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Bumble bees (Hymenoptera: Apidae) are important native pollinators in wild 

and agricultural systems, and are one of the few groups of native bees commercially 

bred for use in the pollination of a range of crops. In recent years, declines in bumble 

bees have been reported globally. One factor implicated in these declines, believed to 

affect bumble bee colonies in the wild and during rearing, is natural enemies. A 

diversity of fungi, protozoa, nematodes, and parasitoids has been reported to affect 

bumble bees, to varying extents, in different parts of the world. 

 In contrast to reports of decline elsewhere, bumble bees have been thriving in 

Oregon on the West Coast of the U.S.A.. In particular, the agriculturally rich 

Willamette Valley in the western part of the state appears to be fostering several 

species. Little is known, however, about the natural enemies of bumble bees in this 

region. The objectives of this thesis were to: (1) identify pathogens and parasites in (a) 

bumble bees from the wild, and (b) bumble bees reared in captivity and (2) examine 

the effects of disease on bee hosts.  

Bumble bee queens and workers were collected from diverse locations in the 

Willamette Valley, in spring and summer. Bombus mixtus, Bombus nevadensis, and 

Bombus vosnesenskii collected from the wild were dissected and examined for 

pathogens and parasites, and these organisms were identified using morphological and 



 

molecular characteristics. Queens of Bombus griseocollis, Bombus nevadensis, and 

Bombus vosnesenskii were reared in captivity, and those that died or did not initiate 

nests were also examined for pathogens and parasites.  In addition, the immune 

responses of healthy and infected bees were compared, to examine the effects of a 

common bumble bee gut pathogen Crithidia bombi (Kinetoplastida: 

Trypanosomatidae) on its host.  

This thesis reports that wild bumble bees in western Oregon are infected with 

the protozoa Apicystis bombi (Neogregarinida: Ophrocystidae) and Crithidia bombi, 

the fungus/microsporidian Nosema bombi (Microsporidia: Nosematidae), the nematode 

Sphaerularia bombi (Nematoda: Tylenchida), and two dipteran parasitoids, one 

unknown and one belonging to the family Conopidae (Diptera: Conopidae). In 

addition, this research presents the first ever report of infection by the larval pathogen 

Ascosphaera apis (Ascomycota: Ascosphaerales), in reared bumble bee adults. New 

host and distribution records are also presented for C. bombi, N. bombi, and S. bombi.  

The study found that bumble bees infected with C. bombi had lower activated levels of 

immune responses than healthy bees. 

 The thesis discusses the long-term implications of study findings, and 

addresses the threat that bumble bee diseases pose to bee pollinators through shared 

environments. 
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Natural Enemies of Native Bumble Bees (Hymenoptera: Apidae) in Western Oregon 

 

Chapter 1 

 

General Introduction 

 

 

 

Approximately one third of all world food crops require animal-vectored 

pollination, the majority of which is facilitated by the world’s 20,000 or so bee species. 

Pollinator communities have been declining worldwide, placing our food security under 

threat. Factors that have been implicated in this decline are habitat loss and 

fragmentation, pesticide exposure, and disease. Although all of these factors likely have a 

role to play, the appearance of colony collapse disorder in honeybees has focused 

attention on disease pathogens. Besides honey bees, other bee groups have been found to 

harbor debilitating diseases, but these have received much less attention. This thesis 

describes three studies designed to address bee disease in an important group of native 

U.S. pollinators, bumble bees (Bombus spp.) (Hymenoptera: Apidae). 

Bumble bees are key pollinators in many native and agricultural ecosystems 

(Medler, 1957; Corbet et al., 1991; Pierson and Kuta, 2001; Goulson, 2003; Biesmeijer et 

al., 2006; Gibson et al., 2006; Velthuis and Doorn, 2006; Carvell et al., 2007; Rao and 

Stephen 2010; Artz and Nault, 2011). They are eusocial, with an annual lifecycle in 

temperate regions, and possess several key characteristics that make them ideal 

pollinators in many settings. When compared with the European honey bee, Apis 

mellifera L. (Hymenoptera: Apidae), bumble bees have on average longer tongues, which 

allow them to reach the nectaries of flowers with long or deep corolla tubes (Velthuis and 
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Doorn, 2006; Balfour et al., 2013). They also have the ability to buzz pollinate, a 

behavior in which body vibrations produced by the bee are used to release pollen firmly 

held by the anthers of flowers. This type of pollination is crucial for plants with poricidal 

anthers, such as the Solanaceae (tomatoes and peppers) (Goulson, 2003). As compared to 

other bee species, many bumble bees can forage at relatively low temperatures, which 

allow them to effectively pollinate even during periods of unusually cool weather, and in 

alpine and arctic climates (Goulson, 2003; Velthuis and Doorn, 2006).  They are also 

some of the only pollinators used in greenhouse crop production. Because of these 

characteristics bumble bees are one of the few groups of native social bees that are 

commercially bred to be used in the pollination of a range of crops.  

Like other animal groups, bees are also subject to a broad range of diseases. 

Earlier research has identified the common pathogens and parasites harbored by bumble 

bees and include the protozoa Apicystis bombi (Neogregarinida: Ophrocystidae) and 

Crithidia bombi (Kinetoplastida: Trypanosomatidae), the fungus/microsporidian Nosema 

bombi (Microsporidia: Nosematidae), the nematode Sphaerularia bombi (Nematoda: 

Tylenchida), and two common dipteran parasitoids belonging to the families Conopidae 

and Phoridae.  These pathogens have unique life cycles and etiologies based on the 

phylogenetic group they come from. 

Apicystis bombi, an internal gut pathogen, belongs to a group of Neogregarines 

that encompasses over 1450 species of entomopathogenic protozoa. As a group, 

Neogregarines lack cilia, reproduce sexually, and move by body flexion or gliding 

(Tanada and Kaya,1993). The infective propagule is called an oocyst and contains 
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multiple sporozoites. When a host becomes infected with an oocyst, the sporozoites exit 

the oocyst, begin feeding, and grow into larger trophozoites.  Trophozoites reproduce, 

and produce oocysts (Vivier and Desportes, 1990). 

Apicystis bombi is the only species in its genus known to infect bumble bees, and 

is also found in honey bees (Meeus et al., 2011).  Although little is known about its 

transmission or epidemiology, it is thought that infections in bumble bees by oocysts 

occur through ingestion, or possibly through copulation (Lipa and Triggiani, 1996). Once 

the oocysts are ingested, sporozoites emerge and penetrate through the midgut wall into 

the body cavity. There, they infect the fat body cells in which they grow, develop, and 

multiply (Lipa and Triggiani, 1996).  Infections caused by A. bombi damage the fat body, 

reduce success in colony establishment, and increase mortality in workers. They are also 

correlated with rapid death of spring queens (Schmid-Hempel, 2001; Rutrecht and 

Brown, 2008). Oocysts are then shed in the feces, and possibly transmitted during 

copulation (Lipa and Triggiani, 1996). 

Crithidia bombi, another protozoan, is a member of the Trypanosomatids, a group 

characterized by kinetoplasts, a DNA containing granule, and a single flagellum. 

Trypanosomatids are found in invertebrates, vertebrates, and even plants (Merzlyak et al., 

2001; Lopes et al., 2010). Many are medically important. These include Trypanosoma 

cruzi, the causative agent of chagas disease, and Leishmania spp., which cause 

leishmaniasis in mammals (Lopes et al., 2010). Trypanosomatids have seven common life 

stages/morphotypes named for flagellar placement, although not all of them are present in 

all infections (Lopes et al., 2010). In C. bombi, the main species that infects bumble bees, 
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the commonly observed stages are the amastigote and choanmastigote forms (Logan et 

al., 2004). The most frequently observed of these is the choanmastigote, or “barleycorn” 

form. This form is characterized by an antenuclear kinetoplast, and has a flagellum that 

arises from a wide funnel shaped reservoir and emerges at the end of the body (Hoare, 

1966). 

In bumble bees, infection occurs when Crithidia cells are ingested. Research has 

shown that bees come in contact with infective cells of the pathogen through contact with 

infected nest mates or nest material, or via flowers that have been visited previously by 

infected individuals (Durrer and and Schmid-Hempel, 1995).  Ingested cells attach to the 

gut wall, where they multiply. Crithidia bombi does not penetrate the gut tissue (Ruiz-

González and Brown, 2006). Although generally considered to have a minimal impact on 

its host, C. bombi has been shown to impact hibernating queens. In some cases, these 

infections significantly impact colony-founding success, male production, colony size, 

and overall fitness, by up to 40% (Brown et al., 2003). After infection, infective cells are 

shed in the feces (Durrer and Schmid-Hempel, 1994). 

Bumble bees are also hosts of microsporidia, a phylum (Microspora) of obligatory 

intracellular parasites found in nearly all animal groups, that are closely related to 

Kingdom Fungi (Fries et al., 2001; Otti and Schmid-Hempel, 2007; Corradi and Keeling, 

2009). They have two basic stages, a spore stage and a vegetative stage. The infective 

propagule, a thick walled rigid spore with a coiled polar filament, is the only stage to live 

outside the host. The spores of microsporidia enter host cells by ejecting the polar 

filament, everting the filament into a tube, and using the tube to force the contents of the 
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spore into the host cell (Corradi and Keeling, 2009).  

The main species of microsporidian in bumble bees is N. bombi, and infection 

typically occurs when spores are ingested and enter cells in the malpighian tubules and 

the gut lumen (Otti and Schmid-Hempel, 2007; Van der Steen, 2007). Other tissues also 

become infected, including the ventriculus, the fat body, and nerve tissue, including the 

brain (Fries et al., 2001). The outcome of infections can be variable: in some individuals, 

the abdomen becomes distended and paralyzed, and in some queens their mating 

capabilities become impaired (MacFarlane et al., 1995).  Infected workers often become 

sluggish and die early. Mortality on a colony-wide level can occur if enough workers are 

affected (Schmid-Hempel and Loosli, 1998). Infections of N. bombi are also correlated 

with an increased production of reproductive bees, particularly males. Infective stages of 

the pathogen are released into the environment through host feces. 

Bumble bees are also a host to one of the oldest recognized entomopathogenic 

organisms, S. bombi (Lubock, 1861). Sphaerularia bombi infects queens of bumble bees 

during their subterranean hibernation (Cumber, 1949; Poinar and Van der Laan, 1972). In 

infected queens, the corpora allata remains inactive, ovaries are not developed, and hence 

queens are unable to establish nests and lay eggs. Host behavior is also affected, and 

queens attempt to return to the hibernaculum and release juvenile nematodes as they 

search the ground for a nesting site (Macfarlane et al., 1995). 

In addition to nematodes, bumble bees carry other types of parasites. Two of the 

common parasitoids, belong to the dipteran families Conopidae and Phoridae.  Conopid 

flies are parasites of various genera of bees, wasps, ants, termites, and grasshoppers 
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(Townsend, 1935).  Species of conopids from at least two genera, Sicus and 

Physocephala, are found in nearly all species of bumble bee in the western U.S. 

(Macfarlane et al., 1995). Adult flies attack all castes of bees (queens, workers, and 

males) while they are foraging.  A single egg is deposited within the bee’s abdomen, and 

larvae hatch and feed upon host hemolymph and organs. After about ten days, larvae 

pupate in situ. Bee death occurs in the last larval stage of the parasitoid, and pupa 

overwinter within the dead host (Schmid-Hempel et al., 1989; Muller et al., 1996). 

Similarly, species of phorids attack their host bees while they are foraging. In contrast to 

conopids, phorids lay multiple eggs in the abdomen of each host. After eclosure from the 

egg, phorid larvae feed primarily on thoracic flight muscles (Otterstatter et al., 2002). 

Upon bee death, larvae leave the host and pupate in the soil (Core et al., 2012). Species of 

phorids that attack bumble bees belong to the genus Apocephalus, a group that infects 

bees, wasps, beetles and spiders.  The most frequently encountered species of phorid flies 

in Bombus is Apocephalus borealis Brues (Core et al., 2012).   

One area of western North America where little is known about the natural 

enemies of bumble bees is the state of Oregon. Oregon is home to diverse and abundant 

bumble bee populations that provide critical pollination services to many of the 200 or so 

agricultural products produced in the state.  Although overall bumble bee populations in 

the region appear to be thriving, one formerly common species, Bombus occidentalis 

Greene, has declined to near extinction levels in coastal regions.  It is speculated that the 

decline of B. occidentalis was due to pathogens introduced to wild bees from those reared 

in captivity. The goal of this study was to provide baseline information on pathogens and 
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parasites of bumble bee species in Oregon, to assess their overall status. Specific 

objectives of this research were to: (1) identify pathogens and parasites in (a) bumble 

bees from the wild, and (b) bumble bees reared in captivity and (2) examine the effects of 

disease on bee hosts. For the studies, bumble bees were collected from the Willamette 

Valley in western Oregon, a leading exporter of many pollination dependent crops and a 

region that has an unusually high diversity of Bombus spp.  

Chapter 2 of this thesis presents a study in which bumble bee queens and workers 

were collected from diverse locations in the Willamette Valley, in spring and summer. 

Bombus mixtus, Bombus nevadensis, and Bombus vosnesenskii collected from the wild 

were dissected and examined for pathogens and parasites, and these organisms were 

identified using morphological and molecular characteristics. Queens of Bombus 

griseocollis, Bombus nevadensis, and Bombus vosnesenskii were reared in captivity, and 

those that died or did not initiate nests were also examined for pathogens and parasites.  

In addition, the immune responses of healthy and infected bees were compared, to 

examine the effects of a common bumble bee gut pathogen Crithidia bombi 

(Kinetoplastida: Trypanosomatidae) on its host.  

Chapter 3 presents a study in which a novel infection by a larval pathogen of 

honey bees, Ascosphaera apis, was found in laboratory reared bumble bee adults. 

Queens, workers, and larvae of western bumble bee species were examined for the 

fungus, and infections are described. In addition, a phylogenetic analysis of the novel 

strain is presented.  

Chapter 4 describes the first record of the entomopathogenic nematode 
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Sphaerularia bombi infecting bumble bees in western Oregon. Queens of the western 

bumble bee Bombus vosnesenskii collected from the Willamette Valley that died in 

rearing were dissected and examined for the nematode. 

Lastly, Chapter 5 summarizes the results of the studies relating to objectives 1 and 

2, and discusses the broader implications and significance of this work. Topics addressed 

include new bumble bee pathogen host records and a new distribution record of a bumble 

bee parasite. In addition, the potential for pathogen and parasite transfer between multiple 

bee groups is discussed.
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Chapter 2 

 

Diversity and Abundance of Pathogens and Parasites of Native Bumble Bees in 

Western Oregon 

 

 

 

Introduction 
 

Bumble bees (Hymenoptera: Apidae) are the exclusive pollinators of many rare 

plant species (Pierson and Kuta, 2001; Gibson et al., 2006) and have been shown to 

increase yields of many agronomic crops (Medlar, 1957; Corbet et al., 1991; Goulson, 

2003; Velthuis and Doorn, 2006; Rao and Stephen, 2010; Artz and Nault, 2011). Many 

species are generalist pollinators and are effective in greenhouse crop pollination 

(Goulson, 2003; Velthuis and Doorn, 2006). Because of these characteristics, bumble 

bees are one of the few groups of social native bees that are commercially bred for the 

pollination of a range of crops. In particular, they are significant pollinators of 

blueberries (Vaccinum spp.), of clover grown for seed (Trifolium spp.), and of many 

greenhouse crops including peppers and tomatoes (Capsicum spp., Solanum spp.) 

(Medlar, 1957; Shipp et al., 1994; Whittington and Winston, 2004; Rao and Stephen, 

2007). The yearly economic value of bumble bee pollinated tomatoes alone is estimated 

at approximately $16 million USD (Velthuis and Doorn, 2006).  

Bumble bees are being increasingly relied upon to make up for honey bee losses 

currently being experienced globally (Winfree et al., 2007). The losses in honey bees, 

driven largely by diseases caused by varroa mite (Varroa destructor Anderson and 

Trueman), and the poorly understood colony collapse disorder, as well as other factors 
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such as pesticide exposure, have increased the cost of hive rentals and reduced their 

availability (Kremen et al., 2002). However, global declines in bumble bee populations 

have also been reported and have been attributed to habitat loss and fragmentation, 

pesticide exposure, loss of genetic diversity, environmental stress, and disease (Kleijn et 

al., 2006; Biesmeijer et al., 2006; Colla et al., 2006; Carvell et al., 2007). 

 Disease has been reported to affect bumble bees in the wild and when reared in 

captivity. Bumble bees infected a number of pathogens (bacteria, fungi, microsporidia, 

protozoa, and viruses) as well as to internal and external parasites (mites, nematodes, and 

parasitoids), all documented to affect host survival and reproduction under certain 

conditions (Macfarlane et al., 1995; Gillespie, 2010).  Although research has been 

conducted on bumble bee diseases worldwide, little is known about these pathogens in 

the western United States, as there is a lack of data that exists about bumble bees in this 

region. 

Bacteria and fungi have been found in prior studies on bumble bee disease. But 

they have not been documented to occur in high frequency, and are rarely identified to 

species. Several gram-positive spore-forming bacteria have been reported, as well as 

several generalist entomopathogenic fungi belonging to the following genera: 

Paeciomyces (Eurotiales: Trichocomaceae), Beauveria (Hypocreales: Clavicipitaceae), 

Verticillium (Hypocreales: Plectosphaerellaceae), Metarhizium (Hypocreales: 

Clavicipitaceae), Aspergillus (Eurotiales: Trichocomaceae), and Hirsutella (Hypocreales: 

Ophiocordycipitaceae) (Macfarlane et al., 1995).  Several viruses that are typically 

associated with honey bees, including the deformed wing virus and the acute paralysis 
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virus, have recently been identified in Bombus spp. (Macfarlane et al., 1995; Fürst et al, 

2014). 

Protozoa, a diverse group of unicellular eukaryotic organisms, are commonly 

found in bumble bees, especially Apicystis bombi (Neogregarinida: Ophrocystidae) and 

Crithidia bombi (Kinetoplastida: Trypanosomatidae) (Liu et al., 1997).  Apicystis bombi 

is the only species in its genus known to infect bumble bees, and is also found in 

honeybees (Meeus et al., 2011).  It has been recorded in nearly 20 Bombus spp. 

worldwide.  In western bumble bees, it has been found in B. mixtus Cresson, B. 

griseocollis (DeGeer), B. vosnesenskii Radoszkowski, and B. vandykei (Frison) (Liu et 

al., 1974; Macfarlane et al., 1995; Kissinger et al., 2011). Crithidia bombi, a flagellate, 

has been documented in at least 15 species of Bombus worldwide.  In the western U.S., it 

has been found in B. bifarius Cresson, B. griseocollis, B. huntii Greene, B. melanopygus 

Nylander, B. mixtus, B. occidentalis Greene, and B. vosnesenskii (Macfarlane et al., 1995; 

Schmid-Hempel and Tognazzo, 2010; Kissinger et al., 2011; Cordes et al., 2012).   

Microsporidia, a group of obligatory intracellular parasites, are also found in 

bumble bees. These include Nosema ceranae Higes and Nosema bombi Fantham & 

Porter (Microsporidia: Nosematidae). Nosema ceranae is commonly associated with 

members of the genus Apis, mainly A. mellifera and A. cerana Fabricius, and has only 

recently been discovered in bumble bees (Plischuk et al., 2009; Fürst et al, 2014).  

Nosema bombi is a pathogen that is known to attack only bumble bees, and occurs 

globally (Graystock et al., 2013). It has been found in at least 15 species worldwide, 

including B. bifarius, B. californicus Smith, B. caliginosus (Frison), B. fervidus 
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(Fabricius), B. griseocollis, B. huntii, B. melanopygus, B. mixtus, B. sitkensis Nylander, 

and B. vosnesenskii in the western U.S. (Macfarlane et al., 1995; Fries, 2001).  

Mites, a group of small arthropods belonging to the subclass Acari, are both 

phoretic and internal in bumble bees. Phoretic mites are common; but there is no 

evidence to suggest that these organisms have any negative impact on bee health. Bumble 

bees are also host to a species of internal mite; Locustacarus buchneri Stammer (Acari: 

Podapolipidae), a tracheal mite, that has been documented to affect host condition and 

behavior. This mite has been found in roughly 18 bumble bee species worldwide 

including B. mixtus, B. occidentalis, and B. sitkensis in the western U.S. (Otterslatter and 

Whidden, 2002; Kissinger et al., 2013).   

Nematodes, a diverse group of non-segmented roundworms, contain a single 

species that is commonly found in bumble bees, Sphaerularia bombi Dufour (Nematoda: 

Tylenchida: Sphaerularidae). The nematode infects queen bumble bees during their 

subterranean hibernation (Cumber, 1949; Poinar and Van der Laan, 1972), and has been 

detected in over 35 species of Bombus worldwide, including B. edwardsii Cresson, B. 

griseocollis, B. occidentals, and B. vosnesenskii in the western U.S. (Poinar, 1974; 

Macfarlane et al., 1995).   

Parasitoids of many species have been found in bumble bees.  These include 

species of conopids (Diptera: Conopidae), phorids (Diptera: Phoridae), sarcophagids 

(Diptera: Sarcophagidae), and braconids (Hymenoptera: Braconidae).  Parasitism by 

conopids is by far the most common.  There are at least two genera that attack bumble 

bees, Sicus and Physocephala. In the west, conopids have been found in nearly all species 
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of bumble bees (Macfarlane et al., 1995).   

Of the pathogens mentioned above, C. bombi has been found to be the most 

abundant in many bumble bee populations studied worldwide (Macfarlane et al., 1995), 

with infections in populations of workers as high as 80% in Switzerland (Shykoff and 

Schmid-Hempel, 1991), 82% Massachusetts (Gillespie, 2010), and 100% in Scotland 

(Whitehorn et al., 2011). Despite the high incidence of C. bombi in bumble bees, 

researchers have yet to determine the true impact the pathogen has on its host.  Prior 

research has shown that infections by the pathogen significantly impact colony-founding 

success, male production, colony size, and overall fitness by up to 40% in infected 

queens after hibernation. Alternatively, Brown et al., (2000) found that under favorable 

bee conditions, infections of C. bombi caused no mortality. When starved however, the 

same infected bumble bee populations had a 50% increase in the rate of mortality. The 

pathogen has never been observed leaving the gut and reproducing in the rest of the body, 

as have other possibly more virulent pathogens such as N. bombi and  A. bombi (Lipa and 

Triggiani, 1996; Fries et al., 2001; Brown et al., 2003). For this reason, further research is 

needed to assess the effect these pathogens may have on host mortality and overall health.  

One method of studying the effects of a pathogen is by examining its effects on 

host immune responses. Unlike vertebrates, insects lack adaptive immune mechanisms, 

such as antibodies, that provide pathogen-specific receptors and immune memory to 

combat pathogens and parasites. Instead, they rely on innate immune mechanisms to 

defend against foreign molecules (Hoffman et al., 1996; Christensen et al, 2005). An 

examination of the prophenoloxidase system, which ultimately leads to melanization, a 
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key constitutive defence against pathogens in insects, is one method researchers use in to 

assess the impacts that pathogens have on insect hosts (Brown et al., 2003; Chan et al., 

2006; Wilson-Rich et al., 2008; Schluns et al., 2010).  In this system, a proteolytic 

cascade is induced upon injury to the host, which activates prophenoloxidase (ProPO) 

circulating in the hemolymph.  Phenoloxidase (PO), the active form of the enzyme, is a 

key component in the synthesis of melanin, a brown-black pigment that accompanies 

innate immune responses. During the process of melanization, cytotoxic and oxidative 

compounds are created that kill or damage foreign organisms (Hoffman et al., 1996).  

Previous research in insects has attempted to link levels of the enzyme PO, and its 

precursor ProPO, to overall health (Brown et al., 2003; Chan et al., 2006; Wilson-Rich et 

al., 2008; Schluns et al., 2010). Based on knowledge of the prophenoloxidase system, 

high levels of ProPO in host hemolymph could indicative of a high potential for 

melanization and the organism’s ability to defend itself against pathogens and parasites. 

In contrast, high levels of PO could indicate that the melanization pathway has already 

been initiated, signifying that the host is actively attempting to defend itself against 

foreign invaders (i.e. bacteria, fungi, protists). 

Many of the studies on bumble bee diseases have been conducted in Europe and 

the eastern United States. Few have been conducted in the western U.S.. One important 

state in this region, where little is known about bumble bee pathogens and parasites, is 

the state of Oregon.   Oregon produces over two hundred different agricultural products, 

many of which are dependent on pollination. Bees from Oregon have been included in 

three studies on bumble bee disease (Cordes et al., 2011, and Kissinger et al., 2011; 
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Cameron et al., 2012). These studies focused primarily on workers, had a low sample 

number, and included few or no bees from the Willamette Valley, Oregon’s main 

agricultural region. This is highly surprising given the high level of bumble bee diversity 

and abundance in the Valley, and the high number of pollination dependent crops 

produced there. 

The Willamette Valley in western Oregon is a rich agricultural area, where tree 

fruits, cane berries, strawberries, and various crops such as red clover are raised for seed 

production.  The region is also home to an unusually diverse complex of seven bumble 

bee species observed frequently in agricultural landscapes (Rao and Stephen, 2010). 

These include B. appositus Cresson, B. californicus, B. griseocollis, B. melanopygus, B. 

mixtus, B. nevadensis Cresson, and B. vosnesenskii. Of these species, B. vosnesenskii is 

currently dominant in the area. 

A key western pollinator, B. occidentalis, was once the dominant bumble bee 

species in the Willamette Valley (Rao and Stephen, 2010).  During the 1990s the species 

experienced a rapid decline, presumably because of its vulnerability to introduced 

pathogens (Thorp, 2003; Rao and Stephen, 2010).  In the period leading up to its decline, 

B. occidentalis was reared commercially for pollination of greenhouse crops.  For this, 

western queens were sent to rearing facilities elsewhere, where non-western species were 

also being reared.  It is speculated that colonies that returned to the west from rearing 

facilities had acquired pathogens from non-western species, mainly N. bombi, to which 

native populations of B. occidentalis were highly susceptible (Whittington and Winston, 

2003).  The spillover effects from these colonies to wild populations likely resulted in 
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local extinction of B. occidentalis (Whittington and Winston, 2003; Velthuis and Doorn, 

2006; Evans et al., 2008; Otterstatter and Thomson, 2008).  As a result, the state of 

Oregon does not allow the importation of non-native bumble bee species that are 

available commercially in other areas of the country 

(http://www.oregon.gov/ODA/PLANT/IPPM/appr_insects.shtml). 

On the West Coast, currently no large-scale commercial bumble bee producers 

exist. As a result, western species are being reared on a small scale by annual collection 

of queens in spring for pollination of agricultural crops. These operations also have the 

potential for spillover effects to native populations, as prior research has shown that the 

mass rearing of insects can lead to a high incidence of disease (Graystock et al., 2013). 

For this reason, studies are needed for determining the susceptibility of all western 

species with potential for mass rearing.  

The objectives of this study were to: (1) identify the natural enemies present in 

Willamette Valley bumble bees in: a) bees from the wild, and b) bees reared in captivity, 

and (2) quantify the effects that infections of the common pathogen Crithidia bombi have 

on overall bumble bee health via immune response levels. 

 

 

 

 

 

 

http://www.oregon.gov/ODA/PLANT/IPPM/appr_insects.shtml
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Methods 

 

Bee Collection 

 

Bees from the wild (WB) 

Queens and workers from each species (B. mixtus, B. nevadensis, and B. vosnesenskii) 

were field collected from croplands, wild lands, and urban landscapes from May to 

September 2012 in the Willamette Valley of western Oregon. For each species, 75 

workers and 75 queens were collected. Collection sites were chosen based on bee 

availability within the counties of Benton, Polk, and Linn. Bees were primarily captured 

from flowers using vials, and sweep nets where needed. Because stress may influence 

some measures of immunocompetence (Braude et al., 1999; Amdam et al., 2005; Wilson-

Rich et al., 2008) efforts were made to limit handling of specimens and standardize their 

treatment to limit its effects on immune responses. Upon capture, bees were placed 

directly into insulated coolers with ice. They were then taken to the laboratory at Oregon 

State University were they were held at approximately 4°C to anesthetize them. The bees 

were processed live within 24 hours of capture.  

 

Bees reared in captivity (RB) 

A subset of bees from a previous study on colony development was randomly selected for 

purposes of pathogen detection.  Fifty individuals of each of the following species were 

selected: B. griseocollis, B. nevadensis, and B. vosnesenskii. For the study on colony 
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development, wild bumble bee queens were obtained around the city of Corvallis within 

the Willamette Valley in western Oregon.  Bees were collected from February through 

May 2011, and maintained for establishment of nests under laboratory conditions 

following protocols described by Plowright and Jay (1966) and Pomeroy and Plowright 

(1980).  Queens and their resulting offspring were supplied with artificial nectar and 

pollen patties made from ground honey bee pollen and ProSweet liquid sugar blend 

(Mann Lake Ltd., Hackensack, MN.) and maintained at 28°C.  Individuals that died 

during rearing, and queens that did not lay eggs within one month of capture, were 

preserved at -40°C for subsequent determination of the causes of mortality.  Queens that 

died were frozen within 24 hours.   

 

Examination of bees for presence of pathogens and parasites 

The abdomen of individual bees was severed from the body and a horizontal incision was 

made using surgical scissors. The internal organs were examined for the presence of 

parasitoids and nematodes and, if found, placed in 95% ETOH pending further analysis.  

Tissue samples were taken from the hindgut, the fat body, and the malpighian tubules 

(Skou et al., 1963; Lipa and Triggiani, 1996; Korner and Schmid-Hempel 2005; Necda et 

al., 2006). Tissue samples were screened for foreign organisms at 400X magnification.  

 

Fungal isolation 

Filamentous fungi, when found, were isolated directly from the affected bee tissue and 

cultured on petri plates of Potato-Dextrose Agar (PDA) (BD Difco, Franklin Lakes,  New 
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Jersey) containing broad spectrum antibiotics (50ppm streptomycin and ampicillin) at 

room temperature. Fungal cultures of interest were selected and grown in liquid culture 

on Potato-Dextrose Broth (PDB).  Liquid cultures were initiated by the aseptic transfer of 

a small piece (1cm
2
) from agar cultures into 200ml of PDB, shaken, and incubated for up 

to 168 hours at room temperature (25°C).  At the time of fungal harvest, all liquid was 

removed from the samples using a Büchner flask.  Fungal tissue was separated from agar 

residues and stored at -80°C.   

 

Pathogen and parasite identification 

 

Morphological 

Apicystis bombi was identified based on published morphological features (Lipa and 

Triggiani, 1996; Macfarlane et al., 1995). Spores of A. bombi have sausage shapes which 

are 11.1-14.4 μm long and 3.6-5.4 μm wide. They sometimes appear boomerang-shaped 

and are about 2-3 times larger than N. bombi. Apicystis bombi also differs from N. bombi 

in that it is usually found in the fat body. 

 

Crithidia bombi was also identified based on published morphological features (Lipa and 

Triggiani, 1980; Necda et al., 2006). The flagellate has a maximum length 8.1 μ with a 

pear-shaped body and a flagellum that is 8-12 μm long.  
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Nosema bombi was identified based on published morphological features (Macfarlane et 

al., 1995; Jilian et al., 2005; Necda et al., 2006) and was compared with documented 

samples provided by Leellan Solter (Associate Professional Scientist, Insect Pathology 

University of Illinois at Urbana-Champaign).  The microsporidian spores are 4.6-7.0 µm 

in length and 1.8-4.0 μm wide and a simple rod shape. 

 

Sphaerularia bombi adults were visually identified by George Poinar, Oregon State 

University. Those identified were then used as a reference for future identifications.  

 

Parasitoid larvae were grouped together by morphotype and identified to family, where 

possible, using available larval keys (Peterson 1962; Stehr 1987). Larvae were identified 

with the assistance of Professor Jeff Miller, Oregon State University. 

 

Filamentous fungi were identified based on mature reproductive structures with the help 

of Professor Jeffrey Stone and Paul Reeser, Oregon State University. 

 

 

Molecular pathogen identification 

Molecular analyses were performed (5% of total infections) to confirm morphological 

identification of pathogens. DNA was extracted from gut and fat body tissues of infected 

bees, as well as from parasitoids removed from bees, using a modified Chelex100 method 

(Walsh et al., 1991; Cordes et al., 2011), unless otherwise noted. Tissue pieces of 
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approximately 2 mm in diameter were added to 150 µl of 5% Chelex 100 resin and 5 µl 

proteinase K (20 mg/ml). The sample was incubated at 55ºC for 1 hour and then at 95ºC 

for 15 minutes to denature enzymes. Samples were centrifuged at 6000 rpm for 3 minutes 

and the supernatant was stored at -20ºC.  

 

Apicystis bombi 

Molecular confirmation of A. bombi was performed by Leellan Solter (Associate 

Professional Scientist, Insect Pathology University of Illinois at Urbana-Champaign) in 

partnership with Koppert Biological Systems using the end region of the 18S rDNA. 

 

Crithidia spp. 

A 417 bp region of the 18s rRNA gene was amplified and sequenced using the 

oligonucleotide primer pair SEF and SER (Meeus et al., 2010; Cordes et al., 2011). PCR 

reactions consisted of 5 µl 5x Promega Go Taq flexi buffer, 2 µl 25 mM MgCl2, 0.5 µl 

dNTPs (10mM each), 0.125 µl 5U Taq polymerase (Promega), and 2.5 µl each forward 

and reverse primers (2.5 M), 4 µl of sample DNA per reaction, and nucelotide-free water 

was used for negative controls. PCR initial denaturation was 95ºC for 45 seconds, 

followed by 35 cycles of denaturation at 95ºC for 45 seconds, annealing at 60ºC for 30 

seconds and extension at 72ºC for 90 seconds. PCR products were visualized on 2% 

agarose using GelRed
tm

 and a UV transilluminator.  Amplified PCR products were 

purified using the ExoSAP-IT clean-up method (Affymetrix, Inc.). Only those PCR 

products that visualized as a single distinct band under UV illumination were sequenced.  
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PCR products were sequenced in the forward direction (SEF) by the Center for Genome 

Research and Biocomputing (CGRB) at Oregon State University.  Sequence data was 

compared to the GenBank sequence database using the BLAST tool available at the 

website of the National Center for Biotechnology Information (NCBI) 

(http://blast.ncbi.nlm.nih.gov/Blast.cgi). 

 

Nosema bombi 

A 573 bp region, including the ITS and flanking SSU and LSU, was amplified using the 

oligonucleotide primer pair 1061f (Weiss and Vossbrinck, 1998; Cordes et al., 2011) and 

228r (Vossbrinck et al., 1993; Cordes et al., 2011). PCR reactions consisted of 5 µl 5x 

Promega Go Taq flexi buffer, 2 µl 25 mM MgCl2, 0.5 µl dNTPs (10 mM each), 0.125 µl 

5U Taq polymerase (Promega), and 2.5 µl each forward and reverse primers (2.5 M), 4 µl 

of sample DNA per reaction, and nucelotide-free water was used for negative controls. 

PCR initial denaturation was 95ºC for 45 seconds, followed by 35 cycles of denaturation 

at 95ºC for 45 seconds, annealing at 50ºC for 30 seconds and extension at 72ºC for 90 

seconds. PCR products were visualized on 2% agarose using GelRed
tm

 (Biotium, 3423 

Investment Blvd, Suite 8, Hayward, CA 94545) and a UV transilluminator. 

 

Sphaerularia bombi 

Specimens were sent to Mark Brown, University of London, UK, who confirmed the 

identity using 18S and 28S ribosomal DNA sequence analysis. 

 

http://blast.ncbi.nlm.nih.gov/Blast.cgi)
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Dipteran parasitoids 

The COI region was amplified using the oligonucleotide primer pair LCO1490 (5'-

GGTCAACAAATCATAAAGATATTGG-3') and HCO2198: (5'-

TAAACTTCAGGGTGACCAAAAAATCA-3'). Reactions (25 µl) consisted of 2.5 µl 

Takara Ex buffer (Clontech Laboratories, Inc., 1290 Terra Bella Ave., Mountain View, CA 

94043 USA), 2µl dNTPs (10 mM each), 0.125 Takara Ex Taq  Polymerase (Catalog # 

RR001A), and 1.5 µl each forward and reverse primers (10mM), 1 µl of sample DNA per 

reaction, and 16.88 µl nucelotide-free water.  Nucelotide-free water was used for negative 

controls.  PCR initial denaturation was 94ºC for 2 minutes, followed by 38 cycles of 

denaturation at 94ºC for 20 seconds, annealing at 52ºC for 20 seconds and extension at 

72ºC for 1:45 minutes. PCR products were visualized on 2% agarose using GelRed
tm

 and 

a UV transilluminator. Only those PCR products that visualized as a single distinct band 

under UV illumination were sequenced.  PCR products were sequenced in the forward 

direction (LCO1490) by the Center for Genome Research and Biocomputing (CGRB) at 

Oregon State University.  Sequence data was compared to the GenBank sequence 

database using the BLAST tool available at the website of the National Center for 

Biotechnology Information (NCBI) (http://blast.ncbi.nlm.nih.gov/Blast.cgi) 

 

Filamentous fungi 

DNA was extracted from fungal tissue using the fastDNA kit (MP Biomedicals, Santa 

Ana, CA.) following manufacturer protocols.  Molecular identification of fungal cultures 

was performed by sequencing and analysis of the internal transcribed spacer (ITS) region 

http://blast.ncbi.nlm.nih.gov/Blast.cgi
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of the nuclear rDNA.  Polymerase chain reaction (PCR) was conducted in 25 µl reactions 

using 12.5 µl Optimization Buffer E (PCR optimization kit, Epicentre Biotechnologies, 

Madison, WI), 0.2 µl Genscript TAQ polymerase (Genscript, Piscataway, NJ), 7.3 µl 

double distilled water, and the fungal specific primer pair ITS1F and ITS4 (2 µl each at 

10 M) (White et al., 1990).  PCR thermocycling conditions were as follows: Initial 

template denaturation at 94°C for 2 minutes, followed by 10 cycles of denaturation (94°C 

for 40 seconds), annealing (52°C for 45 seconds) and extention (72°C for 2:30 minutes ), 

35 cycles of denaturation (94°C for 40 seconds), annealing (47°C for 45 seconds) and 

extension (72°C for 2:30 minutes ), a final extension at 72°C for 2 minutes, and 

completed by a 4°C storage cycle until samples could be retrieved from the thermocycler.  

PCR products were visualized on 2% agarose using ethidium bromide and a UV 

transilluminator.  Only those PCR products that visualized as a single distinct band under 

UV illumination were sequenced.  PCR products were sequenced in the forward direction 

(ITS1F) by the Center for Genome Research and Biocomputing at Oregon State 

University.  Sequence data was compared to the GenBank sequence database using the 

BLAST tool available at the website of the National Center for Biotechnology 

Information (NCBI) (http://blast.ncbi.nlm.nih.gov/Blast.cgi). 
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Immunocompetence Assay 

 

Hemolymph collection from wild bees 

Based on previously published protocols (Brown et al., 2003; Chan et al., 2006; Wilson-

rich et al., 2008), the abdomens of B. vosnesenskii workers were punctured using 

sterilized dissecting scissors between the 2nd and the 3rd sternite. Clear and slightly 

yellow hemolymph was drawn from the wound using a10 μl micropipette. If cloudy 

intestinal content was present, the sample was discarded, as only fluid from hemolymph 

was desired.  The hemolymph was then mixed in a small Eppendorf tube, over ice, with 

enough pre-chilled NaCac buffer (0.01 M Na-Cac, 0.005 M CaCl2, pH 6.5) to result in a 

20:1 dilution and stabilize enzyme activity. The samples were then frozen at -40⁰C 

awaiting analysis. 

 

Estimation of protein content 

Due to low sample volume, protein content was estimated using a BioTek Synergy 

spectrometer (100 Tigan Street, Winooski, VT 05404, USA).  

 

Phenoloxidase Activity Assay 

On ice, 140 µl of molecular grade water and 20 µl of phosphate buffered saline (PBS) 

(0.01 M phosphate buffer, 0.0027 M potassium chloride and 0.137 M sodium chloride, 

pH 7.4) were added to clear microplate wells. For each sample, 20 µl of diluted 

hemolymph was added and 20µl NaCac was added to control wells. A 20 µl aliquot of 
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4mM 3,4-Dihydroxy-L-phenyl-alanine (L-Dopa)(Sigma Aldrich) solution was added to 

all wells and the microplate was immediately placed in the spectrometer for analysis. 

Readings were taken at 490 nm every 15 second for 1 hour using the BioTek Synergy. 

Enzyme activity (Vmax), the maximum linear rate of substrate conversion, was 

calculated by Gen 5 2.00 software. Vmax was divided by protein content to account for 

varying protein levels in samples and reported as Vmax/mg protein. 

 

Prophenoloxidase Activity Assay 

Using the same protocols as described for the phenoloxidase assay, 5 µl of molecular 

grade water were replaced with 5 µl of alpha-chymotrypsin (Sigma Aldrich) and 

microplates were incubated for 5 minutes at room temperature directly before the 

addition of L-Dopa and placement in spectromometer. Readings were taken at 490 nm 

every 15 seconds for 1 hour using the BioTek Synergy. Enzyme activity (Vmax), the 

maximum linear rate of substrate conversion, was calculated by Gen 5 2.00 software. 

Vmax was divided by protein content to account for varying protein levels in samples and 

reported as Vmax/mg protein. 

 

 

 

 

 

 

 

 

 

 

 



27 

 

 

Results 

 

 

 

In all, 450 bees from the wild and 150 bees reared in captivity were collected and 

screened for pathogens.  Collection dates for bees from the wild varied based on species 

and caste (Fig. 2.1). In wild bees a suite of pathogens and parasites were found including: 

A. bombi (0.002%) (Fig. 2.2), C. bombi (30%) (Fig. 2.3), N. bombi (10%) (Fig. 2.4), the 

parasitic nematode S. bombi (0.01%) (Fig. 2.5), and dipteran parasitoids belonging to the 

family Conopidae (0.02%) and an unknown group (0.03%) (Table 2.1; Fig. 2.6). 

Collection dates of parasitoids varied based on parasitoid type (Fig. 2.8). An unknown 

fungus was also found in the guts of B. vosnesenskii workers (20% of total n). The fungus 

would not develop on artificial media and was not identified (Fig. 2.7).  

Pathogen incidence between species was compared using Wilcox signed rank tests 

with Bonferroni correction. Significant findings are reported at α = 0.004. Bombus mixtus 

had significantly higher incidence of Crithidia than did B. nevadensis (p<0.0001), and a 

higher incidence of Nosema than either B. vosnesenskii or B. nevadensis (p<0.0001). 

Bombus vosnesenskii had a higher incidence of Crithidia than B. nevadensis (p<0.0001). 

There was only a single instance of A. bombi in B. vosnesenskii, and it was the only 

species of bumble bee to contain S. bombi in queens. Parasitoid incidence occurred 

almost exclusively in workers (Table 2.1) and was not significant between bee species. 

Pathogen incidence by location also varied among wild bees (Fig. 2.9).  

In reared bees the pathogens and parasites C. bombi (15%), A. bombi (0.6 % ), N. 

bombi (0.6%) and S. bombi (8%) were found (Table 2.2; Fig. 2.10). In addition, 



28 

 

 

vegetative and reproductive stages on the fungus Ascosphaera apis (Ascomycota: 

Eurotiomycetes: Ascosphaerales) were also found (Fig. 2.11).  

Incidence of Crithidia was compared using a series of Wilcox signed rank tests 

with Bonferroni correction. Significant findings are reported at α = 0.016. Bombus 

vosnesenskii had significantly higher incidence of Crithidia than either B. nevadensis (p< 

0.0001) or B. griseocollis (p=0.008). 

 

Molecular confirmation 

Molecular confirmation of at least 5% of total pathogen load for each pathogen and 

parasite was used to confirm morphological identifications. For Crithidia, the BLAST 

analysis conducted on the NCBI website found that the 18s rRNA region from selected 

samples possessed 100% sequence identity to that of C. bombi. A segment of the ITS 

region of N. bombi was successfully amplified and a product approximately 550bp in 

length was produced. The length was a match with the reported length of N. bombi for the 

primer pair used.  Again, molecular confirmation of A. bombi and S. bombi were 

performed elsewhere by Leellan Solter at the University of Illinois at Urbana-Champaign, 

and Mark Brown at the University of London, UK. A. bombi was identified by the 18s 

sRNA region and S. bombi was identified by the 18S and 28S rDNA region.  For both 

groups of dipteran parasitoids, a region of COI was amplified and sequenced. The 

conopids identified in this study were a 99% match to members of the family based on 

analysis of the COI region.  The unknown group of dipteran parasitoids was an 87% 

match with both members of Phoridae and members of Calliphoridae, and thus 
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identification was not conclusive. Ascosphaera apis was identified based on a segment of 

the ITS region and was a 100% match with other vouchered specimens in Genbank. 

 

Immune response to C. bombi 

Hemolymph samples were taken from 70 B. vosnesenskii workers. However, low sample 

volume, low protein content, and a lack of enzymatic activity lead to a low number of 

successful readings of PO and ProPO. ProPO assays were unsuccessful and will not be 

discussed further. The PO assays yielded PO levels from 7 “healthy” bees and 7 bees with 

C. bombi. The Average for PO level for “healthy” bees was 27Vmax/mg protein. The 

average for bees with C. bombi was 54Vmax/mg protein (Fig. 2.6). 

 

 

Discussion 

 

 

This is the first report of the presence of both parasites and pathogens in bumble bees in 

the wild and reared in captivity in western Oregon. Species that were observed across all 

bee species examined include A. bombi, C. bombi, N. bombi, S. bombi, and two groups of 

dipteran parasitoids including conopids and a group of unidentifiable parasitoids.  This 

study also discovered a larval pathogen, A. apis, in adult bumble bees for the first time.  

Of the pathogens detected, C. bombi was observed to be present most frequently 

in bumble bees in this study. It was observed infecting both bees from the wild and reared 

bees to varying extents. This is the first report of C. bombi in B. nevadensis. The 

pathogen incidence was highest in B. mixtus and B. vosnesenskii and lowest in B. 
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griseocollis and B. nevadensis. This is similar to reports from past studies (Cordes et al., 

2010).  As would be expected, workers of bees from the wild had, on average, a 47% 

higher pathogen incidence than queens did. This is most likely a result of collection date, 

as queens are collected earlier in the season (Fig. 2.1.), and research has shown that 

incidence of Crithidia increases over time at a colony level (Otterslatter and Thomson, 

2006).  Interestingly, reared bees overall had a lower incidence of the pathogen then did 

wild bees. This is surprising, given the highly infectious nature of C. bombi. Imhoof and 

Schmid-Hempel (1999) found that when healthy bees were reared at the same location as 

those inoculated with Crithidia, healthy bees had nearly 100% rate of infection. Although 

generally considered to have a minimal impact on its host, C. bombi has been shown to 

significantly impact both hibernating queens and stressed bees (Brown et al 2003). 

The second most frequently occurring pathogen in bees collected for this study 

was N. bombi. This is of concern because Nosema infections can result in the following 

conditions: (1) the abdomens of some infected bees become distended and paralyzed, (2) 

infected workers become sluggish and die early (and if enough are infected, mortality on 

a colony-wide level can occur), (3) the mating capabilities of some infected queens 

become impaired, and (4) the production of reproductive bees, particularly males, 

increases (MacFarlane et al., 1995; Schmid-Hempel and Loosli, 1998; Imhoof and 

Schmid-Hempel, 1999).   

Nosema bombi was found in all three species of wild bees examined in this study. 

This is the first known report of N. bombi in B. nevadensis. In reared bees it was found 

only in a single B. griseocollis queen. The lack of incidence in this bee group could be 
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due to a number of factors. One possibility is that levels of Nosema at survey sites during 

the collection year may have been low or non-existent, as pathogen rates commonly 

fluctuate in the wild.  

 Bombus mixtus had significantly higher incidence of the pathogen than the other 

wild bee species screened. This is a trend that has been documented previously (Cordes et 

al., 2012), and is of concern, as incidence has been shown to be significantly higher in 

declining populations (Cameron et al., 2010).  Historically, N. bombi infections have been 

associated with the decline of the once dominant western bumble bee species B. 

occidentalis (Thorp et al., 2003). Due to a lack of historical data, it is difficult to ascertain 

whether or not populations of B. mixtus are currently declining; however, they are found 

less abundantly than other bumble bee species in agricultural landscapes in western 

Oregon (Rao and Stephen, 2010). 

Apicystis bombi was present only in a single queen of B. griseocollis and a single 

queen of B. vosnesenskii. Other studies of western species have also found low incidence 

of the pathogen (Kissinger et al., 2013). However, the virulence of the pathogen makes it 

of high concern, as it damages the fat body, reduces success in colony establishment, and 

increases mortality rates of workers. Infections are also correlated with rapid death of 

spring queens (Schmid-Hempel, 2001; Rutrecht and Brown, 2008).  In addition, it has 

been documented as a pathogen of A. mellifera, and thus there exists the potential for 

cross infection between species (Plischuk et al., 2011). This is the first report in the 

United States of A. bombi infecting B. griseocollis, the association only previously 

having been documented in Western Canada (Liu et al., 1974).  
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In addition to several pathogens, internal parasites that have been documented to 

negatively impact their host were also found in test bees. In queens infected by the 

nematode S. bombi, the corpora allata remains inactive, ovaries are not developed, and 

hence queens are unable to establish nests and lay eggs. Given that queens with S. bombi 

become sterile, the nematode can have devastating effects on bumble bee populations. 

Previously, the only western species of Bombus to be screened for the nematode in the 

Pacific Northwest (an area encompassing the states of Oregon, Washington, and Idaho) is 

B. vosnesenskii (Maxfield-Taylor et al., 2011). In this study, S. bombi was present in 

15%-30% of bumble bees examined. Here we report the first incidence of S. bombi in 

multiple species of Bombus in the same research area. Surprisingly, S. bombi was found 

only in individuals of B. vosnesenskii, with 2% of wild test bees and 8% of reared bees 

containing the nematode. This trend is highly unusual, as the nematode has been 

documented to infect multiple species at most survey sites in other studies (Poinar, 1974; 

Macfarlane et al., 1995; Plischuk and Lange, 2012).  It is particularly surprising because 

prior research has documented S. bombi in B. griseocollis elsewhere in North America 

(Macfarlane, 1996). This trend could be an anomaly in the years studied. The trend also 

could be caused by multiple factors that relate to how host bees become infected. 

Infective juveniles of the nematode come in contact with their host in the soil, as bumble 

bee queens are overwintering in the ground.  

Potentially, shifts in the synchronization of developmental stages between host 

and parasite could lead to the nematode being unable to infect species other than B. 

vosnesenskii. This could be a result of phenotypic mutations in local populations. In 
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South America, Plischuk and Lange (2012) found that measurements of S. bombi at 

different life stages (egg, juvenile, adult) varied slightly, depending on what species of 

bumble bee the nematode was infecting.  This may imply that there are different biotypes 

of the nematode that prefer different hosts at site locations, and that over time, these 

biotypes have evolved to have some level of phenotypic variation amongst them. It may 

be that populations of S. bombi in the Willamette Valley are different than those 

elsewhere that infect multiple species of Bombus.  

Another possible reason for this trend could be that the species of bumble bees 

screened in the current study build their hibernacula, or overwintering chambers, in 

different substrates. Given that mobility of nematodes in general is facilitated by thin 

water films (Wallace, 1969), hibernating in a drier substrate might protect a bumble bee 

species from infection. Given the lack of available data on the overwintering behavior of 

western bumble bees, further research would be needed to test this theory. In Europe, 

infection rates of S. bombi nearing 100% have been recorded (Nickel, 1984), while in 

North America, infections have ranged from 1 to 38% (Macfarlane et al., 1995). Given 

the potential for high rates of infection, and the effects the nematode has on bumble bee 

reproduction, S. bombi has the potential to have devastating effects on localized 

populations of bumble bees.  

In bees collected for this study, approximately 10% of all workers screened 

contained a dipteran parasitoid. This level is noteworthy, as parasitoid infection results in 

the death of the host due to internal feeding damage by the parasitoid. Parasitoids were 

only found in workers, with only a single exception. This is not surprising given that 
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emergence of many parasitoids occurs in mid-summer, well after most queens are 

initiating nests and foraging on flowers (Otterslatter et al., 2004).  

It was possible to only identify one of the parasitoid groups found in this study to 

the family level, based on larval keys and PCR analysis. Rates of this parasitoid, 

belonging to the family Conopidae, were in line with what has been found elsewhere in 

western North America. There conopids were found in 0-36% of all studies (Otterstatter 

et al., 2004; Kissenger at al., 2012). Traditionally, parasitoids have not been implicated in 

bee declines, but few other pathogens have ever been shown to cause such a high 

mortality rate, (up to 36%). In addition, parasitism by conopids has been documented to 

disrupt sex ratios, as males and workers are parasitized at different rates (Otterslatter et 

al., 2004).  

The second group of dipteran parasitoids found in this study could not be 

identified by morphological features because they were found too early in their 

development. The PCR analysis of their COI region also did not facilitate identification. 

This analysis found that the unknown parasitoid had an 87% match with both conopids 

and calliphorids. Out of the two groups, only phorids are documented parasitoids of 

bumble bees. For this reason, it is highly likely that the unknown specimens were 

phorids, although further analysis of a different part of the larvae’s genome would be 

needed to confirm this hypothesis. 

Two types of filamentous fungi were also found in bees from this study. It was not 

to identify the fungus found in bees from the wild, as the fungus could not be isolated 

from affected tissue. Interestingly, the fungus was only seen in workers of B. 
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vosnesenskii, and the reasons for this are unknown. The hyphae of the unknown fungus 

were radiating outward from pollen grains within the gut (Fig. 2.7), and presumably 

originated from spores on ingested pollen.  

The second fungus, A. apis, was found in all species of bumble bee queens reared in 

captivity. Members of the genus Ascosphaera are the causal agents of the larval disease 

Chalkbrood, in social and solitary bees.  In typical infections, larvae become infected 

with the fungus through the ingestion of spores from contaminated pollen. The discovery 

of Ascosphaera in an adult bee is quite remarkable, given that researchers have been 

feeding captive reared bumble bees honey bee pollen for decades without ever 

documenting this phenomenon. In addition, A. apis has only previously been documented 

in honey bees and Carpenter bees (Wynns et al., 2012).  

Other cases of larval pathogens infecting adults have been reported.  An example is 

stonebrood, a larval disease of honey bees caused by species of Aspergillus (Ascomycota: 

Eurotiomycetes), mainly Aspergillus fumigatus Fresenius and Aspergillus flavus Link 

(Gilliam and Vandenberg, 1997).  Aspergillus is a closely related group to Ascosphaera, 

and thus it seems plausible that the adaptation allowing for adult infection may also be 

present within the genus Ascosphaera. 

It is also possible that the strain of Ascosphaera identified in this study has 

undergone genotypic mutations in certain areas of the genome, giving it the potential to 

become pathogenic to adult insects.  This has been documented to occur in other fungal 

pathogens.  One species of Rhizopus (Zygomycota: Mucorales), R. oryzae Went et 

Prinsen Geerligs, is the primary cause of mucormycosis in humans, a life-threatening 
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infection in immunocompromised individuals. Within the genome of R. oryzae, 

researchers have identified both an ancient whole genome duplication event, as well as 

other recent gene duplications, in areas of known fungal virulence factors including 

enzymes with hydrolase, ligase, and protease activities (Ma et al., 2009). These 

duplications have been attributed to causing increased virulence of the pathogen.  Further 

investigations into the genome of the A. apis strain identified from adult bees in this study 

could potentially reveal similar mutations.  

If species of Ascosphaera develop the ability to attack adult stages of bees, there 

could be devastating consequences, as research has showed that the reproductive spores 

of the fungus are prevalent in the environment (Evision et al., 2012). Further research is 

needed to determine potential risks associated with Ascosphaera infections in bumble bee 

colonies to other species reared in captivity and to native populations. 

Mixed pathogen infections in bumble bees examined were common only in B. 

mixtus, in which 17% (28% of workers, n=75; 6% of queens, n=75) were infected with 

both C. bombi and N. bombi. Of the prior research on disease in Oregon bumble bee 

populations, only Cordes et al. (2012) introduced the topic of mixed infections. In this 

work, only individuals of B. mixtus were found to have mixed infections, although data 

on the incidence of these infections were not reported. The current study is the first of its 

kind to include data on multiple infections in Oregon bumble bee species. The levels of 

mixed infection in B. mixtus are of concern, as multiple pathogens can have a synergistic 

effect on each other, ultimately leading to higher virulence of the pathogens (Leven and 

Pimentel, 2001). In particular, C. bombi, which is often viewed as having little to no 
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effect on host mortality, can become highly virulent when bees become stressed (Brown 

et al., 2000). Immediate research is needed to assess the overall health status of 

populations of B. mixtus in Oregon, which should include yearly population estimates and 

reports of pathogen incidence. 

 

Immune response to C. bombi 

The first lines of defence against invading organisms in insects are the external cuticle, 

the integument, the intestinal mucosa, and the tracheal lining (Hoffman et al., 1996). If a 

foreign organism is able to penetrate these defences, it then goes on to encounter both 

constitutive and inducible defences. These include phagocytosis and encapsulation by 

hemocytes, activation of several proteolytic cascades that lead to blood coagulation and 

melanization, and the synthesis of antimicrobial peptides (Brown et al., 2002; Christensen 

et al, 2005).  One such proteolytic cascade is the prophenoloxidase system. The cascade 

begins when host hemocytes come in contact with, and recognize, cell wall components 

of foreign microorganisms, such as β-(1,3)-glucan, lipopolysaccharide, and peptidoglycan 

(Hoffman et al.,1996). This recognition then triggers the release of serine proteases which 

activate prophenoloxidase circulating in the hemolymph.  Phenoloxidase, the active form 

of the enzyme, is a key component in the synthesis of melanin. During the process of 

melanization, cytotoxic and oxidative compounds are created that kill or damage foreign 

organisms (Hoffman et al., 1996).   

In this study, attempts were made to use the prophenoloxidase system as a way to 

quantify the impact that C. bombi has on immune response and overall bee health. 
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Unfortunately, these attempts were largely unsuccessful. Phenoloxidase levels were 

assayed from the hemolymph of workers of B. vosnesenskii that (a) showed no signs of 

pathogens, or (b) contained Crithidia. Only a small volume (< 3µl) could be collected 

from many of the study bees, hence, few samples had enough hemolymph to adequately 

run assays. In total, only 7 samples from “pathogen-free” bees, and 7 samples from bees 

infected with Crithidia were collected. Based on study findings, PO levels were higher in 

“healthy” bees than in those with Crithidia. This is counter to what one might surmise, 

based on an understanding of the prophenoloxidase system. It is important to note, 

however, that low sample volume did not allow for replications for each bee sampled. In 

addition, other factors that may affect PO levels not addressed or corrected for in this 

research, include bee age and unknown environmental stressors. Bee age, which has been 

correlated with a decline in PO levels (Brown et al., 2002), and unseen stressors such as 

pesticide exposure, or even viruses, could have a major impact on overall immune 

response. It is also unclear what normal levels of PO are, or what a high or low value 

might mean. Past studies examining levels of PO in bumble bees with Crithidia have 

shown conflicting results. Whitehorn et el. (2010) found a decrease in PO levels of bees 

infected with Crithidia, proposing the hypothesis that more intense infections are able to 

establish in bees with lower immune capacity. Alternatively, Brown et al. (2002) found 

that longer infections produced a greater increase in PO levels. Both studies cited bee 

age, length of infection, and the overall health of bees prior to infection, as major factors 

that effect PO levels. More research is needed to adequately understand the role that PO 

plays in immune responses and how it relates to overall bee health. In addition, further 
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research is also needed to ascertain the effects that C. bombi have on its host, as it is of 

relatively high prevalence in western bumble bees. 

 

 Conclusion  

This study provides baseline information on the natural enemies associated with bumble 

bees in an agriculturally rich region in western Oregon. It was focused on species that 

appear to be thriving, hence, the results have many implications and highlight the need 

for regular screening to determine long term impacts. The same pathogens identified in 

this study have been documented in bumble bees elsewhere worldwide, with the 

exception of A. apis (Macfarlane et al., 1995; Cameron et al., 2012). What is unique 

about the bumble bee populations in Oregon, however, is that even though they may have 

a high incidence of certain pathogens, declines have not been reported in their overall 

populations as they have been in other parts of the world (with the exception of B. 

occidentalis). Although pathogens have been implicated in bee decline, many other 

factors likely have a major role to play. These include pesticide exposure, habitat 

fragmentation, and loss of genetic diversity. It is possible that the unique environmental 

landscape within Oregon, that offers full season sequential bloom of flowering crops for 

forage, alongside undisturbed wild lands for nesting habitat, may help buffer native 

populations of bumble bees against these factors. Ultimately, this research lays the 

foundation for a larger, multi-year study, to adequately address the potential of western 

species for mass rearing and fully quantify pathogen incidence on a population level. 
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Table 2.1. Incidence of parasites and fungi in bees from the wild. 

Species and caste Conopid 
Unknown 
parasitoid 

S. bombi Fungi 

B. mixtus queen 0 0 0 0 

B. mixtus worker 1 6 0 0 

B. nevadensis queen 0 1 0 0 

B. nevadensis worker 8 1 0 0 

B. vosnesenskii queen 0 0 6 0 

B. vosnesenskii worker 1 6 0 15 

 

 

 

Table 2.2. Total incidence of parasites and fungi in reared bees. 

Species and caste S. bombi A. apis 

B. vosnesenskii queen 12 4 

B. griseocollis queen 0 2 

B. nevadensis queen 0 6 

 

 

 

Table 2.3. Phenoloxidase levels (Vmax/ng protein) in the hemolymph of healthy and 

Crithidia infected B. vosnesenskii workers.  

 Vmax/ng protein 

Bee # Healthy Infected 

1 70.362 9.615 

2 31.949 24.531 

3 106.68 65.205 

4 38.958 35.778 

5 41.543 8.253 

6 49.132 37.052 

7 41.906 12.377 

AVG 54.361 27.544 

STDEV 26.075 20.450 
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  (a) 

 

  (b) 

 

 (c) 

Figure 2.1. Collection of queens and workers by week for (a) B. mixtus, (b) B. 

nevadensis, and (c) B. vosnesenskii. Queens were collected earlier than workers and there 

is little to no overlap in collection dates between the two groups.  
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Fig. 2.2. Apicystis bombi oocysts in the fat body of a bumble bee queen. 

 

 

 

 

 

 

 

 

 
Fig. 2.3. The choanmastigote form of Crithidia bombi taken from the gut of a bumble bee 

worker. 
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Fig. 2.4. Spores of Nosema bombi taken from the malpighian tubules of a bumble bee 

worker. 

 

 

 

 

 

 

 
Fig. 2.5. Inverted uterus of Sphaerularia bombi found in the abdomen of a bumble bee 

queen. 
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Figure 2.6. Total incidence of pathogens in bees from the wild, including mixed 

infections. 
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Fig. 2.7. Hyphae of an unknown fungus radiating outward from an ingested pollen grain. 

 

 

 

 

 

 
Figure 2.8. Incidence of parasitoids found in  all bumble bee species. 



57 

 

 

 

 
Fig. 2.9. Pie charts show the different pathogens found at each survey location for (A) B. 

mixtus, (B) B. nevadensis, and (C) B. vosnesenskii. The center of each pie chart shows the 

collection location and the size is based on the number of bees collected at the site.
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Figure 2.10. Total pathogen incidence in reared bees, including mixed infections. 

 

 

 

 

 

 

 
Fig. 2.11. Vegetative and reproductive structures of Ascosphaera apis found in bumble 

bee adults reared in captivity.
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Chapter 3                                                                                                                                                                                                                                              

                                                                                                                                            

Novel infection by the larval pathogen Ascosphaera apis (Ascomycota: 

Eurotiomycetes: Ascosphaerales) in bumble bee adults
1
 

 

Keywords: Ascosphaera apis; Bombus; Entomopathogenic fungus; Bumble bee 

rearing  

Abstract 

Fungi in the genus Ascosphaera (Ascomycota: Eurotiomycetes: Ascosphaerales) have 

previously been documented to develop only in bees and on bee products. The fungus 

causes chalkbrood disease in solitary bees and honey bees.  Only larval stages are 

affected, and the fungus has never been reported from adult bees.  Here, we report the 

first-ever detection of Ascosphaera in adults of three bumble bee species, Bombus 

griseocollis (DeGeer), B. nevadensis Cresson, and B. vosnesenskii Radoszkowski. 

Wild queens that were maintained for establishment of nests under laboratory 

conditions and that died during rearing or that did not lay eggs within one month of 

capture were dissected, along with workers and larvae from select colonies, and 

examined for the presence of pathogens. Novel fungi were plated on artificial media 

containing broad spectrum antibiotics for isolation and identification using molecular 

markers. The results indicated that A. apis (Maasen ex Claussen) Olive and Spiltoir, 

reported earlier only from honey bees and carpenter bees, was present in all three 

                                                 
1
Maxfield-Taylor, S., A.B. Mujic, S. Rao. 2014. Novel infection by the larval 

pathogen Ascosphaera apis (Ascomycota: Eurotiomycetes: Ascosphaerales) in 

bumble bee adults.The Journal of Invertebrate Pathology. (In review) 
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bumble bee species examined.  Of 150 bees dissected, 12 (8%) contained vegetative 

and reproductive stages of the fungus.  Both fungal stages were also detected from 

workers (2) collected from colonies with Ascosphaera-infected B. nevadensis queens 

but none of the larvae (8) examined were observed to be infected. These findings have 

important implications for the commercial rearing of bumble bee species and, through 

potential pathogen spillover, may even pose a threat to their native counterparts.  

 

Introduction 

The fungus Ascosphaera (Ascomycota: Eurotiomycetes: Ascosphaerales) is almost 

exclusively associated with bees and bee products (Gilliam and Vandenberg, 1997; 

Wynns et al., 2013). Worldwide, there are 28 known species, the majority of which are 

saprotrophs on pollen stores, honey, larval feces, and nesting material (Wynns et al., 

2012; 2013).   Some species are pathogenic and cause chalkbrood disease in larvae of 

solitary and social bees (Gilliam and Vandenberg, 1997; Wynns et al., 2013).  These 

include A. aggregata Skou, A. apis (Maassen ex Claussen) Olive et Spiltoir,  A. atra 

Skou et Hackett,  A. major (Prokschl et Zobl) Skou and A. proliperda Skou (Bisset, 

1988; Kish et al., 1988; Anderson et al., 1998; Wynns et al., 2013).  Bee hosts of 

Ascosphaera include Apis mellifera L. (Apidae), Megachile spp. and Osmia spp. 

(Megachilidae), and Nomia spp. (Halictidae) (Stephen and Vandenberg, 1981; Evison 

et al., 2012; Wynns et al., 2013).  In isolated instances, Ascosphaera growth has been 
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reported from larvae of the bumble bee Bombus terrestris L. (Apidae) (Přidal et al., 

1997), larval feces of a dipteran (Wynns et al., 2012) and from grass silage (Skou, 

1986).  The fungus has never been reported from adult bees or other adult insects. 

Infections of Ascosphaera occur when spores are ingested by bee larvae and this 

differs from typical modes of infection for entomopathogenic fungi where infection 

occurs through orifices or by penetration of the cuticle (Wynns et al., 2012).  The 

spores germinate in the anaerobic environment of the hindgut, and mycelia that are 

produced reach the abdomen where they develop aerobically before they penetrate the 

cuticle (Heath and Gaze, 1987).  Initially, infected larvae become spongy and white 

but, as the infection progresses, the larvae harden and become chalk-like.  Ascosphaera 

produces unique fruiting bodies comprised of spore balls held within a double walled 

spore cyst, called cleistothecia. These develop on the cuticle and turn the larvae 

greenish-brown, grey, or black.  An exception to this is A. aggregata, which forms 

cleistothecia directly under the larval cuticle (Bissett, 1988).  

The impact of Ascosphaera on bees varies with the host species.  Ascosphaera 

aggregata is considered to be the key pathogen of the alfalfa leafcutting bee, M. 

rotundata F., which is raised commercially for pollination of alfalfa seed crops 

(Aronstein and Murray, 2010; Pitts-Singer and Cane, 2011).  Chalkbrood disease in 

leafcutting bees has major economic impacts and is hence managed either with 

paraformaldehyde or heat and chlorine (Pitts-Singer and Cane, 2011).  In contrast, 

infections in colonies of the European honey bee are rarely treated (Gilliam and 

Vandenberg, 1997).  An unidentified Ascosphaera was reported from laboratory reared 
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larvae of B. terrestris by Přidal et al. (1997) but in a follow up study (Přidal, 2001), the 

fungus was not isolated. Bumble bees have been observed to carry ascospores of 

Ascosphaera but, in general, this bee group is considered to be a non-host (Evison et 

al., 2012).  Here, we document the unusual occurrence of Ascosphaera infection in 

adult bumble bees collected from the wild and raised in captivity.  The objective of this 

study was to determine prevalence of the fungus in bumble bee queens used for colony 

production, and to isolate it and identify it to species. 

 

Methods 

  

Wild bumble bee queens belonging to three species, B. griseocollis (DeGeer), B. 

nevadensis Cresson, B. vosnesenskii Radoszkowski were collected from agricultural 

fields and urban landscapes in and around the city of Corvallis (45.56 ° N, 123.26 ° W) 

in western Oregon on the west coast of USA.  Bees were collected from February 

through May 2011, and maintained for establishment of nests under laboratory 

conditions following protocols described by Plowright and Jay (1966) and Pomeroy 

and Plowright (1980).  Queens and their offspring were maintained at 28°C and 

supplied with artificial nectar and pollen patties made from ground honey bee pollen 

and ProSweet liquid sugar blend (Mann Lake Ltd., Hackensack, MN).  Pollen was 

harvested from honey bee hives and frozen at -20°C until use. Colonies were examined 

on a daily basis, and queens that died during rearing were frozen at -40°C within 24 
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hours for subsequent examination for the presence of pathogens.  Queens that did not 

initiate a colony within one month of capture were also preserved and examined.  

In all, 50 queens belonging to each of the three species were dissected and tissues 

were examined at 400X magnification using a Leica DM1000 microscope. When 

filamentous fungi were detected, a small sample (approximately 1mm
2
) was plated on 

artificial media for fungal isolation.  Tissue samples from larvae (8) and workers (5) 

from colonies of queens that died after initiating a colony were also examined.  

 

Fungal isolation 

 

All fungal cultures were isolated directly from the affected tissues and cultured at 

room temperature (25°C)  on petri plates of Potato-Dextrose Agar (PDA) (BD Difco, 

Franklin Lakes,  New Jersey) containing broad spectrum antibiotics (50ppm 

streptomycin and ampicillin) until reproductive structures became apparent.  For most 

cultures, reproductive structures were apparent to the naked eye within 1-4 weeks of 

growth.  For all larvae, sample material was plated on artificial media whether mycelia 

were present or not.  Fungal cultures of interest were selected and grown in liquid 

culture on Potato-Dextrose Broth (PDB).  Liquid cultures were initiated by the aseptic 

transfer of a small piece (1cm
2
) from agar cultures into 200ml of PDB, shaken, and 

incubated for up to 168 hours at room temperature.  At the time of fungal harvest, all 

liquid was removed from the samples using a Büchner flask.  Fungal tissue was 

separated from agar residues and stored at -80°C.   
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Morphological identification 

Morphological characterization of fungal cultures was performed using a Leica 

DM1000 microscope and fungal tissue was slide mounted for microscopy in distilled 

water.  All measurements were performed in Leica Application Suite version 3 using 

digital micrographs taken with a Leica DFC320 microscope camera. 

 

Molecular identification 

 

DNA was extracted from fungal tissue using the fastDNA kit (MP Biomedicals, 

Santa Ana, CA.) following manufacturer protocols.  Molecular identification of fungal 

cultures was performed by sequencing and analysis of the internal transcribed spacer 

(ITS) region of the nuclear rDNA.  Polymerase chain reaction (PCR) was conducted in 

25 μl reactions using 1 μl of template DNA, 12.5 μl Optimization Buffer E (PCR 

optimization kit, Epicentre Biotechnologies, Madison, WI), 0.2 μl Genscript TAQ 

polymerase (Genscript, Piscataway, NJ), 7.3 μl double distilled water, and the fungal 

specific primer pair ITS1F and ITS4 (2 μl each at 10 μM) (White et al., 1990).  PCR 

thermocycling conditions were as follows: Initial template denaturation at 94°C for 2 

minutes, followed by 10 cycles of denaturation (94°C for 40 seconds), annealing (52°C 

for 45 seconds) and extension (72°C for 2:30 minutes ), followed by 35 cycles of 

denaturation (94°C for 40 seconds), annealing (47°C for 45 seconds) and extension 

(72°C for 2:30 minutes ), a final extension at 72°C for 2 minutes, and completed by a 

4°C storage cycle until samples could be retrieved from the thermocycler.  PCR 
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products were visualized on 2% agarose using ethidium bromide and a UV 

transilluminator.  Only those PCR products that visualized as a single distinct band 

under UV illumination were sequenced.  PCR products were sequenced in the forward 

direction (ITS1F) by the Center for Genome Research and Biocomputing at Oregon 

State University.  Sequence data was compared to the GenBank sequence database 

using the BLAST tool available at the website of the National Center for 

Biotechnology Information (NCBI) (http://blast.ncbi.nlm.nih.gov/Blast.cgi). 

 

Phylogenetic analysis 

 

Sequence data that showed high identity to Ascosphaera species in BLAST 

analyses were subjected to phylogenetic analyses to confirm species identity.  ITS 

sequence data derived from fungal cultures in this study were concatenated to an ITS 

dataset previously used to determine infrageneric relationships in the genus 

Ascosphaera (Anderson et al., 1998).  Additional ITS sequences from two voucher 

strains of A. apis at the American Type Culture Collection (ATCC MYA-4450, 

genbank accession # FJ172292; ATCC MYA-4451, genbank accession # FJ172293) 

and the strain used in the A. apis genome sequencing project (Qin et al., 2006) were 

also concatenated into the dataset.  The genus Ascosphaera is contained within the 

fungal subclass Eurotiomycetidae, and an ITS sequence from another member of this 

subclass, Aspergillus terreus strain NIH2624, was used as an out group to the analysis.  

The ITS sequence from the genome strain of A. apis was obtained by using the BLAST 
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search tool available through the website of the Baylor College of Medicine 

(https://www.hgsc.bcm.edu/arthropods/honey-bee-genome-project) to search the 

genome of A. apis for sequences with high sequence identity to ITS sequences derived 

in this study.  The ITS sequence of A. terreus NIH2624 was obtained in a similar 

fashion using the BLAST search tool available at the AspGD website 

(http://www.aspergillusgenome.org/).  Sequence data was aligned using the 

CLUSTALw algorithm as implemented in BioEdit 7.1.3.0 (Hall, 1999) followed by 

visual inspection and editing.  The most appropriate model of evolution for this dataset 

was determined using the program jModelTest (Posada, 2008).  Phylogenetic analyses 

were performed using the maximum likelihood algorithm implemented in RAxML 

7.2.6 (Stamatakis, 2006).  RAxML was executed using the GTR-gamma model of 

evolution and 1000 bootstrap replicates. 

 

Results 

 

Ascosphaera was detected in 12 (=8%) bumble bee queens belonging to all three 

species examined in the study (Table 1). Both vegetative and reproductive stages were 

observed.  Of these, B. nevadensis queens had the highest infection (12%), followed by 

B. vosnesenskii (8%), while B. griseocollis had the least (4%).  The majority (11 out of 

12) of queens that were observed to be infected had died during rearing.  However, one 

Ascosphaera infection was detected in a B. nevadensis queen that was preserved as she 

did not lay eggs for a month after capture.  In two instances, colonies of infected B. 
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nevadensis queens initiated production of males without typical prior production of 

new queens.  

Two B. nevadensis workers from different colonies with infected queens were 

heavily colonized with both vegetative and reproductive stages of Ascosphaera.  In 

contrast, ascospores alone were observed in larvae (2) that originated from B. 

griseocollis colonies where the queen died in captivity but was not infected with 

Ascosphaera. 

 

Morphological description 

 

In infected adults of all three bumble bee species, the entire body cavity was 

filled with white spongy mycelia that were not visible externally (Fig. 1).  Bumble bee 

organs were unrecognizable and cleistothecia were detected throughout the abdomen in 

most cases (Fig. 2).  Morphological characteristics of the fungus were a near perfect 

match for those previously described for A. apis (Bissett, 1988).  Measurements of A. 

apis microscopic structures made in this study are as follows: Cleistothecia globose 34 

– 85 µm (n=25, average: 57.57, median: 57.09) in diameter with a thin and friable wall 

1.3 – 1.86 µm (n=12, average: 1.58, median: 1.6) that breaks down upon disturbance.  

At maturity, cleistothecia packed with globose spore masses 9 – 18 µm in diameter.  

Ascospores are hyaline and measuring 1.87 × 3.45 µm on average (n=25, min: 1.5 × 

2.88 µm, max: 2.17 × 4 µm).  
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Molecular identification  

 

The unknown Ascosphaera was identified as A. apis based on ITS sequence data.  

Two fungal cultures isolated from queens were selected for sequencing and inclusion 

in the phylogenetic analysis.   

 

Phylogenetic analysis  

 

The BLAST analysis conducted on the NCBI website found that ITS sequences 

from both of the selected fungal cultures possessed 100% sequence identity to ITS 

sequences from voucher strains of A. apis.  The results of phylogenetic analysis in 

RAxML place the two fungal cultures, along with the two voucher strains and the 

genome strain of A. apis, in a single, well supported clade (Fig. 3). 

 

 Discussion 

Fungi in the genus Ascosphaera have previously been documented to develop 

only in larval stages of bees and on bee products (Gilliam and Vandenberg, 1997; 

Wynns et al., 2013).  Here we show its development for the first time in adult bees.  

Both vegetative and reproductive stages of the fungus were detected within the body 

cavities of queens of three USA west coast species, B. griseocollis, B. nevadensis and 

B. vosnesenskii, and in workers of B. nevadensis.  In addition, ascospores were 
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observed in B. griseocollis larvae. Tissue samples from larvae produced Ascosphaera 

colonies when plated on artificial media. This indicates that viable reproductive spores 

were present in the guts of larvae. In addition, two colonies whose queens were 

infected with A. apis went directly to male production without producing new queens.  

This behavior may be a symptom of stress to the colony (Beekman and Van Stratum, 

1998).  

By morphological and molecular analyses the unknown species of Ascosphaera 

was determined to be A. apis. This is thus the first confirmation of the presence of A. 

apis in bumble bees. The fungus has previously been recorded only from the Asian and 

European honey bees, and from the carpenter bee Xylocopa californica (Apidae) 

(Wynns et al., 2013).  Thus, its development in adult bumble bees is quite remarkable.   

The current study also provides the first documentation of a strain of A. apis in 

which the hyphae do not penetrate the cuticle, and in which fruiting bodies are formed 

internally within the host. This form of development has previously been documented 

only in A. aggregata.  In A. apis, 11 enzymes have been identified that assist the 

pathogen in penetrating the peritrophic membrane of the larval mid gut, aiding in 

fungal emergence from the host (Wubie et al., 2013).  Perhaps the below-surface 

development observed in the current study is due to absence of appropriate enzymes 

required for breakdown of an adult cuticle. 

 Other cases of larval pathogens infecting adults have been documented.  An 

example is stonebrood, a larval disease of bees caused by species of Aspergillus 

(Ascomycota: Eurotiomycetes), mainly Aspergillus fumigatus Fresenius and 
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Aspergillus flavus Link.  Although less common than chalkbrood, stonebrood has a 

very similar etiology, infecting the host via ingestion of spores (Gilliam and 

Vandenberg, 1997).  The spores germinate within the gut, ultimately making mummies 

of larvae, similar to those produced in outbreaks of chalkbrood, and producing fatal 

infections in adults.  Aspergillus species, which are classified in the same subclass of 

Fungi as Ascosphaera, have been documented as both adult and larval insect 

pathogens. Thus, it seems plausible that this adaptation may also be present within the 

genus Ascosphaera. 

The results of the BLAST analysis found 100% sequence similarity between the 

ITS regions of the two strains of A. apis isolated from this study and previously 

sequenced strains of A. apis.  These results are not surprising given that previous 

research has also found 100% sequence identity of this region between numerous 

strains of A. apis isolated from honey bee larvae collected from several continents 

(Anderson et al., 1998).  However, high sequence similarity at the ITS region alone 

does not indicate genetic homogeneity within populations of this pathogen.  Twenty 

five variable microsatellite loci have recently been developed for this fungus and 

surveys of strains found in the eastern state of Maryland, USA, alone displayed 

between 2 and 8 alleles for each of these loci (Rehner and Evans, 2009).  Additionally, 

variable intergenic markers have been developed for identification of A. apis 

haplotypes and these markers have demonstrated efficacy at distinguishing strains that 

share high similarity at the ITS region (Jensen et al., 2012). 
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The strain of A. apis identified in this study has perhaps undergone genotypic 

mutations in other areas of the genome giving it the potential to become pathogenic to 

adult insects.  This has been documented to occur in other fungal pathogens.  One 

species of Rhizopus (Zygomycota: Mucorales), R. oryzae Went et Prinsen Geerligs, is 

the primary cause of mucormycosis in humans, a life-threatening infection in 

immunocompromised individuals. Within the genome of R. oryzae, researchers have 

identified both an ancient whole genome duplication event, as well as other recent gene 

duplications, in areas of known fungal virulence factors including enzymes with 

hydrolase, ligase, and protease activities (Ma et al., 2009). These duplications have 

been attributed to causing increased virulence of the pathogen.  Further investigations 

into the genome of the A. apis strain identified from adult bees in this study could 

potentially reveal similar mutations that would not be evident from examination of the 

ITS region alone.  It is also possible that the novel ability to parasitize adult insects 

might be associated with epigenetic factors.  Comparison of the transcriptome of the A. 

apis strain found in adults in the current study to those of strains affecting larvae might 

yield valuable insight into the pathogenicity of this fungus.  The results of such a study 

might also broaden insight into the mechanisms responsible for host shift in insect 

pathogens.  

It is possible that the bees in this study became infected with the fungus through 

the ingestion of contaminated honey bee pollen, as has been shown to occur in other 

species (Flores et al, 2005).  Tiny (< 2 µm) spores, believed to be A. apis, were 

observed within pollen patties as well as raw pollen.  Recent studies have documented 
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that pathogens can transfer from honey bees to bumble bee via pollen collected during 

foraging (Singh et al., 2010). Typically, pollen used in the mass rearing of bumble bees 

is harvested from European honey bee hives, and due to cost and the potential loss of 

nutritive value, pollen is rarely sterilized before use.   Hence, in the current study, 

bumble bee queens may have acquired spores of Ascosphaera from pollen that was 

placed in brood boxes.  

Bumble bees have been reared in captivity for decades and Ascosphaera 

ascospores have been observed in colonies (Evison et al., 2012). Hence it is surprising 

that there have been no prior reports of infections in adults. We speculate that 

conditions may have been optimal for the strain of A. apis isolated in the current study 

to have developed the ability to become entomopathogenic to adults. This supports the 

hypothesis that the strain identified in this study has undergone some form of 

phenotypic mutation.  Also remarkable in the current study is that A. apis was not 

found colonizing larvae. Přidal et al. (1997) reported the presence of an unidentified 

Ascosphaera in a larva of B. terrestris. However, in a subsequent study conducted to 

gain further insights, the fungus was not detected (Přidal, 2001). Bumble bee workers 

are known to physically eject larvae as a mechanism for feeding the remaining 

individuals adequately (Tasei et al., 2000). Thus, it is possible that larvae were infected 

but ejected by workers early on before fungal colonization could occur.   

Without further research, it is not possible to determine whether A. apis caused 

fatal infections in bumble bee queens and workers in the current study, as other 

mortality factors may also have been involved.  As a facultative saprotroph, the fungus 
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may have been colonizing immunocompromised bee tissue.  Nevertheless, the current 

study highlights the critical need for extensive pathogen screening of bumble bees 

mass reared for commercial production, and for the use of pollen that is not 

contaminated with fungal spores.   

The discovery of Ascosphaera in adult bumble bees is of concern as they are 

increasing in importance in their roles as pollinators in natural and managed 

ecosystems given the reduced availability and increased cost of European honey bee 

hive rentals (Corbet et al., 1991; Klein et al., 2007).  Bumble bees are also considered 

to be more effective pollinators than the European honey bee in certain agricultural 

crops due to their ability to perform under cool and rainy conditions, to buzz pollinate, 

and due to their long tongues which enable them to reach the nectar of flowers with 

long corolla tubes (Velthuis and Doorn, 2006).  The three species included in the 

current study are thriving in western Oregon and are believed to contribute to 

pollination of diverse crops (Rao and Stephen, 2010). The discovery of Ascosphaera in 

these species is thus of considerable concern. Bombus vosnesenskii is distributed 

primarily along coastal regions in western USA but is the dominant species in the 

Willamette Valley.  Bombus nevadensis and B. griseocollis are less abundant in the 

region but have wider distributions across the US (Stephen, 1957; Koch et al., 2012). 

Worldwide, there are 250 bumble bee species (Williams and Osborne, 2009) but 

wild populations are not always synchronized with bloom or inadequate in abundance 

for crop pollination (Goulson, 2003).  Also, globally, there are reports of declines in 

native bumble bee populations due to habitat fragmentation, pesticide exposure, and 
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diseases (Biesmeijer et al., 2006; Kleijn et al., 2006; Carvell et al., 2007; Goulson et 

al., 2008; Grixti et al., 2009).  Hence, commercial production of bumble bees was 

initiated in the late 1980s and these have had a major economic impact especially for 

crops raised in greenhouses (Velthuis and Doorn, 2006).  Currently, only the bumble 

bee species, Bombus impatiens, is available commercially in the US.  However, it is 

endemic to the Midwest and the East and is not available to crop producers in certain 

western states such as Oregon 

(http://www.oregon.gov/ODA/PLANT/IPPM/pages/appr_insects.aspx).   

The ban on introduction of non-native bumble bees to Oregon was instituted due 

to the sudden and rapid decline of a key western pollinator, Bombus occidentalis 

Greene, believed to be due to its vulnerability to introduced pathogens acquired during 

commercial rearing (Thorp 2003; Rao and Stephen, 2007).  Queens collected from 

western USA were reared in facilities in the Midwest and Europe along with other 

bumble bee species. It is speculated that during rearing colonies were exposed to 

pathogens to which B. occidentalis was highly susceptible while other bumble bee 

species were either carriers of the pathogens or were not susceptible. Thus, commercial 

B. occidentalis colonies returned to the west for pollination of greenhouse tomatoes 

and other crops are believed to have been infected, and spillover effects from the 

commercial colonies to wild populations have led to local extinction of the species 

(Whittington and Winston, 2003; Velthuis and Doorn, 2006; Otterstatter and Thomson 

2008).  Hence, even if a bumble bee species is not susceptible to a pathogen, it may 

serve as a carrier and thereby pose a risk to other species. Additionally, pathogens 
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acquired by a species during commercial rearing may pose a threat to native 

counterparts. Recent studies have found that cross infection of pathogens between 

species occurs more frequently than previously believed (Graystock et al., 2013; 

Murray et al., 2013; Fürst et al., 2014). Currently, besides the three included in the 

study, several bumble bee species present in western Oregon are thriving (Rao and 

Stephen 2010) and these are also at risk. Further research is needed to determine 

potential risks associated with Ascosphaera infections in bumble bee colonies to other 

species reared in captivity and to native populations.  
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Fig.3.1. Stages of A. apis colonization of abdominal tissue of B. vosnesenskii. (A) 

Healthy tissues. (B) Near complete colonization; cleistothecia (darkened areas) visible. 

(C) Complete colonization; internal organs no longer visible. (D) Close up of fungal 

hyphae and cleistothecia. 

 

 

 
Fig. 3.2. Cleistothecia of A. apis with internal spore balls visible (400X). 
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Fig. 3.3. Maximum likelihood phylogeny of the internal transcribed spacer region for 

selected Ascosphaera species. The phylogeny was inferred with RAxML using the 

GTRGAMMA model of evolution and 1000 bootstrap replicates. Bootstrap support 

values greater than 50 for major branches are shown. Genbank accession numbers 

preceed taxon name for those sequences that were derived from Genbank. Taxa 

denoted “fungal culture” represent novel sequence data from this study that are derived 

from cultures of Ascosphaera apis. Fungal culture A1 has been deposited at the USDA 

ARSEF insect pathogen collection (culture ID ST-OR11-A1) and the ITS sequence for 

this culture is deposited in Genbank (accession #KJ158165). Sequences for Aspergillus 

terreus and Ascosphaera apis USDA-ARSEF 7405 were derived from the genome 

sequences available at http://www.aspgd.org and http://www.beebase.org. 
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Table 3.1.  Ascosphaera infections detected in bumble bee colonies initiated from wild 

queens collected in Oregon. 

 

 

Host species 

 

 

Caste 

 

# examined 

 

# infected with Ascosphaera 

 

B. griseocollis Queens 50 2 

 Larvae 4   0
 a
 

B. nevadensis Queens   50
 b
 6 

 Worker

s 

5 2
 
 

B. vosnesenskii Queens 50 4 

 Worker

s 

1 0 

 
a
 Gut samples from 2 larvae produced colonies of Ascosphaera when plated. 

b
 Two colonies initiated production of males prior to production of new queens.
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Chapter 4 

 

First record of Sphaerularia bombi (Nematoda: Tylenchida: Sphaerularidae), a 

parasite of bumble bee queens, in the Pacific Northwest
2
 

 

 

Introduction 

The nematode, Sphaerularia bombi Dufour, is a parasite of queen bumble bees, 

Bombus spp. (Hymenoptera: Apidae) (Cumber 1949).  In infected bees, the corpora 

allata are inactive, and ovaries are not developed.  As a result, infected queens are 

unable to establish nests and lay eggs (Ponoir and van der Lann 1972; Macfarlane et al. 

1995).  Instead, they attempt to return to the overwintering hibernaculum, and during 

the process release juvenile nematodes into the soil.  The parasite has not been detected 

in workers and drones (Nickel 1984). 

Worldwide, S. bombi has been reported from Europe in 22 Bombus species, and 

from North America in 15 species.  It has also been detected in New Zealand in the 

introduced species B. terrestris L. and B. hortorum L. (Macfarlane et al. 1995).  So far, 

S. bombi has not been reported in tropical bumble bees.   

Infection levels nearing 100% have been reported from Europe (Nickel 1984) 

while these have ranged from 1 to 38% in North America (Macfarlane et al. 1995), and 

from 7 to 56% in New Zealand (Macfarlane & Griffin 1990).  The vast range in 

                                                 
2
 Maxfield-Taylor, S., S. Rao, K. Skrym. 2011. A scientific note on the first 

record of Sphaerularia bombi (Nematoda: Tylenchida: Sphaerularidae), a parasite 

of bumble bee queens, in the Pacific Northwest.The Pan-Pacific Entomologist. 87: 

136-139. 
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parasitism levels is speculated to be due, in part, to when queens were collected for 

detection of the nematode.  Higher levels are expected when queens are collected later 

in the season as, by this time, uninfected queens would have initiated nests and would 

thus not have been included in estimation of parasitism (McCorquodale et al. 1998).   

Here, we report the first detection of S. bombi in queens of a native bumble bee 

species in Oregon on the west coast of the USA.  During a study on colony 

development in B. vosnesenskii Radoszkowski at Oregon State University in 2010, 

wild queens were obtained from various locations in and around the city of Corvallis 

(45.56 ° N, 123.26 ° W; annual average rainfall-145 days, 1109 millimeters) within the 

Willamette Valley in western Oregon (Fig. 4.1).  Queens were collected from February 

through May, and maintained for establishment of nests under laboratory conditions 

following protocols described by Plowright and Jay (1966) and Pomeroy and 

Plowright (1980).  Out of 360 queens collected, 147 died without laying eggs.  These 

were preserved at -40°C for subsequent determination of the causes of mortality.  For 

determining the presence of pathogens, 40 preserved queens were randomly selected 

and dissected.  Unexpectedly, we detected the presence of S. bombi in 12 (30%) of the 

queens.  Adult nematodes were observed in the body cavity, while juveniles were 

detected in the body fluid.  This discovery led to subsequent dissection of wild bumble 

bee queens that were collected the previous year for other lab studies.   From these 

studies, queens that died were preserved at -40°C.  When a random sample of 40 

queens was dissected, S. bombi was detected in six individuals.  The adults were 
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visually identified by George Poinar, Oregon State University.  Specimens were also 

sent to Mark Brown, University of London, UK, who confirmed the identity using 

molecular analysis. 

In North America, S. bombi has been reported from the East, Midwest, and from 

California in the West.  It has never before been reported from the Pacific Northwest, a 

region encompassing the western U.S states of Oregon, Washington, and parts of 

British Columbia, Canada (Fig. 4.1).  The closest records are from Saskatoon, 

Saskatchewan, Canada, and the San Francisco Bay Area in California, USA (Poinar 

1974), approximately 1970 km northeast and 920 km south, respectively, from where 

we collected infected queens in Oregon (Fig. 4.1).  This is also the second report of the 

detection of S. bombi in the western bumble bee species, B. vosnesenskii.  In a study 

conducted in California by Poinar (1974), 3-5 % of B. vosnesenskii queens collected in 

spring of 1972 and 1973 were infected.   In the same study, S. bombi was also detected 

in queens of B. occidentalis Greene (1-3%) but not of B. edwardsii Cresson.  

The detection of S. bombi in the Willamette Valley from queens collected in two 

consecutive years is of major concern.  The high annual rainfall found in western 

Oregon and other parts of the Pacific Northwest are similar to locations worldwide 

where high rates of infection have been recorded, and hence nematode populations 

could potentially increase over time.  In addition, the region is one of the most fertile 

agricultural areas in the U.S., and local and state economies are dependent on a 

diversity of bee-pollinated crops.   Besides B. vosnesenskii, other species in the 

Willamette Valley that have not been monitored for S. bombi, and that may be at risk, 
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include B. appositus Cresson, B. bifarius nearcticus Handlirsch, B. californicus Smith, 

B. griseocollis (DeGeer), B. melanopygus Nylander, B. mixtus Cresson, B. nevadensis 

Cresson, and B. sitkensis Nylander (Stephen 1957).  Of these, S. bombi has been 

reported elsewhere in North America only in B. griseocollis (Macfarlane et al. 1995).  

In the Willamette Valley, bumble bees appear to be flourishing due, in part, to the 

presence of diverse bee-pollinated crops which bloom in sequence, and in synchrony 

with foraging by queens and workers (Rao & Stephen 2010). Of these, B. vosnesenskii 

is the dominant species in crops such as blueberries and red clover raised for seed.  As 

S. bombi directly inhibits colony founding by sterilizing its host (Macfarlane et al. 

1995), its presence in western Oregon can have a major impact on bumble bee fauna 

and crop production in the region.  

 It is not known whether S. bombi has remained undetected in Oregon until now or 

if the recent detection represents a range expansion.  Routine dissections of Oregon 

bumble bees used in captive rearing at Oregon State University in the 1970s yielded no 

evidence that S. bombi was present (W. P. Stephen personal communication reported in 

Poinar 1974).  The study presented here was not designed for estimating prevalence of 

S. bombi as its detection was not even expected.  Current research is focused on a 

survey of multiple species of Bombus in the Willamette Valley for estimation of the 

incidence and host range of S. bombi across this important agricultural region in 

Oregon.   
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Figure 4.1. Map of western USA and Canada with locations where S. bombi has been 

detected.   =San Francisco Bay Area, California, USA;   = Corvallis area in 

Oregon, USA; = Saskatoon, Saskatchewan, Canada. Shaded areas represent the 

states in Canada and USA that comprise the Pacific Northwest region. 
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Chapter 5                                                                                                                 

Conclusion 

 

The thesis studies provide base line information about the natural enemies of 

bumble bees in the agriculturally dominated Willamette Valley in Oregon. The 

pathogens and parasites found included the protozoa Apicystis bombi and Crithidia 

bombi, the microsporidian Nosema bombi, the entomopathogenic nematode 

Sphaerularia bombi, and two dipteran parasitoids. Of these, new host records were 

documented for C. bombi and N. bombi in Bombus nevadensis. A new distribution 

record was also found for S. bombi in the Pacific Northwest.  

One of the alarming trends found in this study was that wild individuals of 

Bombus mixtus contained unusually high levels of mixed infections by the pathogens 

N. bombi and C. bombi. One of the few other studies that looked at bumble bee disease 

in the same area also documented this trend. For this reason more extensive surveys of 

B. mixtus are urgently needed to assess their stability. 

This research also found pathogens and parasites in reared western bumble bee 

populations, and identified, for the first time, growth of the pathogenic fungus 

Ascosphaera apis in bumble bee adults. This discovery is remarkable because, not only 

has A. apis never been documented in bumble bees, but it has only ever been found 

infecting larval stages of bees. Strains of this fungus may have undergone genetic 

mutations that allowed for these infections, and thus may have the potential to lead to 

more devastating outbreaks in the future. An analysis of the genome of this strain could 
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yield valuable insight into mechanisms responsible for host shift in insect populations. 

Recent research on bee pathogens has shown that cross infection between bee 

species occurs much more frequently than previously believed. In addition, some 

pathogens may be gaining the ability to infect a wider range of hosts. This has already 

been documented in the microsporidian Nosema cerana, the protozoan Apicystis 

bombi, the viruses Acute Bee Paralyses Virus and the Deformed Wing Virus, and now 

Ascosphaera apis. Most of the research studying these pathogens and parasites has 

focused on honey bees, and to a lesser extent in bumble bees. Very little work has been 

conducted examining the threats these pathogens and parasites may pose to other 

native bee groups. Pathogen spillover from massed reared bumble bees or commercial 

honey bee hives could put native bee populations at risk.  More research is needed to 

screen native pollinators for these organisms, as well to assess the impacts they may 

have on host mortality. 

Bumble bees as a group are key pollinators in native ecosystems and important 

for the pollination of many valuable crops. The Willamette Valley, in western Oregon, 

is a region known for its rich native and agricultural landscapes, and thus losses to 

bumble bee populations in the area could be devastating. Fortunately, bumble bee 

populations in the state have not yet exhibited the signs of decline, with the exception 

of Bombus occidentallis, a once dominant western species in the region.  Many factors 

besides disease likely play a role in bee decline, such as habitat loss and fragmentation, 

pesticide exposure. In order to maintain the health of Oregon’s bumble bee 

populations, as well as populations worldwide, it is crucial that we continue to monitor 
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all of these factors to preserve such a key group of pollinators. 
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