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Honey bees are important pollinators for many agricultural systems throughout the 

world. However, recent honey bee declines have caused great alarm, drawing 

attention to the vulnerability of worldwide agriculture to pollinator loss. These 

declines are often attributed to a combination of pests, pathogens, viruses, chemicals, 

and a lack of proper nutrition. One of the main factors implicated in bee declines is 

the fungal pathogen Nosema ceranae. There has been significant research conducted 

to understand the effect of Nosema ceranae infection in individual bees, but currently 

there is a gap in knowledge regarding Nosema ceranae infection at the colony level. 

Also, little is known regarding the effects of bee nutrition on Nosema ceranae 

infection and longevity of infected bees. Here I investigated the dynamics of colony 

level infection of Nosema ceranae and determined the effects of pollen nutrition on 

Nosema ceranae infection and survival of bees.  

To understand the dynamics of Nosema ceranae infection at the colony level, I 

examined the prevalence (proportion of infected bees) and intensity (number of 

spores per bee) in two different field experiments with whole colonies. In the first 

experiment, I compared Nosema infection information from bees of known ages to 

the traditional method of colony infection diagnosis. In the second experiment, I 

analyzed each individual bee from eight experimental nucleus colonies inoculated 



 
 

 

with Nosema ceranae to determine the infection prevalence and intensity. I found that 

the prevalence and intensity of Nosema ceranae infection was significantly 

influenced by honey bee age. Both experiments showed that foraging-aged bees had a 

higher prevalence of Nosema infection than younger bees. However, I found that 

nurse bees may have spore intensities comparable to or greater than those of forager 

bees. These results emphasize the limitations of the traditional Nosema sampling 

methods in assessing the colony infection status. My findings are expected to assist in 

development of reliable Nosema sampling protocols that could help beekeepers 

realistically assess the need for colony treatment. 

Nutrition has a profound effect on host-parasite relationships; hence it is imperitive to 

understand how honey bee nutrition affects Nosema ceranae prevalence and intensity. 

In this study, I examined effects of different concentrations of pollen on the 

prevalence and intensity of Nosema ceranae as well as the longevity and nutritional 

physiology of infected bees. Significantly higher spore intensities were observed in 

treatments that received higher pollen concentrations when compared to treatments 

that received relatively lower pollen concentrations. Interestingly, the bees in higher 

pollen concentration treatments also had significantly higher survival despite higher 

intensities of Nosema ceranae. I found that hypopharyngeal gland protein content was 

significantly different between bees infected with Nosema ceranae and bees that were 

not infected, but did not find any significant differences in total midgut enzyme 

activity between infected and non-infected bees. My results demonstrate that optimal 

pollen nutrition increases Nosema ceranae intensity, but also enhances the survival or 

longevity of honey bees. The information from this study could be potentially used by 

beekeepers to formulate appropriate protein feeding regimens for their colonies to 

mitigate Nosema ceranae problems. 
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Chapter 1:  

Introduction 

1.1 Honey Bee Colony Declines 

Honey bees (Apis mellifera L.) are arguably the most important pollinator in agricultural 

systems (Klein et al., 2007). Morse and Calderone (2000) estimated the economic value 

of honey bee pollination to be $15 billion per year in the United States. However, recent 

honey bee declines in North America, Europe, and several other countries have been 

reported to be above the normal expected losses (vanEngelsdorp et al., 2009; van der Zee 

et al., 2012; Spleen et al., 2013), drawing attention to the vulnerability of worldwide 

agriculture to pollinator loss (Gallai et al., 2009).  

Honey bee colonies often die during the winter for a number of reasons. Overwintering 

losses are generally attributed to starvation, pests, and pathogens. However, during the 

winter of 2006/2007 beekeepers in the United States reported a startling amount of losses 

of managed colonies (vanEngelsdorp et al., 2007). The losses were mysterious in that the 

colonies looked healthy during prior inspections and seemed to disappear for unknown 

reasons, a phenomenon labeled as Colony Collapse Disorder, or CCD (vanEngelsdorp et 

al., 2009). To date, no single factor has been identified as the cause, though these declines 

are often attributed to a combination of pests, pathogens, viruses, chemicals, and a lack of 

proper nutrition. One of the main suspects thought to be involved in bee decline is the 

fungal pathogen Nosema ceranae.  

U.S. beekeepers and researchers describe a pattern of high prevalence of pathogens such 

as viruses and Microsporidia with dead and dying colonies (Cox-Foster et al., 2007; 

Cornman et al., 2012). While Nosema ceranae was identified in all operations with CCD 

symptoms, these studies did not suggest a link between Nosema ceranae and CCD. In 

contrast to findings from the U.S., Nosema ceranae infections have been linked to colony 

losses in Spain (Higes et al., 2008). However, most published data on colony loss linked 

to Nosema ceranae are correlations and require continued investigation (Fries, 2010). 
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1.2 Characterization of Nosema 

1.2.1 Background on Microsporidia 

Nosema is classified under the phylum Microsporidia, a group of single-celled parasites 

known to infect various animal hosts (Wiess & Becnel, 2014). Some well-known 

Microsporidia species have been documented infecting salmon (Becker & Speare, 2007), 

silk worms (Ma et al., 2013), and even humans (Didier et al., 2005). Microsporidia 

cannot grow or divide outside their host cell. The exact mechanisms they use to acquire 

resources from their host is an area of continued research (Keeling, 2009).  

At the infective stage, a Microsporidian is a thick-walled spore capable of surviving 

outside host cells (Weiss & Becnel, 2014). The spore contains a long coiled filament 

which is used for infecting the host. Upon germination, the filament ejects quickly, 

turning inside out to form a tube (Delbac & Polonais, 2008). The filament is ejected at 

such a speed that it acts as a projectile, penetrating the host cell membrane and injecting 

its own cytoplasm into the host cell (Keeling, 2009). The microsporidium proliferates 

intracellularly, acquiring ATP from the host mitochondria through various mechanisms 

(Tsaousis et al., 2008). Upon proliferation, the spores rupture the host cell membrane and 

release more spores into the host.  

1.2.2 Nosema Life Cycle in Honey bees 

The midgut of the honey bee is the ideal environment for Nosema infection as the midgut, 

unlike the foregut and hindgut, is not lined with cuticle. The cuticle within the foregut 

and hindgut is thought to prevent the filament from penetrating the cell membrane upon 

spore germination, thereby preventing the spread of infection in those areas. Nosema 

growth and reproduction in honey bees is constrained to the midgut epithelial cells, a 

phenomenon not observed in Nosema infections in other insects (Huang et al., 2013). The 

conditions which trigger Nosema spore germination within the midgut of the honey bee 

are not well understood.  
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Once Nosema spores have germinated and injected their binucleate sporoplasm into the 

epithelial cells of the honey bee midgut, proliferation of Nosema proceeds through binary 

fission (Fries, 1993; Fries et al., 1996). Approximately 48 hours post infection, newly 

formed spores rupture the epithelial cell membrane and either empty into the gut lumen 

or germinate spontaneously within the cell cytoplasm infecting adjacent epithelial cells 

(de Graaf et al., 1994; Higes et al., 2007). Mature spores will either exit the honey bee via 

defecation, enabling them to infect other honey bees, or remain in the midgut to infect 

other cells.  

1.2.3 Comparison of Nosema apis and Nosema ceranae 

There are two species of Nosema known to infect honey bees, Nosema apis (Zander, 

1909) and Nosema ceranae (Fries et al., 1996). For over 100 years, the effects of Nosema 

apis on European honey bees have been studied, gathering a massive amount of 

information regarding this particular host-parasite relationship (Fries, 1993). In contrast, 

Nosema ceranae infections in European honey bees have only been studied for a decade. 

Nosema ceranae in European honey bees was first recorded in Spain in 2005 (Higes et 

al., 2006). Shortly thereafter, the parasite was recorded infecting honey bees in the U.S. 

(Chen et al., 2007) and was widely spread throughout the world (Klee et al., 2007). 

Presently, few Nosema apis infections are found, as Nosema ceranae has become the 

dominant microsporidia infection in European honey bee colonies (Fries, 2010). 

Nosema apis infections are often characterized by dysentery in honey bees, causing them 

to defecate inside the hive (Bailey, 1955). It is therefore thought that a fecal-oral route of 

transmission is the main mode of Nosema apis infection transmission between bees in a 

colony. Fecal streaks caused by dysentery near the hive entrance are an outward 

indication to beekeepers of Nosema apis infection. However, dysentery does not appear 

to be a symptom of Nosema ceranae infection, making it nearly impossible to visually 

identify its presence in a colony (Fries et al., 2006; Higes et al., 2008). It has been 

reported that Nosema ceranae infection is transmitted between bees as they share food 

with one another during the two-way exchange process known as trophallaxis (Smith, 
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2012). Since bees are not defecating inside the hive, an oral-oral route of transmission is 

accepted as the main mode of Nosema ceranae infection transmission.   

Experimentally, Nosema ceranae has induced significantly higher rates of individual 

mortality in honey bees than Nosema apis (Higes et al., 2007; Paxton et al., 2007), though 

this has not been confirmed in other cases (Forsgren & Fries, 2010). Data on Nosema 

ceranae virulence at the colony level seem to be contradictory (Dainat et al., 2012; Higes 

et al., 2013). These discrepancies may be due to variants of Nosema ceranae (Williams et 

al., 2008), but comparisons of the strains have failed to show significant differences 

(Dussaubat et al., 2012). These inconsistencies may also be due to climatic factors (Weiss 

& Becnel, 2014). Given that regional variations may be important, data from long-term 

monitoring of Nosema prevalence are needed worldwide.  

1.2.4 Effects of Nosema ceranae infection 

1.2.4.1 Caste Specific Pathology 

A honey bee colony is made up of members physically modified for specific tasks and 

functions as a superorganism. Like most eusocial insects, honey bees are divided into 

castes, each caste performing specific functions in the colony. Since the anatomy and 

physiology of bees belonging to these castes differ in nature, it is therefore necessary to 

understand the effect that Nosema ceranae infection has on each caste individually before 

we can comprehend how infection affects the entire colony.  

The honey bee queen is a specialized female whose main functions are to lay eggs and 

produce pheromones that maintain colony cohesion (Caron & Conner, 2013). She 

produces a substance called Queen Mandibular Pheromone (QMP), which stimulates 

queen attendance and regulates worker behavioral maturation (Slessor et al., 2005). 

Alaux et al. (2011) found that the chemical composition of QMP had changed in Nosema 

ceranae infected queens. Therefore QMP modification by Nosema ceranae might explain 

reports of Nosema-induced queen supersedure, a process by which worker bees kill and 

replace a poorly performing queen (Caron & Conner, 2013). Alaux et al. (2011) also 
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reported that Nosema ceranae infected queens’ exhibit twice the normal levels of 

vitellogenin (Vg), a yolk precursor protein that influences their egg-laying ability. The 

authors suggest that increased Vg synthesis may lead to a long-term depletion of fat body 

content, negatively affecting the queen’s nutritional status.  

The sperm from drones represents half of the reproductive organs within a colony, yet 

drones are often overlooked when studying the effects of Nosema ceranae on colony 

productivity. Traver and Fell (2011) found that both drone pupa and adults are 

susceptible to natural infections of Nosema ceranae. A study by Reschnig et al. (2014) 

found that Nosema ceranae infection has a greater negative effect on drone survival and 

body mass than worker honey bees, even at lower spore intensities. Though the biological 

impacts of these findings are not well understood, it can be speculated that Nosema 

ceranae infection in drones could potentially cause a reduction in fertilization potential 

and reproductive success.   

The sociality of honey bee colonies is maintained by an age based division of labor in 

worker bees. Tasks such as feeding and tending to the queen and larvae are usually 

performed by workers during their first two weeks of life. Typically after two weeks, 

workers begin tasks such as guarding and foraging for nectar and pollen outside of the 

nest. These behaviors are physiologically based (Huang et al., 1994; Amdam & Omholt, 

2003; Nelson et al., 2007) and are therefore sensitive to the effects of parasites and 

pathogens that alter worker physiology (Holt et al., 2013). Nosema ceranae infection in 

worker honey bees has been shown to alter the expression of important hormones 

influencing behavior (Vidau et al., 2011; Goblirsch et al., 2013). For example, workers 

infected with Nosema ceranae have shortened lifespans and begin dangerous foraging 

tasks earlier in life (Higes et al., 2008; Tofilski, 2009; Goblirsch et al., 2013). Precocious 

foraging may also be due to the high energetic cost of Nosema ceranae parasitization 

(Mayak & Naug, 2009).  

As previously mentioned, Nosema ceranae spores greatly weaken midgut epithelial cells 

(the main site of nutrient absorption) during replication (Higes et al., 2007). As a result, 



6 
 

 

infected honey bees commonly demonstrate pronounced hunger (Mayak & Naug, 2009) 

and are less likely to share food with nestmates via trophallaxis (Naug & Gibbs, 2009). 

Furthermore, the presence of Nosema ceranae alters the expression of portions of the 

midgut proteome responsible for energy production, protein regulation and antioxidant 

defense (Vidau et al., 2014). This disrupts the metabolism of proteins in the midgut and 

causes further energetic stress. The disruption of protein metabolism is also manifested in 

the atrophy of hypopharyngeal glands (Alaux et al., 2010a), which are necessary for 

synthesis of major components of royal jelly and larval brood food (Patel et al., 1960). As 

these glands are critical for the rearing of brood, the effect of reduced hypopharyngeal 

glands have implications for the health of the colony.  

1.2.4.2 Colony Level Pathology 

The honey bee colony can be considered as a complex living system that functions as a 

whole, thus it is necessary to identify the differences between the pathologies of 

individual bees and the colony (Higes et al., 2010). Nosema ceranae infection has a clear 

effect at the colony level due to mortality of infected bees and reduced colony vigor 

(Higes et al., 2008 & 2009). The decrease in colony population is likely due to the fact 

that the heavily infected honey bees do not return to the hive, suggested as a disease 

response by honey bees to reduce the pathogen load within the colony (Kralj and Fuchs, 

2010). Depopulation of colonies becomes evident when the queen cannot compensate for 

the loss of infected bees (Higes et al., 2008). 

Nosema ceranae infected colonies have also been observed to exhibit higher winter 

mortality rate than non-infected colonies (Higes et al., 2008). This may be due to the 

premature death of individual bees during the winter, which reduces colony population 

and affects the ability of the remaining bees to regulate temperatures. Poor 

thermoregulation may lead to the death of the queen and/or the colony due to the 

colony’s failure to keep warm during winter. Additionally, infected colonies are also 

reported to have decreased honey production (Higes et al., 2010), possibly leading to 

malnourished or starving bees during the winter season. Hungry bees are less likely to 
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share the food they have obtained (Naug & Gibbs, 2009) and as they rely significantly on 

each other for food sharing, hence Nosema ceranae can have devastating effects on 

colony cohesion.  

1.2.5 Nosema Identification 

The diagnosis of Nosema infection is traditionally performed using light microscopy 

techniques and the infection level is estimated using a hemocytometer to count spores 

(Cantwell, 1970). This method allows for an accurate assessment of the presence/absence 

of spores as well as the amount of spores per bee. Nosema ceranae spores are slightly 

smaller than Nosema apis (4.7 x 2.7 µm) and has fewer filament coils compared to 

Nosema apis (Fries et al., 1996). However, the two species are nearly impossible to 

identify without the use of molecular assays, particularly because mixed infections occur 

frequently (Chen et al., 2009). Several PCR molecular assays have been described for the 

detection and identification of Nosema apis and Nosema ceranae, though shortcomings 

have been observed in Nosema ceranae specificity (Erler et al., 2012).  

1.2.6 Nosema Monitoring  

To diagnose colonies for Nosema ceranae infection, most protocols suggest sampling 

forager bees from the hive entrance (Higes et al., 2010; Fries et al., 2013) due to the high 

infection prevalence of foraging aged bees (Meana et al., 2010; Smart & Sheppard, 2012; 

Botías et al., 2013). However, several studies involving Nosema sampling have 

demonstrated that bees obtained from the brood area also exhibit significant Nosema 

infection (Traver & Fell, 2012; unpublished data Sagili et al.). Thus, there are still many 

unknowns regarding the distribution of Nosema ceranae infection within the colony. To 

help beekeepers assess the realistic need of colony treatment, further research of colony 

level infection dynamics are necessary to develop a more robust Nosema ceranae 

sampling protocol.  
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1.3 Honey Bee Nutrition 

Like other animals, bees require adequate nutrition to thrive (Haydak, 1970). Honey bees 

can forage for nectar and pollen within a 3-mile radius of the hive (Beekman & Ratnieks, 

2000); therefore, land use and management practices directly affect honey bee nutrition 

(Donkersley et al., 2014). Land management practices have an enormous impact on how 

honey bees obtain food and what is available (Decourtye et al., 2010; Keller et al., 2005). 

While honey bees rarely face a total absence of food in their environment, they are often 

confronted with a lack of diversity of food resource abundance (Di Pasquale et al., 2013). 

As current farming practices are largely dependent upon monoculture cropping, a rapid 

decline in pollen diversity in agricultural areas has narrowed the range of floral resources 

available to bees, which has been shown to have negative effects on colony survival 

(Kremen et al., 2002; Naug, 2009).  

Honey bees get the vast majority of their required protein, lipids, vitamins and minerals 

from pollen (Brodschneider & Crailsheim, 2010). Pollens can greatly differ between 

floral species regarding their nutritional contents, (Herbert & Shimanuki, 1978; Roulston 

& Cane, 2000), suggesting that some are of better quality for bees than others. While 

some pollen types provide adequate nutrition alone (e.g., Rape, Brassica napus L., 

Schmidt et al., 1995), in general, polyfloral pollen is healthier for honey bees (Huang, 

2012). Reduced pollen diversity available to honey bees may negatively impact brood 

production, gland development, reduce individual bee weight and shorten a honey bee’s 

life span (Schmidt, 1984; Schmidt et al., 1987, 1995).  

A direct result of nutritional deficiency is a decrease in the resistance threshold of bees to 

other stresses. Indeed, pollen intake is known for having a major influence on the 

immunity (Alaux et al., 2010b) and tolerance to pathogens like bacteria (Rinderer et al., 

1974), viruses (Degrandi-Hoffman et al., 2010) and microsporidia (Rinderer & Elliot, 

1977) and reducing the sensitivity to pesticides Wahl & Ulm, 1983). Even though few 

studies have explored the role of protein/pollen nutrition in Nosema ceranae infected 

bees (Eischen & Graham, 2008; Di Pasquale et al., 2013), there is still a great degree of 
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uncertainty regarding role of pollen nutrition on the physiology and survival of infected 

bees.  

1.4 Impetus for Thesis Research  

Fumagillin is an antibiotic widely used for over 60 years to control nosema disease in 

honey bees (Katznelson & Jamieson, 1952; Bailey, 1953). It has long been used for 

Nosema apis control but has also been found to be effective for Nosema ceranae 

suppression (Williams et al., 2008; Higes et al., 2011). In an effort to prevent colony 

losses, many beekeepers have felt compelled to treat their colonies prophylactically with 

fumagillin. Prophylactic treatment has significantly increased hive management costs and 

can potentially reduce the effectiveness of fumagillin control of Nosema ceranae (Huang 

et al., 2013). In order to properly employ preventative measures to keep colonies from 

succumbing to Nosema ceranae infection as well as preventing the overuse of fumagillin, 

a more reliable Nosema sampling protocol is needed to provide beekeepers with a 

realistic view of colony infection levels. 

Further, several beekeepers in Oregon and few other states have claimed that 

supplemental feeding of protein to their colonies has increased colony survival and 

helped reduce their reliance on fumagillin for Nosema treatment. There was great interest 

and support to test this hypothesis since prior studies have shown that resistance to 

pathogens can heavily depend upon nutrition (Alaux et al., 2010b). Though few other 

studies have explored the role of protein/pollen nutrition in Nosema ceranae infection 

and survival of infected bees (Porrini et al., 2011; Zheng et al., 2014), there is still 

uncertainty regarding the physiological effects of bee nutrition on Nosema infection. 

1.5 Conclusions 

Before a more effective Nosema sampling protocol can be developed, colony-level 

infection dynamics need to be better understood. Chapter II contains two experiments 

which endeavor to describe Nosema ceranae infection at the colony level. The first 

experiment specifically addresses questions of colony-level infection dynamics, as well 
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as different approaches to diagnostic sampling. The second experiment is a unique study 

that examines the prevalence and intensity of Nosema ceranae in whole colonies (nucleus 

colonies) by individually analyzing bees of known age. This study provides an in-depth 

look into colony infection dynamics that has not been understood well despite significant 

research regarding Nosema ceranae. Additionally, I explored how varying levels of 

Nosema ceranae infection intensities influenced the hypopharyngeal gland protein 

content of infected bees. Finally, an attempt to identify whether pH has a role in Nosema 

ceranae spore germination within the honey bee midgut is also presented in this chapter.  

Nutrition has a profound effect on host-parasite relationships, yet little is known on how 

honey bee nutrition affects Nosema ceranae prevalence and intensity. Chapter III 

contains a study which describes the effect of nutrition on Nosema ceranae infected bees. 

For this component of my thesis, I examined effects of different concentrations of pollen 

on the prevalence and intensity of Nosema ceranae as well as the longevity and 

nutritional physiology of bees inoculated with Nosema ceranae. This study provides new 

and timely information concerning the role of nutrition on pathogen resistance and 

longevity in honey bees, which will greatly benefit beekeepers in their efforts to mitigate 

problems caused by Nosema ceranae. 

Researchers and beekeepers throughout the world have been calling for a more effective 

and standardized method for Nosema sampling. This thesis provides invaluable 

information for designing a comprehensive assessment of colony level infection status. It 

also offers supporting evidence to recent claims that proper nutrition aids survival in 

Nosema ceranae infected honey bees, and provides further information on the 

physiological effects of nutrition in infected bees. This research not only provides greater 

insights pertaining to Nosema ceranae infection, but will offer much to the growing effort 

to mitigate the harmful effects of Nosema ceranae infection on honey bee colonies. 
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Chapter 2: 

Understanding the Colony Level Prevalence and Intensity of the Honey Bee Gut 

Pathogen Nosema ceranae 

2.1 Abstract 

Recently, honey bee colonies have been reported to be infected with a relatively new 

species of gut pathogen called Nosema ceranae. Little is known about colony level 

prevalence and intensity of Nosema ceranae. Two experiments were conducted in order 

to determine the importance for improved colony sampling methods for Nosema infection 

and to understand the dynamics of Nosema ceranae infection at the colony level. The 

first experiment compared the infection results from bees of known ages to the tradition 

method of colony diagnosis of Nosema infection. The second experiment analyzed each 

individual bee from eight quadruple-cohort colonies inoculated with Nosema ceranae to 

determine the prevalence and intensity of infection within age cohorts as well as 

determine the effects of Nosema ceranae on hypopharyngeal gland protein and midgut 

pH level. In both experiments, foraging-aged bees had the highest prevalence of Nosema 

infection. The second experiment showed that nurse-aged bees may have spore intensities 

greater than those of forager-aged bees. Hypopharyngeal gland protein was not 

influenced by Nosema ceranae infection severity, however a higher gut pH was observed 

in Nosema ceranae infected bees. I determined that the prevalence and intensity of 

Nosema ceranae infection is significantly influenced by honey bee age. Such results 

emphasize the hazard of using composite sampling to determine the extent of Nosema 

infections within a colony. Measuring the presence of Nosema ceranae in individual bees 

of mixed, but known ages will provide a more complete and more accurate assessment of 

infection level. 

2.2 Introduction 

Nosema ceranae is a microsporidian gut parasite that was recently found infecting 

European honey bees (Apis mellifera) (Higes et al., 2006; Klee et al., 2007; Chen et al., 
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2008). Nosema ceranae infection has been shown to increase colony loss (Higes et al., 

2008; Higes et al., 2009a) and there is evidence to suggest it as a contributing factor in 

collapsing colonies (Cox-Foster et al., 2007; Bromenshank et al., 2010; vanEngelsdorp et 

al., 2009). Once Nosema ceranae spores are ingested, they germinate inside the host 

midgut, infecting the epithelial cells (Fries et al., 1996; Fries 2010). Intracellular 

proliferation of Nosema ceranae will eventually burst the epithelial cell membrane, thus 

destroying the cells (Higes et al., 2007). The combined effects of cell destruction and 

energy parasitism in infected honey bees often manifest increased hunger levels (Mayak 

& Naug, 2009) and decreased food sharing with nestmates via trophallaxis (Naug & 

Gibbs, 2009).  

Some studies indicate that the intensity of Nosema ceranae infection varies greatly 

among bees of an infected colony—most bees apparently exhibiting no signs of infection, 

while others show extremely high spore intensities (Smart & Sheppard, 2012; El-Shemy 

& Pickard, 1989). Therefore, a few highly infected bees in a sample may greatly 

misrepresent the level of infection, possibly providing a false perception of colony health. 

Currently, there is no standardized method for Nosema ceranae sampling of colonies. 

Many studies have used the number of spores from composite samples to determine 

colony infection status (Burgher-MacLellan et al, 2010; Williams et al., 2010; Botías et 

al., 2012a; Traver & Fell, 2012); though others have suggested that measuring the 

proportion of infected individuals may be more accurate (Meana et al., 2010; Botías et 

al., 2012b).   

Forager bees are likely to have higher Nosema infection levels than do nurse bees (Higes 

et al., 2008; Meana et al., 2010; Botías et al., 2012b; Martín-Hernández et al., 2012; 

Smart & Sheppard, 2012; Botías et al., 2013); hence many studies have diagnosed 

Nosema infections from samples comprised solely of foragers taken from the hive 

entrance. However, several studies involving Nosema sampling have demonstrated that 

bees obtained from the brood area also exhibit significant Nosema infection (Traver et al., 

2012; unpublished data Sagili et al.). Thus, there is still much to learn regarding the 

distribution of Nosema ceranae infection within the colony.  
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Another area of concern regarding Nosema ceranae infections is the poor development of 

the hypopharyngeal glands in infected honey bees. Hypopharyngeal gland secretions are 

the major components of the protein-rich diet supplied to honey bee larvae by nurse 

bees—royal jelly and brood food (Patel et al., 1960). Therefore, any negative impact on 

the development of these glands could greatly affect colony health and size. It is known 

that the presence of Nosema apis decreases hypopharyngeal gland protein content 

(Malone & Gatehouse, 1998; Wang & Moeller, 1971) and alters the composition of 

secretions (Liu, 1990). Though Nosema ceranae has not been detected in the 

hypopharyngeal gland tissue (Huang and Solter, 2013), recent research has shown that its 

parasitism of honey bees diminishes protein content in hypopharyngeal glands (personal 

unpublished data). However, we currently do not know if and how different levels of 

Nosema ceranae infection influence hypopharyngeal gland protein production.   

Gut pH is a critical factor in insect health; it is essential for digestion as well as 

maintaining gut microflora. But little is known about the relationship between gut pH and 

Nosema infection, as only a few preliminary studies, published decades ago, describe 

their interactions. Early literature from Bailey (1955) suggests that gut pH alone does not 

trigger Nosema apis germination, however Jaronski (1979) concluded that Nosema 

algerae spore germination was influenced by pH stimuli. Additionally, the effect of pH 

on priming Nosema michaelis spores for germination is described by Weidner (1972). 

Ishihara (1967) also described a higher rate of polar filament extrusion, an important step 

in spore reproduction, in the microsporidium Glugea fumiferanae, at higher pH. Hence it 

may then be possible for a specific gut pH level to provide an environment more 

conducive to spore germination. A better understanding of how honey bee gut conditions 

influence Nosema ceranae proliferation would greatly advance our efforts in mitigating 

Nosema ceranae infections. To my knowledge, no prior work exists concerning the 

effects of gut pH on Nosema ceranae.  

The research presented here included two experiments intended to illustrate the dynamics 

of a Nosema ceranae infection within the colony. The first of these experiments was 

adapted from the methods of Smart and Sheppard (2012), who sampled bees of known 
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ages from colonies to describe colony infection status. In the second experiment, I 

examined entire colonies that were infected with Nosema ceranae by mass inoculation 

method. The main objective of both studies was to characterize the prevalence 

(proportion of infected bees) and intensity (number of spores per bee) of Nosema ceranae 

infection at the colony level. Further objectives of the second experiment included the 

quantification of changes in hypopharyngeal gland protein at different intensities of 

Nosema infection and the examination of a potential relationship between Nosema 

ceranae infection and honey bee gut pH. I hypothesized that as honey bee age increased, 

Nosema ceranae intensity and prevalence would also increase. Furthermore, I 

hypothesized that as Nosema ceranae infection intensity increased, hypopharyngeal gland 

protein content would decrease and that a relationship exists between Nosema infection 

and honey bee gut pH.    

2.3 Materials and Methods 

2.3.1 Experiment 1 

Five colonies naturally infected with Nosema ceranae were selected in July 2013 from a 

single Oregon State University apiary (Corvallis, OR, USA). Prior to the experiment, I 

identified the Nosema species in all five colonies as Nosema ceranae using DNA analysis 

following the methods of Hamiduzzaman et al. (2010). Two or three capped combs with 

emerging bees were collected from each of the five colonies and were incubated in the 

lab under simulated hive conditions (33
° 
C, 55% RH) for bee emergence. Incubating 

brood combs were checked for emerging bees 16 hours later. Newly emerged bees were 

color-coded by colony with a dot of Testors
TM

 enamel paint on the thorax. Once at least 

500 newly emerged bees per colony had been painted, they were returned to their original 

colonies. Fifty recently emerged bees per colony were also retained to establish a baseline 

infection level of Nosema ceranae.  

From each of these five experimental colonies, fifty marked (painted) bees were collected 

during midday 8-11 days post-emergence and again at 22-25 days post-emergence. These 

sampling periods represent the nursing and foraging phases, respectively, of a worker 
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bee, as honey bees exhibit temporal polyethism. While collecting these fifty marked bees, 

an additional sample of fifty unmarked bees (background bees) was also collected from 

each colony. This sample of background bees consisted of an equal mix of bees from the 

brood area, colony cover (lid), colony entrance and outer combs in the colony. Smart and 

Sheppard (2012) collected such background bee samples only from the inner colony 

cover in their study. The infection intensity and prevalence of Nosema ceranae in these 

random samples of mixed aged bees were compared to the infections of the marked bees 

of known age. 

The prevalence and intensity of Nosema infection in all collected bees were determined 

following light microscopy techniques as described by Cantwell (1970). Briefly, each bee 

abdomen was macerated by mortar and pestle in 1 ml of distilled water. A 10 µl drop of 

that solution was placed on a hemocytometer (Cat # 3200, Hausser Scientific, PA, USA), 

from which spores were counted at 400X magnification. All marked bees collected were 

analyzed individually. Although background bees were collected as composite samples, 

they too were analyzed individually. This permitted us to observe the prevalence and 

intensity of infection in the bees comprising a composite sample, which is usually not 

known because all bees are typically analyzed together. Furthermore, individually 

analyzing bees from the composite samples allowed me to observe if any significant 

differences exist between sampling bees of known ages and traditional composite 

samples.  

2.3.2 Experiment 2 

In order to evaluate the characteristics of Nosema ceranae infections in whole colonies 

across multiple age cohorts, I established nucleus colonies with bees of known ages and 

then quantified the prevalence and intensity of Nosema infection in these bees. I collected 

bee samples from the brood area of several colonies at Oregon State University’s apiaries 

(Corvallis, OR, USA) in July 2013 and May 2014, and examined them for the presence of 

Nosema using light microscopy as described above. Then, during each year, four colonies 

determined to be Nosema-free were randomly selected to serve as foster colonies for the 



24 
 

 

bees used to establish experimental nucleus colonies. The nucleus colonies were 

established according to standard methods used for triple-cohort colonies (Giray & 

Robinson, 1994; Le Conte et al., 2001; Sagili et al., 2011); however, I created an 

additional fourth cohort. Each quadruple-cohort colony was established with 1,000 bees 

each of the following age groups: 1) one day old bees 2) one week old bees 3) two week 

old bees 4) three week old bees. A total of eight nucleus colonies (eight replications) 

were established for this study. For the purposes of brevity, cohorts will herein be 

referred to by their age at time of colony establishment (as described above). Because 

bees were sacrificed for analysis two weeks after inoculation (see below), each cohort 

was two weeks older at time of analysis than at time of colony establishment (Table 2.1). 

For establishing nucleus colonies, capped combs with emerging bees were obtained from 

honey bee colonies headed by sister queens and were incubated in the lab under 

simulated hive conditions (33
° 
C, 55% RH) for bee emergence. Sister queen colonies 

were used to control any variation in Nosema infection attributed to genetics of the bees. 

Incubating brood combs were checked after 16 hours for emerging bees. Four weeks 

prior to establishing my quadruple-cohort colonies, newly emerged bees were painted on 

the thorax with Testors™ enamel paint to indicate a particular age cohort and were then 

released into their designated Nosema-free foster colonies for aging. Each cohort of bees 

was painted a unique color. At least 2,000 newly emerged bees per target cohort were 

released into foster colonies at a time to ensure that 1,000 bees per cohort could be easily 

found at time of final collection when establishing nucleus colonies.  

Three weeks after the first cohort was placed in the foster colony, 1,000 painted bees 

from each cohort were vacuumed with a BioQuip Insect Vac™ (Cat # 2820GA, BioQuip 

Products Inc., CA, USA) and placed inside a nucleus colony with closed entrance 

(Summarized in Fig. 2.1). Each quadruple-cohort colony contained three empty combs, 

one honey comb and one comb containing uncapped brood. The following day, referred 

to as day 1, entrance blockers on the nucleus colonies were removed and the bees were 

allowed to forage freely. Also on day 1, any existing non-painted bees that were 

accidentally vacuumed up with painted bees were removed, and a queen in a sealed 



25 
 

 

queen cage was placed inside the colony. On day 2, the sealant on the queen cage was 

removed, so that bees could release the queen on their own. On day 3, the Nosema 

ceranae spores were fed to bees in the nucleus colonies through mass inoculation 

methods as described below. 

Prior to inoculation, DNA analysis was performed using the methods of Hamiduzzaman 

et al. (2010) to confirm that only Nosema ceranae spores were used in the inoculum. The 

spore concentration of the inoculating solution was formulated following the methods of 

Fries et al. (2013). Spores were purified through centrifugation and the Nosema ceranae 

solution was prepared in 100 ml of sugar syrup at a concentration sufficient to inoculate 

4,000 bees with 10,000 spores per bee. I provided the spore inoculant to experimental 

colonies via inverted mason jars placed over a hole on the colony lid. After the spore 

inoculant was consumed completely, bees were fed 300 ml of pure sugar syrup. Two 

weeks after inoculation, colony entrances were blocked late in the evening and the 

colonies were placed inside a -20 °C freezer for two days. The sacrificed bees were then 

removed from frozen combs, separated into respective cohorts based on paint color, and 

counted.    

The prevalence and intensity of Nosema infection in each bee were determined by light 

microscopy techniques of Cantwell (1970) described previously. Similarly the queens 

from each of the eight nucleus colonies were tested for Nosema infection. The macerated 

gut extracts were stored at -20 °C for pH analysis and Nosema species confirmation.  

2.3.2.1 Confirmation of Nosema ceranae by DNA Extraction, PCR, and Gel 

Electrophoresis  

Gut samples used to determine the prevalence and intensity of Nosema infection were 

saved at -20 °C if spores were detected. In order to confirm the species of Nosema spores 

found in experimental bees, I randomly selected the Nosema-positive gut samples from 

one of the four age cohorts from every colony, such that each age cohort was selected 

once within each year’s set of colonies. From these randomly selected Nosema-positive 

gut samples, I created DNA samples using phenol:chloroform extraction and alcohol 
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precipitation. Briefly, 2 ml of the bee gut-spore homogenate were well mixed with an 

equal volume of phenol:chloroform:isoamyl alcohol (25:24:1), further macerated by 

mortar and pestle, and centrifuged at 12,000 rpm for 3 minutes, at room temperature.  

The resulting upper aqueous layer was then vigorously mixed with an equal volume of 

phenol:chloroform:isoamyl alcohol solution and centrifuged again.  The new upper 

aqueous layer was gently mixed with an equal volume of room temperature 100% 

isopropyl alcohol, incubated at room temperature for 15 minutes and centrifuged as 

before.  Finally, the resulting pellet was washed with 1 ml of ice cold 80% ethanol, 

centrifuged again as before, air dried for 1 hour at room temperature, and resolubilized in 

20 µl of chilled, autoclaved distilled water. The nucleic acid concentration of each DNA 

sample was quantified on a Take3 micro-volume plate in a Biotek Synergy 2 plate reader 

(BioTek Instruments, Inc., VT, USA) and then stored at -20 °C until time of PCR 

reactions. 

DNA samples were used in the co-amplification of the 16S rRNA gene of Nosema apis 

and Nosema ceranae and the honey bee ribosomal protein S5 gene (RpS5) in the same 

multiplex PCR reaction. Each 50 µl reaction contained 5 µl of 10X Ex Taq® Buffer (Cat 

# RR001A, Takara Bio Inc., Shiga, Japan), 4 µl of 2.5 mM dNTPs (Cat # RR001A, 

Takara Bio Inc.), 1 µl of 10 µM of each primer (MITOC and RpS5: BioNeer Corp., CA, 

USA; NAPIS: IDT Inc., IA, USA), 0.25 µl of 5U/ µl Ex Taq® DNA Polymerase (Cat # 

RR001A, Takara Bio Inc.), approximately 100 ng of template DNA and sterile distilled 

water to bring to volume. All PCR reactions were performed in a GeneAmp® PCR 

System 9700 thermocycler (Applied Biosystems, CA, USA), programmed as follows:  

94 °C for 2.5 min, followed by 10 cycles of 94 °C for 15 sec, 62 °C for 30 sec, and 72 °C 

for 45 sec; then 20 cycles of 94 °C for 15 sec, 62 °C for 30 sec, and 72 °C for 50 sec; 

with a final extension step of 72 °C for 7 min (modified from Martin-Hernandez et al., 

2007 and Hamiduzzaman et al., 2010).  

Primers amplifying a 218 bp product within the Nosema ceranae 16S rRNA gene were: 

MITOC-F (5’ CGGCGACGATGTGATATGAAAATATTAA 3’) and MITOC-R (5’ 

CCCGGTCATTCTCAAACAAAAAACCG 3’) (Martin-Hernandez et al., 2007). Primers 
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amplifying a 788 bp product within the Nosema apis 16S rRNA gene were: NAPIS-F (5’ 

GCATGTCTTTGACGTACTATG 3’) and NAPIS-R (5’ 

CTCAGATCATATCCTCGCAG 3’). The NAPIS primers were designed based on 

ClustalW (http://www.ebi.ac.uk/Tools/msa/clustalw2/) alignments of Nosema species 

sequences published in the GenBank database (http://www.ncbi.nlm.nih.gov/GenBank/): 

Nosema apis accession numbers DQ235446, U76706, U97150, U26534, X73894, 

X74112; Nosema ceranae accession numbers DQ329034, U26533, DQ078785, 

DQ286728. As a standard control, a 115 bp segment of the Apis mellifera house-keeping 

gene RpS5 was amplified in all samples using the primers RpS5-F (5’ 

AATTATTTGGTCGCTGGAATTC 3’) and RpS5-R (5’ 

TAACGTCCAGCAGAATGTGGTA 3’) (Thompson et al., 2007). Reference DNA 

samples for Nosema apis and Nosema ceranae were obtained from the Solter lab at 

University of Illinois Urbana-Champaign. The PCR products were separated by 

electrophoresis in a 2% agarose gel stained with 5% Midori Green (Cat # MG03, Nippon 

Genetics, Düren, Germany) and run at 100 volts. For reference, a 100 bp DNA ladder 

(Cat # G2101, Promega Corp., WI, USA) was included.  

2.3.2.2 Hypopharyngeal gland protein quantification 

The heads of all bees analyzed for Nosema (as described previously) were placed in 

individual 0.5ml microcentrifuge tubes and stored at -20 °C
 
until time of hypopharyngeal 

gland protein quantification. Only bees from the four 2013 quadruple-cohort colonies 

were used for hypopharyngeal gland protein analysis. Sixty heads from each age cohort 

(from all four colonies combined) were separated into three groups of 20 based on 

Nosema ceranae infection levels (Nosema free, low infection, high infection). Infection 

levels were based on the availability of bees within a similar range of spore intensity as 

follows: Nosema free bees with absolutely no spores detected; bees with low level of 

infection (between 7.5 x 10
5
 and 1.2 x 10

6
 spores/bee); bees with high infection level 

(between 3.685 x 10
7
 and 5.76 x 10

7
 spores/bee).  
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I collected the complete pair of hypopharyngeal glands from each of these stored heads. 

The glands from each individual bee were stored separately in 1.5 ml microcentrifuge 

tubes containing 5 µl PBS (Phosphate Buffered Saline, Sigma-Aldrich) and stored at -

80 °C until time of analysis. During protein analysis I added 115µl of PBS to each pair of 

glands (for a total PBS volume of 120 µl) and homogenized them with one 3-mm 

tungsten carbide bead in a Qiagen® TissueLyser II (20 oscillations/sec., 2 x 45 sec.). The 

samples were then centrifuged at room temperature for 2 minutes at 13,300 rpm to pellet 

the debris.  

I quantified the protein content of the resulting supernatant of each homogenized sample 

with the Pierce™ Biotech BCA Assay Kit (Cat # 23225, Thermo-Scientific, IL, USA) 

microplate procedure. These samples were homogenized in PBS; therefore, PBS was 

used as the diluent for the Bovine Serum Albumin (BSA) standards and the blank. BSA 

standard solutions were stored at -20 °C and used for several consecutive days. I loaded 

25 µl of each sample, standard and blank into each of two duplicate wells on a 96-well 

plate. Plating this volume allows the assay to have a protein detection range of 25-2000 

µg/ml. After addition of the BCA working reagent (200 µl/well), the plate was shaken for 

30 seconds on a microplate spectrophotometer (BioTek Synergy 2, Gen5 2.00 software). 

The plate was then incubated uncovered for 30 minutes at 37 °C, followed by 12 minutes, 

covered, at 4 °C. Absorbance at 562 nm was measured using the same spectrophotometer 

as above and protein concentration in µg/ml was calculated from the resulting standard 

curve. Due to a slight dilution error in the samples on one plate (150 µl of PBS were 

added to each pair of glands), the resulting µg/ml outputs for samples of this plate were 

adjusted to compensate for the greater dilution, thus allowing them to be analyzed and 

reported on the same scale as all other samples.  

2.3.2.3 Gut pH Analysis 

For each of the eight experimental colonies, 50 random Nosema positive and 50 random 

Nosema negative macerated gut samples from the 3 week, 2 week and 1 week old cohorts 

were preserved for pH measurement. Samples from the one day old cohort were not 
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retained for pH analysis due to the low prevalence of Nosema infection. For a given 

nucleus colony and cohort, the Nosema positive and Nosema negative gut samples were 

each collected in a set of five vials (ten 1-ml macerated samples per vial), for a total of 30 

vials per colony. Samples were stored at -20 °C until time of analysis, when they were 

thawed and the pH in each vial was measured using a Waterproof pH EcoTester™ (Cat # 

WD-35423-10, Oakton Instruments, IL, USA).    

2.3.3 Statistical Analyses 

2.3.3.1 Experiment 1 

All statistical analyses were performed using the statistical software SAS 9.3. Nosema 

ceranae prevalence and intensity data were analyzed using general linear models (PROC 

GLM; SAS 9.3) for differences among the sampling periods. Intensity data were log 

transformed to meet normality assumptions. Mean separations were performed using 

least significant difference (LSD) test (P < 0.05). After statistical analysis, data were 

back-transformed as needed for presentation herein. 

2.3.3.2 Experiment 2 

All statistical analyses were performed using the statistical software SAS 9.3. Nosema 

ceranae prevalence and intensity data were analyzed using generalized linear models 

(PROC GLIMMIX; SAS 9.3) for differences between age cohorts. Both prevalence and 

intensity data were log transformed to meet normality assumptions. Mean separations 

were performed using least significant difference (LSD) test (P < 0.05). Gut pH and 

hypopharyngeal gland protein content data were analyzed using mixed linear models 

(PROC MIXED; SAS 9.3). Mean separations were again performed using least 

significant difference (LSD) test (P < 0.05). Hypopharyngeal gland protein content data 

were log transformed to meet normality assumptions. After statistical analysis, data were 

back-transformed as needed for presentation herein. 

 



30 
 

 

2.4 Results 

2.4.1 Experiment 1 

2.4.1.1 Nosema ceranae prevalence and intensity 

The results of Nosema ceranae prevalence (proportion of infected bees) are summarized 

in Fig. 2.2. The prevalence of Nosema ceranae infection was significantly different 

between some age cohorts (F5, 24 = 4.92; P = 0.0043). Nosema ceranae infection was not 

detected in any of the recently emerged bees (Table 2.2). Foraging-aged bees had a 

significantly higher prevalence of Nosema ceranae infection than both nurse-aged bees 

and recently emerged bees. Nurse-aged bees and recently emerged bees, however, did not 

have significantly different levels of Nosema prevalence. The prevalence of Nosema 

ceranae infection in background bees was not significantly different between sampling 

dates; nor did it differ from that of corresponding marked bees on any of the sampling 

dates. There was no significant correlation (r = 0.29, P > 0.05) between the percentage of 

Nosema ceranae infected bees (prevalence) and infection level (intensity) in a composite 

sample.  

The results of Nosema ceranae intensity (number of spores per bee) are summarized in 

Fig. 2.3. Median Nosema ceranae infection intensities were significantly different 

between all age cohorts (F5, 221 = 243.64; P < 0.0001). Foraging-aged bees had 

significantly higher Nosema ceranae spore intensities when compared to both nurse-aged 

bees and recently emerged bees. Nurse-aged bees had significantly higher spore 

intensities than recently emerged bees. The median infection intensities in background 

bees were significantly different between sampling dates; the second and third sampling 

dates had higher intensities than the first. Moreover, the background bees from the first 

and second sampling dates had higher median intensities than the marked bees sampled 

on those dates—recently emerged bees and nurse-aged bees, respectively. In background 

bee samples, the mean number of spores across all sampled bees (NSS) was always much 

lower than the one calculated across infected bees only (NSI) (Table 2.2). 
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2.4.2 Experiment 2 

2.4.2.1 Nosema ceranae prevalence and intensity 

DNA analysis revealed that only Nosema ceranae was present in all eight experimental 

nucleus colonies (Appendix Figure A.1). The total number of bees analyzed is 

summarized in Table 2.3 and the results of Nosema ceranae prevalence are summarized 

in Fig. 2.4. Because the effect of age on Nosema ceranae prevalence did not depend on 

the year (F3, 18 = 1.86; P = 0.1723), data from both years were combined for subsequent 

analyses. The prevalence of Nosema ceranae infection was significantly different 

between some age cohorts (F3, 18 = 75.64; P < 0.0001). Nosema ceranae infection 

prevalence was significantly higher in 3 week old bees (38.78% infected) than in any 

other age cohort. One day old bees (10.0% infected) had significantly lower prevalence 

of Nosema ceranae infection when compared to any other age cohort. Infection 

prevalence in 1 week old bees (25.38% infected) and 2 week old bees (29.11% infected) 

was not significantly different. Further, Nosema ceranae infection was not detected in 

any of the eight queens analyzed from the experimental nucleus colonies.   

The results of Nosema ceranae intensity are summarized in Fig. 2.5 and 2.6. The effect of 

age on Nosema ceranae intensity was dependent on the year (F3, 18 = 15.89; P < 0.0001); 

therefore, data from each year were analyzed separately. Median Nosema ceranae 

infection intensity was significantly different between some age cohorts in 2013 (F3, 9 = 

14.72; P < 0.0008). One day old bees had a significantly lower median intensity of 

Nosema ceranae infection when compared to any other age cohort. The median infection 

intensities in 3 week, 2 week, and 1 week old bees were not significantly different (Fig. 

2.5). Median Nosema ceranae infection intensities were also significantly different 

between some age cohorts in 2014 (F3, 9 = 5.38; P = 0.0213). Both 1 day old and 1 week 

old bees had significantly higher median spore intensities than those observed in 3 week 

old bees. Only 1 week old bees, however, had a significantly higher level of spore 

intensity than 2 week old bees (Fig. 2.6). 
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2.4.2.2 Hypopharyngeal gland protein content 

The results of hypopharyngeal gland protein content are summarized in Fig. 2.7. The 

effect of age on hypopharyngeal gland protein content did not depend on Nosema 

ceranae infection level (F6, 17 = 1.48; P = 0.2432); therefore, age and infection level data 

were combined for subsequent analyses. There were significant differences in median 

hypopharyngeal gland protein concentration between some age cohorts (F3, 9 = 6.05; P = 

0.0153). The hypopharyngeal glands of 1 day old bees and 2 week old bees contained 

significantly more protein (529.1 µg/ml in 1 day old bees, 493.6 µg/ml in 2 week old 

bees) than those of 1 week old bees (332.5 µg/ml) and 3 week old bees (223.4 µg/ml). I 

found no significant differences in median hypopharyngeal gland protein concentration 

between the three levels of Nosema ceranae infection severity (Nosema free bees; low 

level of infection (7.5 x 10
5
–1.2 x 10

6
 spores); high level of infection (3.685 x 10

7
–5.76 x 

10
7
 spores; F2, 6 = 0.30; P = 0.7538).  

2.4.2.3 Gut pH Analysis 

The results of gut pH analysis are summarized in Fig. 2.8. Because the effect of Nosema 

ceranae infection on mean gut pH did not depend on the year (F1, 6 = 0.29; P = 0.6126), 

data from both years were combined for subsequent analyses. There was a significant 

difference in mean gut pH of Nosema ceranae infected bees and non-infected bees (F1, 6 = 

6.35; P = 0.0453). The pH of infected bees was, on average, 0.058 units higher than the 

pH of non-infected bees. There were also significant differences in gut pH of 

experimental bees between the years 2013 and 2014 (F1, 6 = 16.26; P = 0.0069). There 

were no significant differences in gut pH between any of the different age cohorts (F2, 14 = 

1.92; P = 0.1832).  

2.5 Discussion    

This study provides a comprehensive examination of Nosema ceranae infection dynamics 

at the colony level, while also investigating potentially important physiological effects of 

infection on hypopharyngeal gland protein concentration and midgut pH. These results 
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suggest that the prevalence and intensity of Nosema ceranae infection is significantly 

influenced by honey bee age. Such findings emphasize the hazard of using composite 

sampling to determine the extent of Nosema infections within a colony. The work 

described herein is one of few studies to directly compare the efficacies of individual bee 

samples and composite samples for colony level diagnosis of Nosema ceranae infection 

(Burgher-MacLean et al., 2010; Smart & Sheppard, 2012) (Experiment 1). To my 

knowledge, this is also the first study to analyze each individual bee from whole nucleus 

colonies infected by Nosema ceranae in order to gain a complete perspective of colony 

level infection dynamics (Experiment 2).  

In both experiments, I found that foraging-aged bees had a higher prevalence of Nosema 

ceranae infection than nurse-aged bees (Fig. 2.1 and Fig. 2.3). Previous research supports 

these findings (Higes et al., 2008; Meana et al., 2010; Botías et al., 2012b; Martín-

Hernández et al., 2012; Smart & Sheppard, 2012; Botías et al., 2013). Surprisingly, 

however, no investigators describe the cause of this phenomenon. Schmid-Hempel (1994) 

explains that diseases are more likely to be picked up by foragers, while young workers 

are less likely to be at risk of infection. Yet in Experiment 2, higher Nosema ceranae 

infection prevalence was observed in foragers even though all bees were inoculated with 

spores simultaneously in the hive. Thus, the probability of being infected by Nosema 

ceranae may increase with age, and potentially with increased activity outside of the nest. 

But, my results suggest that greater prevalence in foragers is not simply due to their 

greater likelihood of encountering the pathogen or parasite. Because Nosema ceranae 

infection is likely contained solely within the midgut (Huang & Solter, 2013), 

immunocompetence parameters which decrease with age, such as hemocyte count 

(Amdam et al., 2005; Schmid et al., 2008) and antimicrobial peptides (Wilson-Rich et al., 

2008; Laughton et al., 2011), are not expected to be a causative factor in higher infection 

prevalence in older bees. It is therefore critical that future studies identify the factors 

influencing infection susceptibility in honey bees.   

In Experiment 1, Nosema ceranae infection prevalence values from composite samples of 

background bees were not significantly different than those of the marked-bee age 
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cohorts specific to each sampling date and appear to lie roughly between the prevalence 

of nurse-aged and foraging-aged bees (Fig. 2.2). These results support the assertion made 

by Traver et al. (2012) and Smart and Sheppard (2012) that sampling bees from a mixture 

of ages offers a better representation of colony infection level. Although the results from 

both Experiment 1 and 2 indicate a lower Nosema ceranae infection prevalence in nurse-

aged bees than in foraging-aged bees, the infection is still likely to be detected by 

sampling nurse bees. Forager bees only represent a portion of the colony; but in this 

experiment, the odds of infection in foraging-aged bees were extremely high. Therefore, 

exclusively sampling forager bees (eg. El-Shemy & Pickard, 1989; Higes et al., 2008; 

Meana et al., 2010) biases the sample to the most severely infected bees and may create 

an inaccurate impression of colony infection level. On the other hand, sampling only 

nurse bees may create a perceived infection level that is lower than what the colony as a 

whole is experiencing. Other factors such as climate (Gisder et al., 2010), season (Traver 

& Fell, 2011; Traver et al., 2012), exposure to chemicals (Alaux et al., 2010; Pettis et al. 

2012; Pettis et al. 2013) and time of sampling (Meana et al., 2010) may also influence the 

proportion of infected bees in a sample. Furthermore, Experiment 1 showed no 

significant correlation between Nosema ceranae infection intensity and percentage of 

infected bees in composite samples. This result further demonstrates the inaccuracy of 

using spore counts from composite samples to diagnose Nosema ceranae infection in 

colonies—one cannot accurately estimate infection prevalence based on infection 

intensity in composite samples. With these findings in mind, I suggest that the prevalence 

of infection in individual bees of mixed ages provides a more accurate indication of a 

colony’s health status than either a composite sample analyzed collectively or a sample of 

foragers alone. 

It is presumed that the oral transfer of food is the main mode of Nosema ceranae 

infection transmission between bees (Smith, 2012); in this manner, queens become 

infected from sick attending bees (Higes et al., 2009b). However, none of the eight 

queens in Experiment 2 tested positive for Nosema ceranae infection. This is likely due 

to the low prevalence of infected bees in the 1 day old cohort—which were two weeks 
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old at time of sampling—as these would have been the nurse bees feeding the queen 

(Seeley, 1982;Winston, 1987). In contrast to my results, Higes et al. (2009b) found the 

queens of their cage experiment were heavily infected 21 days after exposure to Nosema 

ceranae infected workers. Two factors may explain this difference: a shorter length of 

study (my colonies were euthanized 14 days after inoculation); and a lower infection 

prevalence in the attending workers in my study than in those of the Higes et al. (2009b) 

work. Infection prevalence, however, was not measured by Higes et al. (2009b). 

In Experiment 2, bees from the 1 day old and 1 week old cohorts of 2014 demonstrated 

the highest Nosema ceranae intensities (Fig. 2.6). This may be due to differences in diet 

among the age cohorts. Other studies have observed that bees with a greater quantity of 

pollen in their diet have increased Nosema ceranae spore intensities (Porrini et al., 2011; 

Zheng et al., 2014; personal unpublished data). Crailsheim et al. (1992) reported that 

nurse bees at 4 and 9 days old had the highest amount of pollen in their gastrointestinal 

tracts and foragers only contained minimal amounts of pollen. Thus, when I introduced 

the parasite to my experimental colonies, the 1 day and 1 week old cohorts (3 days and 10 

days old at time of inoculation, respectively) may have more recently consumed pollen 

than had foragers; potentially further exacerbating Nosema ceranae spore intensities. 

Bees in older cohorts likely would have greatly reduced their pollen consumption, as well 

as taken cleansing flights—thereby reducing the amount of spores present in their gut at 

time of sampling. Similar results, however, were not observed in Experiment 1 or 

Experiment 2 in 2013 (Fig. 2.2 and Fig. 2.5). This may be due to the time of year during 

which these colonies were sampled and established. While 2014 Experiment 2 colonies 

were established in May, colonies in Experiment 1 and 2013 Experiment 2 colonies were 

sampled or established in late July, when fewer plants are making pollen. The reduced 

amount of pollen available to younger bees may have contributed to lower spore 

intensities.  

I observed that Nosema ceranae did not have a significant effect on hypopharyngeal 

gland protein content. Previous cage studies investigating the effect of Nosema ceranae 

on hypopharyngeal glands have resulted in various outcomes: one observing no effect on 
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gland size (Alaux et al., 2010) and another showing a significant reduction in protein 

content (personal unpublished data). It is likely that conditions in the field affect 

hypopharyngeal gland protein content differently than cage experiment conditions. 

Further research will need to elucidate the effects of Nosema ceranae on the 

hypopharyngeal glands of bees in the field. Nurse bees have well-developed and highly 

active hypopharyngeal glands (Brouwers, 1982; Crailsheim & Stolberg, 1989) that 

produce and secrete most of the proteins contained in royal jelly (Knecht & Kaatz, 1990; 

Lass & Crailsheim, 1996). Indeed, the 1 day old cohort (2 weeks old at time of analysis) 

had the highest mean concentration of hypopharyngeal gland protein (Fig. 2.7). 

Surprisingly, the 2 week old cohort possessed hypopharyngeal glands with protein 

concentrations comparable to those of the 1 day old cohort. These bees were 4 weeks old 

at time of analysis and would have long since made the transition to foraging tasks, 

thereby suggesting that factors other than brood food production influence the amount of 

protein stored in the hypopharyngeal glands. In addition to major royal jelly proteins 

(MRJP), important carbohydrate-metabolizing enzymes, such as a-amylase and glucose 

oxidase, are synthesized in the hypopharyngeal glands and are required for the production 

of honey from nectar (White et al., 1963; Ohashi et al., 1999; Santos et al., 2005). 

Hypopharyngeal gland size and protein content, therefore, may be governed by multiple 

physiological and behavioral circumstances not yet fully enumerated by research. 

This study provides an important foundation for future Nosema ceranae explorations as 

no other reports relative to Nosema ceranae infection and honey bee midgut pH levels are 

known. I observed significant differences in the gut pH between Nosema ceranae 

infected and non-infected bees (Fig. 2.8). These findings suggest that either Nosema 

ceranae infection causes a change in gut pH or that a particular pH level in honey bee 

midguts is more conducive to Nosema ceranae proliferation. Earlier Nosema ceranae 

research states that the polar tube is everted from the Nosema spore in the honey bee 

midgut under appropriate conditions (Higes et al., 2010; Gisder et al., 201l; Fries, 2010); 

however these conditions have not yet been identified.  
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The differences in honey bee gut pH between the two years might be explained by the 

different diets to which the experimental bees were exposed. For instance, honey is 

known for its low pH (Kwakman et al., 2010); thus the addition of honey to a bee’s diet 

may decrease pH within their midgut. Additionally, bee bread—pollen packed in the 

comb and combined with regurgitated nectar, honey, and glandular secretions—has less 

starch and a lower pH than freshly collected pollen (Brodschneider & Crailsheim, 2010). 

Bees that consumed a greater proportion of bee bread than freshly packed pollen might 

also exhibit a more acidic midgut environment. The experimental bees in 2013 aged in 

their foster colonies during the month of July and may have been exposed to more honey 

and/or consumed proportionally more bee bread than experimental bees in 2014, who 

were aged in their foster colonies during the month of May. If indeed gut pH plays a role 

in influencing Nosema ceranae spore proliferation, further research on how diet 

influences Nosema ceranae would be invaluable.  

2.6 Conclusions 

This study provides a thorough analysis of Nosema ceranae infection levels in all ages of 

bees within a colony. Indeed, this is the first study to analyze entire colonies in order to 

describe the dynamics of Nosema ceranae infections, and the first study to identify a 

relationship between honey bee midgut pH and Nosema ceranae spore germination. This 

study has demonstrated the importance of considering age of sampled honey bees for a 

more representative and accurate measurement of Nosema ceranae infection parameters. 

Future studies will therefore need to incorporate numerous factors influencing Nosema 

ceranae infection to develop a more robust and standardized method of Nosema 

sampling. In order to better understand the damaging effects of Nosema ceranae infection 

at the colony level, further research on factors influencing hypopharyngeal gland protein 

content and spore germination are warranted. As the number of honey bee colonies 

continues to decline, there is dire need to increase our understanding of Nosema ceranae 

infection dynamics at both the individual and colony level in order to establish a more 

accurate diagnosis of infection severity and reduce the risk of colony loss.  
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Table 2.1 Summary of the age cohorts at time of quadruple-cohort colony establishment 

and analysis after two weeks. 

Age at colony establishment Age at time of analysis 

1 Day 2 Weeks 

1 Week 3 Weeks 

2 Weeks 4 Weeks 

3 Weeks 5 Weeks 

 

 

Table 2.2 Summary of Nosema ceranae infection levels and percent of individual bees 

infected with Nosema ceranae in each of the five colonies. RE= recently emerged bees, 

BG= background bees collected from the inner hive cover, outer frames, hive entrance 

and brood area at the same time as each group (RE, Nurse-aged bees, Foraging-aged 

bees), NSI = mean number of spores across infected bees, NSS = mean number of spores 

across sampled bees (composite sample).   

Colony 

# Age Group 

n 

sampled 

n 

infected 

% 

infected 

NSI 

(x10
6
) 

NSS 

(x10
6
) 

1 RE 50 0 0 0 0 

 

Nurse 26 2 7.7 0.93 0.07 

 

Foragers 50 3 6 41.77 2.56 

 

BG 150 7 4.7 19.19 0.9 

2 RE 50 0 0 0 0 

 

Nurse 50 9 18 0.35 0.06 

 

Foragers 50 15 30 2.01 0.6 

 

BG 150 5 3.3 5.54 0.18 

3 RE 50 0 0 0 0 

 

Nurse 50 3 6 6.53 0.39 

 

Foragers 50 9 18 28.32 5.1 

 

BG 150 12 8 14.25 1.14 

4 RE 50 0 0 0 0 

 

Nurse 50 5 10 0.11 0.01 

 

Foragers 50 18 36 7.08 2.55 

 

BG 150 24 16 9.27 1.48 

5 RE 50 0 0 0 0 

 

Nurse 50 11 22 1.33 0.29 

 

Foragers 50 37 74 1.52 1.13 

  BG 150 61 40.7 2.89 1.18 
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Table 2.3 Summary of the number of bees analyzed in each of the eight quadruple-cohort 

colonies.  

  

Age of bees at colony establishment 

Year Hive 1 Day 1 Week 2 Weeks 3 Weeks 

1 1 794 702 662 469 

 

2 854 452 600 248 

 

3 895 585 739 301 

 

4 1005 644 514 436 

2 5 1051 691 823 298 

 

6 923 648 576 113 

 

7 826 625 550 258 

 

8 1044 512 480 130 

 
Total: 7392 4859 4944 2253 
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Figure 2.1 Establishment of quadruple-cohort colonies. (a) Newly emerged bees from 

sister queens were painted on the thorax to indicate a particular age cohort (b) and were 

then released into their designated Nosema-free foster colony for aging. (c) Three weeks 

after the first cohort was placed in the foster colony, 1,000 painted bees from each cohort 

were vacuumed (d) and placed inside a sealed nucleus colony.  
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Figure 2.2 Mean ± SE Nosema ceranae infection levels of marked bees and background 

bees at each age group/sampling date. Marked bees were recently emerged bees at the 

first sample date, nurse-aged bees at the second sampling date and foraging-aged bees at 

the third sampling date. Mean infection prevalence between marked and background bees 

on corresponding collection days were not significantly different (P > 0.05). Mean 

prevalence of infection was significantly higher in marked bees sampled on date 3 than 

on dates 1 and 2, indicated by different letters (P = 0.0043).   
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Figure 2.3 Median ± SE Nosema ceranae infection intensity of marked bees and 

background bees at each age group/sampling date. Marked bees were recently emerged 

bees at the first sample date, nurse-aged bees at the second sampling date and foraging-

aged bees at the third sampling date.  There were significant differences among the age 

cohorts indicated by different letters (P < 0.0001). 

 

 

Figure 2.4 Proportion of bees infected with Nosema ceranae spores within different age 

cohorts of all 8 quadruple-cohort colonies combined. Different letters indicate significant 

differences between the age cohorts (P < 0.0001). Age cohort labels indicate age at 

colony establishment. Bees of all cohorts were two weeks older when analyzed. 
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Figure 2.5 Median ± SE Nosema ceranae infection intensities within different age 

cohorts of all 4 quadruple-cohort colonies in 2013 combined. Different letters indicate 

significant differences between age cohorts (P < 0.0008). Age cohort labels indicate age 

at colony establishment. Bees of all cohorts were two weeks older when analyzed. 

 

 

Figure 2.6 Median ± SE Nosema ceranae infection intensities within different age 

cohorts of all 4 quadruple-cohort colonies in 2014 combined. Different letters indicate 

significant differences between age cohorts (P < 0.0213). Age cohort labels indicate age 

at colony establishment. Bees of all cohorts were two weeks older when analyzed. 
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Figure 2.7 Hypopharyngeal gland protein concentrations of bees within different age 

cohorts of the 4 quadruple-cohort colonies in 2013 combined. Different letters indicate 

significant differences among the age cohorts (P < 0.0153). Age cohort labels indicate 

age at colony establishment. Bees of all cohorts were two weeks older when analyzed. 

 

 

Figure 2.8 Mean gut pH of Nosema ceranae infected and non-infected honey bees. 

Triangle symbols indicate Nosema absent samples; square symbols indicate Nosema 

present samples. There was a significant difference in mean gut pH of Nosema ceranae-

infected and non-infected bees (P = 0.0453). Age cohort labels indicate age at colony 

establishment. Bees of all cohorts were two weeks older when analyzed. 
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Chapter 3: 

Pollen nutrition dynamics in Nosema ceranae infection and survival in honey bees 

3.1 Abstract 

Multiple stressors are currently threatening honey bee health, including pests and 

pathogens. Among honey bee pathogens, Nosema ceranae is a relatively new pathogen 

parasitizing the western honey bee (Apis mellifera). Optimal nutrition has been attributed 

to pathogen resistance and longevity in honey bees. Here I hypothesize that optimal 

pollen nutrition or bees receiving higher concentration of pollen will have lower Nosema 

ceranae intensity, low prevalence and higher survival or longevity. To test this 

hypothesis, I examined effects of different concentrations of pollen on a) the prevalence 

and intensity of Nosema ceranae and b) longevity and nutritional physiology of bees 

inoculated with Nosema ceranae. Significantly higher spore intensities were observed in 

treatments that received higher pollen concentrations (1:0 and 1:1 pollen: cellulose) when 

compared to treatments that received relatively lower pollen concentrations. There were 

no significant differences in Nosema ceranae prevalence between different pollen diet 

treatments. Interestingly, the bees in higher pollen concentration treatments also had 

significantly higher survival despite higher intensities of Nosema ceranae. The 

hypopharyngeal gland protein content was significantly different between treatments with 

significantly higher hypopharyngeal gland protein content observed in the control 

treatment followed by 1:0 pollen: cellulose treatment. Here I demonstrate that optimal 

pollen nutrition increases Nosema ceranae intensity, but also enhances the survival or 

longevity of honey bees. The information from this study could be potentially used by 

beekeepers to formulate appropriate protein feeding regimens for their colonies to 

mitigate Nosema ceranae problems. 

3.2 Introduction 

Honey bees are critical pollinators of many important agricultural crops and are currently 

facing several challenges including pests and pathogens. Nosema ceranae is a 
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microsporidian gut parasite which was reported in European honey bee in 2006 (Higes et 

al., 2006; Chen et al., 2008). Nosema ceranae infection has been shown to increase 

colony loss (Higes et al., 2008; Higes et al., 2009) and decrease immune functions 

(Antúnez et al., 2009). Ingested spores germinate inside the host midgut and reproduce 

intracellularly. Nosema ceranae obtains its energy from the mitochondria of the bees’ 

midgut cells and can destroy midgut epithelial cells during replication (Higes et al., 

2007). Furthermore, the presence of Nosema ceranae alters expression of portions of the 

midgut proteome responsible for energy production, protein regulation and antioxidant 

defense (Vidau et al., 2014). This disrupts the metabolism of proteins in the midgut and 

causes energetic stress. As a result, infected honey bees commonly demonstrate 

pronounced hunger (Mayak & Naug, 2009) and are less likely to share food with 

nestmates via trophallaxis (Naug & Gibbs, 2009). This can in turn have detrimental 

effects on honey bee colony health.  

Additionally, a growing body of literature supports the notion that hypopharyngeal gland 

structure and function are influenced by Nosema ceranae infection. In honey bees, 

hypopharyngeal glands secrete major components of royal jelly and larval brood food 

(Patel et al., 1960) as well as synthesize enzymes involved in honey production. 

Explorations into the effects of Nosema ceranae parasitism on honey bee hypopharyngeal 

glands have demonstrated that infection induces gland atrophy (Alaux et al., 2010a) and a 

deficiency in gland secretion (Liu, 1990). The parasite, however, has not been detected in 

the hypopharyngeal glands (Huang and Solter, 2013); thus hypopharngeal gland 

responses observed in the presence of Nosema ceranae are potentially indirect effects of 

Nosema infection. The ability to ingest and digest pollen is crucial for the development 

and activity of the hypopharyngeal glands (Haydak, 1970; Mohammedi et al., 1996). 

Hence brood health may be indirectly affected when adult bees are infected with Nosema 

ceranae.   

In the wake of deteriorating honey bee colony health and unsustainable colony declines 

(vanEngelsdorp et al., 2012), bee nutrition has attained greater importance and garnered 

greater focus. Like other animals, bees require adequate nutrition to thrive (Haydak, 
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1970). Because honey bees obtain their food from the plants found within a 3-mile radius 

of the hive (Beekman & Ratnieks, 2000), land use and management practices directly 

affect honey bee nutrition (Donkersley et al., 2014). Land management practices have an 

enormous impact on how honey bees obtain food and what is available (Decourtye et al., 

2010; Keller et al., 2005). Current farming practices largely dependent on monoculture 

cropping have resulted in rapid decline in pollen diversity in agricultural areas (Kremen 

et al., 2002). The narrow range of floral resources available to bees has been shown to 

have a negative effect on colony survival (Naug, 2009).  

Honey bees get the vast majority of their required protein, lipids and vitamins from 

pollen (Brodschneider & Crailsheim, 2010). However the pollen nutrition obtained by the 

honey bee is plant-dependent (Huang, 2012; Crailsheim, 1990). While some pollen types 

provide adequate nutrition alone (e.g., Rape, Brassica napus L., Schmidt et al., 1995), in 

general, polyfloral pollen is healthier for honey bees (Huang, 2012). Diminished pollen 

diversity within the forage available to honey bees leads to a nutritional deficit that 

negatively impacts colony survival (Naug, 2009) by hindering brood production, 

inhibiting gland development, facilitating the presence of diseases, reducing individual 

bee weight, decreasing immunocompetence and shortening individual life span (Alaux et 

al., 2010b; Avni et al., 2014; Schmidt, 1984; Schmidt et al., 1987, 1995). Pollen quantity, 

quality and diversity have also been shown to affect the survival of honey bees 

parasitized by Nosema ceranae (Eischen & Graham, 2008; Di Pasquale et al., 2013). 

Because a bees’ resistance to pathogens can heavily depend upon nutrition (Alaux et al., 

2010b), it is important to understand the relationship between bee nutrition and pathogen 

infection (intensity and prevalence). Pollen is the primary source of protein for honey 

bees (Hrassnigg & Crailsheim, 1998; Brodschneider & Crailsheim, 2010). Pollen 

nutrition is one of the most important factors affecting longevity of newly emerged bees 

(Wang et al., 2014). Even though few studies have explored the role of protein/pollen 

nutrition in Nosema infection and survival of infected bees, there is still a great degree of 

uncertainty regarding role of pollen nutrition on infection and survival of bees.  
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Rinderer & Elliot (1977) reported that feeding protein to honey bees infected with 

Nosema apis increased the spore development of the pathogen, but also improved the 

longevity of infected bees. Porrini et al. (2011) found that the presence of pollen in honey 

bee’s diet increased the intensity of Nosema ceranae spores. More recently, Zheng et al. 

(2014) reported that increased pollen feeding increased Nosema ceranae spore loads in 

bees, and longevity of bees decreased with or without pollen feeding. Mattila and Otis 

(2006) reported contradictory findings to Rinderer and Elliot. In their experiment with 

field colonies Mattila and Otis found that there was no increase in worker longevity in 

experimental colonies that were inoculated with Nosema apis and received pollen 

supplements.  Both the studies (Mattila and Otis; Rinderer and Elliot) mentioned above 

have focused on Nosema apis. Many significant differences between Nosema apis and 

Nosema ceranae have been documented in the past few years in terms of infectivity, 

epidemiology, biology, phylogeny, pathology, genetics and distribution (Chen et al., 

2013; Milbrath et al., 2015). In temperate climates Nosema cerane has been reported to 

be the predominant species with occasional mixed infections of both Nosema ceranae 

and Nosema apis (Paxton et al., 2007; Fries, 2010).  

To my knowledge, currently there are no comprehensive studies that have explored the 

effects of pollen nutrition on Nosema ceranae infection, prevalence, and corresponding 

survival of bees along with simultaneous examination of critical physiological parameters 

such as hypopharyngeal gland protein and midgut enzyme activity. Here I hypothesize 

that optimal pollen nutrition or bees receiving higher concentration of pollen will have 

lower Nosema ceranae intensity, low prevalence and higher survival or longevity. To test 

these hypotheses I examined effects of different concentrations of pollen on a) the 

prevalence and intensity of Nosema ceranae and b) longevity and physiological 

parameters (hypopharyngeal gland protein and midgut proteolytic enzyme activity) of 

bees inoculated with Nosema ceranae. 
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3.3 Materials and Methods 

3.3.1 Nosema ceranae Prevalence, Intensity and Survival Analyses 

In June 2014, capped combs with emerging bees were obtained from honey bee colonies 

headed by sister queens at Oregon State University apiaries (Corvallis, OR, USA). Sister 

queen colonies were used to control any variation in Nosema infection attributed to 

genetics of the bees. These combs with emerging bees were placed in an incubator under 

simulated hive conditions (33
° 
C, 55% RH) for bee emergence. Twenty four hours later I 

gently brushed newly emerged bees into a large container and mixed them thoroughly by 

hand. After the bees were mixed, 250 individual bees were placed inside cylindrical wire 

cages (6306 cm
3
) and returned to the incubator. The bees in cages were provided ad 

libitum access to a vial containing water and a vial with 50% sucrose solution. 

Consumption of both water and sucrose solution was measured and were replaced on 

alternate days. Varying dilutions of pollen diet were also provided to the bees in 

experimental cages. 

To alter the nutritional content and obtain diets with different concentrations of pollen, 

the pollen diets were diluted using a cellulose powder similar to methods described in 

Waddington et al. (1998) and Willard et al. (2011). The consumable non-nutritious alpha-

cellulose lowers the quality of the pollen diet and presumably leads to a higher digestive 

demand relative to the nutrients obtained (Willard et al., 2011). By increasing the 

cellulose proportion in the pollen diet I decreased the average biomass specific nutritional 

quality of the diet. Treatments consisted of ground wild flower pollen (The Pollen Man, 

OR, USA) and α-cellulose powder (Sigma Aldrich product C8002, MO, USA) in the 

following pollen: cellulose ratios: a) 1:0 b) 1:1 c) 1:2 d) 1:3 and e) 0:1. I also included a 

control diet group that was provided pollen similar to 1:0 pollen: cellulose treatment, but 

did not receive Nosema ceranae spores. To hold the diet blend (pollen and cellulose) 

together, 35 ml of 33% sucrose solution was mixed into 300 g of each diet. The 

pollen/sucrose mixture was then measured out to 25 g and packed into petri dishes (VWR 

150x15 mm) and placed at the bottom of corresponding cages. In all, there were 6 
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treatments and 6 replicates (cages) of each treatment, for a total of 36 cages. Prior to the 

experiment, wildflower pollen used in this study was sent for pesticide analysis to assess 

presence of any pesticide residues. 

Five days after ad libitum access to the diet treatments, bees in each cage were mass-

inoculated with Nosema ceranae spores similar to Pettis et al. (2012). Prior to 

inoculation, the Nosema species identification was performed following the PCR 

methods described by Hamiduzzaman et al. (2010). The Nosema ceranae spore solution 

was formulated following the methods of Fries et al. (2013). Spores were purified 

through centrifugation and the concentrate was calculated to inoculate 250 bees with 

10,000 spores per bee. The spore inoculant was formulated in 30 ml of 50% sucrose 

solution and inverted on top of cages for ad libitum access for twenty four hours. After 

twenty four hours of ad libitum feeding, the feeders were topped up with regular 50% 

sucrose solution without spores. 

Once a week I measured consumption of the diet (pollen or pollen plus cellulose) patties 

and replaced them with fresh patties. Bee mortality was recorded every other day and 

dead bees were removed at the time of diet replacement for convenience. Sixteen days 

after spore inoculation, 30 bees were randomly removed from each cage for analysis. The 

abdomens of 20 bees were used to estimate the Nosema prevalence and intensity as 

determined by the light microscopy techniques described by Cantwell (1970). Each bee 

abdomen was checked individually for Nosema ceranae infection. The heads of the same 

20 bees were used for dissecting and estimating hypopharyngeal gland protein content. 

The remaining 10 bees were used to analyze midgut proteolytic enzyme activity.  

3.3.2 Hypopharyngeal Gland Protein Analysis 

The hypopharyngeal gland protein content was measured using a standard BCA Assay 

(Pierce™ Biotech BCA Assay Kit, Thermo-Scientific, IL, USA). Twenty bees from each 

cage were used to dissect pairs of hypopharyngeal glands. The glands from each 

individual bee were stored in 1.5 ml microcentrifuge tubes containing 5 µl PBS 

(Phosphate Buffered Saline, Sigma-Aldrich) and stored at -80 °C until time of analysis. 
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Glands were homogenized with a plastic micropestle. Once glands were homogenized 

thoroughly, 25 µl of PBS was added to each tube. Samples were then vortexed for a few 

seconds and centrifuged at room temperature for 2 minutes at 13,300 rpm. The 

supernatant from each tube was used for analysis.  

I quantified the protein content of each sample following the microplate procedure of the 

Pierce™ Biotech BCA Assay Kit Instructions (Thermo-Scientific). These samples were 

homogenized in PBS; therefore, PBS was used as the diluent for the Bovine Serum 

Albumin (BSA) standards and the blank. BSA standard solutions were stored at -20 °C 

and used for several consecutive days. I loaded 10 µl of each sample, standard and blank 

into two duplicate wells of a 96-well plate kept on ice. Plating this volume allows the 

assay to have a protein detection range of 125-2000 µg/ml. After addition of the BCA 

working reagent (200 µl/well), the plate was shaken for 30 seconds in a microplate 

spectrophotometer (BioTek Synergy 2, Gen5 2.00 software, VT, USA). The uncovered 

plate was then incubated at 37 °C for 30 minutes and, again at 4 °C for 12 minutes while 

covered. The absorbance at 562 nm was measured and protein concentration in µg/ml 

was calculated from the resulting standard curve.  

3.3.3 Total Midgut Proteolytic Enzyme Activity Analysis 

Bees that were removed from cages for analysis were kept at -20 °C until the time of 

analysis. The abdomens of the bees were removed and placed in a separate 2-ml 

microcentrifuge tube containing 90 µl of chilled 0.1 M Tris buffer (pH 7.9). The 

abdomens were homogenized with a Qiagen® TissueLyser II at (30 oscillations/sec., 2 x 

45 sec.), then centrifuged at room temperature for 6 minutes at 13,000 rpm. Three 1.5-ml 

tubes containing 25 µl of the chilled Tris buffer were prepared for each sample. For a 

given sample, 5 µl of the resulting supernatant was added to each of the three tubes – 1 

tube to serve as sample blank, and 2 replicate measurements used to calculate the mean of 

each sample. I added 60 μl of 2% Azocasein to all tubes and vortexed each gently. 

Sample blanks were left at room temperature while the other tubes were incubated at 

37 °C for 4 hours.  
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After incubation, all tubes were placed on ice to stop the reaction and 300 μl of chilled 

10% trichloroacetic acid (TCA) was added to all tubes. Each tube was vortexed well and 

then centrifuged at room temperature for 4 minutes at 13,300 rpm. I moved 350 μl of the 

resulting supernatant into a separate plastic 1-cm cuvettes containing 200 μl of 50% 

ethanol in an ice bath. Each cuvette was vortexed gently before reading each at 440 nm 

using a Beckman DU 64 spectrophotometer. For each bee abdomen, there were three 

cuvettes.  The sample blank (incubated at room temperature) was used to zero the 

machine before measuring the absorbance of the 2 replicate cuvettes. The total midgut 

proteolytic enzyme activity was calculated from the mean of the readings of two sample 

cuvettes for each sample and expressed in terms of OD440. 

3.3.4 Data Analysis 

All data analysis was carried out using SAS 9.3. Data were tested for normal distribution 

and whenever there is non-normality, data transformations were performed. After 

statistical analysis, means were back-transformed as needed for presentation herein. Data 

pertaining to consumption of pollen, water, sucrose, syrup, Nosema intensity, Nosema 

prevalence, hypopharyngeal gland protein quantity, total midgut proteolytic enzyme 

activity were analyzed by generalized mixed linear model analysis for differences among 

the treatments. Mean separations were performed using Fisher’s protected least 

significant difference (LSD) test (P ≤0.05). For hypopharyngeal gland protein estimation, 

data points which were outside of the limits of the BSA standards were removed and 

considered as missing observations. Survival analysis was conducted using PROC 

LIFETEST and Kaplan-Meier estimates were computed and survival curves were 

generated for various treatments (Le, 1997). For this, survival probabilities were plotted 

against number of days from the initiation to the end of experiment. Survival curves were 

compared using log rank tests (Allison, 1998). Bees that survived until the end of the 

experiment (Day 28) and those that were removed for midgut enzyme analysis, 

hypopharyngeal gland protein content and Nosema intensity and prevalence were treated 

as censored cases.  
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3.4 Results 

3.4.1 Consumption of Pollen Diet, Sucrose Solution and Water 

The average consumption of pollen, syrup and water are presented in Table 1. The pollen 

diet consumption in control and 1:0 pollen: cellulose treatments was significantly higher 

when compared to all other treatments (1:1, 1:2, 1:3 and 0:1 pollen: cellulose treatments) 

(F5, 120 = 3.81; P = 0.0031), but there was no significant difference in pollen diet 

consumption between control (received pollen but not inoculated with Nosema) and 1:0 

pollen: cellulose treatments. The mean amount of pollen diet consumed by bees in all 

treatments was significantly higher in the first week of the experiment (9.25 g) when 

compared to the second (6.0 g), third (5.8 g), or fourth weeks (5.33 g), which did not 

differ significantly (F3, 120 = 39.53; P < 0.0001). There were significant differences in 

sucrose syrup consumption between treatments (F5, 419 = 15.47; P < 0.0001) with 

significantly higher sucrose syrup consumption observed in the control, 1:0 and1:1 

pollen: cellulose treatments compared to the 1:2, 1:3 and 0:1 pollen: cellulose treatments. 

Further, the water consumption was also significantly different between treatments (F5, 

419 = 6.71; P < 0.0001) with significantly higher water consumption observed in the 

control, 1:0 and 0:1 pollen: cellulose treatments. The treatments 1:2 and1:3 pollen: 

cellulose had significantly lower water consumption when compared to all the other diets. 

Trace amounts of eight pesticides were found in the wild flower pollen used in this study 

(Appendix Table B.1). 

3.4.2 Nosema prevalence and intensity 

To meet normal distribution assumptions, Nosema intensity data were transformed by 

logarithmic transformation and Nosema prevalence data were transformed by square root 

transformation.  The effects of treatments on Nosema ceranae intensity are summarized 

in Fig. 1. Among the treatments that received Nosema spore inoculations, there were 

significant differences in Nosema spore intensities (F5, 188 = 5.75; P < 0.0001). 

Significantly higher spore intensities were observed in the 1:0 and 1:1 pollen: cellulose 

treatments when compared to the remaining treatments. Treatments 1:3 and 0:1 pollen: 
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cellulose ratio showed lowest Nosema spore intensities. There were no significant 

differences in Nosema ceranae prevalence between treatments (F5, 29 = 1.26; P = 0.3066).  

3.4.3 Survival Analysis 

Kaplan-Meier survival curves were used to plot the survival data (Fig. 2) and log rank 

tests were used to compare the survival curves of the various treatments. Log rank tests 

indicated that there were significant differences in survival among bees that were fed 

with different ratios of pollen and cellulose (  = 1062.8; df=5 and P < 0.0001). The 

highest survival was observed in control treatments followed by 1:0, 1:1, 1:2, 1:3 and 0:1 

pollen: cellulose ratio diets. χ
2
 

3.4.4 Hypopharyngeal Gland Protein Content 

The effects of diet on the amount of protein from adult hypopharyngeal glands are 

summarized in Fig. 3. The hypopharyngeal gland protein content was significantly 

different between treatments (F5, 494 = 77.65; P <0.0001). Significantly higher 

hypopharyngeal gland protein content was observed in the control treatment (976.64 

µg/mL) followed by 1:0 pollen:cellulose treatment (778.17 µg/mL). All other remaining 

treatments had significantly lower concentrations of hypopharyngeal gland protein in the 

range of 197 to 303 µg/mL and were not significantly different from each other.  

3.4.5 Total Midgut Protease Activity 

The mean midgut proteolytic enzyme activity was significantly different between 

treatments (F5, 354 = 103.07; P <0.0001) and the highest enzyme activity was observed in 

the control and 1:0 pollen:cellulose treatments. The lowest midgut proteolytic enzyme 

activity was observed in 0:1 and 1:3 pollen:cellulose treatments (Fig 4). 

3.5 Discussion 

This study provides clarity and additional insights on how pollen nutrition influences 

Nosema ceranae intensity, prevalence and adult bee survival in honey bees. Interestingly 
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here I found that the bees in the treatments that received higher pollen concentration had 

higher Nosema cerane intensities, but also higher survival. Similar findings were reported 

with Nosema apis (Rinderer & Elliot, 1977), but to my knowledge this is the first 

comprehensive study to examine spore intensities, prevalence and survival 

simultaneously in Nosema ceranae along with critical physiological parameters 

(hypopharyngeal gland protein content and midgut enzyme activity). 

Different pollen diets used in this study appear to have no significant effects on 

prevalence of Nosema ceranae. Once ingested, spores germinate in response to cues in 

the gut lumen of the host (Weiss & Becnel, 2014). It appears that honey bee nutrition 

does not influence the cues or factors responsible for Nosema ceranae spore germination 

as spores were detected in all diet treatments regardless of the type of diet. However, my 

results suggest that the successful reproduction of the pathogen is largely dependent upon 

host nutrition.  

I observed that increase in pollen concentration in the diets also increased the intensity of 

Nosema infection similar to the observations made by Rinderer & Elliot (1977) and 

Porrini et al. (2011). This observed phenomenon may be due to the fact that Nosema 

ceranae is highly dependent on host nutritional status or nutritional environment for its 

development. Most microsporidians including Nosema ceranae lack mitochondria and 

hence are believed to hijack ATP directly from their host’s cytoplasm. It is likely that an 

individual honey bee receiving a highly nutritious diet becomes an ideal host for greater 

proliferation of the parasite by providing an ideal nutritional environment. Wiess and 

Becnel (2014) suggest that microsporidia also likely appropriate other core nutrients from 

their host which further lends support to the idea that Nosema ceranae might replicate 

faster in a host providing ideal nutritional environment.  

Even though Nosema ceranae spore intensities were higher in bees that received more 

pollen in their diet, the bees in these treatments had greater survival which appears to be 

counterintuitive. However, certain nutritional factors may be contributing to honey bee 

survival despite increased infection intensities. For instance, Alaux et al. (2010b) 
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demonstrated that the presence of pollen in the diet increased fat body content, the site of 

immunoprotein synthesis. The study results of Zheng et al. (2014) and Di Pasquale et al. 

(2013) suggests that the expression of vitellogenin, an immunoprotein involved in honey 

bee longevity (Amdam & Omholt, 2002), may contribute to the increased survival of 

Nosema ceranae parasitized bees. Pollen grains have p-coumaric acid which may act as a 

neutraceutical and regulate immune and detoxification process in honey bees (Mao et al., 

2013). I further speculate that optimal nutrition as a result of higher pollen concentration 

availability might compensate for the energy and nutrients lost in bees with high Nosema 

intensity, leading to greater survival. These results are in agreement with the conclusions 

made by Eischen and Graham (2008), that nutrition influences survival during a Nosema 

infection at the colony level.  

Hypopharyngeal gland protein content in all the treatments that were inoculated with 

Nosema ceranae was significantly lower compared to the control treatment that was not 

inoculated with Nosema spores. These findings are similar to the results from studies with 

Nosema apis (Malone & Gatehouse, 1998; Wang & Moeller, 1971) and reaffirm the 

assertion that Nosema ceranae disrupts protein metabolism in bees which in turn affects 

hypopharyngeal gland protein biosynthesis. The total midgut protease activity 

significantly decreased with the reduction of pollen in the diet. However, I did not 

observe any negative effects on midgut enzyme activity as a result of Nosema ceranae 

infection. Malone and Gatehouse (1998) observed that proteolytic enzymes are at highest 

levels during the first few days after adult emergence and then decline quickly. Since the 

bees in my treatments were inoculated with Nosema ceranae spores five days after 

emergence, it may therefore be possible that proteolytic enzymes were synthesized 

abundantly in the 1:0 treatment bees similar to the bees in control treatments before the 

spores damaged the epithelial cells, hence no significant differences were detected 

between treatments.  

Since newly emerged adult bees were used in this experiment, the rate of pollen 

consumption was highest during the first week in all treatments, as that is the typical time 

of pollen consumption for young bees (Crailshiem et al., 1992). The amount of assigned 
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diet consumed was also highest in bees fed 100% pollen, demonstrating the ability of the 

bees to recognize the pollen quality. My results also show that bees in the control 

treatments consumed similar volumes of sucrose syrup when compared to Nosema 

infected treatments. However, previous studies have demonstrated that sucrose syrup 

consumption was higher in Nosema infected bees when compared to controls (Martín-

Hernández et al., 2011; Naug & Gibbs, 2009; Mayak & Naug, 2009). This difference 

observed in my study may be attributed to low mortality in the control treatments, 

causing the amount of syrup consumption to remain on par with Nosema infected 

treatments. Water consumption was highest in the 100% pollen treatments, possibly 

indicating the necessity of water for proper pollen digestion.  

Traces or very small concentrations of few agrochemicals were detected in the pollen 

sample that was sent for pesticides analysis and used in this study. I do not expect these 

minute concentrations of chemicals detected in pollen to have any significant effects on 

the study results. Such small concentrations are regularly found in bee collected pollen's 

and it is impossible to obtain bee collected pollen with no traces of any chemicals given 

the foraging behavior of honey bees. Moreover, the same pollen was used for all the 

treatments in this study and hence any potential miniscule effects resulting from these 

chemicals are distributed evenly among all the treatments. 

3.6 Conclusions 

Here I demonstrate that optimal pollen nutrition increases Nosema ceranae intensity, but 

also enhances the survival or longevity of honey bees. Pollen nutrition doesn't appear to 

influence the prevalence of Nosema ceranae. Information from this study could be 

potentially used by beekeepers to formulate appropriate protein feeding regimens for 

their colonies. The beekeepers could provide additional protein supplement to colonies 

during periods of serious Nosema infection (intensity) to improve colony survival and 

probably avoid feeding protein during other times when the infection levels are low so 

that the intensities are not exacerbated. 
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Future studies need to focus on understanding the factors affecting Nosema ceranae spore 

germination inside the midguts in order to mitigate infections. Since Nosema ceranae 

intensities are more severe in honey bees fed a higher concentration of pollen in their 

diet, it may also be important to understand the core nutrients acquired by the spores that 

aid in their proliferation. Though challenging, a field study investigating pollen from 

various sources as well as protein supplements would be important in determining if the 

same effect of increased spore intensity is observed under natural conditions.  
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Table 3.1 Average consumption of diet, syrup and water per sampling event of 

treatment bees. 

Type Control 1:0 1:1 1:2 1:3 0:1 

Diet (g / week) 7.79a 6.83ab 6.08b 5.88b 6.38b 6.63b 

Syrup (ml / 2 days) 23.13a 22.77ab 23.64a 20.68bc 19.85cd 17.54d 

Water (ml / 2 days) 57.71a 55.32ab 51.49bc 49.28cd 45.30d 53.46abc 

For each row, values followed by different letters are significantly different at 

P ≤ 0.05 (Least Significant Difference test). 
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Figure 3.1 Mean number of Nosema ceranae spores per bee (+ SE) fed different pollen 

concentrations. Means with different letters indicate significant differences among the 

treatments (P < 0.0001).  
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Figure 3.2 Survival of bees fed different concentrations of pollen.  
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Figure 3.3 Mean hypopharyngeal gland protein quantities of bees (+ SE) fed different 

pollen concentrations. Different letters indicate significant differences among the 

treatments (P < 0.0001).  
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Figure 3.4 Mean midgut proteolytic enzyme activities of bees (+ SE) fed different pollen 

concentrations. Different letters indicate significant differences among the treatments    

(P < 0.0001). 
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Chapter 4: 

Summary 

As honey bees are the world’s most economically important pollinator (Klein et al., 

2007), it is absolutely necessary that we strive to improve honey bee health for 

sustainable pollination. Currently, there are many issues plaguing honey bees and causing 

population declines worldwide (Neumann & Carreck, 2010; van der Zee et al., 2012; 

vanEngelsdorp et al., 2009). The microsporidian gut parasite Nosema ceranae is thought 

to be one of the contributing factors in the colony losses, and is now attracting attention 

on a global scale (Fries, 2010; Higes et al., 2013). However, there are still many 

unknowns regarding Nosema ceranae and the factors that may cause or exacerbate 

infections. In this study, I described the dynamics of a Nosema ceranae infection at the 

colony level and demonstrated the limitations of current sampling protocols (Chapter 2). 

Furthermore, I examined the influence of nutrition on Nosema ceranae infection and 

other important health parameters in individual honey bees (Chapter 3).    

Due to the devastating effect that Nosema ceranae infection can have on honey bee 

colonies, many beekeepers prophylactically treat all of their colonies with antibiotics. 

This extremely costly and potentially harmful course of action may be reduced if 

beekeepers had an accurate perception of their colonies infection status. Findings from 

Chapter 2 indicated that no correlation exists between Nosema ceranae infection intensity 

and the percentage of infected bees in composite samples. This result further 

demonstrates the limitations of using spore counts from composite samples to diagnose 

Nosema ceranae infection in colonies. Additionally, many studies suggest that sampling 

forager bees exclusively is the best way to diagnose a colony’s infection level (Higes et 

al., 2008; Fries et al., 2013); yet, Chapter 2 clearly demonstrated that nurse bees may also 

be infected to a considerable degree. Solely sampling the most heavily infected age 

cohort will undoubtedly create a biased sample, thereby providing an inaccurate 

diagnosis of colony infection status. Based on these findings, I speculate that the 

percentage of infection in individual bees of mixed ages provides a more accurate 

indication of colony health status.  
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In Chapter 2 one more objective was to explore if pH levels within the honey bee midgut 

have an effect on Nosema ceranae spore proliferation. Since no previous work regarding 

pH and Nosema ceranae exists, this study provided the first insights on this subject. I 

observed significantly higher gut pH levels in Nosema ceranae infected bees than 

uninfected honey bees. Future research should address whether Nosema ceranae causes 

the change in gut pH or whether a particular pH level increases spore proliferation. Any 

new information regarding the effects of Nosema ceranae on honey bee midgut pH levels 

could lead to many more explanations of how it infects or affects bees, as well as the 

development of new treatments.  

Honey bees forage on a variety of pollen sources that vary greatly in their nutritional 

properties (Crailsheim, 1990; Huang, 2012) and honey bee nutrition has been shown to 

provide resistance against pests and pathogens (Rinderer et al., 1974; Degrandi-Hoffman 

et al., 2010; Di Pasquale et al., 2013). The main objective in Chapter 3 was to determine 

how varying levels of pollen quality influence Nosema ceranae infection dynamics in 

individual honey bees. I observed that an increase in pollen in the diet increased Nosema 

ceranae spore intensity, similar to other studies (Porrini et al. 2011; Zheng et al., 2014). 

Nevertheless, bees that received more pollen in their diet had greater survival despite the 

increased spore intensities. This research provides supporting evidence to the claim by 

several researchers that spore intensities may not be useful in determining colony health 

(Meana et al., 2010; Traver et al., 2012; Smart & Sheppard, 2012; Zheng et al., 2014). 

The information from this study could be potentially used by beekeepers to formulate 

appropriate protein feeding regimens for their colonies to mitigate Nosema ceranae 

problems. 

Another major objective of Chapter 3 related to Nosema ceranae infection and honey bee 

nutrition was determining whether the parasite disrupted protein digestion in infected 

bees. I observed that the total midgut protease activity significantly decreased with the 

reduction of pollen in the diet, but I did not observe any negative effects on midgut 

enzyme activity due to the presence of Nosema ceranae. Malone and Gatehouse (1998) 

observed that proteolytic enzymes activity is highest during the first few days after adult 
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emergence, so I speculated that the age of the bees analyzed may have influenced the 

amount of proteolytic enzymes in the midgut. Future research efforts should continue 

towards elucidating the effects of Nosema ceranae on protein digestion, as protein 

digestion has a major role in many physiological processes.  

Hypopharyngeal glands are an important indicator of honey bee nutrition status and 

overall colony health (DeGrandi-Hoffman et al., 2010); yet, there are still many 

unknowns regarding the physiological effects of Nosema ceranae infection on 

hypopharyngeal glands. In Chapter 2, I observed no significant differences in 

hypopharyngeal gland protein content between Nosema ceranae infected and uninfected 

bees, though there were differences between age cohorts. However, in Chapter 3 I did 

observe a significant difference in protein content between the infected and uninfected 

bees. This discrepancy could be caused by the settings of the experiments, one being a 

field study and the other a cage study. There may be unidentified factors influencing 

honey bee hypopharyngeal gland protein in the field in ways that are not yet understood. 

Future research should seek to identify these factors influencing hypopharyngeal gland 

protein during Nosema ceranae infections so that application of methods that protect the 

normal functions of these essential glands can be employed.   

Overall, this study has provided useful insights regarding Nosema ceranae infection 

dynamics and role of pollen nutrition in Nosema infection that has the potential to aid in 

the development of better Nosema sampling protocols and the prevention of colony losses 

due to Nosema. This study also describes new methods in Nosema ceranae research that 

will benefit future studies as well as set forth several new research foci that if pursued 

will greatly increase our understanding of this parasite’s effect on honey bees. Though 

more research is needed to determine the mechanism behind some of the physiological 

differences between infected and uninfected bees, my results can be readily utilized by 

beekeepers to promote colony health and survival during serious Nosema outbreaks.  
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Appendix A: Chapter 2 Supporting Information 

 

Figure A.1 Gel showing multiplex PCR amplicons of lengths specific to the 16S rRNA 

of Nosema ceranae and Nosema apis, as well as the honey bee house-keeping gene RpS5. 

Lanes 1-8 show samples from infected honey bees from each of the eight quadruple-

cohort colonies. Only the Nosema ceranae species was present in the colonies. Lane 9 is 

a sample infected only with Nosema ceranae, Lane 10 is a sample infected only with 

Nosema apis.  Lane 11 is a sample of non-infected honey bees. Lane M is a 100 bp DNA 

ladder.   
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Appendix B: Chapter 3 Supporting Information 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table B.1 List of pesticide residues detected in wild flower pollen 

used in diets. 

Pesticide Residue Result PPB 

Carbendazim (MBC) Trace 

Chlorfenopyr Trace 

Chlorpyrifos 3.7 

Cyhalothrin total Trace 

Fluvalinate 34 

Hexachlorobenzene (HCB) Trace 

Quintozene (PCNB) Trace 

Trifluralin 2.6 




