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ABSTRACT
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Advisor: Professor Ernesto Guzman,

Originally described from the Asian honey bee, Apis cerana, the microsporidian
Nosema ceranae is an obligate, intracellular parasite that has recently been discovered
infecting the western honey bee, Apis mellifera. More research on the biology of N.
ceranae as well as on the impact it may have on A. mellifera is greatly needed. However,
conducting studies on N. ceranae is not only dependent on seasonal availability of
Nosema spores, but also on reliable methods for determining spore viability. This study
presents the results of using cryogenics to provide long term storage of viable N. ceranae
spores and a differential staining procedure that details how to use bright field
microscopy with the fluorescent viability dye, propidium iodide (PI), and the fluorescent
stain, 4', 6-diamidino-2-phenylindole (DAPI) to differentiate viable and nonviable spores.
Using these methods, it was found that freezing N. ceranae at -70 °C in 10% glycerol
yielded the lowest mean rate of spore mortality after thawing (24.2% ± 2.2).
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1. INTRODUCTION
Microsporidia are spore-forming unicellular parasites of humans and nearly all
animal phyla (Vossbrinck et al., 2004). Microsporidia are highly specialized parasitic
fungi that lack mitochondria and other organelles (Lee et al., 2008a). This requires them
to be obligate parasites of intracellular environments. Microsporidia infect their hosts
using a specialized spore structure, the polar tube (Xu and Weiss, 2005). Known
microsporidian parasites found in honey bees rarely kill their host, but cause the disease
known as nosemosis (Paxton, 2010). Common worldwide, nosemosis is considered to be
a serious disease of all three castes of adult honey bees (Chen et al., 2009), and the
primary method of controlling it is by treating honey bee colonies with the antibiotic
fumagillin dicycloexylammonium (also known as fumagillin). There are two species of
microsporidia that cause nosemosis in the western honey bee, Nosema apis and Nosema
ceranae. However, prior to 2006, N. apis was believed to be the only microsporidia that
caused nosemosis in western honey bees (Martín-Hernández et al., 2009), while N.
ceranae was thought to be exclusive to the Asian honey bee, Apis cerana (Klee et al.,
2007).
Within the past ten years the presence of N. ceranae has been confirmed in North
American honey bees and it appears to be replacing N. apis (Klee et al., 2007). First
identified in its original Asian honey bee host (Fries et al., 1996), N. ceranae has also
been identified in the giant honey bee, Apis dorsata, the dwarf honey bee, Apis florea
(Chaimanee et al., 2010), and in three species of bumblebees in Argentina (Plischuk et
al., 2009), which suggests that N. ceranae is capable of parasitizing a variety of bee hosts.
Cross-infectivity studies have revealed that N. apis is capable of infecting A. cerana but
does not develop as well as it does in A. mellifera (Fries and Feng, 1995). N. ceranae is
thought to be more pathogenic to western honey bees than its congener, N. apis, by some
authors (Higes et al., 2007; Paxton et al., 2007; Higes et al., 2008a), but not by others
(Fries, 2010; Forsgren and Fries, 2010).
The story of N. ceranae as an emergent, invasive and highly virulent parasite of A.
mellifera is not without controversy. Several authors claim that N. ceranae is the primary
1

cause of Colony Collapse Disorder (CCD), a conclusion reached only by researchers
studying collapsing honey bee colonies in Spain (Martín-Hernández et al., 2007; Higes et
al., 2008a; Higes et al., 2009a). Other studies however, failed to correlate N. ceranae
infections to sudden colony collapses in other locations such as the USA (Cox-Foster et
al., 2007), Uruguay (Invernizzi et al., 2009) and Canada (Currie et al., 2010).
Often found in strong, and apparently healthy honey bee colonies (Oldroyd,
2007), N. ceranae has been found to affect the foraging behaviour of honey bees, by
impairing forager orientation skills and lowering the frequency of successful forager
returns to the colony (Kralj and Fuchs, 2010). It has also been found that N. ceranae
significantly decreases food-sharing between workers (Naug and Gibbs, 2009).
Moreover, N. ceranae infections have been shown to suppress the response of some
immune-related genes of honey bees, an effect not observed following a N. apis infection
(Antúnez et al., 2009). The main source(s) of N. ceranae spores and the effect of time on
spore viability within the hive environment remain unknown (Fries, 2010), and
epidemiological data are scarce (Higes et al., 2008b). Heating hive equipment and tools at
60 °C for 15 minutes, or sterilizing honey comb at 49°C for 24 hours is recommended for
killing N. apis spores (Cantwell and Shimanuki, 1970). Two separate studies have
revealed that N. ceranae spores have a high thermotolerance at 60 °C (Fenoy et al., 2009)
but experience significant mortality after freezing at -18 °C, unlike N. apis (Fries and
Forsgren, 2009, as cited by Fries, 2010). There are more questions than answers when it
comes to addressing the impact N. ceranae has on the western honey bee, particularly
when the impacts deviate from those observed in honey bees infected with N. apis.
Much of the current lack of knowledge about N. ceranae is due to the fact that
viable spores for experimentation are available only during limited periods of the year,
and because no reliable technology exists to preserve its spores. Therefore, a means of
preserving viable N. ceranae spores in the laboratory would be of significant value to the
scientific community, providing a consistent and reliable source of spores for year-round
experimentations on disease management, epidemiology, viability and virulence, to name
a few. To date, only one in vitro culturing method has been assayed for the potential
2

propagation of N. ceranae and N. apis spores. This method requires the use of
lepidopteran cell lines and remains experimental (Gisder et al., 2011). The use of
cultures, however, is time consuming and expensive, and has an increased risk of
specimen contamination (Jensen et al., 2009). A constant source of live, infected bees in
cages is the primary means of acquiring fresh N. ceranae spores for in vivo studies, but
this method is high-maintenance and often results in non-uniform dosages due to bee-tobee spore transmission within each cage (Malone et al., 2001).
Very few studies have been conducted on the pathogenicity and virulence of N.
ceranae and their results have been inconsistent. Some studies have shown that caged
bees experimentally inoculated with N. ceranae spores suffer decreased longevity
(Paxton et al., 2007), and die by day eight post-infection (Higes et al., 2007), something
not observed in recent experiments conducted by P. Valizadeh at the University of
Guelph (personal communication). In another study, it was shown that the mortality of
bees caused by N. ceranae infections was not significantly greater than that caused by N.
apis infections (Forsgren and Fries, 2010). This disparity of results between studies may
be due to differing virulence between strains of N. ceranae (Huang et al., 2008; Williams
et al., 2008b; Traver and Fell, 2011) or to differences in experimental methods. A more
refined, straightforward and honey bee-free method of keeping a constant supply of
viable N. ceranae spores is required to facilitate studies to clarify the current controversy
surrounding N. ceranae virulence and pathogenicity, as well as to learn more about this
apparently “new” parasite of the western honey bee. This study attempted to provide such
a procedure, using cryopreservation technology. Another requirement to facilitate studies
and advance our knowledge on Nosema spp. affecting honey bees, is to have a honey beefree method of testing whether Nosema spores from experimental samples remain viable
or are rendered non-infective. Presented in this study is a differential staining procedure
that details how to use the fluorescent viability dye, propidium iodide (PI) simultaneously
with the fluorescent stain, 4', 6-diamidino-2-phenylindole (DAPI), to calculate spore
mortality rates in N. ceranae samples.
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2. LITERATURE REVIEW
2.1. The Class Microsporidia
2.1.1. Introduction
Microsporidia are obligate, intracellular parasites with an extensive range of
invertebrate and vertebrate hosts. Microsporidia have been long-known by the scientific
community. The first microsporidian was identified in 1857 by Nagëli who described
Nosema bombycis as the causative agent of pébrine disease in silkworms that nearly
caused the collapse of the European silk industry in the mid-19th century (Franzen, 2004).
Since then, microsporidia have caused significant losses in economically important honey
bee (Becnel and Andreadis, 1999) and fishery (Shaw and Kent, 1999) industries. The first
reported case of microsporidiosis in mammals was discovered in rabbits in 1922 (Wright
and Craighead, 1922, cited by Didier et al., 2000) and evidence of microsporidia as major
opportunistic parasites of immunocompromised humans was published in 1959 (Dider et
al., 2000). Microsporidia have been acknowledged as important pathogens of humans
with AIDS, and have gained considerable attention by the medical industry (Mathis,
2000).
The word “microsporidia” is a common, nontaxonomic term, used to describe
organisms in the phylum Microspora. There are nearly 1,200 species of microsporidia
classified into over 144 genera (Bigliardi and Sacchi, 2001). Current phylogenetic
groupings based on habitat and ssrDNA analysis distinguish microsporidia into three
classes: Aquasporidia, Marinosporidia and Terresporidia. Although this division into
three classes does not represent a final classification, it does make evolutionary
relationships more evident (Vossbrinck and Debrunner-Vossbrinck, 2005b). As their
names suggest, Aquasporidia are microsporidia found in freshwater hosts, Marinosporidia
are those with marine hosts and Terresporidia are found in terrestrial hosts. These three
classes are subdivided into five different clades: Aquasporidia into clades I, II and V,
Marinosporidia into clade III; and Terresporidia into clade IV.
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2.1.2. Phylogeny
Although microsporidia are considered eukaryotes, it is believed that they
originatedas prokaryotes based on their morphology which exhibits characteristics of
both potential ancestors. Microsporidia possess atypical ribosomes (70S), ribosomal
subunits (30S and 50S), and rRNAs (16S and 23S) that are all prokaryotic in size, and
can encode the genes for these subunits in the absence of the 5.3S subunit that is typically
found in eukaryotes (Vossbrinck et al., 1987). Microsporidia are devoid of mitochondria,
centrioles, peroxisomes and a classical stacked Golgi apparatus, but possess a typical
eukaryotic nucleus, an endomembrane system, and cytoskeleton (Mathis, 2000), giving
them a simple and highly reduced design.
Molecular phylogenetics has confirmed microsporidia to be true eukaryotes that
have a dramatically reduced genome (Mathis, 2000). The traits of closed mitosis and
infective spores that contain chitin and trehalose that are shared between microsporidia
and certain fungi strongly suggest a fungal origin (Cavalier-Smith, 2001). Because of
their genomic similarity to the basal phylum of fungi, microsporida are now considered to
be true fungi (Dyer, 2008) and believed to share a common ancestor with zygomycete
fungi (Lee et al., 2008b).
2.1.3. Morphology
All microsporidia are obligate intracellular parasites, active only when inside the
host cells (Franzen and Müller, 1999). They exist primarily as unicellular, infectious and
environmentally resistant spores (Bigliardi and Sacchi, 2001), that characteristically
explode to extrude a polar filament that injects infective spore contents into the cytoplasm
of the host cell (James et al., 2006) (Figure 2.1).
The morphology of microsporidian spores is highly varied among species, with
differences in the number of nuclei, overall spore sizes (between 1 and 10 µm) and shape,
and thickness of exospore and endospore walls with structural variances even within
species (Dunn and Smith, 2001).

5

Figure 2.1. Scheme depicting the general morphology of a unicellular microsporidian
spore. A defining characteristic of microsporidia is the extrusion apparatus which
contains the polar tube, a structure that can be coiled inside the spore between 4 - 30
times, depending on the species. 1

The spore has a dense coat that is composed of three layers: i) an electron-dense,
proteinaceous outer wall called the exospore; ii) a thinner, chitinous inner layer called the
endospore and iii) a plasma membrane that encloses the spore’s nucleus (or nuclei), a
posterior vacuole, the extrusion apparatus and other inner contents and organelles
(Franzen and Müller, 1999). The spore wall is a basic and integral part of the spore’s
1

Figure reprinted from Trends in Parasitology, 20, Caspar Franzen, Microsporidia: how can they invade
other cells? 275-279, Copyright (2004), with permission from Elsevier.
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infective apparatus: it protects the spore from adverse environmental conditions but must
also allow an increase in the osmotic pressure required for germination (Frixione et al.,
1997). The process of germination involves the swelling of the posterior vacuole which
causes the spore wall to rupture at the thinner, anterior end, thus allowing release of the
extrusion apparatus that consists of a coiled polar tube and its anchoring disc (Keeling
and Slamovits, 2004). When inside a suitable host, the spore’s polar filament penetrates
the host’s cell where it injects infective sporoplasm.
2.1.4. Transmission
There are two strategies for spore dispersal within the host environment that occur
in diverse branches of the Microspora: horizontal and vertical transmission routes.
Horizontal transmission involves a high parasite burden on related or unrelated hosts of
the same or different species and generation (Dunn and Smith, 2001), but spores are
never passed between parent and offspring hosts. Horizontal transmission almost always
involves ingestion of spores by the host, where they infect the gut epithelium, and
possibly other host tissues (De Graaf et al., 1994b). Vertical transmission occurs within a
host lineage, where spores are spread directly from generation to generation and is often
characterized by low virulence (Dunn and Smith, 2001), and typically passed to offspring
transovarially. Horizontal transmission is said to be more common in microsporidia,
although vertical transmission is harder to detect and may be under-reported (Dunn and
Smith, 2001).
2.1.5. Life cycle
There are two distinct phases in the life cycle of microsporidia: a proliferative
stage (merogony) and a sporogonic phase (sporogony) (Bigliardi and Sacchi, 2001).
Merogony occurs after the sporoplasm has been injected inside the host cell, where
meronts develop. Meronts are irregularly shaped, simple structures that are either
monokaryotic (one-nucleus) or diplokaryotic (two-nuclei) and are surrounded by a
plasma membrane (Franzen and Müller, 1999). During merogony, the meronts essentially
exploit the host cell for nutrients (Canning, 1998, cited by Dunn and Smith, 2001) as they
undergo repeated divisions by binary or multiple fissions within the host cell (Franzen
7

and Müller, 1999). As replication completes, the meronts develop a dense surface coat,
which later turns into the exospore layer of a spore wall (Franzen and Müller, 1999). The
development of this dense surface coat is what changes a meront into a monokaryotic or
diplokaryotic sporont, where sporonts continue to multiply by binary or multiple fission
and turn into sporoblasts (Franzen and Müller, 1999). The sporoblasts eventually
synthesize their own organelles and develop into mature spores that are able to survive in
extracellular environments (Dunn and Smith, 2001).
2.1.6. Challenges for studying microsporidia
The fundamentals of microsporidian biochemistry and genomics are complicated
to decipher because they are obligate parasites which makes their biochemical and
microbiological capacities difficult to decode, as some biochemical functions may be
derived from their host. Scientists also struggle to find the proper extracellular medium
for the in vitro growth of microsporidian spores (Méténier and Vivarès, 2001). Another
challenge with microsporidia is the diversity in the size of their genome. It was once
thought that the microsporidian genome is small because they are primitive, simple
eukaryotes. The current understanding is that their genome has been significantly
reduced, either by lowering the number of genes encoded or by packing them into a
smaller space (Keeling and Slamovits, 2004). Compared to other known eukaryotic
genomes, microsporidian genomes are among the most rapidly evolving at the sequence
level, as well as being among the most reduced genomes known to science, ranging from
2.3 Mbp to 19.5Mbp (Keeling and Fast, 2002).
Weiss (2001) strongly recommended the use of rRNA sequences when describing
new microsporidia, and Vossbrinck and Debrunner- Vossbrinck (2005a) stated that the
small sub-unit rRNA gene (SSUrRNA) should be used when describing basic
associations among the microsporidia. Additionally, the RNA polymerase II gene has
been exceptionally useful when analyzing relationships at the genus and species level
(Vossbrinck and Debrunner- Vossbrinck, 2005a). More research about the cytology of
microsporidia (Vossbrinck and Debrunner-Vossbrinck, 2005b), the plasticity of
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microsporidian genomes (Slamovits et al., 2004), and microsporidian metabolism
(Keeling and Slamovits, 2004) is needed by the scientific community.
2.1.7. Diagnostic methods
There is a variety of ways to diagnose microsporidiosis and/or to research further
into effective treatments for disease control. The method used depends on the scope of
the analysis, whether it be for visualization of microsporidia to confirm an infection or
species identification, or to determine the efficacy of a potential treatment. The following
is a brief, but not exhaustive, overview of some of the methods available.
2.1.7.1. Microscopic examination
Transmission electron microscopy (TEM) is the standard method of identifying
and confirming microsporidian species, particularly in laboratories where molecularbased techniques are unavailable. This technique, however, has several disadvantages due
to time-consuming sample preparation and examination, in addition to low reliability to
differentiate between microsporidian species that have similar ultrastructural features
(Franzen and Müller, 2001).
Bright field microscopy and a variety of staining methods are useful for
histological and cytological examinations, but that does not provide reliable species or
genus differentiation. Giemsa staining, chemofluorescent stains, Ryan-Blue modified
trichome stains and several other stains are widely used for the detection of human and
non-human microsporidia in a sample. These staining procedures are advantageous due to
their rapidly executed procedures, high sensitivity and simplicity (Franzen and Müller,
2001).
2.1.7.2. Cell culturing and animal models
Several microsporidia (particularly those infecting humans) have successfully
been cultured in mammalian cell lines as a means of improving the understanding of
biological interactions and life cycles of the microsporidia. Long term culturing,
however, is difficult and labour-intensive (Franzen and Müller, 2001). Laboratory
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animals that possess specific characteristics for medical and/or scientific research are
highly useful for analyzing possible therapeutic strategies, developing antibodies,
assessing immune responses and decoding spore transmission routes. Both cell culturing
and animal models, however, are highly time consuming, and labour intensive, and
require ideal laboratory settings.
2.1.7.3. Serological testing
Serological testing methods include carbon immunoassay, indirect
immunofluorescent-antibody testing, enzyme linked immunosorbent assay,
counterimmunoelectrophoresis, and Western blotting. They are beneficial for detecting
IgG and IgM antibodies effective against microsporidia (Franzen and Müller, 2001).
These tests, however, are highly sensitive and specific to one type of microsporidian at a
time.
2.1.7.4. Molecular-based testing
Molecular techniques are essential for species identification, phylogenetic
analysis and taxonomic classification of microsporidia. Methods of detection using gene
sequences amplified with PCR are highly successful at differentiating between species of
microsporidia, and generally require a lower spore sample size for detection and analysis
(Garcia, 2002). Molecular techniques, however, require a higher level of technical
expertise and require expensive laboratory equipment and reagents.
2.2. The Genus Nosema
2.2.1. Introduction
There are nearly 1,200 recognized species of microsporidia classified into over
144 genera (Bigliardi and Sacchi, 2001), with more than 150 of these species being
members of the genus Nosema. Nosema species are found in at least 12 orders of insects
(Sokolova et al., 2003), particularly Lepidoptera, Hymenoptera, Coleoptera and Diptera
(Baker et al., 1994). According to the recent phylogenetic classification proposed by
Vossbrinck and Debrunner-Vossbrinck (2005), the genus Nosema has been assigned to
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the class Terresporidia, clade IV. Currently, Nosema is considered to be the most
specious genus of the phylum Microspora (Sprague, 1978) as it is found in both aquatic
and terrestrial invertebrate and vertebrate hosts, including several species found in
humans (Cali et al., 1996).
Depending on the host, Nosema infections can have opposing economic
implications: for example, Nosema ceranae is a detrimental pathogen of the economically
beneficial honey bee, whereas Nosema pyrausta is used as a microbial pesticide against
the economically damaging European corn borer. N. pyrausta is a classic example of a
biological control agent for agricultural pests. This pathogen affects the basic biology of
its host, the European corn borer, at a sub-lethal level (Lange et al., 2000), and its
presence as a beneficial pathogen has been documented and studied by investigators for
more than 80 years (Lewis et al., 2009). Currently, the use of Nosema as a microbial
pesticide is understudied and limited (Goertz and Hoch, 2008). There is, however, still
potential for certain Nosema species to be released as inoculants against insect pests
(Goertz and Hoch, 2008). Factors such as horizontal and vertical pathogen transmission
and abiotic and biotic influences on the fitness of an infected host are considered when
studying Nosema pathogenicity.
2.2.2. Taxonomy
Nucleic acid sequence data have led researchers to conclude that the genus
Nosema is a heterogeneous grouping of unrelated genera that all have the diplokaryotic
(two nuclei) characteristic. Baker et al. (1994) concluded that the genus Nosema is a
polyphyletic collection of microsporidia that have evolved a diplokaryotic life cycle more
than once. Comparison among the rDNA genes of Nosema species reveals that this genus
consists of several unrelated groups (Baker et al., 1994). Relatedness between Nosema
species and other microsporidia is currently analyzed using rDNA sequences, although
host specialization is still a prominent means of indicating relations (Sokolova et al.,
2003). An example of the concurrent use of rDNA sequences and host specificity is when
intergeneric comparisons are made between lepidopteran Nosema species and species of
the microsporidian genus, Vairimorpha, another microsporidian found in Lepidoptera
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(Baker et al., 1994). Even with a significant discrepancy in morphological structures (i.e.
members of Vairimorpha produce monokaryotic spores), close relation between
Vairimorpha and Nosema species has been found. It becomes evident that relating
Nosema species strictly based on the characteristic of being diplokaryotic throughout
their life cycle is insufficient, and that rDNA sequences are currently the most reliable
means of understanding and categorizing microsporidia.
2.2.3. Morphology
The common features of all microsporidia in the genus Nosema are: being
diplokaryotic (two nuclei) throughout the entire life cycle (Sokolova et al., 2003);
possessing a prominent posterior vacuole (Canning and Vavra, 2001); and remaining in
direct contact with the host cell cytoplasm. The number of polar-tube coils found inside
Nosema spores varies and provides a taxonomic basis for differentiating between species
(Burges et al., 1974).
2.2.4. Epidemiology
Nosema spores persist in host populations, either via horizontal transmission (e.g.
through contaminated food and water or contact with dead conspecifics) or by vertical
transmission (transovarial, transovum or venereal transmission) (Becnel and Andreadis,
1999). Vertical transmission is the most common pathway of infection for the majority of
invertebrate hosts (Andreadis, 1999; Dunn and Smith, 2001; Solter, 2006), with some
exceptions such as Nosema apis and Nosema ceranae in Apis hosts. The thick wall of the
Nosema spore is integral for maintaining spore infectivity as it protects against
environmental factors (such as desiccation or freezing), particularly for terrestrial
microsporidia occurring in temperate climates. Several microsporidian pathogens must be
able to overwinter in the habitat of their host in order to persist in the population of their
hosts, with some species remaining infective outside of their internal host environment
for over a year (Maddox, 2002).
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2.2.5. Host range and plasticity
The majority of all entomopathogenic microsporidia are of the genus Nosema, and
more than half of the susceptible hosts occur in the Lepidoptera and Diptera orders
(Huang et al., 2004). Recent field and experimental findings have acknowledged that
Nosema species (particularly those found in lepidopteran hosts) have a relatively large
host range, without much host specificity (Ke et al., 1990). Moreover, certain species of
Nosema have been observed cross-infecting different insect hosts. For instance, Nosema
epilachnae, a parasite of Coleoptera, has been successfully inoculated into several
lepidopteran species (Baker et al., 1994). Another example is the honey bee and bumble
bee pathogen Nosema ceranae. First identified in Apis cerana in 1994 in China (Fries et
al., 1996), N. ceranae has also been identified in several other species of Apis. Moreover,
it has been discovered infecting three species of bumblebees in Argentina (Plischuk et al.,
2009), suggesting that N. ceranae has recently jumped hosts (Higes et al., 2008a). It is
also postulated by Sokolova et al., (2003) that certain members of Nosema groups have
evolved into generalist parasites, enabling them to change between hosts when needed.
2.2.6. Nosema spp. and strains
There can be multiple rRNA variants of a single Nosema species parasitizing an
individual host. For example, there are three explanations for the sequence
polymorphisms observed in the bumble bee microsporidian, Nosema bombi: i) individual
bees could be infected with several “strains” of N. bombi; ii) differing copies of the rRNA
gene could exist in a single “strain” of N. bombi; and iii) an error could exist in the
interpretation of the sequence depending on which type of DNA polymerase is used in
the PCR amplification (O’Mahony et al., 2007). The need to distinguish between intrastrain and inter-strain genetic variants is ultimately required if scientists wish to
genetically characterize variants and different haplotypes of microsporidia (O’Mahony et
al., 2007).
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2.3. The Biology of Nosema apis and Nosema ceranae
2.3.1. Introduction
Nosema disease, or nosemosis, is a serious, globally distributed disease of adult
honey bees that is caused by two species of microsporidia, Nosema apis and Nosema
ceranae. Nosema disease caused by N. ceranae has been associated with colony collapse
disorder in some parts of the world, (Fries et al., 2006, Higes et al. 2008a; Higes et al.,
2009a, Martin Hernandez et al., 2007; Paxton, 2010), but not in others (Fries et al., 2010;
Guzmán-Novoa et al. 2010; Invernizzia et al., 2009). Since its discovery by Zander in
1909, large amounts of information and data have accumulated regarding the original
microsporidian, N. apis, and its effects on A. mellifera. However, over the last decade or
so, N. ceranae has been discovered as a newly emergent, potentially virulent pathogen of
A. mellifera that has posed several challenges and has puzzled researchers with
inconsistent and controversial results.
2.3.2. History of discovery and distribution
For the past century, N. apis was the only known agent to cause nosemosis in A.
mellifera until 2005, when N. ceranae was first identified in samples from Taiwan
(Huang et al., 2007). Other A. mellifera samples were screened using SSUrRNA gene
sequences, and N. ceranae was also found in host samples from the Eastern USA
collected in 2004 (Klee et al., 2007), in 2005 from Europe (Higes et al., 2006), and in
samples from Canada dating as far back as 1994 (Currie et al., 2010). First identified in
Beijing, China, in A. cerana in 1994 (Fries et al., 1996), N. ceranae has also been
identified in A. florea and A. dorsata (Chaimanee et al., 2010) and in three species of
bumblebees in Argentina (Plischuk et al., 2009). Cross-infectivity studies have revealed
that N. apis is capable of infecting A. cerana but does not develop as well as it does in A.
mellifera (Fries and Feng, 1995). Conversely, the development of N. ceranae infections
in A. mellifera was better than that of N. apis in A. ceranae (Fries, 1997). Crossinfectivity between honey bee hosts is not surprising, seeing how the exploitation of
multiple hosts is a common trait expressed by many species of microsporidia (Fries,
2010).
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It is unknown exactly when and where early N. ceranae infections in A. mellifera
began (Fries, 2010), but they were likely unnoticed for a while due to the fact that
microsporidia are microscopic in size and infections rarely cause death (Paxton, 2010).
Paxton et al. (2007) claim that N. ceranae has been present in European A. mellifera since
at least 1998, and Chen et al. (2008) have discovered it in samples from the USA dating
back to 1995. More recently, Guzman-Novoa et al. (2011), found the parasite in
Africanized honey bees sampled in 2004 in Mexico. This indicates that N. ceranae was
transferred from A. cerana to A. mellifera earlier than previously thought; and
experimental descriptions of nosema disease in A. mellifera since 1995 could have
involved N. ceranae without researchers being aware of its presence. Consequently, these
two microsporidia species have co-existed as parallel pathogens of A. mellifera for nearly
two decades (Fries et al., 2006).
Several researchers have stated that N. ceranae may be replacing N. apis as the
prominent microsporidian parasite of A. mellifera, (Klee et al., 2007; Paxton et al., 2007;
Invernizzi et al., 2009), but more evidence has yet to be generated to support this claim.
The lack of consistent results from studies on N. ceranae across the globe might be
explained by the considerable amount of variation in environmental conditions and how
the two species of microsporidia might persist differently in separate regions. Forsgren
and Fries (2010) found that N. ceranae does not differ in virulence with N. apis in
individually infected honey bees, and proposed that the observed increased virulence of
N. ceranae infections in other studies may be due to regional and seasonal circumstances.
There is an apparent difference between the seasonality of N. ceranae and N. apis, where
the typical N. apis course of infection occurs rapidly in early spring (Martín-Hernandez et
al., 2007), while N. ceranae typically peaks in late spring and early summer (Gisder et al.,
2010; Traver and Fell, 2011; Traver et al., 2012). Seasonal patterns of nosema disease,
however, are mostly based on temperate climatic conditions that restrict honey bee flight
for extended amounts of time. For instance, Fries and Raina (2003) found no seasonal
pattern in N. apis infections in colonies that were able to fly year round in tropical or
subtropical climates. There was a complete lack of seasonality for N. ceranae infections
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in Spain (Martín-Hernández et al., 2007), which suggests a significant difference in the
expected epidemiological patterns caused by this newly emerged pathogen (Fries, 2010).
2.3.3. Phylogeny and genetics
The exact origin and the date of spread of N. ceranae is unclear due to the lack of
historical samples and appropriate genetic markers, although it is generally assumed that
the Asiatic bee A. cerana, not A. mellifera, is the original host of N. ceranae (Paxton,
2010). Analysis performed on the 16S small sub-unit rRNA gene (SSUrRNA) of N.
ceranae has presented some conflicting results when the attempt was made to interpret
relatedness between microsporidia infecting bees. The most current analysis suggests that
an ancestral N. bombi switched from a bumblebee host lineage to A. cerana (Shafer et al.,
2009), and analysis of the SSUrRNA gene shows N. ceranae to be more closely related to
Nosema vespula, a parasite of wasps, than it is to N. apis (Chen et al., 2009).
Building phylogenies using sequence similarities is not as straightforward for
microsporidia as it is for other eukaryotes because of the common microsporidian feature
of possessing multiple, non-homologous copies of rRNA (O’Mahony et al., 2007). This
makes comparing homologues between isolates obsolete, and emphasizes the need for
single-locus polymorphic markers for identifying microsporidian species and strains
(O’Mahony et al., 2007). These polymorphic genetic markers also allow for the detection
of intraspecific variants, haplotypes or strains of N. ceranae, which may or may not be
valid when using rRNA for detecting haplotypes (Paxton, 2010). Tay et al. (2005)
observed variance in virulence between known haplotypes of N. bombi, while for N.
ceranae, although different haplotypes do exist (Williams et al., 2008b), any
corresponding differences in virulence remains unknown. The difference between N.
ceranae haplotypes is discerned using SSUrRNA sequences, where the North American
haplotype shares more similarities with those reported from Austria, and differs from
those observed in China (Fries et al., 1996) and Spain (Higes et al., 2006). This incidence
of many polymorphisms may prove to be a challenge when trying to relate haplotypes
with pathogenicity and virulence.
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2.3.4. Morphology
The use of light microscopy does not provide a reliable means of discriminating
between spores of N. apis and N. ceranae (Giersch et al., 2009). Spores of both species
appear similar in shape and size, although N. ceranae spores have been reported to be
more curved (or rod-shaped) and inconsistent in shape, and slightly smaller than those of
N. apis (Fries et al., 1996). Although there is an overlap in size between the largest N.
ceranae spores and the smallest N. apis spores, the average size of N. apis spores is
approximately 1 µm larger than N. ceranae spores (Fries et al., 2006). There is, however,
variation in size and form between individual spores of the same species, particularly
when spores are undergoing developmental maturity (Olsen et al., 1986). For instance,
N. ceranae spores isolated from A. cerana can range between lengths of 3.3 - 5.5 µm with
a width of 2.3 - 3.0 µm (Fries et al., 1996). In contrast, N. ceranae spores isolated from A.
mellifera range between 3.9 - 5.3 µm in length and 2.0 - 2.5 µm in width (Chen et al.,
2009). There is also ultrastructural variation between species: N. apis spores have 30 44 polar filament coils (Fries, 1989) while N. ceranae spores characteristically have 20 23 (Fries et al., 1996) or 18 - 21 (Chen et al., 2009).
N. ceranae has all of the ultrastructural characteristics of the genus Nosema. The
exospore has an electron-dense coat ranging in thickness of 48 – 52 nm and the
endospore has a lucent layer (Chen et al., 2009). N. ceranae has diplokaryotic nuclei
throughout all its developmental stages of merogony, sporogony, and in mature
sporoblasts (Chen et al., 2009). All stages of spores can be found within the host’s
epithelial cells of the midgut, and electron microscopy has enabled researchers to
distinguish each stage by appearance. Meronts have paired nuclei closely arranged and
encompassed by a plasma membrane that is in direct contact with the host cytoplasm;
sporonts are long and oval in shape, with a dense cytoplasm and no distinguishable
internal structures; sporoblasts generally have a defined cell wall, mostly comprised of
chitin (Liu, 1975), contain two nuclei and are generally smaller than sporonts (Chen et
al., 2009). The anchoring disc and polaroplast (which swells in the process of spore
germination) is located at the anterior pole of the spore. Two nuclei are located in the
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central region of the spore surrounded by polar filament coils in two rows. A vacuole at
the posterior end remains mostly inconspicuous unless the spore extrudes its polar tube,
whereby it becomes very prominent and swollen inside the spore (Chen et al., 2009).
Once extruded, also known as germination, the polar tube delivers infective sporoplasm
into the epithelial cells of the host (Olsen et al., 1986).
The midgut tissues of adult honey bees is the primary infection site for N.
ceranae, but spores have also been observed to infiltrate the gut lumen, the tissues of the
salivary and hypopharyngeal glands, the fat body and the Malpighian tubules of bees
(Chen et al., 2009; Gisder et al., 2010).
2.3.5. Transmission
All colony members, including adult worker bees, drones, and queens, are
infected by N. apis and N. ceranae (Chen et al., 2009) via horizontal transmission only.
Horizontal spore transmission is likely similar between both Nosema species, and occurs
via trophallaxis (Webster, 1993), ingestion of substances on contaminated comb
(Maistrello et al., 2008), ingestion of infected feces (Fries et al., 1996), and ingestion of
contaminated pollen and honey (Higes et al., 2008c) and water (Maistrello et al., 2008).
Primary infection occurs in the epithelial cells of the midgut in adult honey bees (Higes et
al., 2006), where physical conditions, such as temperature (Rice, 2001) and chemical
conditions, such as ionic concentration and pH (De Graaf et al., 1993), trigger the
germination and growth of vegetative spores (Chen et al., 2009). Within two weeks after
initial infection, spore numbers within the midgut can reach between 30 – 50 million
(Bailey and Ball 1991), at which time they begin to be expelled in honey bee feces and
spread throughout the honey bee internal nest environment. They can then infect new
adult bee hosts horizontally through cleaning and feeding activities within the colony.
There is little information regarding specific transmission and spore sources for A.
mellifera bees infected with N. ceranae (Higes et al., 2008c), and remarkably few data
available for N. ceranae infections in its original host, A. cerana (Fries et al., 1996).
Vertical, transovarial transmission has been ruled out as a source of spore transmission
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for N. apis (Webster et al., 2008) and N. ceranae in A. mellifera colonies (Higes et al.,
2009c; Alaux et al., 2011).
2.3.6. Life cycle
Both N. apis and N. ceranae are obligate, intracellular parasites of the gut tissue
of adult A. mellifera (De Graaf et al., 1994a), although the presence of other species of
microsporidia in A. mellifera may be possible and await description (Buys, 1977; Clark,
1980; Fries et al., 2006). In order for N. apis and N. ceranae to begin their life cycle, the
spores must first be ingested by their honey bee host. The infectious dose for N. apis has
been shown to be approximately 100 spores per bee (Fries, 1988), and recent studies have
suggested the same dose for N. ceranae (Fries, 2010). More recent data suggest that the
infectious dose for N. ceranae could be as low as 32 spores (P. Valizadeh, personal
communication). Once ingested, an infective spore reaches the midgut of the insect and
germinates by releasing the polar tube that penetrates the host’s epithelial cells and injects
infective sporoplasm into the host cell cytoplasm (Larsson, 1986) (Figure 2.2). The
remaining empty spore and polar tube are degraded, but the intracellular sporoplasm
matures into a meront, which undergoes a series of replications that results in the
formation of sporonts. Characterized by a dense surface coat, the sporonts mature into
sporoblasts (spores) that are eventually released when the host cell bursts. Spores are
expelled in large quantities into the hindgut, which are then released in the feces of
infected individuals (Maistrello et al., 2008).
2.3.7. Pathogenicity
The pathology of N. ceranae infection in A. mellifera is not as well understood as
the pathology of N. apis infection in A. mellifera (Williams et al., 2008a), but a recent
study has shown that there are only minor differences between the infectious dose,
multiplication rates and mortality rates of N. ceranae and N. apis (Forsgren and Fries,
2010). N. apis in A. mellifera, however, is not generally considered highly virulent
(Thomas and Elkington, 2004) although it is indeed pandemic and can cause mortality of
heavily infected colonies (Anderson and Giacon, 1992).
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Figure 2.2. The life cycle of Nosema ceranae. (a) The polar tube is extruded by the spore
and pierces the host cell membrane, where infective sporoplasm is injected into the host
cell. (b) Infective sporoplasm within the cytoplasm of the host cell. (c) The sporoplasm
undergoes merogony, forming a meront. (d) The meront divides asexually, resulting in
paired meronts. (e) The paired meronts undergo multiple cell divisions within the host
cell and eventually separate to become sporonts (f) oval sporonts with characteristically
thick plasma membranes. 2
Aspects pertaining to the pathogenicity of N. apis and N. ceranae include the histological
changes induced by infection and consequential ultrastructural and biochemical changes
exhibited by the honey bee host. N. ceranae-specific PCR signals have been detected not
only in the midgut but also in tissues of the hypopharyngeal and salivary glands,
Malpighian tubules and to a lesser extent, the fat body (Chen et al., 2009). Unlike N.
ceranae, N. apis infections seem to be specific to epithelial cells of the midgut and have
not been found in any other cells such as those in the Malpighian tubules, muscle and fat
bodies (Liu, 1984). Malone and Gatehouse (1998) claimed that the reason for the
infection specificity of N. apis is that the pathogen has adapted to the particular
metabolism of the epithelial cells of the midgut that are responsible for lipid and protein
2

Figure reprinted from Environmental Microbiology, 13, Sebastian Gisder, Nadine Möckel, Andreas
Linde, Elke Genersch. A cell culture model for Nosema ceranae and Nosema apis allows new insights into
the life cycle of these important honey bee-pathogenic microsporidia. 404-413, Copyright (2011), with
permission from John Wiley and Sons.
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synthesis. N. apis spores require a large amount of lipids and proteins for their growth
and development, and have evidently targeted the midgut for this specific reason; this
may explain their absence in the epithelial cells of the Malpighian tubules that are low in
lipids and proteins (Liu, 1984). Heavily infected epithelial cells of the midgut exhibit
extensive lysis and contain aggregated ribosomes (Liu, 1984). The vacuolated cytoplasm
has been replaced with N. apis spores (Malone and Gatehouse, 1998). Currently, it
remains unknown as to why N. ceranae has different pathological effects on their honey
bee hosts when compared to N. apis (Chen et al., 2009).
Even though Nosema infections are generally limited to host epithelial tissues in
the midgut, there are considerable physiological and ultrastructural changes that occur in
other organs of the honey bee in response to the presence of the parasite. The corpora
allata are glandular bodies primarily responsible for juvenile hormone production in
honey bees (Liu, 1990a). Mitochondria are the most numerous organelles found in the
corpora allata and, in healthy honey bees, are large in size, possess numerous
mitochondrial granules and have a less electron-dense matrix than mitochondria of
Nosema-infected honey bees (Liu, 1990a). In honey bees infected with N. apis, the
mitochondria become decreased in size and the electron density of the mitochondrial
matrix increases (Liu, 1990a). These changes within the mitochondria are reflective of
the changes that occur in the activity of the corpora allata in Nosema-infected honey bees
(Liu, 1990a). According to Liu (1990b), N. apis is capable of releasing (unknown) factors
that act directly on the corpora allata by replacing and increasing the juvenile hormone
that is produced by the corpora allata. This increase in juvenile hormone caused by N.
apis infection alters the appearance and function of honey bee hypoharyngeal glands
(Liu, 1990a) as well.
High levels of juvenile hormone are naturally produced by honey bees as part of
their aging process, which in turn retards the productivity of the hypopharyngeal glands
(Elekonich et al., 2001). The hypopharyngeal glands in honey bees secrete royal jelly
and brood foods which are protein-rich products produced by newly emerged bees over
the first two weeks of their adult life (Elekonich et al., 2001). During the first few days
21

of adulthood, young bees must also ingest high amounts of protein-rich food to activate
the digestive proteolytic enzyme activity of the midgut (Malone and Gatehouse, 1998).
Young bees infected with N. apis exhibit reduced digestive proteolytic activity (i.e. low
amounts of trypsin, chymotrypsin, elastase and leucine aminopeptidase enzymes). The
decline in digestive enzymes and corresponding decrease in nutrition also disrupts the
development of the hypopharyngeal glands (Malone and Gatehouse, 1998).
The pathogenicity of N. apis infection in individual bees has a dual effect on the
development of the hypopharyngeal glands. The first is the ability of N. apis to trigger the
production of juvenile hormone, which induces hypopharyngeal gland atrophy (Liu,
1990b). The second is that N. apis infection reduces proteolytic activity and interrupts the
bee’s ability to digest and synthesize protein (Malone and Gatehouse, 1998). The strong
competition between the bee and N. apis for protein resources significantly impairs the
development of hypopharyngeal glands in bees infected in early adulthood (Malone and
Gatehouse, 1998). Severe N. apis infections destroy the rough endoplasmic reticulum
and Golgi complex, shrink mitochondria and disintegrate the cytoplasm of the
hypopharyngeal glands (Wang and Moeller, 1971). The damage to the hypopharyngeal
glands caused by N. apis infections results in inhibition of protein synthesis, cessation of
the production of brood food and royal jelly, and consequently the inability of young bees
to feed developing larvae and adult bees (Crailsheim, 1990).
Research over several decades on the effects of N. apis on A. mellifera has
contributed significantly to understanding the disease. The presence of the N. apis
parasite severely compromises the physiological and developmental progress of honey
bees by robbing them of essential nutrition, likely altering their behaviour. Research to
quantify similar or different physiological, ultrastructural and behavioural changes caused
by the presence of the N. ceranae should be conducted. It is hypothesized by Chen et al.
(2009) that perhaps N. ceranae occupies the hypopharyngeal and salivary glands and uses
them as an additional means for horizontal transmission. Natural N. ceranae infections in
A. mellifera have been reported as a cause of whole colony mortality in autumn and
winter months, and as a cause of increased mortality of worker bees (Martín-Hernández,
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et al., 2007). Additionally, A. mellifera individuals infected with N. ceranae experience
nutritional stress and changes in food-sharing behaviour (Mayack and Naug, 2009),
altered foraging abilities (Kralj and Fuchs, 2010) and significantly suppressed expression
of some immune-related genes (an effect not found in individuals infected with N. apis),
which may increase susceptibility to other bee pathogens (Antúnez et al., 2009).
2.3.8. Host symptoms
The presence of N. ceranae in A. mellifera colonies may cause the following
conditions: lower honey production (Higes et al., 2008a), changes in behaviour (Naug
and Gibbs, 2009; Kralj and Fuchs, 2010), reduced worker life spans (Alaux et al., 2010;
Higes et al., 2006) and decreased population sizes when combined with pesticides (Vidau
et al., 2011). Crawling behaviour and visible dysentery on brood chambers and frames
are often but not always external symptoms expressed in honey bees with an N. apis
infection. Upon being dissected, N. apis-infected bees typically have a swollen, distended
milky white gut, typical of insects with impaired fat metabolism (Sokolova et al. 2006, as
cited by Chen et al., 2009). These symptoms, however, are generally not expressed in
bees infected with N. ceranae (Fries et al., 2006), but the reasons for the disparity
between host symptoms are unclear (Chen et al., 2009).
Drones may be more susceptible to nosema disease (Cherepov and Kuznetsova,
1969, cited by Peroutka and Cihar, 1978). Honey bee queens infected with N. apis and N.
ceranae often express signs of reduced fertility (Liu, 1992; Higes et al., 2009c), with poor
ovary development being attributed to the competition between oocytes and developing
N. apis spores for nutrients (Liu, 1992). Reduced fertility and/or queen mandibular
pheromone production generally results in queen supersedure (Czenkońska, 2000; Higes
et al., 2009c) which disrupts queen egg-laying and the overall build-up of colony
populations. Infected queens can also be a source of Nosema spores in a colony,
considering their longer life span and their defecation inside the colony (Czenkońska,
2000). This can result in a chronic presence of Nosema spores within a colony, as newly
hatched nurse bees may become infected while performing house-keeping and queentending duties.
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2.4. Impact of Nosema ceranae on the Beekeeping Industry
2.4.1. Spread of Nosema ceranae
Globalization of the apiculture industry has provided a major pathway for N.
ceranae and other pathogens to spread and expand their range of hosts and to cross
geographic boundaries. Therefore, the importation of honey bee queens and workers,
pollen, honey, and hive equipment should be major considerations when attempting to
prevent and predict infection levels of N. ceranae (Alaux et al., 2011; Giersch et al.,
2009; Higes et al., 2008c). Studies found a considerably higher prevalence of N. ceranae
in Finland than in Sweden and Norway (Paxton et al., 2007; Fries and Forsgren, 2008)
despite the fact that these countries are similar in climate. However, Finland imports bees
from southern Europe where N. ceranae is present, whereas Norway and Sweden have
suspended the importation of bees from N. ceranae-infected areas for several years
(Fries, 2010).
2.4.2. Nosema ceranae infections and colony mortality
Studies in several countries have failed to find a strong correlation between N.
ceranae infections and the sudden collapse of A. mellifera colonies (i.e., Germany
[Genersch et al., 2010] and Canada [Currie et al., 2010]). The exception is Spain. Spanish
colonies may have been infected by a more virulent strain of N. ceranae or the bee race
used in Spain by most beekeepers, A. mellifera iberensis, could be more susceptible than
other races of honey bees (Paxton, 2010). What is certain, however, is that N. ceranae
infections are correlated with weakened overall honey bee health, thereby compromising
winter survival and/or spring build-up of colonies (Currie et al., 2010). Guzmán-Novoa et
al. (2010) showed that infestations of the external parasite Varroa destructor are the
primary cause of winter colony mortality in Ontario, Canada, and that the incidence of
nosema disease did not play a significant role in winter mortality but did have a
significant negative impact on colony build-up in the spring.

24

Higher rates of colony mortality, however, also occur when N. apis and/or N.
ceranae infections are combined with the neonicotinoid insecticide imidacloprid (Alaux
et al., 2010). Alaux et al. (2010) suggested a synergistic effect when the two agents are
combined within the colony environment, with colony immunity becoming compromised
and consequently susceptibility to other diseases and parasites increased. The current
decline of honey bee colonies in Europe and the USA (Faucon et al., 2002; Oldroyd,
2007; Stokstad, 2007) is probably due to the combination of multiple agents such as
viruses (Cox-Foster et al., 2007), varroa mites (Guzmán-Novoa et al., 2010), pesticides
(Alaux et al., 2010), nosemosis (Higes et al., 2009b) and even global climate change
(Paxton, 2010).
2.4.3. Management of Nosema ceranae
N. ceranae infections cause both direct and indirect stress on honey bees at the
individual and colony level. It is imperative that beekeepers and commercial pollinators
do their utmost to maintain healthy colonies, and to control the spread of pests and
parasites. More research is currently required to determine whether the recommendations
for N. apis disease control are applicable for N. ceranae control (Fries, 2010).
Apiculturists use the natural antibiotic, fumagillin dicyclohexylammonium
(hereafter, fumagillin) as a means of controlling both N. apis and N. ceranae infections.
Produced by some strains of Aspergillus fumigatus, fumagillin’s primary mode of action
against Nosema spp. is by disrupting the parasite’s DNA replication inside the host’s cells
(Katznelson and Jamieson, 1952; Hartwig and Przelecka, 1971; Webster, 1994; Williams
et al., 2008a). Fumagillin, however, only temporarily reduces Nosema spp. infections by
suppressing the vegetative state, but not killing mature spores outright (Katznelson and
Jamieson, 1952). Within about one year post-treatment, spore levels return to what they
were before treatment (Williams et al., 2008a). Fumagillin may be more effective against
N. apis spores than N. ceranae spores, which may be yet another contributing factor
towards the presumed displacement of N. apis in A. mellifera colonies by N. ceranae
(Williams et al., 2008a), and an important research focus for future studies.
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Fumagillin is stable in honey bee hives, and remains stable for at least 35 days in
honey at temperatures of 80 °C (Assil and Sporns, 1991). Fumagillin residues have been
proven to have adverse genotoxic effects that may increase the risk of cancer and
chromosomal anomalies in mammals (Stanimirovic et al., 2007). A maximum residue
level for fumagillin has yet to be established by the EU and the USA (Stanimirovic et al.,
2007), and should be addressed immediately to ensure the safety of beekeepers and
consumers.
An alternative to fumagillin is fumigating old hives and comb with acetic acid
(Bailey, 1957; de Ruiter and van derSteen, 1989). Acetic acid has little to no toxic effects
on stored honey and/or pollen remaining in the combs (Bailey, 1957). Another solution
for beekeepers is to expose contaminated equipment to either hot or cold temperatures,
depending on the type of Nosema spp. present. For instance, N. apis spores are killed in
15 minutes at 60 °C or in 24 hours at 49 ° (Cantwell and Shimanuki, 1970); in contrast,
N. ceranae spores express high thermotolerance at 60 °C for one month (Fenoy et al.,
2009). Conversely, N. ceranae seems to be more susceptible to freezing temperatures
than N. apis (Fries and Forsgren, 2009), which is an important consideration for reusing
and storing old comb (Fries, 2010).
Lastly, the ecologically-friendly products resveratrol, a natural phytoalexin, and
thymol, a phenolic compound found in thyme oil, show promising evidence of reducing
N. ceranae infections in honey bees, lowering spore loads, and prolonging the life
expectancy of individual bees (Costa et al., 2010).
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2.5. Statement of the Problem
2.5.1. Determining the viability of spores of microsporidia
The visual detection of these microscopic organisms is mostly done by
transmission electron microscopy (TEM) (Weber et al., 2000), which is primarily based
on observing ultrastructural features of parasites. TEM, however, is time consuming and
costly for routine diagnoses (Weber et al., 2000). Tissue biopsies and histochemical
detection methods mainly rely on the use of immunofluorescent antibody staining,
Giemsa stains, modified trichome staining, fluorescent brighteners such as Calcofluor
White M2R (Didier et al., 2004), and nuclear counterstains such as DAPI (4',6diamidino-2-phenylindole) (Robertson et al., 1992). For highly sensitive and quantifiable
diagnoses that are species-specific, PCR-based molecular techniques are widely used for
diagnosing microsporidiosis (Franzen and Müller, 1999b; Weiss, 2000; Garcia, 2002, as
cited by Didier et al., 2004; Hamiduzzaman et al. 2010). For further details, see the
minireview, “Laboratory Identification of the Microsporidia” by Garcia (2002).
Reliable methods for determining the viability of microsporidian spores are rare
and complex (Fenoy et al., 2009). The majority of viability tests are based on the general
principle of differential staining whereby live cells retain intact membranes, thus
excluding any viability dyes such as Sytox Green and propidium iodide (PI) (Table 2.1)
as well as trypan blue (Table 2.2), while dead and/or nonviable cells incorporate the dye
through a compromised membrane (Strober, 2001). Fluorescent brighteners are often
combined with fluorescent viability dyes as a means of facilitating complete visualization
of spores under the microscope.
Spore infectivity is typically determined by: i) observing spore germination and/or
polar-tube extrusion rates, ii) inoculating target or non-target hosts in vivo, and/or iii)
using tissue culture methods. Microsporidian spore viability (live versus dead) and spore
infectivity (extrusion rates versus germination rates) are indeed two separate biological
qualities that need to be defined. Nonviable spores are those that possess a broken or
compromised membrane (Borel et al., 1998). Presumably, these broken spores are unable
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Table 2.1. List of studies that have used differential staining to determine viability of
specific microorganisms.
Fluorescent Dye

Organism

Reference

PI

Nosema bombycis

Xu et al., (2010)

Encephalitozoon cuniculi

Leiro et al., (2004)

(human microsporidian)
Encephalitozoon intestinalis

Santillana-Hayat et al., (2002)

(human microsporidian)
Glugea stephani

Amigo et al., (1996)

(fish microsporidian)

DAPI and PI

Cryptosporidium parvum

Campbell et al., (1992)

(human protozoan of the phylum
Apicomplexa)
Cryptosporidium parvum
Robertson et al., (1992)
(human protozoan of the phylum
Apicomplexa)
Fluorescein
diacetate (FDA)
and PI

Entomophaga aulicae, Entomophaga
maimaiga, Zoophthora radicans

Lastra López et al., (2001)

(Entomopathogenic fungi)
Giardia muris (human protozoan of
the phylum Metamonada)

Sytox Green

Pseudoloma neurophilia and Glugea
anomala

Schupp and Erlandsen (1987)

Ferguson et al., (2007)

(fish microsporidian)
DAPI and Sytox
Green

Nosema ceranae

Fenoy et al., (2009)

Sytox Green and
Calcofluor White
M2R

Encephalitozoon cuniculi

Green et al., (2000)

(human microsporidian)
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Table 2.2. List of studies that have used trypan blue exclusion method to determine
viability of specific microorganisms.
Organism

% Viability obtained

Reference

Nosema apis and Nosema
ceranae

“minimum viability of 99%”

Higes et al., (2010)

Nosema apis and Nosema
ceranae

“minimum viability of 99%”

Martín-Hernández et al., (2009)

Nosema ceranae

“more than 80%”

Higes et al., (2008b)

Anncaliia algerae

over 97%

Monaghan et al., (2010)

(fish microsporidian)

to build up the osmotic pressure required for germination (Frixione et al., 1997), or have
germinated already and thus no longer contain nuclei or sporoplasm (Didier et al., 1998,
cited by Leiro et al., 2004). Conversely, a viability stain may indicate the sporoplasm to
be alive, but the extrusion apparatus (polar tube) for germination might not be functional
(Maddox and Solter, 1996).
Extrusion rates, however, are not to be considered the same as germination rates
due to the fact that even if the spore releases its polar tube, it may or may not eject its
infective sporoplasm (Amigo et al., 1996). However, it is clear that without polar tube
extrusion, there is an absence of germination. Extrusion rates, therefore, are a measure of
the proportion of spores that possess infective functionality, but it is the deliverance of
the infective sporoplasm that defines successful germination (Amigo et al., 1996).
Correlating in vivo infection rates with germination has proven to be challenging for
researchers (Undeen et al., 1993; Amigo et al., 1996) because it is unclear as to whether
or not all spores that germinate actually have infective sporoplasm (Li et al., 2003). A
completely germinated spore will have sporoplasm that has detached from the polar tube,
which generally bursts within the germination solution, thus making it impossible to
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determine how many spores have successfully germinated (Undeen et al., 1993).
Therefore, differential staining quantifications can be considered complementary to
extrusion rates (viability), but are not to be confused with germination rates (infectivity)
(Amigo et al., 1996).
2.5.2. Differential staining and trypan blue
Propidium iodide (PI) is a frequently used fluorescent dye applied in differential
staining that reliably assesses microsporidian viability (Santillana-Hayat et al. 2002;
Amigo et al., 1996; Leiro et al., 2004). Only dead cells of spores will fluoresce red with
PI because it becomes intercalated between the strands of nucleic acids within Nosema
spores, but is excluded from live plasma membranes (Amigo et al., 1996). Viability can
then be evaluated by quantifying the number of unstained spores (viable) versus stained
spores (nonviable) under a fluorescent microscope. Not all fluorescent dyes are used for
indicating structurally compromised (dead) cells (Table 2.1). The fluorochrome,
fluorescein diacetate (FDA), is an indicator of viable cells (Firstencel et al., 1990).
The trypan blue exclusion test of cell viability is a simple and rapid technique
based on the principle that live and intact cells will exclude the dye, while cells with
compromised membranes will take up the dye (Strober, 2001). Cell membrane integrity,
however, is subjective to the cell type in question, and varying degrees of dye uptake are
possible (Strober, 2001). Strober (2001) outlined a generic trypan blue protocol for
ambiguous cell types, but trypan blue has been used on microsporidia (Table 2.2).
Fluorescent dyes tend to result in higher, more precise counts of viable cells when
compared to those provided by trypan blue exclusion (Strober, 2001).
2.5.3. In vivo inoculations and cell culturing
Some studies combine the concepts of viability and infectivity to assess the
effects of experimental parameters (i.e., temperature, disinfectants) on spores (Table 2.3).
If the spores germinate inside the live host they are also considered viable. Available
methods for measuring N. ceranae spore viability are few and generally complicated and
time consuming (Fenoy et al., 2009). Developing methods using fluorescent staining for
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Table 2.3. Previous research that used in vivo methods to determine viability of
microsporidian spores.
Organism

Host and Method

Reference

Nosema apis and
Nosema ceranae

Live, caged honey bees (Apis mellifera)
were fed fresh, refrigerated and frozen (-18
°C) spores.

Fries and Forsgren (2009)

Viability of frozen spores was reported to be
significantly reduced after 1 week by their
inability to cause as much infectivity as
fresh and refrigerated spores.

Nosema apis

Live, caged honey bees (Apis mellifera)
were fed spores that were:

Malone et al., (2001)

stored in honey, sugar syrup and water for
periods of time
stored in two different kinds of honey
air dried onto glass slides and stored at four
different temperatures

Loma salmonae

Spore viability was determined using
extrusion rates and infectivity was
determined by exposing Chinook salmon
(Oncorhynchus tshawytscha) to sporetainted water.

Shaw et al., (2000)

assessing the viability of N. ceranae spores will reduce the need for live honey bee
inoculations and will lend invaluable information for determining optimal storage
condition(s) for spores. Additionally, it is important to have a simple, cost and labour
efficient staining method that provides precise measurements of viable and nonviable
spores in a suspension.
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The traditional way of assessing microsporidian viability is by observing the
completion of the developmental cycle of the spores in question. For N. apis, viability is
confirmed when newly hatched, uninfected adult honey bees become infected after being
force-fed inoculants containing treated spores (Katznelson and Jamieson, 1952; Bailey,
1972; Peroutka and Cihar 1978; Fries et al., 1992; Malone and Stefanovic, 1999; Malone
et al., 2001; Higes et al., 2007; Maistrello et al., 2008; Williams et al., 2008b). This
method has also proven effective for determining viability for N. ceranae spores (Higes
et al., 2007). Experimentally infected bees are kept alive in cages (from 20 to 100 bees
per cage) of varying dimensions and require proper humidity levels, perpetual darkness,
sufficient food and clean water. Additionally, live and/or dead bees need to be removed,
counted and assessed for spores on a daily basis, depending on the conditions of the
experiment. These types of experiments are labour intensive and often result in nonuniform dosages due to bee-to-bee spore transmission within each cage (Malone et al.,
2001). Furthermore, handling adult honey bees during inoculation and harvesting
increases the risk of researchers getting stung, a consequence that is unpleasant to the
researcher, and results in honey bee death and the loss of a specimen. Finally, obtaining
newly hatched bees for experimentation is only naturally possible during spring and
summer months in northern temperate climates such as Canada.
To date, only one culturing method has been tested for N. ceranae and N. apis
spores (Gisder et al., 2011). Culturing spores is highly time consuming, expensive and
has a high risk of contamination (Jensen et al., 2009). Additionally, culturing Nosema on
artificial media may lead to changes in spore virulence and physiology, with a possible
reduction in sporulation (Jensen et al., 2009). One simple solution would be to have vials
of preserved N. ceranae spores at one’s disposal, which would be of extreme value and
convenience for researchers.
2.6. Cryopreservation of Nosema ceranae Spores
Preservation of viable N. ceranae spores should reduce the amount of
experimentally infected, caged honey bees needed for the routine and seasonal
maintenance of this parasite during periods of low availability (Eckert, 1997). Moreover,
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potential N. ceranae isolates and/or strains may be preserved for future biochemical and
immunological studies, population genetics, comparing virulence, disease dynamics and
competition between species (Jensen et al., 2009).
Fungal preservation methods include lyophilisation (freeze-drying), repeated subculturing, and storage in silica gel, in water, soil or under oil (Ryan and Smith, 2004).
Cryopreservation using a mechanical deep freezer, provided that the equipment is
available, is straightforward, suitable for some fungi, reduces genetic strain deterioration,
can maintain viability for up to 40 years and can be fine-tuned to suit specific taxa (Ryan
and Smith, 2004). The major disadvantage of mechanical cryopreservation is the fact that
a constant supply of energy (electricity) is required at all times.
The principle of cryopreservation is to stabilize cells at cryogenic temperatures,
but to prevent intracellular formation of ice crystals that can cause significant damage
(cryo-injury) to cells, and generally results in cell death (Eckert, 1997). The processes
that cells undertake during freezing are highly complex and not fully understood
(Simione, 1998), but controlling the rate at which ice forms during the cooling process is
essential to slowing/stopping cellular metabolism without lethality (Simione, 1998). Fast
cooling may lead to more intracellular ice, but allows extracellular ice to form in a more
uniform fashion; slow cooling encourages intracellular water loss, but may compromise
osmotic balance (Simione, 1998).
Incidences of cryo-injury can be prevented by adding a cryoprotectant that lowers
the formation of intracellular and/or extracellular ice crystals that may form during the
freezing and thawing processes (Eckert, 1997). There are a variety of cryoprotectants
available (e.g. sugars, alcohols, proteins, amides, sulphoxides; Hubálek, 2003), with each
cryoprotective agent categorized by the rate of permeability it possesses (fast, moderate
or none). Testing should be performed to determine which cryoprotectant provides
optimal protection and recovery, and lowest toxicity for the organism and cell-type in
question. The most commonly used cryoprotectants for parasite cryopreservation are
glycerol, dimethyl sulfoxide (DMSO), methanol and polyvinylpyrrolidone (Eckert, 1997;
Simione, 1998; Hubálek, 2003). Reconstitution (thawing) of preserved samples should be
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rapid until all ice crystals have melted (Simione, 1998), and cells should be transferred
into new media as soon as possible (Simione, 1998; Hubálek, 2003). Caution should be
taken to not heat the sample (Lastra et al., 2001; Visvesvara, 2002) and to limit exposure
time to the cryoprotectant (Fahy, 1986; Simione, 1998).
Several studies have examined the effects of freezing temperatures on the viability
and/or infectivity of different species of microsporidia (Amigo et al., 1996; Koudela et
al., 1999; Li and Fayer, 2006; Fries and Forsgren, 2009). Visvesvara (2002) outlined
how to cryopreserve microsporidian-infected cell cultures, but for microsporidia of
clinical importance to humans. Maddox and Solter (1996) analyzed the infectivity of 31
microsporidian species (all from terrestrial insect hosts) after being stored in water
suspensions and placed directly in liquid nitrogen (no gradual cooling). Finally, Hayasaka
and Ayuzawa (1990) froze N. bombycis spores at ultra-low temperatures (-80 °C and in
liquid nitrogen) and obtained a 70% spore survival rate after 7 years. These previous
studies indicate that techniques for the cryopreservation of microsporidia are possible but
the cryopreservation of N. ceranae spores has yet to be investigated, which is one the
objectives of this study.
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3. HYPOTHESIS
Cryopreservation of N. ceranae spores will reduce the demand for experimentally
infected, caged honey bees needed for maintenance of this parasite during periods of low
spore availability (Eckert, 1997), and will provide researchers with a consistent isolate or
strain of spores for a variety of analyses. Developing a differential staining protocol for
analyzing N. ceranae spore viability will provide a cost and time-effective, honey beefree method that will also benefit future studies. Therefore, it is hypothesized that:
1) A combination of viability stains and dyes will enable accurate assessment of
viable vs. nonviable Nosema ceranae spores.
2) If 1) can be successfully achieved, then a combination of cryoprotectants and
freezing regimes can be found that will enable live spores to be stored for future
use.
4. OBJECTIVES
1. To improve the purification of N. ceranae spore suspensions to minimize dye
interference when viewing spores stained with fluorescent dyes.
2. To test multiple viability dyes and fluorescence filters to determine which
combination provides the best quantification of fresh and killed spores.
3. To test different cryoprotective agents (glycerol, DMSO, sucrose, ethylene glycol,
and methanol) in conjunction with different freezing rates to assess which best
preserves viability when spores are thawed.
4. To monitor infected honey bee colonies to determine the levels of of N. ceranae
infection that will indicate times during the year that are best for collecting spores
for storage in Ontario, Canada.
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5. MATERIALS AND METHODS
5.1. Nosema ceranae Spore Sources, Identification and Collection
Forager worker bees were sampled from outdoor honey bee (Apis mellifera L.)
colonies located at the University of Guelph’s Honey Bee Research Centre (Townsend
House), Ontario, Canada. More than 30 colonies were initially screened for the presence
of Nosema spores in the spring of 2009. Ten to twelve colonies were found to be infected
with Nosema spp. and seven of the colonies with high counts were used to monitor levels
of Nosema infection from June 2009 to June 2011. The seven colonies were sampled at
the beginning of each month during this period except November and December. At each
time of sampling, twenty five bees were collected per colony and the numbers of spores
recovered per bee were estimated by means of a haemocytometer. These colonies were
also used as sources of N. ceranae spores for viability and cryopreservation studies. For
the viability and cryopreservation experiments, a combination of spores harvested from at
least three infected colonies were utilized. Different collection methods were used for the
phenology and cryopreservation studies as will be outlined below. If a colony died
during the monitoring study it was replaced with one of the previously screened 10 – 12
colonies shown to be infected with Nosema.
For the screening of Nosema infections, the entrance to the brood chamber was
blocked with foam and/or tape to cause returning foragers to accumulate at the hive
entrance to facilitate the collection of bees. At each time of sampling > 25 forager bees
were collected from each hive and euthanized in jars (500 mL) containing 60% ethanol,
about 10 cm deep. Twenty-five bees from each sample were dissected, to remove whole
abdomens from the head and thorax. Twenty-five mL of tap water was measured, and 5 –
10 mL of this volume was used to macerate the abdomens in a mortar and pestle until all
the abdomens were burst and homogenized. The remaining tap water was poured into the
macerate and mixed well. To estimate the mean number of spores per bee 10 µL of the
macerate was loaded into a haemocytometer and counted under a compound microscope
at 400 x magnification (Cantwell, 1970) (Figure 5.1). This method enables the mean
number of spores per mL to be estimated, which is the equivalent of one bee (25 mL
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Figure 5.1. Bright field view at 400 x magnification of Nosema ceranae spores using a
haemocytometer.

water per 25 abdomens). This method of detection and determining parasitic load per bee
was applied when obtaining data shown in Figure 6.1.
Four colonies infected only with N. apis were obtained and isolated in 2009 for
comparative use in this study. However, observations in early 2010 using a triplex PCRbased method (Hamiduzzaman et al. 2010) which permits the simultaneous detection of
both N. apis and N. ceranae in one sample showed that the N. apis infections were
predominantly replaced by N. ceranae. Thus, colonies used in this study were infected
only with N. ceranae spores. This species assessment was confirmed at the Honey Bee
Research Laboratory in the School of Environmental Sciences at least twice a year.
Drowning bees in ethanol is a standard and relatively fast way to euthanize bees
before they are brought to a laboratory for diagnosis. As a means of preventing any
potential chemical interference between ethanol and the spores inside infected bees, a
“bee vacuum” was retrofitted from a 12 volt car vacuum (Figure 5.2) and used to aspirate
infected bees as bulk spore sources. Several hundred bees per jar were captured and
frozen at -20 °C for up to 2 hours to ensure thorough euthanization. It was important not
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Figure 5.2. Retrofitted bee vacuum for collecting live bees without the use of any
chemicals.

to collect too many live bees per jar, as their ability to generate heat prolonged the time
required for the bees to die. It was also important to know the current status of the
parasitic load of each colony in order to capture enough bees to yield sufficient spores for
the experiments performed.
5.2. Nosema ceranae Spore Purification Protocol
N. ceranae spores were obtained from naturally infected A. mellifera colonies
from the experimental apiary of The University of Guelph’s Honey Bee Research Centre.
The number of bees collected per sample depended on the incidence of infected bees in
each colony. Approximately 10 abdomens were used per1mL H2O. Whole abdomens
were separated by dissection from the thorax and head, placed in an autoclaved mortar,
and macerated in sterile distilled water (sdH2O) with an autoclaved pestle. A Nosema
spore purification protocol used in previous research (i.e. Higes et al., 2007) was
modified to increase purity of spore suspensions by applying a series of 3 different filters
and repeated centrifugation. The macerated tissue was filtered through a Hair Snare Drain
Guard (3 cm x 1 cm) (Plumbshop, St. Thomas, Ontario, Canada), using a wash bottle to
rinse the mortar with sdH2O. The macerate was then filtered through a universal stainless
steel funnel screen, with 5 cm diameter mesh (U-Lube-It XCel Manufacturing Group
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LTD, Windsor, Ontario Canada). The homogenate was filtered for a third time through a
nylon honey filter with a pore size of 80 holes per linear inch. The filtered macerate was
transferred to 2 mL microcentrifuge tubes and centrifuged at 400 x g for 15 min. The
supernatant was discarded, 1 mL sdH2O was added, and the pellet was suspended and
rinsed 3x with 1 mL sdH2O. The final pellet was suspended in 2 mL sdH2O.
Another modification to the spore filtration method was to use the No. 4
Whatman filter paper (Whatman™, GE Healthcare, United Kingdom) as reported by
Higes et al. (2007), but with vacuum filtration. The 2 mL spore suspensions were vacuum
filtered using Millipore™ 47mm glass filter holder assembly with funnel, fitted base,
stopper, and clamp (Millipore™ Canada Ltd., Etobicoke, Ontario). One No. 4 Whatman
filter paper was used per 2 tubes, with the paper moved to provide a clean area for each
tube. The filtrate (approximately 4 mL) was poured into a larger, sterile 50 mL
centrifuge tube, and stirred often to keep the spores in suspension while the spore
suspension was aliquoted. 1.5 mL of filtered suspension was aliquoted into sterile 1.5 mL
tubes and centrifuged at 800 x g for 6 min (Higes et al., 2008a). The supernatant was
discarded, and 500 μL of sdH2O was added to re-suspend the pellet and the tubes were
centrifuged at 800 x g for 6 min.
This procedure was repeated twice more, using 500 μL of sdH2O for each rinse
and the same centrifugation time and speed. Following the final spin, three tubes were
randomly selected and each of the pellets was re-suspended in 1 mL of sdH2O. A
haemocytometer count was performed for each of the tubes and an average spore count
was calculated, which provided a spore/mL reading. Using this information, the density
of the spore suspension for the remaining tubes was adjusted to (give concentration of
spores) in a final volume of 200 μL of sdH2O.
This protocol was adapted to eliminate the use of chemicals employed in other
spore extraction procedures that could potentially affect spore viability; these include
Percoll (Amigo et al., 1996; Green et al., 2000; Chen et al., 2009), phosphate buffer
(PBS) (Higes et al., 2007), Tris-buffered saline (TBS) (Green et al., 2000) and sodium
dodecyl sulphate (SDS) (Amigo et al., 1996). Possible chemical interaction with the
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Nosema spore coat was avoided as Amigo et al., (1996) found that SDS significantly
reduced the integrity of the spore membrane in one of four microsporidian species they
experimented with; this result made the invaluable demonstration that chemical
interferences can pose a great risk of overestimating the numbers of nonviable and/or
viable spores in a fresh sample.
5.3. Reliability of Spore Viability Assessments
5.3.1. Matching viability dyes with microscope fluorescence filters
Combining a viability dye (PI or Sytox Green) with a counterstain (Calcofluor or
DAPI) is the general practise for assessing microsporidia spore viability established by
previous studies (Green et al., 2000; Fenoy et al., 2009). Four viability dyes were selected
based on their properties and the fluorescent filter cubes equipped in the Leica DM5500
B (Leica Microsystems, Germany) fluorescent microscope (Table 5.1). The filter cubes
(nm in excitation) were: A4 = DAPI = 350-460-nm (suitable for CFW and DAPI), GFP =
FITC/Cy2 = 470-525-nm (suitable for SG) and RFP = DSRED/Cy3 = 545-620-nm
(suitable for PI).
5.3.2. Nosema ceranae spore-killing protocol
In order to reliably determine whether a viability dye can successfully penetrate
the cell wall of nonviable spores, a method to render N. ceranae spores nonviable was
required. Two non-chemical and rapidly-executed options were selected, autoclaving
spores (Green et al., 2000) and heat-killing spores in an 80 °C water bath, as N. ceranae
spores can survive temperatures of 60 °C (Fenoy et al., 2009).
5.3.3. Determining the properties for viewing stained Nosema spores under fluorescent
microscopy
The following are brief explanations of the conditions that were employed to optimize
uniformity and consistency of the results:
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Table 5.1. List of fluorescent dyes and their properties for staining microsporidia.
Dye Name

Excitation
Wavelength
(nm)

Colour

Dye Characteristics

Reference

Calcofluor
White (CFW)

395-415

Fungal or
parasitic
organisms
appear
fluorescent
bright, green
to blue, while
other material
is reddishorange

Non-specific counterstain

(Green et al., 2000)

Binds with cellulose and
chitin contained in the cell
walls of fungi and other
organisms.

(sigma-aldrich.com)
Propidium
Iodide (PI)

500-630

Red

Membrane impermeant and
generally excluded from
viable cells. PI is commonly
used for identifying dead
cells

*viability dye

(Xu et al., 2010)

Binds with DNA and RNA
(www.fda.gov)

4',6diamidino-2phenylindole,
dilactate
(DAPI)

350-450

Sytox Green
(SG)

470-490

Blue

Nuclear counterstain

(Fenoy et al., 2009)

Binds with AT regions of
DNA
(invitrogen.com)
Green

Penetrates cells with
compromised plasma
membranes and yet will not
cross the membranes of live
cells.

*viability dye

Binds with nucleic acids of
dead cells
(invitrogen.com)
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(Fenoy et al., 2009)

Spore concentration was approximately 2 x107 / 200 μL for all experiments. This
concentration is similar to those used in other studies (i.e., Green et al., 2000; Fenoy et
al., 2009) and was high enough to produce a visible pellet after centrifugation.
Dye concentration was specific to the particular dye that was used (CFW, DAPI,
PI and Sytox Green). The concentration of the dye, in congruence with the spore
concentration was established during this study. Initial dye concentrations and dye
incubation times were adapted from the following studies: Green et al. (2000) for CFW
and Sytox Green, Fenoy et al. (2009) for DAPI, and Campbell et al. (1992) for PI.
A slide preparation technique was optimized for viewing spores under the
microscope. For example, it was determined how much of the stained spore suspension
was needed to be blotted onto slides to minimize clumping and overlapping of spores.
Additionally, testing with ProLong Gold Antifade reagent (Invitrogen, Burlington,
Ontario, Canada) was examined to significantly lower the rate of photobleaching of the
fluorescent dyes when exposed to light.
Dye incubation times for Encephalitozoon cuniculi, Nosema ceranae, and
Cryptosporidium parvum in the studies by Green et al., (2000), Fenoy et al., (2009), and
Campbell et al., (1992) respectively, varied from 10 - 60 min, so an assay was performed
to assess which out of 10, 20 and 60 min of incubation time was best for N. ceranae
spores.
Dye uptake was measured in killed spores to assess which viability dye (PI or
Sytox Green) or trypan blue provided reliable scoring of nonviable spores. It was
discovered early in the study that autoclaved spores ruptured and released internal
cellular contents which were dyed by viability dyes and resulted in cloudy and hard to
score images (Figure 5.3). Therefore, heat-killed spores were used to assess which
viability dye, PI or Sytox Green, provided optimal viewing of stained spores.
Autofluorescence was considered a potential issue after learning that some species
of insect-inhabiting fungal spores discussed in the study by Firstencel et al. (1990),
exhibit autofluorescence under filters for FDA and PI. This was taken into consideration
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Figure 5.3. Autoclaved spores stained with propidium iodide.

early in the experimental procedures, and fresh, unstained, spore suspensions were
observed under each fluorescent filter. Significant autofluorescence of N. ceranae spores
was observed under the green filter (excitation wavelength 470-525-nm) used for viewing
Sytox Green (Figure 5.4), thereby omitting any future use of Sytox Green in this study.
Trypan blue was also screened for assessing N. ceranae spore viability. None of
the studies outlined in Table 2.2 provided any methodology specifically pertaining to dye
incubation, washing or mounting trypan blue-stained microsporidian spores. The protocol
by Strober (2001) was modified by changing the dye incubation time from 3 min to 5 min
(to accommodate for the thicker cell wall of Nosema spores). Three replicates of 800 µl
of purified spore suspension at 2 x 107 spores/ 800 µl were heated for 3 h at 80 °C and
incubated in 800 µL of 0.4% trypan blue for 5 min. The suspension was rinsed 1x in 100
μL of sdH2O at 800 x g for 6 min and re-suspended in 800 µL sdH2O. 10 µL of the
suspension were loaded into a haemocytometer and viewed under a compound
microscope at 400 x magnification.
5.4. Nosema ceranae Spore Staining Procedure Using DAPI and PI
It was decided after conducting the previously described preliminary experiments
that the most suitable combination of dyes were DAPI and PI because they had the lowest
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A

B

C

D

Figure 5.4. Heat-killed (80 °C for 30 min) Nosema ceranae spores without any
fluorescent dyes, viewed under (A) bright field, (B) through a blue filter (excitation
wavelength, 350 to 460 nm), (C) through a red filter (excitation wavelength, 545-620
nm), and (D) through a green filter (excitation wavelength, 470-525 nm).

autofluorescence of the dyes tested and stained spores with discernible colours. Spore
suspensions were adjusted to 2 x107/200 μL by either concentrating (adding more spore
suspension) or diluting (adding more water) to the spore pellet. Working solutions of
DAPI (1 mg/mL in sdH2O) and PI (1mg/mL in sdH2O) were prepared and stored in the
dark at 4 °C. Treatment of spores (i.e. heat-killing) is always done prior to adding the
viability dye. In the case of heat-killed spores, at least 2 tubes of spore suspension at the
concentration of 2 x107 spores / 200 μL were used per treatment (i.e. heat-kill spores at 5
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min, 10 min etc), and were placed in a water bath at 80 °C. The control (i.e. untreated
spores) suspensions were kept in the dark at a room temperature (RT) of approximately
25 °C.
After the heating treatments were preformed, 20 μL of DAPI working solution
and 20 μL of PI working solution were added simultaneously to the treated and untreated
spore suspensions and mixed well with a pipetter. Stained spore suspensions were
incubated in the dark for 20 min at RT. Stains and stained spores were kept away from
light sources as much as possible until the antifade reagent was applied.
After the dye incubation period, suspensions were centrifuged at 800 x g for 6
min, the supernatant was discarded, 100 μL of sdH2O were added to each pellet and the
vial contents were mixed well using a pipetter. Suspensions were not vortexed or shaken
to limit spore damage. The stained spores were rinsed 2x in 100 μL of sdH2O, then
centrifuged again at 800 x g for 6 min after each rinsing, and the final pellet was resuspended in 100 μL of sdH2O. Using a pipetter, 5 μL of the spore suspension was
blotted onto a labelled slide and 5 μL of antifade reagent (ProLong Gold Antifade,
Invitrogen, Burlington, Ontario, Canada) that had been previously removed from the
freezer and placed in a dark place at RT to thaw, was added with a new pipetter tip, and
mixed well with the tip of the pipetter until the drop of suspension was spread to 5 mm in
diameter. Partial drying was allowed for no more than 10 min in the dark. A cover glass
was placed over the drop and gently pressed down onto the slide to eliminate any air
bubbles. Slides were cured over-night in the dark at RT, and sealed with clear nail polish
the following day.
5.4.1. Viewing and counting spores stained with DAPI and PI
Visualization and imaging spores: Volocity improvision (version 4.3, United
Kingdom) imaging software was used to view, image and count all spores in the viability
assays. Images of spores were taken with a Hamamatsu ORCA-ER digital camera
(Hamamatsu Photonics K.K., Systems Division, Japan) mounted on the Leica DM5500 B
(Leica Microsystems, Germany) fluorescence microscope. A slide of stained spores was
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mounted and viewed at 400 x magnification. Between 25-30 fields containing
approximately 25-40 spores were photographed under bright field, DAPI and PI views.
Spores were focused in the bright field view, and without moving the slide, the same field
of view was photographed under the fluorescence settings for the DAPI and PI filters.
The photographs were labelled according to the assay being performed, and spore counts
were tallied for each of the bright field, DAPI and PI pictures.
Dye incubation assay: to determine the shortest time required to allow the dyes to
penetrate the cell walls of N. ceranae spores, three replicates of freshly harvested and
purified spore suspensions were incubated simultaneously in DAPI and PI for 10, 20, 60
and 120 min. Spores were rinsed 2x in 100 μL of sdH2O at 800 x g for 6 min, and the
final pellet was re-suspended in 100 μL of sdH2O and mounted on slides as described
previously.Heating time assay: to determine the effect of heating time on N. ceranae
spore viability, three replicates of freshly harvested and purified spore suspensions (see
Figure 5.5) were heated at 80 °C for 0, 5, 15, 30 and 60 min in a water bath. To allow for
rapid heat transfer, PCR tubes were used instead of standard microcentrifuge tubes each
time spores were heated. Spores were dyed and mounted as described in section 5.4.
Mixed-ratio assay: the method performed by Green et al. (2000), and Firstencel et
al. (1990) that mixed non-treated (live) and treated (dead) E. cuniculi spores and insectinhabiting fungal spores in ratios of 0:100, 25:75, 50:50, 75:25, and 100:0 was used to
estimate the parameters of DAPI and PI accuracy for N. ceranae spores. Three replicates
of each ratio were analyzed to investigate whether the viability of N. ceranae spores
determined by the DAPI and PI staining protocols corresponded linearly to the different
spore ratios tested. The mean percentage of nonviable spores was plotted against the
expected percentage (i.e., % heat-killed) in each mixture to determine correlation
between ratios and to discern whether DAPI and PI can reliably discriminate between
fresh (live) and heated (dead) N. ceranae spores.
Viability (% mortality) was estimated in two ways: 1) dividing the total number
of spores stained with PI by the total number of spores viewed under bright field and 2)
dividing the total number of spores stained with PI by the total number of spores viewed
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under DAPI. In both calculations the resulting figures were multiplied by 100.
Theoretically, the numbers provided by the bright field and DAPI counts should be the
same. Counting the total number of spores under bright field view will include spores that
are both live and dead. Live spores however, may not be fully matured or infective (see
section 2.5). Theoretically, DAPI will stain all spores containing nucleic acids, but may
not stain immature live spores, or previously germinated spores. Two viability
calculations were thereby established as a means of comparing any possible differences
between the % mortality provided by the bright field and DAPI spore counts.
5.5. Cryopreservation of Spores
Spore suspensions were prepared fresh and were purified as previously described
(Figure 5.5). All cryoprotectants, with the exception of sucrose, were filter-sterilized via
25 mm syringe filtration (Fisher Scientific, Mississauga, Ontario, Canada) and added to
the spore suspensions in equal volumes. Cryoprotectants were of reagent grade or better,
and purchased from Fisher Scientific (Mississauga, Ontario, Canada).
Each 2.0 mL, internally threaded, self-standing sterile cryogenic vial (Fisher
Scientific, Mississauga, Ontario, Canada) was to contain a total volume of 1 mL; 0.5 mL
of spore suspension (of at least 2 x 107 spores/0.5 mL) and 0.5 mL of cryoprotectant
(Visvesvara, 2002). Aheadspace of 1 mL left in the cryogenic vial was to allow for any
suspension expansion during freezing. The spore concentration (2 x 107 spores/0.5 mL) in
each cryopreservation tube provided sufficient spores to for the staining procedure, and
for future experiments in which spores are fed to caged bees (e.g. Higes et al., 2007;
Paxton et al., 2007; Naug and Gibbs, 2009; Forsgren and Fries, 2010; Kralj and Fuchs,
2010; Mayack and Naug, 2010).
5.5.1. Pre-freeze spore viability assessment
Pre-freeze viability assessments were performed using the DAPI and PI staining
protocol and initial spore viability was quantified to account for any existent mortality.
Refer back to section 5.4 for procedure.
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Step 1: Confirm Presence of Nosema Infection in Colony
•
•
•

Plug entrance of brood chamber and wait for returning foragers to gather
Collect 25 live bees, either by drowning in ethanol or by vacuum
Perform haemocytometer count to determine the density of spores

Step 2: Bulk Capture of Incoming Worker Foragers
•
•
•
•

Select at least 3 highly infected colonies as a source of spores
Plug entrance of brood chamber and wait for returning foragers to gather
Collect workers using a vacuum method (chemical and water-free)
Do not collect too many foragers in one jar, as it will prolong euthanizing

Step 3: Euthanize Workers by Freezing
•

Euthanize workers by storing jars in a -20 °C freezer for approximately 2 hours

Step 4: Spore Purification Protocol

Step 5: Spore Staining Protocol
•

Perform a pre-treatment viability count to obtain a baseline viability of the spore
sample

Step 6: Perform Spore-Killing Assessments (i.e. screening chemicals for sporicidal
activity)
or Run Cryopreservation Protocol

Figure 5.5. Diagrammatic summary of the procedures in the current study.
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5.5.2. Cryoprotectants
Cryoprotectants and their concentrations were selected based on their modes of
action, and on previous research. The optimum concentrations and permeabilities of
cryoprotectants vary with cell type (Simione, 1998; Hubálek, 2003) and with temperature
during the cryoprotectant equilibration period (Hubálek, 2003). An equilibration period is
employed to allow the cryoprotective agent to permeate into the spores, thus allowing
intracellular solutes to osmoregulate before freezing (Hubálek, 2003). Given the thick and
electron dense exospore walls of N. ceranae spores (Franzen and Müller, 1999; Chen et
al., 2009) the membrane permeability of the spores may be low and may thus require a
relatively long equilibration period (Simione, 1998). While no systematic testing of
cryoprotectants for Nosema spores has been reported, several cryoprotectants have been
investigated and utilized for other microbes.
Dimethyl Sulfoxide (DMSO), a rapidly penetrating cryoprotectant, was frequently
used for cryopreservation of thraustochytrids, microsporidia, bacteria and many other cell
types, often at a concentration of 10% in water (v:v) (Simione, 1998; Koudela et al. 1999;
Li and Fayer, 2006). Glycerol, which generally penetrates cells within 30 min (Hubálek,
2003), has been widely used for cryopreservation of fungal spores and bacteria (Simione,
1998), and was used for the cryopreservation of microsporidia (Teetor-Barsch and
Kramer, 1979; Hayaska and Ayuzawa, 1990; Maddox and Solter 1996). Ethylene glycol
has been employed as a cryoprotective for slime molds, actinomycetes, rumen fungi,
algae, and protozoa, mainly at concentrations of 2- 40%, but most frequently at 10%
(Hubálek, 2003). Methanol was employed for cryopreservation of zoospores of
Synchytrium solstitiale (Widmer, 2006), and of coral oocytes, for which it proved to be
least toxic at a concentration of 1 M (Tsai et al., 2010). Methanol is commonly used for
preservation of cells that are rapidly frozen in liquid nitrogen (Lewis et al., 1994;
Hubálek, 2003). It was demonstrated that an aqueous suspension of 50% sucrose was as
effective as host-tissue materials for the cryopreservation of three species of
microsporidia (Teetor-Barsch and Kramer, 1979).
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DMSO, glycerol, ethylene glycol, methanol and sucrose were investigated in the
present studies as cryoprotectants of Nosema spores. Aliquots of spore suspensions (0.5
mL) were placed in each of a series of cryogenic tubes. Each cryoprotectant (0.5 mL) was
added to the spore suspensions in eight individual tubes, each of which was gently
inverted to promote mixing. Sterilized DMSO, glycerol, ethylene glycol, and methanol,
all at a concentration of 20%, were each added to the tubes as a volume of 0.5 mL, thus
making their final concentrations 10%. Sucrose was employed at a concentration of 65%
because 50% sucrose was found to be too thick to form a discernable spore pellet.
Addition of 0.5 mL of 65% sucrose to each tube gave a final concentration of 32.5%,
which allowed the formation of a pellet. Water sterilized by autoclaving was used as the
control. Conditions of the equilibration periods used with the cryoprotectants were 50
min at 25 °C for DMSO and glycerol, 15 min at 4 °C for ethylene glycol, 20 min at 25 °C
for methanol, and 30 min at 25 °C for sucrose. The equilibration period for water was 50
min at 25 °C.
5.5.3. Freezing method
Three rates of freezing the samples were tested: controlled cooling-freezing, fast
cooling-freezing, and slow cooling-freezing. For the controlled cooling-freezing rate, a
suspension containing approximately 2 x 107 spores/0.5 mL mixed with 0.5 mL of
cryoprotectant was placed in cryogenic vials that were transferred to a “Mr. Frosty”
freezing container (Fisher Scientific, Mississauga, Ontario, Canada), which is a nonmechanical freezing unit that provides controlled cooling from RT to -70 °C at a rate of 1 °C/min (Simione, 1998; Lastra et al. 2001; Momose et al., 2010). The “Mr. Frosty”
freezing container was kept in the -70 °C freezer overnight, and then the vials were
removed and placed directly into cryogenic vial storage boxes and stored at -70 °C.
For the fast cooling-freezing rate, a suspension containing approximately 2 x 107
spores/0.5 mL mixed with 0.5 mL of cryoprotectant was placed in cryogenic vials which
were then put in an open Styrofoam holding container (29.5cm x 18cm x 9.5cm) and
approximately 10 L of liquid nitrogen was poured over them. After 1 min, the vials were
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transferred from the container into a sink, the liquid nitrogen was drained and the vials
were placed into cryogenic vial storage boxes and stored directly at -70 °C.
For the slow cooling-freezing rate, a suspension containing approximately 2 x 107
spores/0.5 mL mixed with 0.5 mL of cryoprotectant was placed in cryogenic vials which
were placed directly into cryogenic vial storage boxes and stored in the -70 °C freezer.
After freezing, all cryogenic vials were stored in cryogenic vial storage boxes
(Fisher Scientific, Mississauga, Ontario, Canada) for approximately three months in a -70
°C ultra-low temperature freezer (Thermo Fisher Scientific, USA).
5.5.4. Reconstitution (thawing)
For reconstitution, the cryopreserved samples were rapidly thawed by immersing
the cryogenic vials in a water bath at 37 °C for approximately 1.5 min. Rapid thawing of
cryopreserved samples is essential, and it is very important to not begin heating the
sample to avoid any cryo-injury or prolonged exposure to cryoprotectants (Lastra et al.
2001; Visvesvara, 2002).
5.5.5. Removal of cryoprotectants
When at high concentrations, some cryoprotectants including DMSO, methanol
and glycerol at high concentrations can be toxic to cells at normal temperatures (Fahy,
1986), and should be removed by centrifugation or dilution after thawing (Hubálek,
2003). Dilution was not employed in the present work because of the inability to form a
visible spore pellet.
Thawed samples were transferred from cryogenic vials into labelled 1.5 mL
centrifuge tubes. Samples were centrifuged immediately 2x in 200 μL of sdH2O at 800 x
g for 6 min. The supernatant was discarded and the remaining pellet was re-suspended in
200 μL of sdH2O, and mixed thoroughly using a pipetter. Five replicates of each
cryopreserved sample was then subjected to the DAPI and PI staining protocol to assess
viability as previously described in section 5.4.
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5.6. Statistical analysis
All statistical analyses were performed using the statistical package StatView®
4.1 (Abacus Concepts Inc, Berkley, CA). Data on percent mortality rates were square
root-arcsine transformed before analyses because they were not normally distributed.
These data were subjected to analyses of variance (ANOVA), and Fisher’s protected LSD
tests (with significance level P< 0.05) for comparing means.
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6. RESULTS
6.1. Phenology and Timing of Sampling
Honey bee colonies infected with N. ceranae were sampled at the beginning of
each month (excluding November and December) for two years. Twenty five bees per
colony were sampled and a spore /bee count was obtained using a haemocytometer as
described above. Averages of the counts were calculated and plotted in a graph (Figure
6.1). Results show that for the University of Guelph Honey Bee Research Centre, N.
ceranae spore levels generally peaked at about 1.0 – 1.4 x 107 spores/bee in May and
June.

Figure 6.1. Average N. ceranae spore counts/bee (±SE) per month from January to
October. Twenty five forager bees were collected from each colony (n = 7) each month
from June 2009 to June 2011, and spores/bee numbers were calculated and recorded to
monitor average spore infection levels per month at the University of Guelph Honey Bee
Research Centre.
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6.2. Spore Purification Protocol and Selection of Fluorescence Dyes
The Nosema spore purification protocol of Gochnauer and Margetts (1980) and
Higes et al. (2007) was modified to increase spore suspension purity by using three
differently-sized filters for the macerate, additional centrifugations, and vacuum
filtration. This filtration system eliminated or minimized the occurrence of contaminants
such as pollen grains and plumose hairs in the final spore suspension (Figure 6.2).
Chemical additives were omitted to ensure that there were no interactions with both the
viability dyes and the N. ceranae spore coat. The removal of debris from the spore
suspension was critical for properly viewing stained spores. The more debris, the more
interference there was when interpreting the viability scores for stained spores, and the
importance of purity can be observed when comparing Figures 6.2 with 6.3 and 6.4. The
partial drying of the antifade reagent before the cover slip was applied was observed to be
an important factor that improved the quality of spore images. It was discerned that
blotting 5 µL of stained spore suspension and mixing in 5 µL of antifade provided the
best results.
The use of PI as the viability dye and DAPI as the counterstain were determined
to be the preferred dyes to use for this study on account of low autofluoresence and
reliable penetration of PI into the cell wall of heated spores. DAPI was chosen over CFW
because it provided the strongest counterstaining ability, which is likely due to the fact
that the DAPI filter cube is more fitting for use with DAPI than it is with CFW.
Moreover, there is no overlapping of excitation wavelengths for DAPI (350-460-nm) and
PI (545-620-nm), thus eliminating any possibility of confusing the colour of a spore’s
fluorescence, as was the case in the study by Green et al. (2000). Moreover, the trypan
blue assays were observed to have 100% viability (0% trypan-dyed spores) with a
haemocytometer (Figure 6.5). Such a level of spore viability seems unlikely high and
thus, the trypan blue staining assay was not further used.
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A

B

C
Figure 6.2. Nosema ceranae spore suspension and pollen grain before vacuum filtration
modification viewed under (A) bright field (B) blue filter with DAPI and PI dyes and (C)
red filter with DAPI and PI dyes. Compare with Figures 6.3 and 6.4.
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A

B

C
Figure 6.3. Heat-killed (80 °C for 30 min) Nosema ceranae spores viewed under (A)
bright field (B) blue filter with DAPI and PI dyes and (C) red filter with DAPI and PI
dyes.
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A

B

C
Figure 6.4. Fresh (no heat) Nosema ceranae spores viewed under (A) bright field (B) blue
filter with DAPI and PI dyes and (C) red filter with DAPI and PI dyes.
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Figure 6.5. Nosema ceranae spores heated at 80 °C for 3 h and stained with trypan blue.

6.3. Reliability of Nosema ceranae Spore Staining Protocol and Viability Assessments
Spore mortality was estimated based on one of the two following calculations: 1)
dividing the number of spores stained with PI by the number of total spores counted
under the microscope’s bright field, and 2) dividing the number of spores stained with PI
by the number of spores stained with DAPI using the blue filter. The values obtained with
these calculations were multiplied by 100. These two methods of calculating percent
spore mortality were used when gathering data for Figures 6.6 – 6.10.
The time that spores were incubated in the dyes (PI and DAPI) significantly
influenced N. ceranae spore mortality (F2,6 = 8.91, P = 0.0160) as estimated from the
ratio of PI/BF counts. Spore mortality rates estimated after 10 and 20 min of incubation
(14.1 % ± 3.4 and 17.7% ± 1.9, respectively) did not differ significantly, but were
significantly higher after 60 min of incubation (32.5% ± 4.1) (Figure 6.6). From these
observations, a 20 min, simultaneous dye-incubation of PI and DAPI was selected as
appropriate for estimating spore viability.
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Figure 6.6. Effect of dye incubation time on percent mortality (±SE) of Nosema ceranae
spores.Rates of spore mortality were determined dividing the number of spores stained
with propidium iodide (red) by the number of spores counted using the microscope’s
bright field. Different letters above SE bars indicate statistical differences (P < 0.05)
between treatments based on ANOVA and Fisher’s LSD tests of data subjected to a
square-root arcsine transformation. Untransformed values are presented.

Exposure to 80 °C significantly increased mortality of N. ceranae spores (F4,10 =
6.99, P = 0.0059) relative to unheated spores, as determined by bright field, and DAPI
and PI spore counts (Figures 6.7 and 6.8). However, no significant differences in spore
mortality rates were found among the exposure times of 5, 15, 30 and 60min based on
mortality rates calculated from the ratio of PI/BF counts. The mortality rate after 60 min
of exposure was 96.8% (Figure 6.7).
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Figure 6.7. Effect of heating (80 °C) for different periods of time on Nosema ceranae
spore viability measured in terms of percent mortality (±SE). Rates of spore mortality
were determined dividing the number of spores stained with propidium iodide (red) by
the number of spores counted using the microscope’s bright field. Different letters above
SE bars indicate statistical differences (P < 0.05) between treatments based on ANOVA
and Fisher’s LSD tests of data subjected to a square-root arcsine transformation.
Untransformed values are presented.

For spore mortality counts using the PI/DAPI ratio, all heating treatment times
caused significantly higher mortality than the unheated control (F4,10 = 8.26, P = 0.0033).
Differences between treatment times were observed, but with this calculation, the
maximum estimated incidence of spore mortality was 84.5% at 60 min of exposure
(Figure 6.8).
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Figure 6.8. Effect of heating (80 °C) for different periods of time on Nosema ceranae
spore viability measured in terms of percent mortality (±SE). Rates of spore mortality
were determined by dividing the number of spores stained with propidium iodide (red) by
the number of spores stained with 4',6-diamidino-2-phenylindole, dilactate (blue-white)
under the microscope. Different letters above SE bars indicate statistical differences (P <
0.05) between treatments based on ANOVA and Fisher’s LSD tests of data subjected to a
square-root arcsine transformation. Untransformed values are presented.

A linear relationship was observed for mortality rates when fresh and heat-killed
N. ceranae spores were mixed in different ratios.Percent spore mortality and ratio of fresh
to heat-killed spores were significantly correlated (r = 0.96, n = 15, P <0.0001). Spore
mortality rates ranged from 19.3% ± 2.8 in fresh spores to 111.3% ± 7.8 in 100% heatkilled spores based on calculations from the ratio of PI/BF counts. Significant differences
were observed between treatments (F4,10 = 27.17, P < 0.0001) (Figure 6.9).
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Figure 6.9. Mean percent mortality (±SE) of Nosema ceranae spores mixed at different
ratios of fresh to heat-killed spores. Rates of spore mortality were determined dividing
the number of spores stained with propidium iodide (red) by the number of spores
counted using the microscope’s bright field. Different letters above SE bars indicate
statistical differences (P < 0.05) between treatments based on ANOVA and Fisher’s LSD
tests of data subjected to a square-root arcsine transformation. Untransformed values are
presented.

A similar pattern was observed when rates of spore mortality were calculated
from the ratio of PI/DAPI counts (Figure 6.10). However, the range of mortality rates was
smaller (29.3% ± 8.7 to 82.3 ± 6.6% for fresh and 100% heat-killed spores, respectively).
Percent spore mortality and ratio of fresh versus heat-killed spores were significantly
correlated, but the correlation was lower relative to that of spore mortality calculated
from the ratio of PI/BF counts (r = 0.82, n = 15, P <0.0001). Significant differences were
observed between treatments, but the F value and P (F4,10 = 5.35, P < 0.0144) were lower
than when spore mortality was calculated from the ratio of PI/BF counts.
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Figure 6.10. Mean percent mortality (±SE) of Nosema ceranae spores mixed at different
ratios of fresh to heat-killed spores. Rates of spore mortality were determined dividing
the number of spores stained with propidium iodide (red) by the number of spores stained
with 4',6-diamidino-2-phenylindole, dilactate (blue-white) under the microscope.
Different letters above SE bars indicate statistical differences (P < 0.05) between
treatments based on ANOVA and Fisher’s LSD tests of data subjected to a square-root
arcsine transformation. Untransformed values are presented.

6.4. Cryopreservation of N. ceranae Spores
The type of cryoprotectant significantly affected mortality rates of frozen spores
of N. ceranae (P < 0.0001), but mortality did not differ significantly among the three
freezing methods (P > 0.05). Significant interactions between cryoprotectant substance
and freezing method (P < 0.01) were found (Table 6.1). For all three freezing methods
mortality rates were lower for glycerol-treated spores and highest for ethylene glycol
treated spores had the highest (Table 6.2). Spore mortality rates ranged from 24.2 ± 2.2%
mortality to 49.3 ± 5.1% when spores were placed directly in a -70 °C freezer with 10%
glycerol and 10% ethylene glycol respectively.
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Table 6.1. Analysis of variance for mortality rates of Nosema ceranae spores
cryopreserved with three freezing methods and six cryoprotectant substances. Mortality
data were arcsine squared-root transformed before analysis.
Source of

DF

Sum of

Mean

F

P

Squares

Square

1.11

0.55

1.99

0.14

Cryoprotectant 5

16.57

3.32

11.90

<0.0001

Interaction

10

7.93

0.79

2.85

0.0049

Error

72

20.05

0.28

variation
Freezing

2

method
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Table 6.2. Mortality rates (% ± SE) of Nosema ceranae spores cryopreserved with three
freezing methods and six cryoprotectant substances after three months. Spore mortality
was determined by calculating the proportion of spores stained with propidium iodide
divided by the number of spores counted under the microscope’s bright field.
Freezing Method

Cryoprotectant

% Mortality ± SE

Controlled cooling-freezing

water

34.0 ± 2.0c

10% glycerol

29.1 ± 2.8a,b

10% dimethyl sulfoxide

32.0 ± 2.7b

10% ethylene glycol

38.5 ± 3.3c

10% methanol

28.6 ± 1.9a,b

32.5% sucrose

34.0 ± 3.2b,c

water

28.6 ± 2.6a,b

10% glycerol

25.6 ± 0.9 a

10% dimethyl sulfoxide

30.0 ± 1.4b

10% ethylene glycol

38.9 ± 4.2c,d

10% methanol

31.0 ± 1.3b

32.5% sucrose

36.3 ± 1.9c

water

28.9 ± 3.6a,b

10% glycerol

24.2 ± 2.2a

10% dimethyl sulfoxide

27.8 ± 1.3 a,b

10% ethylene glycol

49.3 ± 5.1d

10% methanol

44.5 ± 2.3d

32.5% sucrose

37.2 ± 3.2c

Fast cooling-freezing

Slow cooling-freezing

Different letters indicate statistical differences (P < 0.05) between treatments based on
ANOVA and Fisher’s LSD tests of data subjected to a square-root arcsine transformation.
Untransformed values are presented.
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7. DISCUSSION
It was important to test the differential viability staining methods used in previous
studies on the parameters (i.e. dye incubation time and autofluorescence) that would
specifically apply to N. ceranae spores. The fluorescent dyes, DAPI and PI, plus the use
of bright field, provided the most reliable assay for quantifying and determining spore
mortality, which was then applied for analyzing an optimal cryopreservation technique.
With protocols for these two assays established, many research laboratories may not
require the use of honey bees for testing spore viability or the use of infected bees for a
source of Nosema spores. Further experiments with live bees are needed to determine the
infectivity rates of N. ceranae spores cryopreserved using the protocols described here.
7.1. Nosema ceranae Spore Purification
The addition of vacuum filtration and extra centrifugations to the extraction
procedure resulted in removal of honey bee plumose hairs and pollen grains that allowed
for better enumeration of N. ceranae spores by fluorescent microscopy. These additions
provide an alternative to chemical agents and thus eliminate any potential interference of
chemicals on the N. ceranae spore coat and the cryoprotectants used in this study.
Additionally, the elimination of pollen grains and plumose hairs from the spore
suspension could have minimized the production of extracellular ice formation during the
cryopreservation process. However, this hypothesis must be tested in further studies.
7.2. Nosema ceranae Spore Viability Assessments
The use of fluorescent dyes has been acknowledged as a sensitive, reliable and
time-efficient means of assessing cell viability (Schupp and Erlandsen, 1987; Green et al.,
2000), In some cases, data obtained with fluorescent dyes are less variable than
germination assays (Firstencel et al., 1990). Since specific organisms and their membrane
potentials vary in response to given fluorescent dyes (Mason et al., 1995), it was
important to examine the response of N. ceranae spores to the various dyes used in this
study, as it did not appear to have been determined previously. Finding a way to render N.
ceranae spores nonviable was an important factor to address the suitability of the
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viability dye protocol. Methods applied to other species of microsporidia include UV
irradiation (Huffman et al., 2002), boiling (Green et al., 2000), heating in water (Koudela
et al. 1999), chemical disinfection with materials such as ethanol and sodium hydroxide
(Santillana-Hayat et al., 2002), and the use of resveratrol (Leiro et al., 2004). Fenoy et al.
(2009) exposed N. ceranae spores to various conditions such as heating (35 °C and 60
°C), freezing (-20 °C), autoclaving and air-drying. A method for killing N. ceranae
spores is presented here that not only provides an apparent mortality rate of 96.8% but is
also chemical-free.
Estimating mortality by counting the number of dead spores stained by PI in
conjunction with counting the total number of spores under the bright-field proved to be
the most reproducible assay to assess spore mortality, which was supported by the results
provided by the heating assay and the correlation found between rates of spore mortality
determined by the staining assay and the ratios of fresh to killed spores (r = 0.96 for
PI/BF versus r = 0.82 for PI/DAPI). This method is similar to that of Green et al. (2000),
who stated that viability of E. cuniculi spores can be reliably ascertained using counts
obtained by bright-field microscopy followed by counting dead spores under the Sytox
Green filter, as opposed to PI used in this study. Sytox Green was omitted in this study
due to preliminary results showing significant autofluorescence of N. ceranae spores
under the green filter used for viewing Sytox Green.
Assessing N. ceranae mortality using DAPI and PI staining probably
underestimates spore mortality, as depicted in Figure 6.8. Reliable DAPI uptake depends
on the cell type in question, and is ultimately affected by membrane or wall permeability.
Moreover, DAPI has been found to stain microsporidian cells to varying brightness,
depending on which stage of their life cycle they are currently undergoing. For example,
Monaghan et al. (2011) observed weak DAPI staining of meronts of the microsporidian
Anncaliia algerae, while it stained sporonts of this species well. DAPI did not stain
extruded (germinated) N. ceranae spores (Fenoy et al., 2009), thus skewing the total
proportion of what would be considered live spores. DAPI negative spores are those that
likely do not contain enough nuclear content for DAPI to bind to. These spores could
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either be devoid of any contents (non-infective) or may be maturing into infective
sporonts. It was assumed that any spores that are PI negative are potentially infective, but
this was never tested. What can be assumed, therefore, is that when calculating spore
mortality using PI/BF, there will be a portion of potentially non-infective spores in the
total number of spores, as not all the spores in a sample are at the same stage of their life
cycle.
Although not a viability stain, DAPI does enhance spore visibility and counting
when spore clumping becomes an issue for counting using bright field. Additionally,
DAPI serves as a useful tool for observing spore developmental stages and for visualizing
mature N. ceranae nuclei (Figure 7.1).

Figure 7.1. Double nuclei (arrow) of Nosema ceranae spores through DAPI filter.
The bright field and PI method of determining viability showed that there were a
consistent number of dead spores in all freshly-harvested spore samples (averages
between 14 and 23 %). These dead spores could possibly be empty husks of germinated
spores that have not been fully degraded inside the honey bee host post-germination
(Section 2.3). The average mortality rates for fresh spores in this study were 14.2% ± 3.6
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that were used for the heat treatment experiment, 19.3% ± 2.8 when used for the
fresh:killed spore ratios experiment, 17.7% ± 1.9 when used for the 20 min dye
incubation study, and 22.9% ± 0.7 prior to freezing when used for testing freezing
methods and cryoprotectants. It can, therefore, be suggested that a fresh N. ceranae spore
suspension ranges from having 14% to 23% dead spores (86% to 77% viability) when
using the PI and bright field method of determining viability. This range in the number of
dead spores is likely reflective of variation in the amount of immature spores, spore
husks, and nonviable spores that can be present in a forager’s midgut at any time of a
sampling period. This level of viability is lower than that reported by Fenoy et al. (2009),
where mean spore viability was found to be 94.4% ± 1.06 based on DAPI and Sytox
Green measurements of fresh N. ceranae spores suspended in 1 x phosphate-buffered
saline. A speculation as to why the viability reported in this study may be higher for
Fenoy et al. (2009) could be that the authors experienced some autofluorescence due to
the Sytox Green, or their PBS solution enhanced the DAPI absorption into the spores.
Both of these results are much lower than the 99% viability reported for N.
ceranae and N. apis using the trypan blue method (Martín-Hernández et al., 2009; Higes
et al., 2010), however, when the trypan blue method was employed in this study, a
viability of 100% was obtained after the spores were heated at 80 °C for 3 h. It is
therefore, hypothesized that the trypan blue dye may be too large to penetrate even a
compromised N.ceranae spore coat, and thus is unsuitable as a reliable stain for
determining the mortality of N. ceranae spores.
7.3. Thermotolerance of Nosema ceranae Spores
Fenoy et al. (2009) examined the viability of N. ceranae spores when exposed to
60 °C and -20 °C (a total range of 80 °C) for a maximum time of 6 h and 3 weeks,
respectively. Viability was assessed by counting spores under bright field microscopy,
and fluorescent examination of DAPI and Sytox Green staining (Fenoy et al., 2009). In
their study, the mean viability was 92.1% for spores exposed to 60 °C for 6 h in 1 x
phosphate-buffered saline had a mean viability of and 87.5% for spores suspended in
RPMI medium plus 10% DMSO of after 3 weeks at -20 °C (Fenoy et al., 2009). In the
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study presented here the N. ceranae viability assessments were extended to 80 °C and -70
°C (a total range of 150 °C). The mean viability was 3.2% for spores heated in water at
80 °C for 1 h, and 72.2%. for spores frozen in 10% DMSO at -70 °C for three
months.This study suggests that N. ceranae spores are less tolerant of higher
temperatures (i.e. 80 °C), but more tolerant of lower temperatures (i.e. -70 °C).
7.4. Viability of Cryopreserved Nosema ceranae Spores
The lowest mean mortality rate of cryopreserved N. ceranae spores (24.2% ± 2.2)
was obtained by placing them directly into the -70 °C freezer, with 10% glycerol as the
cryoprotectant. After three months of direct storage in the -70 °C freezer, the mean
mortality did not deviate significantly from the pre-freezing viability count of 22.9% ±
0.7. Since N. ceranae is a spore-forming fungus, this result agrees with Simione (1998)
who used a cryoprotectant of 10% glycerol for fungal spore cell types with a minimum
storage temperature of -60 °C, and who suggested that most spore-forming fungi can
tolerate less than ideal cooling rates. It is also worth noting that freezing spores directly in
water provides statistically similar results for maintaining spore viability as when
freezing them in 10% glycerol. Freezing spore suspensions suspended in 10% glycerol
directly in the -70 °C is also convenient and does not require using “Mr. Frosty” or liquid
nitrogen. Of all the cryoprotectants analyzed in this study, ethylene glycol had the most
severe negative effect on spore viability (Table 6.2). Previous studies have noted that
ethylene glycol can be extremely toxic to some organisms, due to the fact that it can act
as a solvent for some microbial polysaccharides (Hubálek, 2003), which may also be the
case in this study.
7.5. Timing of the Cryopreservation of Nosema ceranae Spores
The seasonality pattern of N. ceranae infections presented in this study is similar
to that of Traver et al. (2012). Based on Figure 6.1, the collection and cryopreservation of
N. ceranae spores no later than the end of July is recommended for temperate climates
similar to Guelph, Ontario. Collection at this time would ensure fresh and viable spores
for the duration of the 6 months (August to March) where spore availability is minimal,
and honey bees are hibernating for winter. Although this study only tested a three month
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cryopreservation period on spore viability, the likelihood of viability declining
significantly during an additional four or five more months is minimal.
It became evident that the concentration of spores to be used in the
cryopreservation assays (2 x 107 spores/0.5 mL) should be similar to the amounts of
spores to use in the the staining protocol (2 x 107 spores/200 µL). This way we can freeze
samples that would be ready to stain directly after thawing. If future studies use the
differential staining and/or cryopreservation protocol presented here, then it is highly
recommended that the spore samples have a concentration high enough (i.e. 2 x 107
spores) to conduct the staining protocol.
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8. CONCLUSIONS
This study presents three protocols that will benefit a variety of future N. ceranae
research endeavours that may require a chemical-free method of purifying spores, a hostfree and reliable assay for assessing spore viability, and/or a convenient and cost-efficient
means of cryopreserving spores. Future studies should attempt to correlate spore viability
with spore infectivity (i.e. feed honey bees Nosema spores that are considered >0% viable
via PI and DAPI staining). The methods and results provided here are contributions not
only to our understanding of N. ceranae spore viability and cryopreservation methods,
but also to the limited amount of information regarding the factors that affect viability of
microsporidia spores (Shadduck and Polley, 1978; Amigo et al., 1996; Fenoy et al.,
2009). The conditions outlined in this study for the storage N. ceranae spores will
potentially provide accessible and honey bee-free sources of viable spores for in vitro
studies year-round.
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