvae with these
bacterial coat proteins induced an immune response and increased the expression of a number of
AMPs, indicating that they are immunostimulants (Parmentier et al., 2004; Parmentier et al.,
2008; St. Paul et al., 2012).
Probiotic studies in honey bees using live bacteria have utilized a wide diversity of
microbes. Many of these studies have first been carried out in vitro to test the inhibitory
properties of the selected bacterial strains. Bacteria have been isolated from fermented foods, the
hive environment or honey bee guts and then tested for their inhibitory properties against P.
larvae and other bacterial pathogens. Audisio et al. (2011) found the honey bee gut bacteria, E.
faecium and Lactobacillus johnsonii, to be inhibitory against a wide variety of pathogens,
including P. larvae. Similarly, Belhadj et al. (2010) isolated Lactobacillus plantarum,
Leuconostoc mesenteroides and an Enterococcus sp. from collected pollen and found that they
also possessed antimicrobial properties in vitro. Evans and Armstrong (2005) tested B.
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fusiformis, Brevibacillus formosus, Stenotrophomonas maltophilia and an Acinetobacter sp.
isolated from the gut of A. mellifera larvae and Disayathanoowat et al. (2012) tested a number of
Klebsiella spp. isolated from the gut of A. cerana for their antimicrobial properties. Both studies
found them to inhibit growth of P. larvae. Yoshiyama and Kimura (2009) found a number of
Bacillus spp. isolated from the gut of A. cerana to be inhibitory against P. larvae, while Wu et
al. (2013) found a number of Bifidobacterium spp. also isolated from the gut of A. cerana to be
inhibitory against the bacteria Melissococcus plutonius. Sabaté et al. (2009) isolated the bacteria
B. subtilis from the gut of A. mellifera and found it to be inhibitory against P. larvae but not
against the fungus Ascosphaera apis.
In addition to in vitro studies, a wide diversity of microbes have also been used in honey
bees in vivo. Evans and Lopez (2004) fed probiotics containing Lactobacillus rhamnosus, L.
acidophilus, Lactobacillus casei, L. plantarum, Bifidobacterium breve and Bifidobacterium
longum to honey bee larvae and examined the impact that this had on the expression of the
AMPs abaecin and defensin. Similarly, Yoshiyama et al. (2013) fed honey bee larvae and adults
with an Enterococcus sp., a Lactobacillus sp. and a number of Weissella spp. isolated from
fermented foods and examined the effect of this on expression of abaecin, defensin and
hymenoptaecin. Studies have also been done to examine the colony-level effects of feeding LAB
and Bifidobacteria-containing probiotics, with most showing improved colony health and
production parameters (Audisio and Benítez-Ahrendts, 2011; Pătruică and Mot, 2012; Pătruică
and Huţu, 2013). A few studies have been done on Nosema control using probiotics. Sabaté et al.
(2012) found that feeding colonies B. subtilis as a probiotic reduced Nosema spp. spore counts
compared to the control during the entire eight month study, though this reduction in spore
counts was only significant during two of those months. The authors also found that feeding
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colonies B. subtilis as a probiotic reduced Varroa infestations, though the reduction was not
significantly different from the control. In contrast, Andrearczyk et al. (2014) found that feeding
a probiotic mixture containing L. casei, L. plantarum, Saccharomyces cerevisiae and
Rhodopseudomonas palustris to caged bees infected with Nosema spp. caused a significant
increase in spore counts compared to infected control bees. However, the same study found that
feeding infected bees the probiotic mixture significantly lowered bee mortality compared to
infected control bees. Neither study used molecular analysis to confirm which species of Nosema
were present.
The use of probiotics in bees could be considered an aspect of veterinary probiotic
treatment (Fuller, 1989). Fuller (1989) defined veterinary probiotics as living microbial food
supplements for aiding animals by improving the balance of intestinal microorganisms. He
concluded that the use of veterinary probiotics can improve nutrient absorption and growth,
prevent intestinal infections and alleviate intestinal pain and inflammation.
Many commercial veterinary probiotics have been developed for pets and livestock. They
are most commonly formulated with LAB and species of Bifidobacterium and may contain a
single strain of bacteria or multiple strains (Fuller, 1989; Pokusaeva et al., 2011). The use of
multi-strain probiotics is believed to allow for a wider range of beneficial effects in a wider range
of animal species (Fuller, 1989). In humans, multi-strain probiotics have been shown to be more
effective than single-strain probiotics in reducing the symptoms of irritable bowel syndrome
(Taferner, 2012). However, single-strain probiotics were found to be more effective than multistrain probiotics in the treatment of H. pylori infections in humans (Shavakhi et al., 2013),
suggesting that there may be benefits to both single-strain and multi-strain probiotics.
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Three commercial veterinary probiotic formulas were chosen for the purposes of this
study: Vetafarm Probotic© and two Protexin Concentrate© formulas. Vetafarm Probotic©
(VetafarmP) was developed for caged birds and poultry and contains the bacterial species, L.
acidophilus, L. plantarum, L. rhamnosus, Lactobacillus delbrueckii subspecies bulgaricus,
Bifidobacterium bifidum, Streptococcus salivarius subspecies thermophilus and E. faecium, all at
a concentration of 1.80 x 108 CFU/g. The two Protexin Concentrate© formulas were developed
for livestock and will be referred to as ProtexinC1 and ProtexinC7. ProtexinC7 is a multi-strain
formula that contains the same seven species of bacteria as VetafarmP but at a concentration of
2.00 x 109 CFU/g. ProtexinC1 is a single-strain formula that contains 2.00 x 109 CFU/g of only
E. faecium. There are no publications using these three formulations, though a Protexin formula
containing five of the seven bacterial species found in ProtexinC7 and VetafarmP was fed to
chickens and caused increased weight gain and improved digestion and feed efficiency (Mehr et
al., 2007).
Prebiotics are defined as non-digestible carbohydrates and food ingredients that have
been shown to increase the growth and metabolic activity of the microorganisms found in the
alimentary tract, including LAB (Huang et al., 2005; Pokusaeva et al., 2011). Found in high
amounts in chicory, the prebiotic inulin has been shown to increase populations of LAB in mice
intestines and decrease populations of pathogenic bacterial and yeast species (Buddington et al.,
2002; Hansen et al., 2013). It has also been shown to prevent oxidative damage and reduce
intestinal inflammation (Buddington et al., 2002; Hansen et al., 2013). Prebiotic
fructooligosaccharides (FOS) are are also found in chicory but often extracted from blue agave
(Pokusaeva et al., 2011). Fructooligosaccharides have also been shown to increase populations
of LAB in rat and mice intestines while decreasing populations of pathogenic bacteria (Younes et
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al., 1995; Buddington et al., 2002; Pokusaeva et al., 2011). In addition, FOS have been shown to
increase the level and production of organic acids in the intestine (Younes et al., 1995). The
soluble fibre prebiotic acacia gum is obtained from the trees Senegalia senegal and Vachellia
seyal and is also known as gum arabic (Ali et al., 2013). Acacia gum is a potent antiinflammatory and antioxidant-promoting compound and has been shown to reduce plasma toxin
levels in rats (Younes et al., 1995; Ali et al., 2013).
The goal of this study was to screen a number of prebiotic compounds and probiotic
formulas for their potential in controlling N. ceranae infection in A. mellifera. While VetafarmP,
ProtexinC1 and ProtexinC7 have never been reported to have been used in bees, a number of the
in vitro and in vivo studies described previously in bees have used one or more of the bacterial
species contained in these formulas (Evans and Lopez, 2004; Belhadj et al., 2010; Audisio et al.,
2011; Pătruică and Mot, 2012; Pătruică and Huţu, 2013; Wu et al., 2013; Yoshiyama et al., 2013;
Andrearczyk et al., 2014). As a result, these commercial probiotic formulas were believed to
have potential in improving gut health in A. mellifera and in controlling N. ceranae infection. In
contrast to probiotics in honey bees, there are no reports yet of prebiotic use in honey bees.
However, a number of dietary fibre prebiotics, such as inulin, FOS and acacia gum, have
potential for use in A. mellifera as a means of improving gut health and as a possible control for
N. ceranae infection. These prebiotic compounds and probiotic formulas may have potential in
controlling N. ceranae as a result of their effects on the gut microbiota composition and the
organic acids and antimicrobial substances that they produce. They may act by directly killing or
outcompeting N. ceranae and/or by reducing signs of infection and reducing honey bee mortality
as a result of their anti-inflammatory properties and their effects on overall gut health. Like in the
nutraceutical experiments, the prebiotics and probiotics were mixed with sugar syrup and fed to
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caged honey bees that had been individually inoculated with N. ceranae spores in a laboratory
setting. Bee mortality, feed intake, water intake and spore counts were measured in order to
examine the effects these compounds have on infection progression and honey bee health.
In addition to the above experiments, a preliminary bacterial plating experiment was done
on honey bee gut microbiota to determine if different treatments altered the populations of gut
bacteria. A few selected probiotic formulas were tested for their effect on gut bacteria, as were
naringenin and sulforaphane from the nutraceutical experiments.

3.2 Materials and methods
3.2.1 Nosema ceranae spore extraction
Spore extraction was done as in section 2.2.1. As all experiments relating to prebiotics
and probiotics were done in the summer and fall of 2014, only bees from the Nosema reserve
collected in the early summer of 2014 were used for these experiments.
Similar to chapter 2, spore extraction and quantification were done the evening before
infecting bees and, the spores were kept in the fridge overnight at 4°C to ensure freshness.

3.2.2 Nosema species identification
Extraction of Nosema spp. DNA and molecular analysis by PCR to determine Nosema
spp. were done as in section 2.2.2 based on Hamiduzzaman et al. (2010). The PCR program used
was modified from Martín-Hernández et al. (2007), and the N. ceranae and N. apis-specific
primers were those used by Martín-Hernández et al. (2007).
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3.2.3 Inoculation with N. ceranae spores
Inoculation of honey bees with N. ceranae spores was done as in section 2.2.3 based on
Maistrello et al. (2008), with the same modifications.

3.2.4 Prebiotic compounds and probiotic formulas
The prebiotics inulin from chicory, fructooligosaccharides from chicory and gum arabic
from acacia tree were obtained from Sigma-Aldrich (Oakville, Ontario). The probiotic Vetafarm
Probotic© (VetafarmP) was obtained from the pet product supplier Vetafarm (Wagga Wagga,
NSW, Australia). The probiotics ProtexinC1 and ProtexinC7 were obtained from Probiotics
International Limited (Protexin) (Somerset, UK).
The prebiotics and probiotics were dissolved in 50% sugar syrup using a magnetic stirrer
for 15 to 20 min and then added to drip feeders. Because the prebiotic compounds had not
previously been tested on bees, doses were determined by looking at studies in other organisms.
If the compound was added to feed or water at a particular concentration, that concentration was
generally used for this experiment. If the compound was given in a dose per unit body weight,
the appropriate dose was calculated for a honey bee using an average body weight of 100 mg per
bee. A number of studies were examined for each compound and one dose was selected for each
compound (generally the average dose among the studies or the most common dose used). The
studies used to choose a dose for each prebiotic compound are listed in S3.1. For the probiotics,
the feeding guide on the packaging (VetafarmP) or the manufacturer‟s website (ProtexinC1 and
ProtexinC7) was used. The appropriate dose for a honey bee was calculated using an average
body weight of 100 mg per bee for all three probiotics as the doses recommended by the
manufacturer were listed for poultry, pigs and cows. The doses used are shown in Table 3.1.
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It was known from previous studies (Guzman, unpublished data) that 40 honey bees
would not consume an entire feeder of sugar syrup in four days, which was the number of days
between feeder changes. Because of this, the entire dose for 40 bees for the duration of the
experiment was administered in the sugar syrup each time it was changed, as in section 2.2.4.
This helped ensure that the bees consumed the appropriate dose by the end of the experiment.
The drip feeders used for this experiment could hold about 12 ml of sugar syrup when
they were around 4/5 full, which was determined to be an adequate amount to fill the feeders.
Because this volume of sugar syrup was used, all prebiotic and probiotic doses were calculated
and administered as the amount of the compound or formula used in mg per 12 ml of sugar
syrup. However, Table 3.1 contains the doses in mg/ml of sugar syrup.

3.2.5 Prebiotic and probiotic screening
The experimental design for the prebiotic and probiotic screening was the same as that of
the nutraceutical screening (section 2.2.5). Each cage of 40 bees was administered one prebiotic
or one probiotic. In addition, a positive control cage consisted of N. ceranae-inoculated bees that
were fed only sugar syrup without any of the prebiotics or probiotics, and a negative control cage
consisted of un-inoculated, Nosema-free bees that were also fed only sugar syrup. The
experiment was replicated 3 times for a total of 24 cages (3 prebiotics + 3 probiotics + 2 control
treatments x 3 replicates).
As mentioned in section 3.2.4, administration of the prebiotics and probiotics was done
by mixing them in sugar syrup in drip feeders. Feeders containing water were also provided. As
previously mentioned, the cages containing positive and negative control bees were provided
with feeders with only sugar syrup. Feeders were changed every four days and weighed before
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and after using a balance scale to determine syrup consumption, as in section 2.2.5. Water
feeders were also weighed before and after in this same manner to determine water intake, with
the modification described in section 2.2.6.
Dead bees were removed every day and counted. At 16 days post-inoculation, remaining
bees were sacrificed by placing the cages in the freezer. Spore counts were done as in section
2.2.5. Remaining bees from each cage were divided into three subsets, though only the average
of the three subsets was reported and used for statistical analysis. Bee mortality, feed intake and
water intake calculations were done as in section 2.2.5.

3.2.6 Dose response with selected probiotics
Based on the results from the prebiotic and probiotic screening experiment, the three
probiotic formulas were selected for further study with a dose response experiment. Inoculation
with N. ceranae spores was done as per section 2.2.3 and mixing and administration of
compounds was done in sugar syrup in drip feeders as per section 3.2.4. The experimental design
was similar to section 3.2.5. Each cage contained 40 bees, and there was a positive control cage
and a negative control cage. Only one additional dose of each formula was chosen for the dose
response experiment. The dose chosen was 5x the dose used in the screening experiment for each
probiotic formula (see Table 3.2 for doses of each formula). Feeders containing water were also
provided. As per sections 2.2.5 and 2.2.6, syrup and water feeders were changed every four days
and weighed before and after using a balance scale to determine syrup and water consumption.
The experiment was replicated 3 times for a total of 15 cages (3 probiotics x 1 dose + 2 control
treatments x 3 replicates).
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Dead bees were removed every day and counted. At 16 days post-inoculation, remaining
bees were sacrificed by placing the cages in the freezer. Spore counts were done on sacrificed
bees as previously described. Remaining bees from each cage were also divided into three
subsets, though only the average of the three subsets was reported and used for statistical
analysis. Bee mortality, feed intake and water intake were calculated as per sections 2.2.5 and
2.2.6.
After analysing the linear regressions for the dose response experiment for both spore
counts and bee mortality, an additional dose was chosen for VetafarmP and ProtexinC1 (Table
3.2). An additional dose was chosen to strengthen the regression analysis. The additional dose
used for each probiotic formula was chosen to maximize spore reduction while minimizing bee
mortality. This experiment was performed exactly as above and was replicated 3 times for a total
of 12 cages (2 probiotics x 1 additional dose + 2 control treatments x 3 replicates). Spore counts
were done exactly as before, as were bee mortality, feed intake and water intake calculations.
The additional dose for each probiotic formula was added to the previous doses for regression
analysis.

3.2.7 Bee mortality with selected probiotics
In addition to the dose response experiment, a mortality experiment was run using 3.7500
mg/ml VetafarmP and 2.5000 mg/ml ProtexinC1 (Table 3.2). The inoculation, probiotic
administration and experimental design were done as per sections 2.2.3, 3.2.4, 3.2.5 and 3.2.6. A
positive control cage and negative control cage were used as well but not a fumagillin cage. The
only difference was that 30 bees were used per cage instead of 40 and the mortality experiment
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involved only one cage of each treatment. As each bee was analysed individually for mortality,
the experiment was replicated 30 times per treatment.
Similar to the nutraceutical experiments, bee mortality was recorded and calculated for
the prebiotic and probiotic screening and the dose response experiments. However, a separate
mortality experiment was needed as the 16 day experiment duration was not long enough to
show significant differences in bee mortality between the negative and positive control bees as a
result of N. ceranae infection. In order to examine if there was indeed a difference, the mortality
experiment was allowed to continue until every individual bee had died.
Feeders were changed every four days but were not weighed. Dead bees were removed
every day and counted, but bees were not sacrificed on day 16. Instead, the experiment was
allowed to continue until every individual bee had died. Observations for the mortality
experiment lasted for 54 days until the final bee had died.
Spore counts were periodically performed on dead bees to ensure that the inoculation was
successful and that bees were infected (data not included). However, spore counts, feed intake
and water intake were not recorded for this experiment. Survivorship curves were created for
each treatment using the mortality data for each bee within that particular treatment cage. Like
with the previous experiments, bees that died within the first 48 h were excluded from the
analysis.

3.2.8 Intestinal bacterial populations
A preliminary experiment was carried out to examine the effect of different nutraceutical
and probiotic treatments on honey bee gut bacteria. The bees used for this experiment were
collected from the cages of bees treated with naringenin (4.1667 mg/ml), sulforaphane (0.2917
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mg/ml), VetafarmP (3.7500 mg/ml) and ProtexinC1 (2.5000 mg/ml), as well as the positive and
negative controls.
Three to five bees were collected from each cage and placed alive in the freezer (-20°C)
for 10 min to induce a chill coma. The surface of the bees was sterilized using 70% ethanol, and
the bees were then immersed in phosphate-buffered saline (PBS) to remove traces of ethanol.
The PBS solution was prepared as per Engel et al. (2013) using 0.8% NaCl (w/v), 0.02% KCl
(w/v), 0.115% Na2HPO4 (w/v) and 0.02% KH2PO4 in distilled water and titrated to a pH of 7.5
before autoclaving to sterilize. However, the PBS solution of Engel et al. (2013) was modified
with the addition of 0.006% (w/v) MgCl2 (Dulbecco and Vogt, 1954). The bees were beheaded
with a sterilized razor blade, and the alimentary tract was carefully removed. This was done by
grasping the stinger with clean tweezers and gently pulling until the entire alimentary tract was
removed. Beheading the bees helped prevent the alimentary tract from getting stuck and
rupturing while being pulled out. Three to five guts from bees from each cage were pooled in one
labelled 1.5 ml tube and weighed. After weighing, 100 µl of sterile PBS was added to the tubes,
and the guts were homogenized using a sterilized pestle and sterilized sand. The homogenate was
vortexed for 10 s and stored at 4°C until dilution and plating (while it is not recommended to
store samples, they were stored for almost a week as the agar had not arrived for plating).
Gut sample homogenates were serially diluted before plating. The homogenates were
removed from the fridge and vortexed for 10 s to mix. A new 1.5 ml tube was labelled, and 50 µl
of homogenate was added to 450 µl of PBS to create a 1:10 dilution. Using this dilution and a
new 1.5 ml tube, 100 µl of the previous dilution (1:10) was added to 900 µl of PBS to create a
1:100 dilution. This was repeated two more times to create a 1:1,000 and 1:10,000 dilution for
each sample.
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For plating, 100 µl of the 1:100, 1:1,000 and 1:10,000 dilutions were spread on tryptic
soy agar (TSA) and the 1:1,000 and 1:10,000 dilutions were spread on eosin-methylene blue
(EMB) agar. The TSA formula contained 15.0 g of enzymatic digest of casein, 5.0 g of
enzymatic digest of soybean meal, 5.0 g of NaCl and 15.0 g of agar in 1 L of solution with a pH
of 7.3±0.2 at 25°C. The EMB agar formula contained 10.0 g of pancreatic digest of gelatin, 10.0
g of lactose, 2.0 g of K2HPO4, 0.4 g of eosin Y stain, 65.0 mg of methylene blue stain and 15.0 g
of agar in 1 L of solution with a pH of 7.1±0.2 at 25°C. The plates were grown aerobically at
35°C for 48 h, and colonies were examined and counted. The number of CFU/g of intestine was
calculated using the formula CFU/g = # of colonies / (intestine weight [g] x dilution).
Only bees from replicates 2 and 3 of the final dose response experiments were used for
determining intestinal bacterial populations. However, all gut samples from one naringenin and
one sulforaphane replicate ruptured while being removed. As a result, the negative control,
positive control, VetafarmP and ProtexinC1 treatments were replicated twice, while sulforaphane
and naringenin were not replicated and only contained one sample each. Each sample was plated
on five TSA plates (one 1:100 dilution, two 1:1,000 dilutions and two 1:10,000 dilutions), and
the average CFU/g was calculated per sample using the five dilution plates. For EMB, fewer
plates were available, and so only one sample was plated per treatment. The single sample for
each treatment was plated on two EMB plates (one 1:1,000 dilution and one 1:10,000 dilution),
and the average CFU/g was calculated per sample using the two dilution plates.

3.2.9 Statistical analysis
Statistical analyses were performed as in section 2.2.8. All statistical analyses were
conducted using SPSS version 22 (IBM SPSS Statistics, Armonk, New York) and all tables and
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figures (except for the survival curves) were created in Excel 2010 (Microsoft, Redmond,
Washington). An ANOVA was used to analyse variation in spore counts, bee mortality, feed
intake and water intake. A Shapiro-Wilk normality test was used to test data for normality. In
cases where the data and all data transformations were determined to be non-normal by the
Shapiro-Wilk test, a visual inspection of the distribution, Q-Q plot and box-plot for each set of
data and transformed data was used to determine if the data were normal or approximately
normal and could therefore be used for the ANOVA. Spore counts were converted to the percent
reduction from the positive control for each replicate and then averaged. Because each replicate
used a fresh batch of extracted spores for inoculation, using percent reduction in spore counts
from the positive control allowed for variation in spore viability between replicates to be better
accounted for. While the untransformed spore count data was normally distributed (statistic(24)
= 0.925, p = 0.075), percent reduction in spore counts was found to be more normally distributed
by the Shapiro-Wilk test (statistic(24) = 0.937, p = 0.138) and by visual examination of the
distribution, Q-Q plot and box-plot. As a result, percent reduction was used for the ANOVA. As
mentioned previously, mortality was calculated ignoring bees that died within the first 48 h.
Mortality data was non-normal and was transformed. The natural logarithm of mortality was
used for the analysis and confirmed to be normally distributed (statistic(24) = 0.956, p = 0.372).
Untransformed feed intake and water intake data was used in the analysis as it was confirmed to
be normally distributed (statistic(23) = 0.948, p = 0.268 for feed intake; statistic(24) = 0.955, p =
0.341 for water intake). If the ANOVA found significant differences between treatments, the
Fisher‟s LSD post hoc multiple-means comparison test was performed to determine which means
were significantly different from one another.
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An ANOVA was used to compare spore counts, bee mortality, feed intake and water
intake for the dose response experiments as outlined above. Untransformed spore count values
were used for VetafarmP, ProtexinC1 and ProtexinC7 as they were normally distributed
(statistic(9) = 0.925, p = 0.432 for VetafarmP; statistic(9) = 0.878, p = 0.148 for ProtexinC1;
statistic(9) = 0.845, p = 0.066 for ProtexinC7). The untransformed bee mortality data was
normally distributed for all three probiotic formulas and was used for the ANOVA (statistic(9) =
0.867, p = 0.114 for VetafarmP; statistic(9) = 0.934, p = 0.522 for ProtexinC1; statistic(9) =
0.877, p = 0.147 for ProtexinC7). The untransformed feed intake data was also normally
distributed for all three probiotic formulas and was used for the ANOVA (statistic(15) = 0.913, p
= 0.153 for VetafarmP; statistic(15) = 0.933, p = 0.300 for ProtexinC1; statistic(9) = 0.951, p =
0.699 for ProtexinC7). The water intake data was non-normal for VetafarmP and was
transformed before analysis by taking the natural logarithm of each value. The transformed water
intake data for VetafarmP was normally distributed (statistic(15) = 0.958, p = 0.663).
Untransformed water intake data was normally distributed for ProtexinC1 and ProtexinC7 and
was used for the ANOVA (statistic(15) = 0.926, p = 0.240 for ProtexinC1; statistic(9) = 0.970, p
= 0.891 for ProtexinC7).
In addition to the ANOVA, regression analyses were also conducted for the dose
response experiments. A linear regression was applied to each treatment for spore count, bee
mortality, feed intake and water intake vs. dose. The transformations used for the ANOVA, as
described above, were also used for each linear regression. Linear regressions for spore count
and bee mortality were used for VetafarmP and ProtexinC1 to decide on doses for the final
experiment. The results from the final experiment, using the additional dose for each probiotic
formula, were added and the ANOVA and regression analyses were run again. The data
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transformations described above were used when running the analyses again. The regression
analyses and ANOVA run for each probiotic formula for spore count, bee mortality, feed intake
and water intake included the non-treated positive control as a dose of 0 mg/ml. As doses were
pooled from the prebiotic and probiotic screening and two dose response experiments, the
positive control values from the three experiments were also pooled for the analyses.
The mortality experiment was analysed by creating Kaplan-Meier survival curves for the
bees in each treatment. The curves were compared using three different post hoc tests to ensure
that comparisons were not biased towards the beginning, middle or end of the survival curves.
The curves were compared with log-rank/Mantel-Cox, Breslow/Generalized Wilcoxon and
Tarone-Ware tests to determine which curves were significantly different from one another. The
Kaplan-Meier survival curves from the nutraceutical and probiotic mortality experiments were
combined and an additional comparison was performed to determine which curves were
significantly different from one another.
Because two treatments were not replicated for assessing the intestinal bacterial
poplulations using TSA plates and none were replicated for the EMB plates, statistical analyses
could not be performed between all treatments. However, an ANOVA was run to compare the
CFU/g values between the four replicated treatments for the TSA plates (positive control,
negative control, VetafarmP and ProtexinC1). The CFU/g data was non-normal and was
transformed before analysis by taking the natural logarithm of each value. The transformed
CFU/g data was normally distributed and used for the ANOVA (statistic(8) = 0.897, p = 0.273).
Comparisons between all treatments can only be made based on the calculated CFU/g values.
These comparisons must be made with caution, though, as it is unknown whether all treatments
are significantly different from one another.
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As in section 2.2.8, all tests used a Type I error rate of 0.05 to determine significance.

3.3 Results
3.3.1 Nosema species determination by PCR
As was reported in section 2.3.1, PCR of the 16S rRNA from all samples resulted in only
the 218 bp sequence being amplified, corresponding with N. ceranae (Figure 2.1 a and b).
However, as all prebiotic and probiotic experiments were done in the summer and fall of 2014,
only the results from 2014 are relevant to these experiments (Figure 2.1 b). Nosema apis was not
detected in any samples, nor were there any co-infections. All extracted spores used for
inoculation were therefore confirmed to be N. ceranae.

3.3.2 Prebiotic and probiotic screening
Three different prebiotic compounds and three different probiotic formulas were screened
for their potential in controlling N. ceranae infection in A. mellifera. Fumagillin was not
included as a standard treatment control for the prebiotic and probiotic screening experiment but
a positive, inoculated control and negative, un-inoculated control were included.
When the percent reduction in spore counts from the positive control were examined,
significant differences were found among the three prebiotic and three probiotic treatments
(F(7,16) = 5.661, p = 0.002) (Table 3.3). Unlike all other experiments performed on
nutraceuticals, prebiotics and probiotics for this study, the negative control treatment did not
have zero spores. However, the spore count was low, 2.17 x 106 ± 2.17 x 106 spores/bee, and
differed significantly from all other treatments. The spore counts for the negative control for
replicates 1 and 3 were both zero; only replicate 2 was above zero. Within replicate 2, two of the
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three subsets counted had spores while one subset did not. As the two subsets with spores were
crushed and counted at the same time, it is possible that these subsets were accidentally
contaminated with spores leftover in the mortars or the haemocytometer. It is also possible that a
few of the newly-emerged bees were infected as Nosema spores may have been ingested before
the bees were collected from the incubated comb.
The mean spore count obtained for the positive control in this experiment (Table 3.3) was
lower than the mean spore count obtained in the nutraceutical screening experiment (Table 2.3).
The variation between replicates was also much higher in this experiment for all treatments,
though particularly for the positive control, with a standard error of 4.81 x 105 for the
nutraceutical screening (Table 2.3) compared to a standard error of 6.22 x 106 for the prebiotic
and probiotic screening (Table 3.3). The higher variation between replicates meant that percent
reduction in spore counts from the positive control, calculated for each replicate separately and
then averaged, was a better indicator of the effectiveness of each treatment than spore counts.
Excluding the negative control, the spore counts ranged from 16.5 x 106 ± 6.22 x 106
spores/bee at the highest for the positive control to 8.15 x 106 ± 3.30 x 106 spores/bee at the
lowest for acacia gum, which was the only treatment with significantly lower spore counts than
the positive control, with an average percent reduction in spore counts of 52.0 ± 2.11% (Table
3.3). However, it was not significantly different from any other treatments except for VetafarmP.
While the mean spore count for VetafarmP was slightly less than the positive control (15.4 x 106
± 4.50 x 106 spores/bee), the mean percent reduction was slightly negative (-0.547 ± 9.40%), as
it was calculated for each replicate separately and then averaged. However, spores counts for
VetafarmP were not significantly different from the positive control.
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Significant differences were observed in bee mortality between treatments (F(7,16) =
3.375, p = 0.021) (Table 3.4). Although the positive control had approximately 50% higher bee
mortality than the negative control, the mortality was low for both (8.14 ± 3.08% and 4.18 ±
2.13%, respectively) and not significantly different. Thus, N. ceranae infection did not increase
bee mortality under these conditions. Only the bee mortality for acacia gum differed significantly
from the positive and negative controls and other prebiotic and probiotic treatments, with the
exception of inulin and ProtexinC7. Acacia gum treatment resulted in very high bee mortality,
with a mean bee mortality of 62.2 ± 18.9%. Though not significantly different from the other
treatments, the other two prebiotics, inulin and FOS, had the next highest bee mortality rates at
16.6 ± 7.96% and 15.9 ± 9.12%, respectively.
No significant differences were found between treatments for feed intake (F(7,15) =
1.433, p = 0.264) or water intake (F(7,16) = 1.012, p = 0.459) (Table 3.5). Though not
significant, acacia gum had one of the highest feed intake values (533.2 ± 83.89 mg of syrup/bee
in 16 days), while FOS had the lowest (393.5 ± 40.26 mg of syrup/bee in 16 days). Acacia gum
treatment also resulted in the highest water intake (509.0 ± 77.42 mg of water/bee in 16 days),
though this was also not significant.
From these results, all the compounds were divided into those with relatively high (above
20%) and relatively low (below 20%) spore count reduction and those with relatively high
(above 15%) and relatively low (below 15%) bee mortality. Those with relatively high spore
count reduction and high bee mortality were acacia gum, inulin and ProtexinC7, relatively high
spore count reduction and low bee mortality were ProtexinC1, relatively low spore count
reduction and high bee mortality were FOS and relatively low spore count reduction and low bee
mortality were VetafarmP. Based on its relatively high spore count reduction values and low bee
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mortality, ProtexinC1 was selected for further study. Though ProtexinC7 had relatively high bee
mortality, it was still lower than all three prebiotics. As a result of this and its relatively high
spore count reduction values, it was chosen for further study. Though VetafarmP showed a slight
negative percent reduction in spore counts, it had the lowest bee mortality (3.86 ± 2.12%) of all
treatments, including the negative control, and was also selected for further study. Feed intake
was not considered in selecting compounds for further study.

3.3.3 Dose response with selected probiotics
The three probiotic formulas, VetafarmP, ProtexinC1 and ProtexinC7, were chosen for a
dose response experiment. The regression lines for spore count vs. dose are plotted for each
probiotic formula in Figure 3.1 and the regression lines for mortality vs. dose are plotted for each
probiotic formula in Figure 3.2.
The regression line for spore count vs. dose for VetafarmP showed a slight negative
relationship, though the linear regression was not significant (R2 = 0.0324, F(1,13) = 0.436, p =
0.521, y = -9.07 x 105x + 1.61 x 107) (Figure 3.1 a). In addition, no significant differences were
found between doses, including the non-treated positive control (dose of 0 mg/ml) (F(3,11) =
0.625, p = 0.614). While the intermediate dose of 2.5000 mg/ml resulted in an average percent
reduction in spore counts of around 55%, the highest dose of 3.7500 mg/ml resulted in an
average of only around 8% reduction (corresponding to around 9.20 x 106 and 15.8 x 106
spores/bee, respectively). However, there was a high amount of variability in spore counts at
most doses, including at a dose of 0 mg/ml (the non-treated positive control). At 0 mg/ml, spore
counts ranged from around 6.70 x 106 to around 28.0 x 106. The exception was at the highest
dose of 3.7500 mg/ml, where the variability in spore counts was low.
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The regression line for spore count vs. dose for ProtexinC1 showed a negative
relationship, though the linear regression was not significant (R2 = 0.1645, F(1,13) = 2.559, p =
0.134, y = -2.87 x 106x + 1.49 x 107) (Figure 3.1 b). In addition, no significant differences were
found in spore counts between doses (F(3,11) = 1.423, p = 0.288). Though it was not significant,
the negative relationship between spore count and dose was stronger than what was seen with
VetafarmP, as observed in the differences in the slopes of the regression lines (-9.07 x 105 for
VetafarmP versus -2.87 x 106 for ProtexinC1). The spore counts appeared to plateau around 9.00
x 106 spores/bee (corresponding to a percent reduction of around 50%). The variability in spore
counts is still high at most doses, though it is less than what was seen with VetafarmP. Similar to
VetafarmP, the highest dose of ProtexinC1, 2.5000 mg/ml, showed very little variability.
The regression line for spore count vs. dose for ProtexinC7 was not significant (R2 =
0.0001, F(1,7) = 0.001, p = 0.978, y = -1.88 x 105x + 1.41 x 107) (Figure 3.1 c), and no
significant differences were found in spore counts between the different doses (F(2,6) = 0.175, p
= 0.843). No relationship was seen between spore count and dose, and the variability in spore
counts was high for all doses. The spore counts appeared to plateau around 11.0 x 106 to 14.0 x
106 spores/bee (corresponding to a percent reduction of around 20-25%).
The regression line for bee mortality vs. dose for VetafarmP was not significant (R2 =
0.0146, F(1,13) = 0.193, p = 0.668, y = 0.3729x + 6.9245) (Figure 3.2 a), and no significant
differences were found between doses (F(3,11) = 0.884, p = 0.479). The mortality for
VetafarmP-fed bees was low at all doses, and the mean bee mortality remained at or below 10%,
though one replicate at a dose of 2.5000 mg/ml resulted in bee mortality close to 20%.
The regression line for bee mortality vs. dose for ProtexinC1 showed a slight negative
relationship between bee mortality and dose, indicating that bee mortality decreased with
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increasing doses of ProtexinC1 (Figure 3.2 b). The linear regression, however, was not
significant (R2 = 0.0388, F(1,13) = 0.525, p = 0.482, y = -0.8699x + 7.3706), and no significant
differences were found between doses (F(3,11) = 1.950, p = 0.180). Similar to VetafarmP, the
mortality for ProtexinC1-fed bees was low at all doses, and the mean bee mortality remained
below 10%.
The regression line for bee mortality vs. dose for ProtexinC7 was not significant (R2 =
0.0044, F(1,7) = 0.031, p = 0.866, y = -0.9905x + 11.342) (Figure 3.2 c), and no significant
differences were found in bee mortality between doses (F(2,6) = 0.493, p = 0.633). Though the
bee mortality was also low for ProtexinC7, it was higher than the other two probiotics, and the
variability in bee mortality was high at all doses. The mean bee mortality was between 10% and
20% for all doses.
There were no significant differences in feed intake between doses for VetafarmP,
ProtexinC1 or ProtexinC7 (F(3,11) = 1.110, p = 0.386 for VetafarmP; F(3,11) = 0.778, p = 0.530
for ProtexinC1; F(2,6) = 0.129, p = 0.881 for ProtexinC7) (Table 3.6). The linear regressions for
feed intake vs. dose were also not significant for any of the three probiotics (R2 = 0.041, F(1,13)
= 0.553, p = 0.470, y = -11.754x + 529.28 for VetafarmP; R2 = 0.039, F(1,13) = 0.531, p =
0.479, y = -12.808x + 491.14 for ProtexinC1; R2 = 0.011, F(1,7) = 0.075, p = 0.792, y =
-8.408x + 486.86 for ProtexinC7) (data not shown). The feed intake values were relatively
consistent between doses and between treatments, falling roughly between 450.0 and 550.0 mg
of sugar syrup per bee in 16 days.
The results for water intake were similar to those found for feed intake, with no
significant differences found in water intake between doses for VetafarmP, ProtexinC1 or
ProtexinC7 (F(3,11) = 1.891, p = 0.190 for VetafarmP; F(3,11) = 1.584, p = 0.249 for
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ProtexinC1; F(2,6) = 3.996, p = 0.079 for ProtexinC7) (Table 3.6). The linear regressions for
water intake vs. dose were also not significant for any of the three probiotics (R2 = 0.016, F(1,13)
= 0.212, p = 0.653, y = -0.038x + 5.711 for VetafarmP; R2 = 0.160, F(1,13) = 2.469, p = 0.140, y
= -45.990x + 294.82 for ProtexinC1; R2 = 0.022, F(1,7) = 0.157, p = 0.704, y = -34.971x +
386.21 for ProtexinC7) (data not shown). For water intake, the lowest dose of VetafarmP (0.5000
mg/ml) and the lowest dose of ProtexinC7 (0.2500 mg/ml) both had high water intake values
(463.3 ± 150.8 and 503.7 ± 60.56 mg of water per bee in 16 days, respectively) compared to the
positive and negative controls (266.4 ± 38.52 and 245.1 ± 48.66 mg of water per bee in 16 days,
respectively), though they were not significantly different from each other or any other doses or
treatments.

3.3.4 Bee mortality with selected probiotics
The Kaplan-Meier survival curves for 3.7500 mg/ml VetafarmP in sugar syrup and
2.5000 mg/ml ProtexinC1 in sugar syrup as well as for the negative and positive control bees are
shown in Figure 3.3. There were significant differences found between the survival curves using
the log-rank/Mantel-Cox post hoc test (χ2(3) = 36.190, p < 0.00001), the Breslow/Generalized
Wilcoxon post hoc test (χ2(3) = 36.470, p < 0.00001) and the Tarone-Ware post hoc test (χ2(3) =
38.391, p < 0.00001). The positive control bees had the lowest survival, and the survival curve
for the positive control was significantly different from all other treatments. The negative control
bees and the bees fed VetafarmP had higher survival curves than the positive control. The
survival curves for the negative control and for VetafarmP-fed bees, however, were not
significantly different from one another. Bees fed ProtexinC1 had the highest survival, and the
survival curve for ProtexinC1-fed bees was significantly higher than all other treatments,
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including the negative control. Thus, Nosema-inoculated bees treated with VetafarmP had
mortality rates similar to non-inoculated bees, and Nosema-inoculated bees treated with
ProtexinC1 had mortality rates even lower than non-inoculated bees.
The Kaplan-Meier survival curves for bees in the nutraceutical and probiotic treatments
(Figures 2.5 and 3.3, respectively) were combined, and combined survival curves were generated
(Figure 3.4). There were highly significant differences found between the survival curves using
the log-rank/Mantel-Cox post hoc test (χ2(5) = 111.032, p < 0.00001), the Breslow/Generalized
Wilcoxon post hoc test (χ2(5) = 112.559, p < 0.00001) and the Tarone-Ware post hoc test (χ2(5)
= 114.964, p < 0.00001). The differences were similar to that observed when the bee mortality
for the nutraceutical and probiotic treatments was analyzed separately. The bees fed sulforaphane
had the lowest survival, and the survival curve for sulforaphane-fed bees was significantly
different from all other treatments. The positive control bees had the next lowest survival, and
the survival curve for the positive control was also significantly different from all other
treatments. The survival curves for bees in the negative control, naringenin and VetafarmP
treatments were not significantly different from one another. The highest survival was seen with
bees fed ProtexinC1, and the survival curve for ProtexinC1-fed bees was significantly higher
than all other treatments.

3.3.5 Intestinal bacterial populations
While differences in intestinal bacterial populations between treatments were obsrved,
they could not all be statistically analysed as treatments were not replicated for EMB plates and
sulforaphane and naringenin treatments were not replicated for TSA plates (Table 3.7). However,
the intestinal bacterial populations for the negative control, positive control, VetafarmP and
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ProtexinC1 treatments for the TSA plates were able to be compared, though no significant
differences were found between treatments (F(3,4) = 2.312, p = 0.218).
Non-statistical comparisons were made between the treatments based on the intestinal
bacterial populations, though they must be interpreted with caution. On TSA plates, naringenin,
VetafarmP and ProtexinC1 treated bees all had intestinal bacterial populations three orders of
magnitude higher than seen with the positive and negative control. The positive and negative
control treatments had very similar bacterial populations. The lowest bacterial populations were
seen with sulforaphane treatment, which had populations two orders of magnitude below the
negative and positive controls and five orders of magnitude below naringenin, VetafarmP and
ProtexinC1 treatments. The highest value was obtained for ProtexinC1 (3.58 x 107 ± 3.47 x 107
CFU/g), while the lowest value was obtained for sulforaphane (4.06 x 102 CFU/g).
Based on colony appearance on TSA plates, samples from positive control, negative
control and sulforaphane treatments resulted in only white colonies of various sizes. Similar
appearing colonies were also seen following naringenin, VetafarmP and ProtexinC1 treatments
but these three treatments also resulted in small transparent colonies. A number of small yellow
colonies were observed on TSA plates for naringenin treated bees. For TSA plates, naringenin
treatment resulted in the most diverse bacterial colony types.
Unlike TSA plates, samples from positive control, negative control and sulforaphane
treatments yielded no bacterial colonies on EMB plates. Naringenin treatment resulted in the
highest intestinal bacterial populations (1.64 x 107 CFU/g), ProtexinC1 treatment had
populations an order of magnitude lower (1.03 x 106 CFU/g) and VetafarmP treatment resulted
in populations another order of magnitude lower (1.09 x 105 CFU/g) on EMB plates. Based on
appearance on the EMB plates, naringenin and ProtexinC1 treated bees resulted in small
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transparent colonies, while VetafarmP treated bees showed large pink colonies. In addition,
naringenin treated bees showed both small transparent and medium-sized white colonies. Similar
to TSA plates, naringenin treatment resulted in the most diverse bacterial colony types on EMB
plates.

3.4 Discussion
While only small significant differences were seen in spore counts between treatments for
the prebiotic and probiotic screening, the variation within each treatment between the different
replicates was quite large compared to the nutraceutical experiment. A large amount of this
variation can possibly be attributed to differences in spore viability. The nutraceutical screening
experiment was conducted using spores collected in 2013 while the prebiotic and probiotic
screening experiment used spores collected in 2014. The bees collected for Nosema spores in
2014 were collected later in the summer than the bees collected in 2013. It is therefore possible
that, while the spore counts were similar between the two years, the viability and pathogenicity
of the Nosema spores present were beginning to decline as the summer progressed. The decline
in spore viability and pathogenicity as the season progresses has been suggested as a possible
reason for why seasonality is seen with both N. ceranae and N. apis infections (Gisder et al.,
2010; Chen et al., 2012; Traver et al., 2012) and may explain why spore viability was lower and
more variable for spores collected later in the summer. In addition, Gisder et al. (2010) found
that storing extracted N. ceranae spores at 4°C for four days resulted in less than 10% of them
being viable. While all spore extractions were done the night before infecting bees to ensure
freshness, it is possible that this overnight storage at 4°C further reduced the viability of spores.
While resistance to N. ceranae infection in honey bees does exist and may have played a part
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(Bourgeois et al., 2012; Huang et al., 2014), it is unlikely that there would have been large
differences in resistance seen between 2013 and 2014. Therefore, this was likely not a big factor
in the variation in spore viability seen between replicates.
The goal of this study was to screen a number of prebiotics and probiotics for their
potential in controlling N. ceranae infections in A. mellifera. The most effective compound was
found to be the prebiotic compound acacia gum. Acacia gum is extracted from the acacia trees S.
senegal and V. seyal and is particularly rich in soluble fibre (Ali et al., 2013). Ali et al. (2013)
found that acacia gum had strong anti-inflammatory and antioxidant properties in rats when
administered in drinking water. The authors found that feeding acacia gum to rats resulted in
decreased expression of the pro-inflammatory cytokine TNF-α, decreased ROS generation and
the resulting oxidative and DNA damage and increased expression and activity of the
antioxidants GSH and SOD. Being a prebiotic dietary fibre that is utilized by gut bacteria, acacia
gum can also stimulate the growth and development of gut microbiota, resulting in improved
digestion and absorption, decreased colonization by pathogenic bacteria and increased
populations of beneficial bacteria and the AMPs and organic acids that they produce (Huang et
al., 2005).
While the anti-inflammatory and antioxidant properties of acacia gum may help reduce
the signs of N. ceranae infection in honey bees and help reduce bee mortality, the decrease in
spores that was seen with this compound was not likely caused by these properties. Instead,
acacia gum‟s antimicrobial properties are likely responsible for its effect on N. ceranae infection.
Ballal et al. (2011) found that acacia gum could reduce the growth of the apicomplexan malariacausing parasite Plasmodium falciparum when tested in vitro. When they tested acacia gum in
mice infected with the similar parasite, P. berghei, acacia gum was found to reduce mortality and
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decrease parasite growth at even lower doses than observed in vitro. The authors hypothesized
that this improved anti-parasitic effect in vivo may be the result of the increased production of
organic acids by gut bacteria. In particular, Ballal et al. (2011) cited the organic acid butyrate as
being an important factor. Butyrate is produced in large amounts by gut bacteria supplemented
with acacia gum and is believed to stimulate the immune system and increase phagocytosis of
infected cells (Ballal et al., 2011). In addition to this, Nishi et al. (2007) found that acacia gum
could create soluble conjugates with antibiotics and fungicides such as Amphotericin B and
increase their activity. The authors tested this property in vitro and also confirmed it in vivo in
mice and rabbits. Since soluble dietary fibre such as acacia gum can bind water in the gut, it may
be able to increase the solubility and activity of bacterially-produced AMPs, bacteriocins and
surfactins, leading to a decrease in N. ceranae spores.
The other two prebiotics tested in this study, inulin and FOS, did not show a large
decrease in N. ceranae spores. Inulin and FOS are dietary fibres that have been shown to
improve intestinal health and stimulate growth of gut microbiota. Buddington et al. (2002) found
that feeding inulin and FOS to mice challenged with Candida albicans reduced intestinal damage
and colonization by the pathogenic fungus. In addition, the authors found that feeding either
prebiotic significantly reduced mortality due to infection. Similarly, feeding mice either inulin or
xylooligosaccharides increased the population of LAB in the gut and reduced inflammation by
decreasing expression of the pro-inflammatory cytokines IL-1β and interferon-γ (IFN-γ) (Hansen
et al., 2013). Similar to Ballal et al. (2011), Hansen et al. (2013) attributed the anti-inflammatory
effects of prebiotics to their ability to increase production of organic acids by LAB, thereby
lowering the intestinal pH and improving overall intestinal health. Pokusaeva et al. (2011)
reviewed carbohydrate metabolism in Bifidobacteria and reported that supplementation with
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FOS increased intestinal populations of Bifidobacterium spp. and LAB in humans, rats and other
mammals, and that this improved intestinal barrier functions by preventing mucosal invasion by
pathogenic bacteria. Similar to acacia gum, these properties would have helped improve overall
health in honey bees infected with N. ceranae and may have helped decrease bee mortality.
Inulin and FOS have not been shown to have antimicrobial properties like acacia gum, however,
and this possibly explains the weak reduction in spores that was seen with these two compounds.
The predicted increase in intestinal health and reduction in bee mortality with prebiotic
supplementation was not found in this study. In stark contrast, the three prebiotics tested had the
highest bee mortality of all treatments, with acacia gum being particularly and significantly more
toxic than the other treatments. While this may seem contradictory to other findings on prebiotic
supplementation, Younes et al. (1995) found that feeding rats acacia gum and FOS led to
increased organic acid production, thickening of the intestinal wall, increased blood flow to the
intestines and, most significantly, increased nitrogen (N) transport into the intestine in the form
of blood urea. Here, bacterial urease enzymes converted the urea to ammonia, which was used
for microbial growth and protein synthesis. The overall effect was to increase faecal excretion of
N, increase faecal bulk and accelerate digestive transit of faeces. Thus, while the insect excretory
system is different and urea and wastes are only excreted through faeces and not urine (Caron
and Connor, 2013), it is possible that feeding bees the prebiotics led to an increase in the urea
uptake by the Malpighian tubules to fuel the growth and protein synthesis of gut bacteria. While
increased excretion of nitrogenous wastes may be positive for bee health, the problem was that
caged bees do not defecate. As a result, the accumulation of nitrogenous wastes, increased faecal
bulk and increased defecation stimulus may have put additional stress on the bees.
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Another issue is that the nitrogenous wastes may have been highly toxic. Younes et al.
(1995) showed that gut bacteria use ureases to convert urea into the more toxic and basic
ammonia for use in protein synthesis. However, increased transport of urea into the gut to fuel
prebiotic-stimulated bacterial growth may have resulted in the overproduction of ammonia in the
gut without the ability of defecation to eliminate it. Lupton and Marchant (1989) showed that the
accumulation of ammonia in the gut was a possible cause of colonic tumour formation in rats and
proposed that dietary fibre intake could help reduce colon cancer by accumulating ammonia in
bulky faeces and increasing digestive transit. In addition to cancer-promoting effects, increased
ammonia in the gut may have increased gut pH and counteracted the acidification by organic
acids from beneficial LAB that help improve intestinal health and function (Zentek et al., 2013).
Overall, feeding caged bees prebiotics may have produced toxic conditions in the gut that
possibly nullified the positive effects of dietary fibre supplementation and may have led to
increased bee mortality. The fact that acacia gum was considerably more toxic may simply be
due to its dose being double that of inulin and FOS. In addition, acacia gum treatment showed
the second highest feed intake value, meaning bees ate much more of it than the other two
prebiotics. With FOS and inulin, the doses were similar, but FOS treatment showed the lowest
feed intake value of all treatments. This difference, though not significant, may explain why
inulin treatment had a slightly higher bee mortality rate than FOS treatment.
While high bee mortality rates were seen with all prebiotics, it would be worthwhile to
test these compounds for their potential in controlling N. ceranae infection in a field or semifield setting where bees would be able to defecate. Similar to what was discussed with the
mineral oil product CIVITAS©, a setting where bees could defecate may allow for the
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elimination of high numbers of spores, leading to a reduction in infection and the subsequent
reduction in bee mortality that were not seen in this study.
In addition to the prebiotics tested in this study, three different commercial probiotic
formulas were tested for their potential to control N. ceranae infection in A. mellifera. These
included the products Vetafarm Probotic©, Protexin Concentrate© single-strain and Protexin
Concentrate© multi-strain. VetafarmP is a seven-strain probiotic containing 1.80 x 108 CFU/g of
L. acidophilus, L. plantarum, L. rhamnosus, L. delbrueckii subspecies bulgaricus, B. bifidum, S.
salivarius subspecies thermophilus and E. faecium. ProtexinC7 contains the same seven species
of bacteria as VetafarmP but at a concentration of 2.00 x 109 CFU/g. ProtexinC1 is a singlestrain formula containing 2.00 x 109 CFU/g of only E. faecium.
A number of studies have been done on probiotic use in honey bees, many of which fed
bees probiotic bacteria that had been isolated specifically from honey bee guts. Audisio and
Benítez-Ahrendts (2011) fed colonies with L. johnsonii isolated from honey bee guts. They
found that feeding this bacterial species as a probiotic increased brood production, adult
population and honey storage. This same bacterial species was found to be one of the most
abundant Lactobacillus spp. in the honey bee gut by Audisio et al. (2011). The authors found L.
johnsonii to be antimicrobial against a number of bacteria and fungi. They also found that L.
johnsonii produced large amounts of lactic acid and was the largest producer of organic acids of
all the strains that were tested. Maggi et al. (2013) fed colonies with lactic, phenyl-lactic and
acetic acids produced by L. johnsonii and found this to increase adult population and winter
survival of the colonies. When individual bees were examined, those fed the organic acids had
more developed fat bodies. In addition, the organic acids decreased N. ceranae spore counts by
around 50% while the spore counts in the control treatments increased significantly above that of
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the organic acid treatment. In comparison, VetafarmP and ProtexinC1 treatments in this study
also reduced N. ceranae spore counts by around 50-55%, though this dropped back down to
around 8% reduction in spore counts for VetafarmP at the highest dose.
Another bacterial species isolated from honey bee guts and the hive environment and
used as a probiotic is B. subtilis. Sabaté et al. (2012) isolated B. subtilis spores from honey and
fed them to colonies as a probiotic. Similar to studies on L. johnsonii, this led to increased brood
production, adult population and honey storage. In addition, colonies fed B. subtilis had lower
Nosema spp. spore counts compared to the control during the entire eight month study, though
this reduction in spore counts was only significant during two of those months. While the
reduction in spore counts compared to the control was around 70% for those two months, the
average reduction throughout the whole experiment was only 45%. In comparison, VetafarmP
and ProtexinC1 treatments in this study reduced spore counts by around 50-55%. Unlike L.
johnsonii, Pinchuk et al. (2001) found that the antimicrobial properties of B. subtilis against H.
pylori were not due to organic acid production but due to the production of at least two different
antimicrobial compounds, the antibiotic amicoumacin A and an unidentified compound.
Yoshiyama and Kimura (2009) found that B. subtilis was inhibitory against the honey bee
bacterial pathogen, P. larvae. Sabaté et al. (2009) also found B. subtilis to be inhibitory against
P. larvae but found that the antimicrobial compound, surfactin, which was effective against P.
larvae was not effective against the honey bee fungal pathogen, Ascosphaera apis. Instead, they
identified two surfactins, one of which was effective against bacteria and another which was
effective against fungi. This was supported by Porrini et al. (2010), who found that the surfactin
effective against fungi was also able to lower N. ceranae spore viability by almost 50% and
significantly reduce bee mortality due to N. ceranae infection below that of infected control bees.
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This reduction in bee mortality below the N. ceranae-infected positive control was also seen in
this study with VetafarmP treatment, while ProtexinC1 treatment was found to significantly
decrease bee mortality below even that of uninfected, Nosema-free control bees. Porrini et al.
(2010) also found that one of the surfactins was able to significantly reduce the percentage of
bees with high spore loads (> 10.0 x 106 spores/bee) compared to the control. Most bees in the
surfactin-fed treatment had spore counts between 1.0 x 106 and 10.0 x 106 spores/bee. In
comparison, while individual spore counts were not done in this experiment, both VetafarmP and
ProtexinC1 treatments also reduced spore counts to between 1.0 x 106 and 10.0 x 106 spores/bee
(both reduced spores by around 50-55%, corresponding to a mean spore count of around 9.00 x
106 spores/bee). With both surfactins, Porrini et al. (2010) hypothesized that the antimicrobial
action was achieved through the creation of channels in bacterial or fungal cell membranes,
causing leakage of cellular contents. This would be followed by disruption and eventual
solubilization of the cell membrane, killing the pathogen.
Along with L. johnsonii and B. subtilis, E. faecium is another species of bacteria isolated
from honey bee guts that is used as a probiotic. This species of bacteria is found in all three
probiotic formulas tested in this study and is the only species present in ProtexinC1. Audisio et
al. (2011) isolated E. faecium from honey bee guts and tested its organic acid production and
antimicrobial properties in vitro. While it produced much less lactic acid than L. johnsonii, E.
faecium possessed strong antimicrobial properties through the production of a number of
bacteriocin-like compounds. Belhadj et al. (2010) found E. faecium in pollen collected by honey
bees and showed it to be antibacterial, specifically against Gram-positive bacteria. Kaznowski et
al. (2005) fed bees a probiotic mixture containing a number of bacterial species, including E.
faecium, to examine whether probiotic supplementation could increase digestibility of a pollen

146

substitute and decrease bee mortality associated with feeding bees pollen substitutes. The
supplementation with probiotics decreased bee mortality and caused the same amount of weight
gain as in bees fed pollen and beebread.
Though E. faecium can be isolated from honey bee guts, it is also a common bacterial
species in the alimentary tracts of many other organisms and is widely used as a probiotic. Naseri
et al. (2012) challenged chickens with the bacteria Campylobacter jejuni and then fed them a
probiotic mixture containing four species of bacteria, including E. faecium. Probiotic feeding
improved weight gain and intestinal growth, reduced colonization of the caecum by C. jejuni and
improved immune function. Similarly, Mehr et al. (2007) fed chickens a Protexin probiotic
formula similar to the one used in this study but with only five bacterial species, one of which
was E. faecium. Feeding chickens probiotics increased weight gain and improved digestion and
feed efficiency.
The other bacterial species isolated from honey bee guts or the hive environment that
were present in the probiotic formulas used in this study are L. acidophilus and L. plantarum.
Tajabadi et al. (2013) isolated L. plantarum from the gut of the giant honey bee A. dorsata.
Belhadj et al. (2010) found L. plantarum in pollen collected by honey bees and found it to be
inhibitory in vitro against a wide variety of Gram-negative and Gram-positive bacteria. Audisio
et al. (2011) isolated L. acidophilus from the guts of A. mellifera. Like E. faecium, these two
species of bacteria are found in the guts of a variety of organisms and in different fermented
foods and have been widely used as probiotics.
While the remaining bacterial species in the probiotic formulas used for this study have
not necessarily been isolated from bees, most have been used in studies on bees in a number of
different commercial probiotic mixtures. Like the studies cited above, these commercial
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probiotic mixtures have had a number of beneficial effects on honey bees and honey bee
colonies. Commercial probiotic mixtures have been shown to increase colony health and
production parameters (Pătruică and Huţu, 2013) as well as decrease populations of potentially
pathogenic gut bacteria and increase populations of beneficial LAB (Pătruică and Mot, 2012).
Populations of LAB in the gut are known to increase digestion and absorption, provide nutrients
and vitamins and produce a variety of compounds, including organic acids, AMPs, bacteriocins
and surfactins (Kaznowski et al., 2005). In addition to these previously cited benefits, feeding
commercial probiotic mixtures to bees has been shown to increase expression and production of
AMPs such as abaecin and hymenoptaecin (Evans and Lopez, 2004; Yoshiyama et al., 2013).
Though not specifically in bees, probiotic supplementation in rats increased intestinal epithelial
regeneration after chemotherapy treatment (Bowen et al, 2007). This may be beneficial in N.
ceranae-infected bees where epithelial degeneration occurs and regeneration is suppressed by the
pathogen (Martín-Hernández et al., 2011; Dussaubat et al., 2012).
The results obtained in this experiment for VetafarmP, ProtexinC1 and ProtexinC7 can be
explained in part by the combination of the antimicrobial effects of probiotic supplementation
and the positive impacts that probiotics have on honey bee intestinal health. All three compounds
showed considerable reductions in spore counts from the positive control, with VetafarmP and
ProtexinC1 both causing as much as 50-55% reduction at certain doses. This is possibly due to
the antimicrobial properties of particular bacterial species found in the probiotic formulas. As
ProtexinC1 showed the same or higher percent reduction in spore counts as the other two
formulas and yet only contains E. faecium, much of this antimicrobial effect can likely be
attributed to E. faecium. As has already been discussed, E. faecium is found in the honey bee gut
and can produce a number of antimicrobial compounds (Belhadj et al., 2010; Audisio et al.,
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2011) and can prevent intestinal colonization by pathogens (Naseri et al., 2012). In addition to
this, Audisio et al. (2011) found that E. faecium produced lactic acid, although at lower levels
than L. johnsonii. It is also possible that E. faecium produces other organic acids that were not
tested for but that are commonly produced by gut bacteria. These include acetic acid and/or
butyric acid, among others (Ballal et al., 2011; Pokusaeva et al., 2011). Organic acids produced
by gut bacteria cause thickening of the peritrophic membrane in honey bees (Maggi et al., 2013).
As N. ceranae spores must first pass through the peritrophic membrane to begin infection of
midgut epithelial cells, thickening of the peritrophic membrane may help prevent infections from
the start. This is particularly important as N. ceranae infection causes fragmentation of the
chitin-rich peritrophic membrane, possibly through the upregulation of chitinase genes that is
also seen with N. ceranae infection (Higes et al., 2013a; Aufauvre et al., 2014). In this way, E.
faecium may have helped reduce N. ceranae infection by actively killing spores through the
production of antimicrobial compounds and/or by thickening the peritrophic membrane through
the production of organic acids and preventing the parasite from invading the midgut.
Several studies seem to contradict the findings on E. faecium that have been reported so
far. Porrini et al. (2010) tested two bacteriocins isolated from E. faecium against N. ceranae both
in vitro and in vivo. Neither compound reduced spore viability nor did either compound reduce
the bee mortality caused by N. ceranae infection. While this seems to contradict the findings
from this study on E. faecium‟s antimicrobial properties against N. ceranae, Porrini et al. (2010)
also tested two surfactins isolated from B. subtilis and only one had an effect against N. ceranae.
One surfactin showed only antibacterial action while the other showed only antifungal action. It
is possible, then, that the two bacteriocins tested by Porrini et al. (2010) showed only
antibacterial action and that another of the many compounds produced by E. faecium is
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responsible for the specific activity against Microsporidia and other fungi. In addition, this study
does not take into account the organic acids produced by E. faecium and the effects that these
may have on controlling N. ceranae infection.
Also contradicting the beneficial effects of E. faecium is a study by Rong et al. (2006),
who found a bacterial disease infecting honey bee larvae, causing them to become dull and
yellow before rotting completely. Bacteria was isolated from diseased larvae, sequenced and
identified as E. faecium. While it is possible that this common gut bacteria was contaminating all
the samples but was not the causative agent of the disease, Rong et al. (2006) produced disease
symptoms by inoculating larvae in the field or in the lab with the isolated bacterium. It may be
that E. faecium is an opportunistic parasite in the developing intestine of larval bees while it is a
beneficial symbiont in the adult bee gut, where it is possibly kept in check by the presence and
competition of other species of gut bacteria and the honey bee immune system. However, the
pathogenicity of E. faecium is surprising and more research would need to be done on the effects
of E. faecium in larvae vs. adult honey bees.
While E. faecium is likely responsible for the majority of the reduction in spores seen
with the probiotic formulas in this experiment, the bacterial species L. plantarum and L.
acidophilus may have also played a role. Both of these bacteria are also found in the honey bee
gut and at least L. plantarum has antimicrobial properties (Belhadj et al., 2010; Audisio et al.,
2011; Tajabadi et al., 2013).
Though the three probiotics used in this experiment showed reduction in spore counts
from the positive control, the dose response for these three formulas differed. The percent
reduction in spores for ProtexinC1 and ProtexinC7 both plateaued at higher doses and this may
be a better fit for the data than a linear regression. ProtexinC1, however, plateaued at around
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50% reduction in spore counts while ProtexinC7 plateaued around 25% reduction in spore
counts. In contrast, the percent reduction in spores for VetafarmP reached a maximum of around
55% at an intermediate dose before dropping at the highest dose down to only 8% reduction in
spore counts.
Pătruică and Mot (2012) examined a probiotic mixture containing L. acidophilus, L. casei
and Bifidobacterium lactis that was fed to honey bee colonies. Feeding these probiotics
significantly reduced the number and diversity of bacteria found in the guts of treated bees.
However, the guts of probiotic-treated bees had a higher percentage of beneficial LAB, including
the ones from the probiotic mixture, than the control. Similarly, Verdenelli et al. (2009) and Wu
et al. (2013) also confirmed that bacteria in probiotic formulas can colonize the gut in humans
and other honey bee species, respectively. However, the results of Pătruică and Mot (2012)
indicate that the bacteria in probiotics not only colonize the gut, they may outcompete and
replace other gut bacterial species. This has particular implications for the honey bee gut
microbiota. Tajabadi et al. (2013) showed that the L. plantarum isolated from honey bee guts
was particularly resistant to changes in pH compared to the L. plantarum found on human food
such as meat, fish, fruit and vegetables. They found that it could even survive for a short time in
hyperosmotic and highly antimicrobial honey. Similarly, Sabaté et al. (2012) showed that B.
subtilis isolated from honey bee guts can form spores that are resistant to variation in
temperature and pH and can survive in honey and other antimicrobial parts of the hive
environment. Even more surprising, two strains of Bifidobacterium isolated from honey bee guts
possessed a unique set of genes not commonly found in other species in the same genus isolated
from the guts of other animals (Anderson et al., 2013a). While normally anaerobic, these strains
of Bifidobacterium possessed genes for oxidative respiration and genes for enzymes such as
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catalase, peroxidase and SOD for protection against ROS and oxidative damage. In addition,
these strains of Bifidobacterium had many genes for surviving variation in pH and osmolarity.
These studies suggest that the bacteria found in honey bee guts and the hive environment are
particularly suited for the highly antimicrobial hive environment and food stores found there as
well as to the changes in pH and osmolarity that would be encountered as a result of the honey
bee‟s diet rich in honey, nectar and fermented beebread. Using commercial probiotic formulas,
then, may result in replacement of these bacterial species with ones less suited to the honey bee
gut environment and diet. While these bacteria may exhibit beneficial effects at first, the fact that
they are not native to the honey bee gut may lead to their eventual death and the subsequent
invasion by opportunistic pathogens.
VetafarmP is recommended for use with caged birds and poultry and ProtexinC7 is
recommended for use with livestock. The bacteria contained in both of these probiotic formulas
were presumably isolated from these animals. The long term use of these products with honey
bees may result in the replacement of the honey bee gut microbiota with the less-suited species
found in the probiotic formulas. In the case of VetafarmP, the intermediate dose may have
caused some replacement of honey bee gut bacteria while retaining a large amount of the normal
honey bee gut microbiota. This would have allowed for the combined benefits of the gut
microbiota and the probiotic species and a large reduction in spore counts. At the higher dose,
more or possibly even all of the honey bee gut bacteria may have been replaced, leading to an
altered gut microbiota that was less suited to the honey bee gut and less able to effectively
control N. ceranae. This may explain the drop in percent reduction in Nosema spore counts to
around 10% at the highest dose. For ProtexinC7, the same bacterial species were present but the
formulas contained more than 10x the CFU/g of bacteria. Even feeding lower doses of
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ProtexinC7 may have had the same effect on the gut microbiota as feeding the higher doses of
VetafarmP. This may explain why ProtexinC7 never showed the high percent reduction in spore
counts observed for the other two probiotics. Instead, ProtexinC7 plateaued at around 20-25%
reduction in spore counts. Though this is still higher than the 8% reduction in spore counts seen
with VetafarmP, it is possible that higher doses of ProtexinC7 would also show a decrease in
percent reduction in spore counts to that same level.
In contrast to the other two probiotic compounds, ProtexinC1 contained only E. faecium,
a bacteria found in the gut of many animals – including the honey bee – and shown to be highly
antimicrobial. As a result, increasing the dose of ProtexinC1 likely did not have any negative
effect on gut microbiota, even if it was originally isolated from a different animal. Instead, it
would further increase the antimicrobial properties of the gut bacteria to help fight N. ceranae
infection. However, even with the antimicrobial and intestinal health-promoting properties of the
gut bacteria and bacterial species in the probiotic formula, it is unlikely that probiotic use would
completely eliminate N. ceranae infection in the way antibiotics or some nutraceuticals can. It
may help reduce infection and increase honey bee survival, but there will still likely be some
spores present. This may explain why even the highly effective ProtexinC1 plateaued around
50% reduction in spore counts. The reduction in bee mortality, however, showed that this
probiotic formula improved honey bee intestinal health. Infected, ProtexinC1-fed bees lived even
longer than uninfected, Nosema-free control bees. While VetafarmP and ProtexinC7 may have
been less effective at controlling N. ceranae infection due to the mixture of bacterial species in
the probiotic formulas, the possible intestinal health-promoting properties of these probiotics still
resulted in low bee mortality. For infected, VetafarmP-fed bees, survival was equal to that of
uninfected, Nosema-free control bees.
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Though the study of bacterial populations in the gut was preliminary, it may help explain
some of the findings in this study. Sulforaphane-treated bee guts contained considerably less
bacteria than other treatments, indicating its strong antibacterial activity. Hu et al. (2006) found
that feeding sulforaphane to mice reduced the expression of a number of enzymes in the Wnt
pathway, leading to a decrease in cell proliferation and an increase in apoptosis. While this is
beneficial in controlling cancer formation through aberrant Wnt signalling, downregulation of
Wnt genes gives sulforaphane potent antimicrobial properties in vitro by causing cell cycle arrest
and apoptosis in pathogens and parasites (Johansson et al., 2008). This antimicrobial effect is not
selective and high sulforaphane intake may cause the death of beneficial gut bacteria as well. The
bacterial populations following sulforaphane treatment indicate indiscriminate killing of both N.
ceranae spores and beneficial gut bacteria. This reduction in gut bacteria may result in poor
digestion and absorption, decreased intestinal health and increased oxidative damage
(Kaznowski et al., 2005). All of these effects would cause high bee mortality, which was what
was seen with bees fed higher doses of sulforaphane.
The high gut bacterial populations for ProtexinC1 and VetafarmP treatments are not
surprising as these bees were fed probiotics that have been shown to be able to colonize the
honey bee gut (Pătruică and Mot, 2012). Furthermore, these probiotic formulas contain mostly
LAB and other Firmicutes that are easily cultured on TSA general-purpose media (Anderson et
al., 2013b; Engel et al., 2013) and are all facultative anaerobes that can grow under the aerobic
conditions used in this study (Kaznowski et al., 2005; Disayathanoowat et al., 2012; Anderson et
al., 2013b; Endo and Salminen, 2013; Engel et al., 2013). The only exception is B. bifidum,
which is an obligate anaerobe (Pokusaeva et al., 2011). What is more surprising is that
naringenin treatment resulted in roughly the same gut bacterial populations as the two probiotic
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treatments. Naringenin is a powerful antioxidant and can lower ROS generation and reduce
oxidative damage (Amaro et al., 2009; Jayaraman et al., 2012). It is possible that this antioxidant
effect helps protect gut bacteria and allows for their growth and proliferation. However, a more
plausible explanation was described by Serra et al. (2012), who showed that flavonones like
naringenin are metabolised in the gut by bacteria to produce a variety of organic acids and other
metabolites. These organic acids reduce the gut pH, increase nutrient absorption and digestion
and promote the growth and proliferation of LAB and other beneficial bacteria (Huang et al.,
2005; Zentek et al., 2013). It is possible that naringenin was utilized in the honey bee gut in this
way, acting as a prebiotic or gut bacterial stimulant and causing increased gut bacterial growth.
The positive and negative control treatments showed intermediate gut bacterial
populations on TSA media and were not found to be very different from one another. Based on
this, it is tempting to conclude that N. ceranae infection alone has no effect on honey bee gut
microbiota. However, more experiments would need to be run to determine if N. ceranae
infection causes changes in the number or diversity of gut bacteria.
Eosin-methylene blue agar is a semi-selective medium for Gram-negative bacteria and is
inhibitory against Gram-positive bacteria (Disayathanoowat et al., 2012). As the most commonly
found and abundant bacterial species in the honey bee gut are Gram-positive Firmicutes
(Anderson et al., 2013b; Corby-Harris et al., 2014), it is not surprising that three of the
treatments did not show any bacterial growth on EMB plates. While the Betaproteobacterial
species S. alvi and the Gammaproteobacterial species G. apicola can be abundant in the honey
bee gut as well, their numbers are low enough that they may not have been cultured in this
experiment (Anderson et al., 2013b; Corby-Harris et al., 2014). In addition, these two species of
Gram-negative bacteria grow better under microaerophilic conditions than either aerobic or
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anaerobic conditions (Engel et al., 2013; Kwong and Moran, 2013). The gut samples used in this
experiment were also stored for one week before plating, which may have caused a decrease in
viability of some of the less abundant bacterial species. Guts from bees treated with VetafarmP
and ProtexinC1 showed presumabley Gram-negative bacterial populations on EMB plates. While
the probiotic formulas contained only Gram-positive bacteria, these bacteria would have likely
colonized the gut and altered the gut environment through the production of organic acids and
other metabolites (Huang et al., 2005; Zentek et al., 2013). This would have promoted the
growth and proliferation of other gut bacterial species, including the Gram-negative
Proteobacteria, G. apicola and S. alvi. However, this might have also included other Gramnegative Gammaproteobacteria that are found in the honey bee gut and that are more easilycultured, facultative anaerobes. For example, Gammaproteobacteria in the genera Klebsiella and
Enterobacter are Gram-negative and are found in the gut of A. cerana (Disayathanoowat et al.,
2012). These bacteria can be grown under aerobic conditions (Disayathanoowat et al., 2012) and
may have been the species growing on EMB plates. Naringenin treatment also resulted in high
amounts of bacterial growth on EMB media. This is possibly for the same reasons as explained
above, with naringenin metabolism leading to the production of organic acids, which in turn
promote further bacterial growth (Huang et al., 2005; Serra et al., 2012; Zentek et al., 2013).
Since the two probiotics should have greatly increased the populations of Gram-positive bacteria
compared to Gram-negative bacteria, and naringenin should have promoted growth of both, it is
not surprising that guts from bees treated with naringenin showed higher bacterial populations on
EMB plates than guts from bees treated with VetafarmP and ProtexinC1. ProtexinC1 contains
only one species of bacteria that is already reported to be found in the honey bee gut, while
VetafarmP contains seven species, only three of which have been reported to be found in the
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honey bee gut (Belhadj et al., 2010; Audisio et al., 2011; Tajabadi et al., 2013). As a result,
feeding bees VetafarmP would have possibly resulted in a larger shift in gut bacteria towards
Gram-positive bacteria and lower bacterial poplations on EMB plates compared to ProtexinC1,
which is what was seen in this study.
The types of colonies growing on the two types of media could only be estimated based
on their colour and colony morphology as DNA extraction and sequencing of the bacterial 16S
rRNA gene was not done. For TSA media, Firmicutes, Betaproteobacteria and some
Gammaproteobacteria (G. apicola) are known to form white colonies while other
Gammaproteobacteria (F. perrara) are known to form transparent colonies (Engel et al., 2013).
Other bacteria that are part of the eight core gut phylotypes are not as easily cultured (Alpha 2.1
and 2.2, though they generally produce white colonies when they are cultured) or are cultured
better on different types of media (Bifidobacterium sp. is cultured more readily on blood agars or
de Man, Rogosa, Sharpe [MRS] media) (Disayathanoowat et al., 2012; Anderson et al., 2013b;
Engel et al., 2013). All six treatments grew white colonies on TSA media. While some of these
colonies may have been Alphaproteobacteria, Betaproteobacteria or Gammaproteobacteria, these
bacteria are much less abundant than the Firmicutes that make up the majority of the bacterial
species found in the honey bee gut (Anderson et al., 2013b; Corby-Harris et al., 2014). In
addition, S. alvi and G. apicola are grown better under microaerophilic conditions and may not
have been cultured in this study (Engel et al., 2013; Kwong and Moran, 2013). It is therefore
likely that these colonies mostly represent Lactobacillus spp. and possibly E. faecium,
Streptococcus spp. and Bacillus spp., all of which are facultative anaerobes (Kaznowski et al.,
2005; Hamdi et al., 2011; Disayathanoowat et al., 2012; Anderson et al., 2013b; Endo and
Salminen, 2013; Engel et al., 2013; Corby-Harris et al., 2014). With the increased gut health and
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lowered gut pH from the naringenin and two probiotic treatments, it is possible that the
Proteobacterial species were more abundant and more easily cultured. The transparent colonies
seen with these three treatments may have been the Gammaproteobacterial species F. perrara.
While yellow colonies were found with naringenin treatment, it is possible that these were
simply transparent F. perrara colonies that appeared yellow on the yellow-coloured TSA media.
While the transparent colonies may have been F. perrara, this species is microaerophilic and
may not have been cultured in this study (Engel et al., 2013). Instead, the transparent colonies on
TSA plates may have been other Gammaproteobacterial species, such as Klebsiella and
Enterobacter spp., which are facultative anaerobes and more easily cultured (Disayathanoowat et
al., 2012).
The EMB agar would not have allowed growth of Firmicutes as they are Gram-positive
and are inhibited by the EMB media (Disayathanoowat et al., 2012). The white colonies grown
on naringenin EMB plates, then, were likely Gram-negative Proteobacteria, possibly the
Betaproteobacterial species S. alvi or the Gammaproteobacterial species G. apicola. However, as
previously discussed, these bacteria are microaerophilic and may not have been cultured in this
study (Engel et al., 2013; Kwong and Moran, 2013). Instead, the white colonies may have been
the Gram-negative Alphaproteobacteria, Alpha 2.1 and Alpha 2.2. While these phylotypes are
not as easily cultured, they form white colonies and are grown best under aerobic conditions
(Hamdi et al., 2011; Anderson et al., 2013b; Engel et al., 2013). The transparent colonies grown
on naringenin and ProtexinC1 EMB plates were possibly the Gammaproteobacterial species F.
perrara. However, similar to S. alvi and G. apicola, F. perrara is microaerophilic and may not
have been cultured in this study (Engel et al., 2013). Instead, the transparent colonies on EMB
plates may have been facultative anaerobic Gammaproteobacteria such as Klebsiella and
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Enterobacter spp. (Disayathanoowat et al., 2012). Similar to TSA plates, the pink colonies
grown on VetafarmP EMB plates may simply represent transparent or white
Gammaproteobacterial or Alphaproteobacterial colonies that appeared pink on the red-coloured
EMB media.
In summary, this study found that two of the probiotic formulas show promise as natural,
alternative controls for N. ceranae infection in A. mellifera. These were Vetafarm Probotic© and
Protexin Concentrate© single-strain. In particular, ProtexinC1 treatment was able to reduce N.
ceranae spore counts by 50% and increase infected honey bee survival above that of the
uninfected control bees. In addition, while the prebiotic compounds were toxic to bees, a field or
semi-field experimental design where bees are able to fly and defecate may prevent this toxic
effect and improve the performance of these compounds. In particular, acacia gum shows
promise as a natural, alternative control for N. ceranae infection if these toxic effects can be
avoided.
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Table 3.1 Doses of prebiotic compounds and probiotic formulas
used for the screening experiment. All doses are listed in mg/ml
of 50% sugar syrup.
Treatment

Dose (mg/ml of sugar
syrup)

Acacia gum

41.667

Inulin
Fructooligosaccharides

20.833
20.833

Vetafarm Probotic©
Protexin Concentrate© single-strain

0.5000
0.2500

Protexin Concentrate© multi-strain

0.2500
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Table 3.2 Doses of Vetafarm Probotic©, Protexin Concentrate©
single-strain and Protexin Concentrate© multi-strain used for
the dose-dependency experiments. All doses are listed in
mg/ml of 50% sugar syrup.
Treatment

Dose (mg/ml of sugar syrup)

Vetafarm Probotic©

0.5000a
2.5000
3.7500b

Protexin Concentrate© single-strain

0.2500a
1.2500
2.5000b

Protexin Concentrate© multi-strain

0.2500a
1.2500

a - doses used in the original screening experiment for each compound
b - doses chosen for Vetafarm Probotic© and Protexin Concentrate© single-strain for
the final dose-dependency experiment; doses were also used for the mortality
experiment
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Table 3.3 Mean spore counts ± SE (spores/bee) of N. ceranae-infected honey bees fed
different prebiotics and probiotics. Mean percent reduction from the positive control ± SE
(%) is also included. Percent reduction was calculated based on the spore count for the
positive control for each replicate and then averaged. Treatments followed by the same letter
are not significantly different based on the ANOVA and Fisher‟s LSD multiple means
comparison test applied to untransformed percent reduction data (α = 0.05).
Treatment

Mean spore count
(spores/bee)

Mean percent
reduction from
positive
control (%)

Fisher's
LSD means
comparison
letters

Negative Control
Acacia gum
Inulin
Protexin Concentrate© single-strain
Protexin Concentrate© multi-strain
Fructooligosaccharides
Vetafarm Probotic©
Positive control

2.17E+06 ± 2.17E+06a
8.15E+06 ± 3.30E+06
13.4E+06 ± 6.41E+06
11.1E+06 ± 4.40E+06
11.2E+06 ± 4.27E+06
13.4E+06 ± 4.86E+06
15.4E+06 ± 4.50E+06
16.5E+06 ± 6.22E+06

92.3 ± 7.74
52.0 ± 2.11
26.9 ± 12.0
25.4 ± 21.4
23.8 ± 22.4
15.4 ± 7.25
-0.547 ± 9.40
0.00 ± 0.00

a
b
b, c
b, c
b, c
b, c
c
c

a - negative control was not 0.00; two of three subsets in replicate 2 contained spores, possibly due to contamination;
replicates 1 and 3 had no spores
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Table 3.4 Mean bee mortality ± SE (%) of N. ceranae-infected honey bees
fed different prebiotics and probiotics. Bees that died within the first 48 h
were excluded from the mortality calculations. Treatments followed by the
same letter are not significantly different based on the ANOVA and
Fisher‟s LSD multiple means comparison test applied to the natural
logarithm transformed bee mortality data (α = 0.05). Untransformed bee
mortality values are shown here.
Treatment

Mean bee
mortality (%)

Fisher's LSD means
comparison letters

Vetafarm Probotic©
Negative Control
Positive control
Protexin Concentrate© single-strain
Fructooligosaccharides
Protexin Concentrate© multi-strain
Inulin
Acacia gum

3.86 ± 2.12
4.18 ± 2.13
8.14 ± 3.08
8.44 ± 1.87
15.9 ± 9.12
15.1 ± 5.38
16.6 ± 7.96
62.2 ± 18.9

a
a
a
a
a
a, b
a, b
b
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Table 3.5 Mean feed intake ± SE (mg of syrup/bee in 16 days) and mean
water intake ± SE (mg of water/bee in 16 days) of N. ceranae-infected honey
bees fed different prebiotics and probiotics. There were no significant
differences found between treatments for feed intake or water intake based
on the ANOVA applied to the untransformed feed intake and water intake
data (α = 0.05).
Treatment
Positive control
Negative control
Acacia gum
Inulin
Fructooligosaccharides
Vetafarm Probotic©
Protexin Concentrate© single-strain
Protexin Concentrate© multi-strain

Mean feed intake
(mg of syrup/bee in
16 days)
495.1 ± 37.09
510.8 ± 48.76
533.2 ± 83.89
444.4 ± 17.80
393.5 ± 40.26
568.5 ± 52.53
448.9 ± 24.96
474.5 ± 36.82
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Mean water intake
(mg of water/bee in
16 days)
285.2 ± 0.9597
320.4 ± 72.97
509.0 ± 77.42
347.4 ± 89.57
438.4 ± 119.2
463.3 ± 150.8
306.4 ± 82.09
503.7 ± 60.56

Table 3.6 Mean feed intake ± SE (mg of syrup/bee in 16 days) and mean water intake ± SE
(mg of water/bee in 16 days) of N. ceranae-infected honey bees fed different doses of the
probiotics Vetafarm Probotic©, Protexin Concentrate© single-strain and Protexin Concentrate©
multi-strain. There were no significant differences found between doses within each treatment
for feed intake or water intake based on the ANOVA applied to the natural logarithm
transformed feed intake and water intake data for Vetafarm Probotic© and the untransformed
feed intake and water intake data for Protexin Concentrate© single-strain and 7 (α = 0.05).
Untransformed feed intake and water intake values are shown here.
Treatment
Positive control
Negative control
Vetafarm Probotic©

Protexin Concentrate© single-strain

Protexin Concentrate© multi-strain

Dose (mg/ml of
sugar syrup)
0.5000a
2.5000
3.7500
0.2500a
1.2500
2.5000
0.2500a
1.2500

Mean feed intake
(mg of syrup/bee in
16 days)
501.6 ± 27.69
524.9 ± 22.05
568.5 ± 52.53
548.7 ± 81.80
446.7 ± 40.06
448.9 ± 24.93
503.6 ± 48.29
448.8 ± 35.63
474.5 ± 36.82
478.4 ± 7.399

a - doses used in the original screening experiment for each probiotic formula

165

Mean water intake
(mg of water/bee in
16 days)
266.4 ± 38.52
245.1 ± 48.66
463.3 ± 150.8
391.5 ± 71.70
204.9 ± 9.299
306.4 ± 82.09
309.4 ± 82.37
141.5 ± 26.26
503.7 ± 60.56
317.2 ± 82.39

Table 3.7 Colony forming units of bacteria per gram of intestine (CFU/g) grown by plating
the guts of N. ceranae-infected honey bees fed the nutraceuticals sulforaphane and
naringenin and the probiotics Vetafarm Probotic© and Protexin Concentrate© single-strain.
The CFU/g values are shown for TSA plates and EMB plates. Values that have a standard
error are the mean CFU/g of two gut samples. Values without a standard error were
obtained from only one gut sample. The types of colonies grown are also included (1 =
white colonies, 2 = transparent colonies, 3 = yellow colonies and 4 = pink colonies).
TSA

EMB

Treatmenta

CFU/g of
intestine

Std Error

Types of
colonies

CFU/g of
intestine

Std Error

Positive control

2.53E+04

1.18E+04

1

0.00E+00

-

Types of
colonies
-

Negative control

2.13E+04

2.13E+04

1

0.00E+00

-

-

Sulforaphane

4.06E+02

-

1

0.00E+00

-

-

2.30E+07

-

1,2,3

1.64E+07

-

1,2

1.35E+07

1.33E+07

1,2

1.09E+05

-

4

3.58E+07

3.47E+07

1,2

1.03E+06

-

2

Naringenin
Vetafarm Probotic

©
©

Protexin Concentrate single-strain

a - only treatments with two gut samples were able to be analysed statistically; these include positive control, negative
control, Vetafarm Probotic© and Protexin Concentrate© single-strain treatments for TSA plates; no significant differences
were found between these treatments based on the ANOVA applied to the natural logarithm transformed CFU/g data for
TSA plates (α = 0.05); untransformed CFU/g values for TSA plates are shown here
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Spore count (spores/bee)

a) 3.0E+07

y = -9.07E+05x + 1.61E+07
R² = 0.0324
p = 0.521

2.5E+07
2.0E+07
1.5E+07
1.0E+07
5.0E+06
0.0E+00

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
Dose (mg/ml of sugar syrup)

Spore count (spores/bee)

b) 3.0E+07

y = -2.87E+06x + 1.49E+07
R² = 0.1645
p = 0.134

2.5E+07
2.0E+07
1.5E+07
1.0E+07
5.0E+06
0.0E+00
0.0

c)

3.5E+07

3.0

y = -1.88E+05x + 1.41E+07
R² = 0.0001
p = 0.978

3.0E+07

Spore count (spores/bee)

0.5
1.0
1.5
2.0
2.5
Dose (mg/ml of sugar syrup)

2.5E+07
2.0E+07
1.5E+07
1.0E+07
5.0E+06
0.0E+00
0.0

0.2 0.4 0.6 0.8 1.0 1.2
Dose (mg/ml of sugar syrup)

1.4

Figure 3.1 Regression analyses of spore count vs. dose for N. ceranae-infected honey bees
fed different doses of the probiotics Vetafarm Probotic©, Protexin Concentrate© singlestrain and Protexin Concentrate© multi-strain. Linear regressions of spore count
(spores/bee) vs. dose (mg/ml of sugar syrup) are shown for a) Vetafarm Probotic©, b)
Protexin Concentrate© single-strain and c) Protexin Concentrate© multi-strain. Regression
equations, R2 values and p values are displayed for each graph.
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a)

50

Mortality (%)

40

y = 0.3729x + 6.9245
R² = 0.0146
p = 0.668

30
20
10
0
0.0

b)

0.5

3.5

4.0

50
y = -0.8699x + 7.3706
R² = 0.0388
p = 0.482

40

Mortality (%)

1.0 1.5 2.0 2.5 3.0
Dose (mg/ml of sugar syrup)

30
20
10
0
0.0

c)

0.5
1.0
1.5
2.0
2.5
Dose (mg/ml of sugar syrup)

50
40

Mortality (%)

3.0

y = -0.9905x + 11.342
R² = 0.0044
p = 0.866

30
20
10
0
0.0

0.2

0.4
0.6
0.8
1.0
1.2
Dose (mg/ml of sugar syrup)

1.4

Figure 3.2 Regression analyses of bee mortality vs. dose for N. ceranae-infected honey
bees fed different doses of the probiotics Vetafarm Probotic©, Protexin Concentrate©
single-strain and Protexin Concentrate© multi-strain. Linear regressions of bee mortality
(%) vs. dose (mg/ml of sugar syrup) are shown for a) Vetafarm Probotic©, b) Protexin
Concentrate© single-strain and c) Protexin Concentrate© multi-strain. Regression
equations, R2 values and p values are displayed for each graph.
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Negative control
Positive control
VetafarmP (3.7500 mg/ml)
ProtexinC1 (2.5000 mg/ml)

Figure 3.3 Kaplan-Meier survival curves for N. ceranae-infected honey
bees fed the probiotics Vetafarm Probotic© and Protexin Concentrate©
single-strain. Log rank/Mantel-Cox, Breslow/Generalized Wilcoxon and
Tarone-Ware curve comparison tests were all used to determine which
curves were significantly different from each other (α = 0.05). Curves
labelled with the same letter are not significantly different.
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Negative control
Positive control
Sulforaphane (0.2917 mg/ml)
Naringenin (4.1667 mg/ml)
VetafarmP (3.7500 mg/ml)
ProtexinC1 (2.5000 mg/ml)

Figure 3.4 Combined Kaplan-Meier survival curves for N. ceranaeinfected honey bees fed the nutraceuticals sulforaphane and naringenin
and the probiotics Vetafarm Probotic© and Protexin Concentrate© singlestrain. Log rank/Mantel-Cox, Breslow/Generalized Wilcoxon and
Tarone-Ware curve comparison tests were all used to determine which
curves were significantly different from each other (α = 0.05). Curves
labelled with the same letter are not significantly different.
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CHAPTER FOUR
GENERAL DISCUSSION

4.1 The effects of nutraceuticals on N. ceranae infection in Apis mellifera
The aim of this study was to examine a number of nutraceutical compounds for their
potential in controlling N. ceranae infection in A. mellifera. These were oregano oil, carvacrol,
thymol, sulforaphane, diallyl sulfide, trans-cinnamaldehyde, naringenin, hydroxytyrosol,
embelin, poly I:C, chitosan, tetrahydrocurcumin and CIVITAS©, a food-grade mineral oil
product from Petro-Canada . Of these compounds, only oregano oil, carvacrol and thymol had
been previously tested in honey bees and only thymol had been previously tested against N.
ceranae.
The isothiocyanate sulforaphane from broccoli and cruciferous vegetables was found to
be the most effective nutraceutical in controlling N. ceranae infection in A. mellifera in this
study. Sulforaphane was found to reduce spore counts in the screening experiment by around
60% and was chosen for the dose response experiments. In these experiments, sulforaphane was
able to eliminate N. ceranae spores completely at higher doses, though these doses were found to
be highly toxic to bees as well. At 3.50 mg of sulforaphane in 12 ml of sugar syrup, which was
determined to be a more optimal dose, sulforaphane was able to reduce N. ceranae spores counts
by around 60% while keeping bee mortality below 50%.
The results obtained in this study are supported by Johansson et al. (2008), who also
found sulforaphane to be highly antimicrobial. The authors warn, however, that this effect is not
selective and that sulforaphane likely kills beneficial gut microorganisms as well. It is this effect
and sulforaphane‟s anti-cancer effects in suppressing cell growth and proliferation and inducing
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apoptosis (Hu et al., 2006) that are most likely responsible for both its effects on N. ceranae
infection and its highly toxic effects against bees. While it is a promising compound, the high
bee mortality caused by sulforaphane is a significant drawback. Research into ways of reducing
its toxicity is needed before sulforaphane can be considered as a candidate for controlling N.
ceranae infection.
The citrus flavonone naringenin and carvacrol, the main active component in oregano oil,
were both found to reduce N. ceranae spore counts by around 50% in this study in the screening
experiment. As a result, both compounds were chosen, along with sulforaphane, for the dose
response experiments. Naringenin was found to be highly effective, reducing spore counts by
around 60-70% at intermediate doses, though the highest dose was found to be slightly less
effective. Unlike sulforaphane, naringenin was found to cause low bee mortality, even at higher
doses. In contrast, carvacrol showed slight toxicity at higher doses and no dose response, with
spore reduction values anywhere from 20% to 50%.
Assini et al. (2013) showed that feeding naringenin to mice increases lipid oxidation in
the liver. In relation to the current study, Di Pasquale et al. (2013) have shown that increased
lipid intake and lipid metabolism in bees leads to fat body development and increased expression
of immune genes. As a result, feeding bees naringenin may have been effective in controlling N.
ceranae infection as it may have strengthened the immune response against the parasite. Its more
variable effectiveness at higher doses may have been caused by its strong antioxidant properties
competing with the generation of reactive oxygen species (ROS) possibly needed to fight N.
ceranae infection (Leiro et al., 2001a, 2001b; Didier et al., 2010).
In contrast to naringenin, the highly antimicrobial carvacrol may have shown a poor dose
response and inconsistent effectiveness in controlling N. ceranae infection as a result of poor

172

absorption and bioavailability (Sammataro et al., 2009). This same reason may be why oregano
oil and its other active component thymol showed lower spore reduction than naringenin and
sulforaphane, though the differences were not significant. In addition, the oregano oil used in this
experiment had been purchased a number of years earlier for a separate study and may have also
been less effective as a result of degradation over time and exposure to UV light (Siliani et al.,
2009).
Tetrahydrocurcumin from the spice turmeric and embelin from false black pepper
(Embelia ribes) were also found to cause a reduction in N. ceranae spore counts not significantly
different from sulforaphane. Both are known to be powerful anti-inflammatory compounds (Bie
et al., 2011; Kumar et al., 2011; Kubota et al., 2012; Motawi et al., 2012) but may have shown
reduced effectiveness in this study as a result of poor absorption and bioavailability (Chaudhari
et al., 2012; Kubota et al., 2012; Ghosh et al., 2014).
The remaining nutraceutical compounds were found to have intermediate or poor
effectiveness in controlling N. ceranae infection in this study. Allyl sulfide, hydroxytyrosol and
poly I:C may have all been ineffective as a result of poor bioavailability. With allyl sulfide, this
was possibly the result of it being a very unstable compound (Porrini et al., 2011) while
hydroxytyrosol is known in general to be poorly absorbed and have poor bioavailability
(Schaffer et al., 2007; Rodríguez-Gutiérrez et al., 2012). With poly I:C, oral administration may
have been ineffective and may have resulted in digestion and degradation of the compound. In
previous studies that have found it to be an immunostimulant, poly I:C was administered only by
injection, or injection was found to be the most effective administration method used (Li et al.,
(2012b; Parvizi et al., 2012b). Chitosan is only known to have a small antimicrobial effect and
mainly against bacteria (Li et al., 2010) and its other properties may have only helped to reduce
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signs of infection without actually affecting spore counts (Huang et al., 2005). The nutraceutical
trans-cinnamaldehyde may have been ineffective as a result of being a weak insecticide and
having an anti-feedant effect (Huang and Ho, 1998). Finally, while the food-grade mineral oil
product CIVITAS© may have increased intestinal evacuation and potentially helped flush out N.
ceranae spores (Hotwagner and Iben, 2008), this effect was not seen as caged bees do not
defecate. As a result, this compound was the least effective of the compounds tested in this study
and had the highest spore counts other than the positive control.
While many of the nutraceuticals tested in this study may have had an effect on bee
mortality, either by reducing it or increasing it, the 16-day duration of the experiments did not
allow for significant differences to appear. An experiment with a longer duration may have
found significant differences in bee mortality and helped to elucidate which compounds may
have been toxic to bees and which may have helped to reduce signs of infection and lower bee
mortality.

4.2 The effects of prebiotics and probiotics on N. ceranae infection in Apis mellifera
In addition to examining a number of nutraceutical compounds, another goal of this study
was to test a number of prebiotic compounds and commercial probiotic formulas for their
potential in controlling N. ceranae infection in A. mellifera. These included the dietary fibre
prebiotics acacia gum, inulin and fructooligosaccharides (FOS) and the commercial probiotic
formulas Vetafarm Probotic© (VetafarmP), Protexin Concentrate© single-strain (ProtexinC1) and
Protexin Concentrate© multi-strain (ProtexinC7). While some of the specific bacterial species
found in the probiotic formulas had been tested previously in bees, the prebiotics had not been.
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The prebiotic acacia gum from the trees S. senegal and V. seyal was found to be the most
effective compound in controlling N. ceranae infection in the prebiotic and probiotic screening
experiment. It was found to reduce spore counts by around 50%. Unfortunately, it also resulted
in a high bee mortality rate of around 60%.
In support of the results from this study, Ballal et al. (2011) also found acacia gum to be
anti-parasitic. They hypothesize that this effect is the result of increased organic acid production
by gut bacteria stimulated by the prebiotic. In addition to this, acacia gum may be able to
increase solubility and activity of bacterially-produced antimicrobial peptides (AMPs),
bacteriocins and surfactins (Nishi et al., 2007).
The other two prebiotics tested in this study, inulin and FOS, showed much lower spore
reduction values compared to acacia gum. While they would have potentially had similar
stimulatory effects on the growth of gut bacteria as acacia gum, inulin and FOS have not been
shown to have the antimicrobial or anti-parasitic properties that acacia gum has. This may
explain why the spore reduction values for these two prebiotics were so low. However, similar to
acacia gum, inulin and FOS were also found to cause increased bee mortality, though not at the
level seen with acacia gum treatment.
While the high mortality seen with the prebiotic treatments seems contradictory to their
beneficial effects on gut bacteria and overall gut health (Buddington et al., 2002; Pokusaeva et
al., 2011), Younes et al. (1995) found that prebiotic supplementation in rats resulted in increased
nitrogen transport into the intestine to fuel growth of gut bacteria, particularly with acacia gum.
Prebiotic supplementation also resulted in increased faecal bulk, accelerated digestive transit of
faeces and increased nitrogen excretion. While this seems beneficial, the positive effects were
likely not seen as caged bees do not defecate. Instead, the potentially increased faecal bulk and
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defecation stimulus may have put stress on the bees. Even worse, the accumulation of
nitrogenous waste such as ammonia may have created a toxic environment in the gut, resulting in
increased bee mortality (Lupton and Marchant, 1989). These toxic effects may have been worse
with acacia gum treatment in this study as a result of its potentially higher transport of nitrogen
into the intestine (Younes et al., 1995) or simply as a result of its dose being double that of inulin
and FOS, though these possibilities are not mutually exclusive.
Similar to sulforaphane, acacia gum is a promising compound but the high bee mortality
is a significant drawback. Research into ways of reducing its toxicity is needed before acacia
gum can be considered as a candidate for controlling N. ceranae infection.
Unlike the prebiotic compounds tested in this experiment, the probiotic formulas were
found to cause very low bee mortality. As a result of this and the moderate spore reduction seen
with ProtexinC1 and C7, the three probiotics were chosen for the dose response experiment.
Increasing the dose of ProtexinC7 did not increase the reduction in spore counts above the 25%
reduction that was seen in the screening experiment. In contrast, ProtexinC1 and VetafarmP were
found to decrease spore counts by around 50-55%, though it plateaued at 50% for ProtexinC1
while decreasing to only 8% at the highest dose for VetafarmP. In addition, VetafarmP was
shown in the mortality experiment to significantly decrease bee mortality from that of the N.
ceranae-infected control bees. Even more promising, ProtexinC1 was shown to decrease bee
mortality significantly below even that of uninfected, Nosema-free bees.
The results found here are supported by a number of studies on the use of probiotics in
honey bees. Probiotics have been shown to increase populations of beneficial lactic acid bacteria
(LAB) while decreasing populations of potentially pathogenic bacteria (Pătruică and Mot, 2012).
They have been shown to increase colony health parameters (Audisio and Benítez-Ahrendts,
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2011; Pătruică and Huţu, 2013) and to increase expression and production of honey bee AMPs
(Evans and Lopez, 2004; Yoshiyama et al., 2013). They have also been shown to be
antimicrobial through the productions of bacterially-derived organic acids, AMPs, bacteriocins
and surfactins, including antimicrobial against N. ceranae (Porrini et al., 2010; Sabaté et al.,
2012; Maggi et al., 2013). The decrease in mortality seen with VetafarmP and ProtexinC1
treatments with only a limited decrease in spore counts could have been due to the large impact
on intestinal health with probiotic use but lower antimicrobial activity compared to many of the
nutraceutical compounds tested.
While probiotics have been shown to be very beneficial in honey bees, they can also
outcompete and replace the core gut microbiota, including species that are better adapted to the
honey bee diet and gut environment (Pătruică and Mot, 2012). This may be the reason why the
multi-strain probiotic formulas VetafarmP and ProtexinC7 were less effective than ProtexinC1
that contained only E. faecium, a bacterial species found commonly in the honey bee gut
(Audisio et al., 2011). This strengthening effect on the gut microbiota, as opposed to replacing
the species found there, may help explain why ProtexinC1 had such a large, positive impact on
spore reduction and bee mortality and why it is such a promising candidate for the control of N.
ceranae.
The bacterial population assesment of treated and control honey bee guts was only
preliminary, but the results found there may be able to shed light on a number of the findings in
this study. The guts of VetafarmP- and especially ProtexinC1-fed bees had higher bacterial
populations than the negative and positive control treatments on both TSA and EMB plates. This
is in line with studies that have shown that feeding probiotics to bees results in the colonization
of the gut by the species found in the probiotic mixture (Pătruică and Mot, 2012). In addition, gut
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bacterial populations from sulforaphane-fed bees were the lowest of all treatments. This is in line
with studies that have shown sulforaphane‟s antimicrobial effects and its indiscriminate killing of
pathogens and parasites as well as beneficial gut bacteria (Johansson et al., 2008). A surprising
finding was that plating gut bacteria from naringenin-fed bees resulted in the highest bacterial
growth in EMB plates, the second highest bacterial growth in TSA plates and the highest
bacterial diversity in both TSA and EMB plates. These results suggest that naringenin may act as
a prebiotic to stimulate gut bacterial growth (Serra et al., 2012).

4.3 Future research: combining nutraceuticals, prebiotics and probiotics
As has been previously mentioned, sulforaphane was found to be the most effective
nutraceutical in controlling N. ceranae infection in A. mellifera in this study. Sulforaphane works
by downregulating expression of genes in the Wnt pathway responsible for cell proliferation and
the suppression of apoptosis (Hu et al., 2006). This causes cessation of the cell cycle in
pathogens and parasites and promotes apoptosis of infected cells (Johansson et al., 2008).
Unfortunately, this is not selective and results in the destruction of infected host cells as well as
the death of beneficial gut bacteria, leading to high bee mortality (Johansson et al., 2008). While
the doses of the nutraceutical tetrahydrocurcumin were not high enough in this study to cause
severe bee mortality, this compound is also known to decrease expression of enzymes in the Wnt
pathway and may control N. ceranae infection in a similar way (Lai et al., 2011).
These damaging effects of nutraceutical treatment may be ameliorated with the
combination of nutraceutical and probiotic treatments. More specifically, treating honey bees
with sulforaphane or tetrahydrocurcumin may act to reduce spores while killing gut bacteria and
leading to gut bacterial dysbiosis and reduced intestinal health (Hamdi et al., 2011). Following
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nutraceutical treatment with probiotic supplementation may help replenish beneficial gut bacteria
killed by the nutraceutical. This could help improve or restore intestinal health and reduce the
bee mortality seen with nutraceutical treatment alone.
In a similar way, treatment with certain nutraceuticals may enhance intestinal health as
well as the effects of probiotic supplementation. Both carvacrol and cinnamaldehyde treatment
have been shown to increase intestinal growth and epithelial mucin production while decreasing
adhesion and colonization of pathogenic bacteria (Jamroz et al., 2006). This may help shift the
gut microbiota towards more LAB and other beneficial bacterial species. Treatment with the
nutraceutical tetrahydrocurcumin and garlic extracts have been shown to increase production of
digestive enzymes and expression and activity of alkaline phosphatase (Nya and Austin, 2011;
Ghosh et al., 2014). Alkaline phosphatase is important for intestinal health and aids in nutrient
absorption, detoxification of bacterial LPS, tolerance of gut microbiota, prevention of pathogenic
bacterial invasion and reduction of intestinal inflammation (Di Pasquale et al., 2013). Treatment
with carvacrol, cinnamaldehyde, garlic extracts and/or tetrahydrocurcumin may therefore
increase beneficial gut bacteria populations or enhance the gut environment. These nutraceuticals
could be fed to bees following treatment with sulforaphane to help improve or restore intestinal
health and reduce bee mortality. In addition, feeding these nutraceuticals in combination with
probiotics could enhance the effects of the probiotic and allow for more effective colonization
and growth of beneficial bacteria.
The above combinations of probiotics and nutraceuticals could potentially be enhanced
further with the addition of prebiotics. Huang et al. (2005) showed that feeding chitosan
oligosaccharides as a prebiotic to chickens caused increased absorption and digestion of nutrients
and protein and improved feed efficiency. Feeding nutraceuticals that improve intestinal health
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and the gut environment in combination with probiotics could aid in colonization of the gut by
beneficial bacteria. Feeding prebiotics in addition to this will further stimulate the growth and
proliferation of gut bacteria while improving digestion and absorption. This increased digestion
and absorption may also help with absorption of nutraceuticals and may increase their
bioavailability.

4.4 Future research: administration of nutraceuticals and probiotics in the diet
Sammataro et al. (2009) found that carvacrol and thymol could only be absorbed by older
honey bee larvae and subsequently isolated if larvae were fed these compounds in a liquid
protein diet (the commercial apicultural protein mixture, MegaBee©). The authors hypothesized
that this is due to the shift in diet of older larvae to beebread and honey. The proteins in pollen
and beebread are not pre-digested and fed in the form of glandular secretions such as royal jelly.
As a result, older larvae would be more frequently exposed to plant compounds found in pollen
and these compounds are more readily absorbed and utilized. Similarly, newly-emerged and inhive bees feed primarily on beebread and honey and would also have a diet particularly rich in
proteins and lipids (Corby-Harris et al., 2014).
In-hive honey bees are the most likely to first ingest N. ceranae spores and become
infected, though infection builds up with increasing age (Smart and Sheppard, 2012). To control
N. ceranae infection effectively, then, treatment should be aimed at in-hive bees to prevent the
start of infection. As the diet of in-hive bees is rich in protein and lipids, administering
nutraceutical compounds in a liquid protein diet may help ensure that the nutraceuticals are
absorbed and utilized effectively.
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In a similar way, a number of nutraceuticals have been shown to increase lipid
metabolism, including naringenin, carvacrol and tetrahydrocurcumin (Kim et al., 2010; Lillehoj
et al., 2011; Kubota et al., 2012; Assini et al., 2013). Embelin has been shown to decrease
plasma levels of free fatty acids (Chaudhari et al., 2012). While the mechanism is unknown, it is
possible that embelin also increases fatty acid oxidation and lipid metabolism. Di Pasquale et al.
(2013) showed that consuming pollen with higher levels of lipids resulted in higher lipid
metabolism in bees and increased fat body development with a resulting increase in the
expression of genes regulated through the fat body. It is therefore possible that feeding
nutraceuticals that increase lipid metabolism in a lipid-rich diet may further enhance fat body
development and the expression of immune genes regulated through the fat body. To combine
this with the previous findings, feeding nutraceuticals in a lipid and protein-rich diet as opposed
to just sugar syrup may help increase nutraceutical absorption while also increasing fat body
development and immune function.
While this administration of nutraceuticals in a protein and lipid-rich diet may improve
absorption and immune function, the source of protein is important. Kaznowski et al. (2005)
warn about the use of pollen substitutes. The authors point out how pollen substitutes are often
made from protein sources, such as fish meal, soy, wheat, corn, egg powder, yeast extract and
powdered milk, that are indigestible to bees and often cause increased bee mortality. They are
also sterilized and have been shown to harm gut bacteria. Kaznowski et al. (2005) found that
feeding a pollen substitute containing protein from soy, wheat, corn, potato and yeast extract in
combination with probiotics increased absorption and digestibility of protein, increased weight
gain equal to that of bees fed beebread and reduced bee mortality. It could therefore be beneficial
to administer nutraceuticals in a protein and lipid-rich diet in combination with probiotics to
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increase digestibility and absorption of the protein and prevent increased bee mortality.
Whenever possible, feeding bees with pollen and/or beebread as the source of protein and lipids
is ideal.
For administration of probiotics, the concentration of sugar syrup has also been shown to
be important. Sabaté et al. (2012) and Audisio and Benítez-Ahrendts (2011) have both shown
that administering probiotics in 50% sugar syrup and even 25% sugar syrup causes growth
inhibition of probiotic bacteria. Both studies recommend administering probiotics in 12.5% sugar
syrup to prevent inhibition of bacterial growth. This study used 50% sugar syrup, which may
have caused some growth inhibition of the probiotic bacteria and resulted in lower effectiveness.

4.5 Future research: field studies
The results obtained from this study found a number of nutraceutical compounds and
probiotic formulas to be effective in controlling N. ceranae infection. As the ultimate goal of this
research is to assist beekeepers in the treatment of N. ceranae, future research should seek to test
these compounds on colonies in a more realistic setting in the field. All of the above suggestions
concerning combining nutraceuticals, prebiotics and probiotics during treatment and
administering treatments in a protein and lipid-rich diet could be applied and tested. With a field
study, parameters such as brood production, adult population, honey storage, N. ceranae
seasonality and winter colony survival could all be measured in addition to the parameters
measured in this study in the lab.
In terms of examining N. ceranae infection in a field study, many options exist. Traver et
al. (2012) argue that spore counts are not an appropriate measure of infection in field studies but
that infection prevalence is more insightful. They argue that certain stages of N. ceranae
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infection produce large amounts of immature spores but few mature spores. As only mature
spores are generally able to be counted under the microscope, they argue that spore counts are
not an accurate measure of infection intensity. They also argue that spore counts are often
inflated by particular individuals with high spore counts when many individuals may be Nosemafree. For a field study, Traver et al. (2012) suggest doing individual spore counts on a sample of
bees and then calculating the infection prevalence of the sample as the percentage of infected
bees out of the total number of bees tested. Alternatively, they suggest using quantitative PCR to
determine the exact amount of N. ceranae DNA present in a sample, taking into account both
mature spores and immature stages that would be missed by only performing spore counts. In
contrast to this, Smart and Sheppard (2012) found that there was a positive correlation between
infection prevalence and spore counts and that either may be accurate measures of infection. In a
caged experiment with inoculation, all individuals can be assumed to be infected, making
infection prevalence a relatively redundant measurement. In this case, spore counts are a better
measurement of infection intensity. Regardless though, future studies in the field should attempt
to measure both spore counts and infection prevalence.
As a side note, the food-grade mineral oil product CIVITAS© and the three prebiotic
compounds all potentially caused increased faecal bulk while stimulating faecal digestive transit
(Younes et al., 1995; Hotwagner and Iben, 2008). This was problematic as caged bees do not
defecate. It resulted in high spore counts for CIVITAS© and high bee mortality for the three
prebiotics, possibly as a result of toxin build-up in the intestine. These four compounds have
potential in the control of N. ceranae, especially the prebiotic acacia gum, but they require retesting in a field or semi-field setting where bees are able to fly and defecate.
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4.6 Future research: bacterial populations in honey bee guts
The gut bacterial population experiment in this study was very preliminary and there is
potential for this experiment to be expanded. The treatments would need to be replicated
properly in order for the results to be statistically analysed. While TSA and EMB media showed
some differences in bacterial populations between the treatments, using a wider variety of media
could help culture a larger percentage of the bacteria found in the honey bee gut. For example,
MRS media or brain-heart infusion (BHI) media could be used in addition to TSA and EMB
media to culture different species of Bifidobacterium (Disayathanoowat et al., 2012; Anderson et
al., 2013b; Engel et al., 2013). Growing bacteria under microaerophilic and anaerobic conditions
may also culture different species of bacteria that are intolerant to oxygen and could not grow
under the aerobic conditions used in this study.
While the classification of bacteria can be done by visually inspecting bacterial colonies
on plates, this gives only a general idea of the species present (often only the Phylum or Class).
Future research with bacterial plating of the honey bee gut microbiota should involve DNA
extraction from plated single colonies and species determination through sequencing of the
bacterial 16S SSU rRNA gene. In addition to culture-dependent methods, a number of cultureindependent methods could also be used to identify species that are not readily cultured
(Anderson et al., 2013b). These methods include total DNA extraction from samples (Anderson
et al., 2013b) or total RNA extraction to identify active bacteria that are producing mRNA (CoxFoster et al., 2007; Mattila et al., 2012).
More in-depth studies on honey bee gut bacteria that involve the identification of species
may help shed light on the results obtained by Cox-Foster et al. (2007). The authors found that
bee guts from collapsing colonies contained higher amounts of Gammaproteobacteria and lower
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amounts of Firmicutes and Alphaproteobacteria. It is unknown whether the increased populations
of Gammaproteobacteria were composed mainly of the Gamma 1 and 2 core gut phylotypes or if
they were composed of other, potentially pathogenic species of Gammaproteobacteria. It is also
unknown whether the possible link to colony collapse was a result of increased
Gammaproteobacteria or if it was a result of decreased Firmicutes and Alphaproteobacteria, with
the increase in Gammaproteobacteria simply being the result of less competition. Whatever the
case, further research on the honey bee gut microbiota and how it changes with N. ceranae
infection and different treatments may help elucidate possible links between colony mortality
and gut microbiota dysbiosis.

4.7 Future research: additional studies in laboratory settings
Many of the more effective nutraceuticals, prebiotics and probiotics tested in this study
have potential to be tested in further laboratory experiments. While there are many possibilities,
these could include additional dose response experiments, experiments combining one or more
of the effective compounds or gene expression experiments to examine changes in immune gene
expression with N. ceranae infection and treatment with nutraceuticals, prebiotics and probiotics.
While testing the nutraceuticals, prebiotics and probiotics from this study in further
laboratory experiments, field experiments and more in-depth bacterial plating experiments may
be worthwhile, it would also be worthwhile to screen new compounds in a laboratory setting for
their potential in controlling N. ceranae infection in A. mellifera.
There are numerous nutraceutical candidates for future research, many of which are
mentioned in sections 1.6.1 and 2.1. Like the nutraceuticals tested in this study, these other
candidates have potential in controlling N. ceranae infection as a result of their antimicrobial or
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immune-modulating properties. In addition, many nutraceuticals mentioned in sections 1.6.1 and
2.1 have potential in reducing signs of N. ceranae infection and reducing honey bee mortality as
a result of their anti-inflammatory properties.
Along with nutraceuticals, additional prebiotic compounds and commercial probiotic
mixtures could be screened for their potential in controlling N. ceranae. A number of prebiotics
are mentioned in section 1.6.2 and a number of bacterial metabolites and organic acids are
mentioned in sections 1.6.2 and 3.1. Many of these compounds have potential in controlling N.
ceranae as a result of their effects on the gut microbiota composition and the organic acids and
antimicrobial substances that they produce. They have potential to directly kill or outcompete N.
ceranae and/or to reduce signs of infection and reduce honey bee mortality as a result of their
anti-inflammatory properties and their effects on overall gut health.
Any candidate nutraceuticals, prebiotics or probiotics could be tested in a screening
experiment to identify the most effective compounds in controlling N. ceranae. These more
effective compounds could then be studied further with dose response and gene expression
experiments.

4.8 Conclusions
The Microsporidian fungus N. ceranae is a damaging parasite of the honey bee A.
mellifera. Infection with this parasite can have a number of detrimental effects, including
degeneration of the hypopharyngeal glands (Martín-Hernández et al., 2007), degeneration of the
midgut epithelium, reduced nutrient absorption and increased energetic stress (Martín-Hernández
et al., 2011), suppression of apoptosis (Higes et al., 2013a), immunosuppression (Antúnez et al.,
2009; Chaimanee et al., 2012), early onset of foraging behaviour (Goblirsch et al., 2013),
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decreased homing and orientation (Dussaubat et al., 2013; Wolf et al., 2014) and decreased
lifespan (Aufauvre et al., 2014). In addition, N. ceranae may be more virulent than N. apis (Chen
et al., 2009; Forsgren and Fries, 2010), may cause more pronounced effects on the host
compared to N. apis (Antúnez et al., 2009; Martín-Hernández et al., 2011; Ares et al., 2012) and
is possibly replacing N. apis worldwide (Martín-Hernández et al., 2007; Williams et al., 2008b),
though all of these effects are controversial.
The only registered treatment for N. ceranae is the antibiotic fumagillin, which has been
in use for over 60 years (Katznelson and Jamieson, 1952). While it has been shown to be
effective (Tibor and Heikel, 1987; Webster, 1994; Williams et al., 2008a; Botías et al., 2013a),
fumagillin can leave toxic residues in honey and other hive products (Higes et al., 2011). In
addition, a recent study by Huang et al. (2013) has shown that low levels of fumagillin that
would be found in the hive a few months after treatment can lead to the selection for hyperproliferative strains of N. ceranae. The potential risk of contaminating honey and hive products
and the development of resistance make it clear that there is a need for safer, natural treatments
for N. ceranae infection.
The goal of this study was to test a number of nutraceutical compounds, prebiotics and
probiotics for their potential in controlling N. ceranae infection in A. mellifera. A number of
nutraceuticals were found to be effective, including sulforaphane from broccoli and cruciferous
vegetables, the citrus flavonone naringenin and carvacrol, the main active component in oregano
oil. In particular, sulforaphane was found to completely eliminate N. ceranae spores but resulted
in high bee mortality. In contrast, naringenin treatment resulted in high spore reduction and low
bee mortality.
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In addition to the nutraceuticals, the prebiotic acacia gum and the commercial probiotics
Vetafarm Probotic© and Protexin Concentrate© single-strain showed promise in controlling N.
ceranae infection. In particular, acacia gum treatment resulted in high spore reduction but was
also found to cause high bee mortality. In contrast, Protexin Concentrate© single-strain treatment
was able to reduce N. ceranae spore counts and increase honey bee survival above that of the
uninfected, Nosema-free control bees.
As a result of their high toxicity, sulforaphane and acacia gum require additional research
before they can be considered as candidates for the control of N. ceranae. Naringenin and
Protexin Concentrate© single-strain, however, are safe for future experiments in honey bee hives.
Based on the results from this study, an intermediate dose for naringenin would be optimal for
further testing while higher doses of Protexin Concentrate© single-strain may be optimal. In
addition, the effectiveness of these compounds may be increased by combining nutraceutical and
probiotic treatments and administering them in a protein and lipid-rich diet to increase absorption
and bioavailability.
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SUPPLEMENTARY MATERIAL
S2.1 Studies used to determine the dose for fumagillin and each nutraceutical
compound. A number of studies were examined for each compound (when possible)
and one dose was selected for each compound (generally the average or the most
common dose used). When needed, the appropriate dose was calculated for a honey bee
using an average body weight of 100 mg per bee.
Treatment

Studies used to determine dose

Fumagillin

Katznelson and Jamieson, 1952; Tibor and Heikel, 1987; Webster,
1994; Williams et al., 2008a; Higes et al., 2011; Botías et al., 2013a;
Huang et al., 2013

Sulforaphane

Johansson et al., 2008; Yanaka et al., 2013; Shen et al., 2014; Wang
et al., 2014

Carvacrol

Jamroz et al., 2006; Gashout and Guzmán-Novoa, 2009; Kim et al.,
2010; Lillehoj et al., 2011; Cho et al., 2012; Giannenas et al., 2012;
Verlinden et al., 2013

Naringenin

Amaro et al., 2009; Jayaraman et al., 2012; Assini et al., 2013

Tetrahydrocurcumin

Okada et al., 2001; Devi et al., 2010; Okazaki et al., 2010; Bie et al.,
2011; Lai et al., 2011; Lee et al., 2011; Nakmareong et al., 2011;
Xiang et al., 2011; Kubota et al., 2012; Motawi et al., 2012; Ghosh et
al., 2014

Thymol

Ebert et al., 2007; Maistrello et al., 2008; Gashout and GuzmánNovoa, 2009; Costa et al., 2010; Giannenas et al., 2012; Verlinden et
al., 2013

Oregano oil

Ebert et al., 2007; Gashout and Guzmán-Novoa, 2009; Tsinas et al.,
2011

Embelin

Kumar et al., 2011; Chaudhari et al., 2012

Allyl sulfide

Devi et al., 2010; Lee et al., 2012; Kim et al., 2013

Chitosan

Huang et al., 2005, 2007a; Li et al., 2010

Poly I:C

Li et al., 2012b; Parvizi et al., 2012a, 2012b; St. Paul et al., 2012

Hydroxytyrosol

Schaffer et al., 2007; Rodríguez-Gutiérrez et al., 2012

trans-cinnamaldehyde

Jamroz et al., 2006; Qin et al., 2009; Kim et al., 2010; Lillehoj et al.,
2011; Kollanoor-Johny et al., 2012; Yan and Kim, 2012; Verlinden et
al., 2013
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Hotwagner and Iben, 2008
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S3.1 Studies used to determine the dose for each prebiotic
compound. A number of studies were examined for each
compound when possible and one dose was selected for each
compound (generally the average or the most common dose
used). When needed, the appropriate dose was calculated for a
honey bee using an average body weight of 100 mg per bee.
Treatment

Studies used to determine dose

Acacia gum

Younes et al., 1995; Nishi et al., 2007;
Ballal et al., 2011; Pupe et al., 2011; Ali
et al., 2013

Inulin

Buddington et al., 2002; Hansen et al.,
2013

Fructooligosaccharides

Younes et al., 1995; Buddington et al.,
2002; Hansen et al., 2013
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