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Abstract 
 

European honey bees (Apis mellifera (Hymenoptera: Apidae)) are beneficial insects that 

provide essential pollination services for agriculture and ecosystems worldwide. To meet 

growing agricultural demand, the beekeeping industry now relies on mass colony 

migration to follow seasonal blooms, both natural and agricultural. Modern commercial 

beekeeping is faced with a variety of pathogenic and environmental stressors often 

confounding attempts to understand recent colony loss. European foulbrood (EFB) is a 

larval disease whose causative agent, Melissococcus plutonius, has received limited 

attention due to methodological challenges in the field and laboratory. Here we improve 

the experimental and informational context of larval disease with the end goal of 

developing an EFB management strategy. We sequenced the bacterial microbiota 

associated with larval disease transmission, isolated a variety of M. plutonius strains, 

determined their virulence against larvae in vitro, and explored the potential for probiotic 

treatment of EFB disease. The larval microbiota was a low diversity environment similar 

to honey, while worker mouthparts and stored pollen contained significantly greater 

bacterial diversity. Virulence of M. plutonius varied markedly by strain and inoculant 

concentration. In the context of EFB infection in vitro, our chosen probiotic strain did not 

have a significant effect on larval survival. We discuss the importance of positive 

controls for in vitro studies of larval microbiota and disease. 
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Introduction   
 

Pollination by honey bees is an essential ecosystem service considered vulnerable to 

decline (Palmer 2004, Chopra et al. 2015).  Due to substantial increases in crop yields, 

honey bees in particular have been named the most economically valuable pollinator for 

crops, specifically monocultures, in the world (Klein et al. 2007). Without honey bees to 

pollinate some fruit, nut and seed species yields drop over 90% (Klein et al. 2007). In the 

U.S., pollination services by honey bees contributed $14.2-23.8 billion to the economy 

and $10.3-21.1 billion to other industrial sectors, including crop production (Chopra et al. 

2015). As the significance of honey bees to human welfare has become evident, concern 

for the welfare of the honey bees has become a worldwide priority (vanEngelsdorp and 

Meixner 2010). Recent concerns follow unexplained colony loss attributed to a 

combination of multiple diseases and stressors (Genersch 2010).  

 

To understand disease ecology in honey bee colonies, it is helpful to understand the 

honey bees’ life cycle. Honey bees are eusocial insects that have three castes; a queen, 

female workers, and male drones (Page and Peng 2001). There are many roles members 

of the worker caste play throughout their lives. These multiple roles take form of an age 

polyethism. Thomas Seeley (1982) described 4 behavioral roles of workers that include 

cell cleaning, brood-nest care (nurse bees), food storage and foraging. These workers can 

live 3-6 weeks and there are about 20-40 thousand in a hive (Page and Peng 2001). There 

is one reproductive female in each hive that lays eggs. These eggs hatch in approximately 

3 days and molt through five larval stages before their cells are capped and they enter 

pupation, a physical metamorphosis from larvae to winged adult. As larvae develop, they 

are exposed to a wide variety of microbes in the hive that include commensals and 

pathogens.   

 

Pathogenic and parasitic stressors use a variety of strategies, and target various stages of 

the honey bee life cycle. The principle parasite of honey bees is an ectoparasitic mite, 

Varroa destructor, that can transmit viruses such as Deformed Winged Virus that disable 

the bee’s ability to fly (Chen et al. 2004). Mites reproduce in brood cells by feeding on 

larvae and pupae, and use winged adults to disperse. Many other viruses have been 

detected in hives also such as Kashmir bee virus, Israeli acute paralysis and Acute bee 

paralysis virus (de Miranda et al. 2010). Fungal pathogens include chalkbrood, caused by 

Ascophaera apis, that mummifies developing honey bee larvae (Reynaldi et al. 2004). 

Known bacterial diseases include American Foulbrood (AFB) caused by Paenibacillus 

larvae (Genersch et al. 2006) and European Foulbrood (EFB), caused by Melissococcus 

plutonius (Bailey 1983, Forsgren 2010). AFB and EFB both infect the larval stage of 

honey bee development. While many honey bee pathogens have been heavily researched 

and have numerous management strategies, EFB is considered an economically important 

disease in need of a more effective management strategy.   
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European Foulbrood 

 

The Causative Agent  

 

The gram-positive bacterium that causes EFB, Melissococcus plutonius, was originally 

considered the same disease as American Foulbrood due to its similar visual symptoms. It 

was later designated a distinct species by Gershom Franklin White (1912). White named 

the new species Bacillus pluton which was later changed to Streptococcus pluton after 

being cultured by Bailey (1957). Due to a low level of guanine/cytosine bases it was 

determined that it could no longer be in the genus Streptococcus and was given its own, 

monospecific genus and renamed Melissococcus pluton (Allen and Ball 1993). The name 

was later modified to Melissococcus plutonius (Truper and de Clari 1998).  There are a 

few secondary invaders associated with M. plutonius infections that have, in the past, 

been considered the causative agent of EFB, including Enterococcus faecalis and 

Paenibaciullus alvei.  In high numbers, E. faecalis can be pathogenic on its own (Bailey 

1963), while P. alvei is considered a saprophyte associated with the abundance of dead 

material (Bailey 1963). P. alvei is a spore forming bacterium facilitating its survival and 

dispersal within the harsh hive environment.   

 

Mode of infection 

 

Melissococcus plutonius is fed to larvae via contaminated food where it multiplies rapidly 

in the larval midgut. Younger stage larvae are more susceptible to the disease but, 

depending on the bacterial concentration, any stage can be affected (Bailey and Ball 

1991). Non-lethal infection is considered part of the pathogens dispersal strategy.  

Infected individuals can make it to pupation but pupation may be delayed (McKee et al. 

2004). Survival through pupation can result in undersized adults (Bailey 1959). Death 

from EFB was first thought to involve larval starvation and competition for nutrients 

(Bailey 1983). This hypothesis was tested in vitro where larvae were provided an over-

abundance of food while infected and yet M. plutonius was still lethal (McKee et al. 

2004). These results suggested that the pathogen is lethal via another, as yet 

undetermined mechanism.  

 

Transmission 

 

Considered endemic to the honey bee, M. plutonius is thought to multiply only withinthe 

larval gut. Thus it was deduced that the survival of this species is reliant on some infected 

individuals surviving to transmit the bacteria (Bailey 1959). But Bailey also suggested 

that when feces are left behind in cells after pupation, M. plutonius survives for long 

periods of time outside of larvae, allowing transmission to other individuals. The 

concentrated sources of the bacteria are cleaned out of empty wax cells when larvae die 

from the disease, or when larvae vacate their cells following defecation and pupation. 

Since M. plutonius bacteria can endure in the wax comb, the reuse of equipment, a 

common beekeeping practice, can also contribute to the incidence and prevalence of EFB 

infection. Consistent with this transmission hypothesis younger bees involved in cell 

cleaning and nursing have much higher M. plutonius loads than do foragers (Roetschi et 
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al. 2008). The same study also showed that workers in asymptomatic hives had much 

higher levels of M. plutonius than those from non-infected apiaries. As commonly occurs 

with adult bees, infected individuals may carry the disease to other colonies in the same 

apiary. Seemingly healthy hives in apiaries with diseased hives will show large amounts 

of M. plutonius even if they show no visual symptoms of the disease (Belloy et al. 2007, 

Mckee et al. 2004). Also, the spread of EFB can be increased depending on the spatial 

arrangement of hives. Close proximity to other hives or other apiaries can increase the 

rate of disease transmission (Belloy et al. 2007). In this way, commercial beekeeping 

management practice facilitates the spread of M. plutonius.  

 

Symptoms  

 

Visual symptoms of European Foulbrood can vary depending on disease progression. 

Symptoms begin by the larvae turning yellow in color, rather than pearly white (Forsgren 

et al. 2013). As the infection intensifies the larvae will lose their coiled shape and/or twist 

in the cell. The color will continue to change to brown and larvae will sink to the bottom 

of the cell where they begin to decompose and blacken (Bailey 1961). Due to a high 

number of larvae dying, brood frames can produce a foul smell. When adult bees remove 

infected larvae and pupae in an effort to reduce the infection, brood frames will exhibit a 

patchy, “shot-gun” pattern indicative of disease. Some EFB symptoms are similar to 

American Foulbrood and require PCR techniques to diagnose the correct pathogen 

(Forsgren et al. 2013).   

 

Detection 

 

Although visual detection of EFB is often accurate, it is difficult to tell the difference 

between AFB and EFB without molecular or microscopy methods. Visual detection of 

discolored, twisted, misshapen, or flattened larvae with a spotty pattern of capped and 

uncapped cells can be a sign that further testing is needed to determine treatment options. 

There are field kits that beekeepers can use to confirm infection of EFB. These kits 

include making a smear of diseased brood on a slide, and analysis under a microscope. 

The presence of M. plutonius can be confirmed based on morphological characteristics of 

the lanceolate cocci, including length (Forsgren et al. 2013).  

Lateral flow immunoassays (LFI) use a device that can be purchased and used by 

beekeepers in the field to give a positive or negative result for EFB. This method is less 

costly to beekeepers since the samples do not have to be sent into a lab and there is also 

no delay between suspicion of infection and treatment (Forsgren et al. 2013).  

Having a positive or negative confirmation can be very helpful to beekeepers but 

quantitative polymerase chain reaction (qPCR) can provide more information about the 

level of infection in each hive. The technique can provide information on the abundance 

of certain bacteria, and associated microbes. Knowing the magnitude and nature of 

infection can provide the beekeeper with treatment options. Testing brood nest workers 

with PCR can be an alternative to using visual detection but can be less accurate than 

testing larvae (Forsgren et al. 2013). Testing hives without symptoms can also be an 

indicator of future infection (Budge et al. 2010) and possibly allow prevention if caught 

before lethal levels are reached. Despite the numerous benefits of qPCR, like knowing 
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the level of infection, the cost of such sampling and tests may be prohibitive in some 

areas (Forsgren et al. 2013). 

 

Management Strategies 

 

Antibiotics 

 

Since burning hives is costly and EFB is caused by a bacterium, antibiotics were 

investigated. Oxytetracycline hydrochloride (OTC) is a bacteriostatic antibiotic, meaning 

that is prevents bacteria such as M. plutonius from reproducing (Thompson and Brown 

2001). OTC had been used to treat AFB infected colonies and was shown to be 

exceedingly effective on EFB (Oldroyd et al. 1989). American beekeepers had been using 

OTC to treat AFB and EFB since the 1950’s, when P. larvae began showing signs of 

resistance to the antibiotic (Miyagi et al. 2000). In the UK it was shown that M. plutonius 

was still susceptible (Ruth Waite, Michael Brown, Helen Thompson 2003). In Australia 

where sensitivity to the antibiotic was tested across the continent in different 

concentrations, the bacteria was also still susceptible despite the long term use of OTC 

(Hornitzky and Smith 1999). Although M. plutonius is still treated  effectively by OTC, 

treated hives have a high reoccurrence rate the following season (Thompson and Brown 

2001). OTC can also leave residues in hive materials, requiring a withdrawal period of at 

least 16 weeks after treatment to insure honey is free of these residues (Piro and Mutinelli 

2003). A break in production can be costly to beekeepers who rely on honey as a part of 

their business model (Budge et al. 2010). Perhaps most importantly, antibiotics invariably  

select for the evolution of bacterial resistance, necessitating alternate solutions 

(Thompson et al. 2005).  

 

Shook swarm 

 

Another management strategy for EFB control is referred to as “shook swarm”. This 

method involves moving adult bees from an infected hive to a new hive box with new 

foundation frames. Naturally occurring hives do something similar, leaving the hive if 

there is a large build-up of disease. Relocating and rebuilding allows a break in the brood 

cycle and therefore a break in the disease cycle along with a purge of diseased materials 

within the hive (Budge et al. 2010). This method, in combination with OTC treatments 

via supplemental feeding showed a lower reoccurrence rate than OTC alone (Ruth Waite, 

Michael Brown, Helen Thompson 2003). When the shook swarm method was tested on 

its own, it was 3 times less likely to test positive for EFB in the following spring than 

hives treated with OTC antibiotic (Budge et al. 2010). Although shook swarm is a more 

effective treatment for EFB, it still requires beekeepers to get rid of infected equipment 

which can be costly depending on how many hives require treatment.   

 

Possible microbial manipulation 

 

Microbial symbionts can be found in most metazoan organisms and are involved in many 

complex interactions (Anderson and Ricigliano 2017). Dietary needs are a common 

research topic when it comes to microbial, intestinal symbionts but research has 
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progressed rapidly across disciplines. Relationships between microbes and host 

physiology, reproduction, behavior, evolution and even immunity are being investigated 

across many species, including the honey bee. Eight different phylotypes have been 

found consistently in the honey bee gut which include; Alpha-1, Alpha-2, beta, Gamma-

1, gamma-2, Firm-4, Firm-5 and Bifido (Anderson and Ricigliano 2017). Interest has 

peaked in this area of honey bee research as these symbionts could be exploited in an 

effort to increase honey bee resistance to pathogens and parasites (Crotti et al. 2013). 

This has already been demonstrated as a possibility with American Foulbrood. Lactic 

acid bacteria found within the gut of honey bees were isolated and cultured against P. 

larvae (causative agent of AFB). Lactobacillus and Bifidobacterium native to the honey 

bee showed an inhibitory effect against this pathogen in vitro and in vivo (Forsgren et al. 

2009). Information like this could help develop new management strategies that would be 

less invasive and possibly preventative. The same method was used in Apis cerana 

(Eastern honey bee) where a Bacillus subtilis strain was found to have an inhibitory effect 

on M. plutonius in vitro and when fed to larvae (Wu et al. 2014). Another bacteria, 

Parrasaccaribacter apium (strain C6), was also reported to be beneficial when 

introduced to larvae in vitro (Corby-Harris et al. 2014). All of these findings promote the 

possibility of probiotics as a method of strengthening hives and enabling them to fight 

bacterial invaders.  

 

A lack of research on EFB in in vitro or laboratory settings comes from the fastidious 

nature of the bacteria. Challenges arise when trying to culture Melissococcus plutonius. 

Not only does M. plutonius require a potassium rich media type and anaerobic conditions 

(Arai et al. 2012), but cultured bacteria were not virulent when introduced to larvae in 

vitro (McKee et al. 2004). However, bacteria cultured from diseased individuals (McKee 

et al. 2004) and atypical strains were fatal to larvae in in vitro trials but were more rare 

than typical strains (Arai et al. 2012).  Its difficult to find and grow a virulent strain of M. 

plutonius limiting the research that can be done in an in vitro rearing setting where the 

pathogen is not being exposed to whole hives.  

 

Despite these challenges, work understanding the succession, transmission and ecology 

of this bacteria are vital in making progress towards limiting this costly pathogen. Here 

we work towards that understanding by first characterizing the niche and ecology of P. 

apium and other bacteria that are associated with EFB. Larvae, nurse worker mouthparts 

and stored food consumed by nurse workers were sequenced using the 16S rRNA gene. 

The putative benefit of P. apium strain C6 was then tested on larvae in an in vitro setting 

by introducing it in a quantitative disease context. Honey bee larvae were first infected 

with a virulent strain of M. plutonius at different doses in order to determine an LD50 for 

larval survival. In the following trial EFB infected larvae are inoculated with the 

reported, beneficial bacterium. It was hypothesized that P. apium (C6) would rescue 

larvae from the EFB pathogen. In other words, the survival rate of larvae exposed to both 

P. apium and M. plutonius would increase compared to larvae exposed only to the EFB 

disease agent.  
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Chapter I:  

 
In vitro rearing methods used to test EFB and potentially beneficial bacteria 

 

Here we improve on previous experimental designs to test the hypothesis that P. apium 

strain C6 is able to provide a survival benefit to honey bee larvae in the presence of a 

pathogen, EFB. First, we isolate and identify a virulent strain of EFB bacteria that 

reliably kills larvae in vitro. We then determined the lethal dose required to kill 

approximately 50% of larvae (LD50). This dose was then used to inoculate larvae under 

controlled conditions, either alone or in combination with predetermined concentrations 

of P. apium, the putative rescue bacteria. 

 

See appendix A for full manuscript to be published in Applied and Environmental 

Microbiology or Insects  
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Conclusion 

 
Larval diseases, including EFB, have serious consequences worldwide. They 

diminish honey bee populations and honey production impacting the beekeeping industry 

and pollination services (Garrido-Bailón et al. 2013), Although there have been a number 

of assays created to quickly detect disease in hives (Govan et al. 1998, Garrido-Bailón et 

al. 2013) there is still little known about the causative agent of EFB. Understanding the 

microbial ecology of Melissococcus plutonius will promote a better understanding of the 

infection process and suggest potential management strategies beyond antibiotics. Here 

we tested a putative probiotic reported to have beneficial effect on larval survival (Corby-

Harris et al. 2014). Our results show that strain C6, in the context of EFB, does not have a 

beneficial effect. Larvae inoculated with both M. plutonius (strain AF1) and P. apium 

(strain C6) did not survive significantly better than larvae inoculated with only strain 

AF1.  

We developed methods culturing Melissococcus plutonius and simplified methods 

for the in vitro larval rearing process. Previous experiments using in vitro methods to 

introduce P. apium to larvae suggested that P. apium strain C6 was beneficial, but the 

beneficial effect of C6 was only statistically significant because it’s survival exceeded 

that of the negative control group. The low and variable nature of control survival 

indicates that the previous control group failure was due to poor in vitro rearing 

technique.  Specifically, two major design flaws; 1) treatments were organized by plate, 

allowing for a “plate effect” or survival being plate-specific, and 2) plates were disturbed 

multiple times for feedings and inoculations, allowing opportunity for contamination. 

Methods used in our experiment limited these issues by; 1) mixing treatments across 

plates to minimize the random factors associated with “plate-effect” and, 2) minimally 

disturbing larvae, reducing the opportunity for contamination and change of 

environmental conditions.  

The methodology used here provides an in vitro model for understanding different 

disease states associated with the microbiota in honey bee larvae. Our results highlight 

the importance of both a positive and negative controls when designing clinical studies 

that involve both disease agents and treatments. Because in vitro rearing is designed to 

maximize larval survival, both a positive and negative control are required to test a factor 

that is hypothesized to benefit survival.  Because of this highly controlled experimental 

design, the larvae are not exposed to everything, including bacteria, they would be in a 

hive environment. In future experiments it may be important to expose larvae to the same 

bacteria they encounter in the hive in vitro.  
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Appendix A:  
 

      

Introduction  
 

The honey bee (Apis mellifera) has experienced recent colony loss on an unprecedented 

scale, necessitating a review of the pollination service provided by this beneficial insect, 

and its relation to other aspects of agriculture in the U.S. and worldwide (Ricigliano et al. 

2019). Colony loss has been described as multifactorial, involving combinations of 

environmental stress and disease agents. In the past, American foul brood was a serious 

bacterial disease requiring the burning of equipment and quarantine (Genersch 2010). 

Recently, bacterial diseases that afflict honey bee larvae have become more common and 

are implicated in colony demise (Engelsdorp et al. 2015). Despite the growing threat 

from pathogens, the patterns and processes underlying honey bee larval disease remain 

poorly understood (Vojvodic, Rehan, and Anderson 2013; Genersch 2010, 

vanEngelsdorp et al. 2015) . 

 

The connection between disease states and gut microbial health is a growing field of 

study.  Protection from pathogens is considered the primary function of the eukaryotic 

microbiome, and changes to the normal gut microbiota can range from mildly 

anticommensal to pathogenic (Maes et al. 2016).  Many factors may weaken the core 

microbiota rendering the host organism susceptible to disease. Acute or chronic disease 

states can involve host susceptibility, naturally occurring and applied antibiotics, and the 

integrity of the gut microbiota (Buford 2017). Alternatively, the same microbial genome 

may possess the suite of genes needed to co-exist with the normal flora and produce or 

contribute to disease dependent on context (Chouaia et al. 2016). 

   

In the honey bee, disease states are particular to life history stages and have evolved to 

exploit the diet and physiology of distinct developmental and reproductive phenotypes 

(Rauch et al. 2009, Vojvodic et al. 2011). Honey bee colonies contain a single 

reproductive queen, developing larvae, functionally sterile workers and stored food; 

honey and pollen. Queens lay the eggs, but parental care of developing larvae is 

performed by non-reproductive adult workers called nurse bees. These nurse workers 

consume stored pollen as newly emerged adults, convert it to lipid and protein rich jelly 

in their hypopharyngeal glands, and secrete this jelly via mouthparts to feed the queen 

and developing larvae. Similar to mammalian milk, these secretions have co-evolved to 

control microbial growth and support commensal or putatively beneficial bacteria 

(Vojvodic et al. 2013). Time from egg to worker pupation is only 7 days, and the larval 

microbiota is specialized to capitalize on this narrow time window. Disease agents 

specific to larvae include European and American foulbrood and fungal pathogens like 

chalkbrood, all of which can significantly decrease colony survival (Genersch 2010)  

 

Compared with adult workers, the larval microbiota is more variable in structure and 

succession, but like the queen, a healthy larval microbiota can be dominated by 

Lactobacillus spp. (including L. kunkeei) and an Acetobacteraceae recently named 

Parasaccaribacter apium (Corby-Harris, Snyder, et al. 2014).  These two bacterial 
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groups reflect a deep ecological and evolutionary history with bee species and the 

pollination environment in general (McFrederick et al. 2012, Anderson et al. 2013) but 

particular species and strains are more intimately associated with honey bees (Endo and 

Salminen 2013). Consistent with this, the growth of flower-derived Lactobacillus kunkeii 

is inhibited by royal jelly, but a different strain of L. kunkeii isolated from honey bee 

larvae is unaffected (Vojvodic et al. 2013). Parasaccharibacter apium isolated from 

honey bee larvae flourished when cultured with royal jelly, but its sister genus 

Saccharibacter, also isolated from flowers, was inhibited (Vojvodic et al. 2013). It is 

hypothesized that both of these species have co-evolved with the production of royal 

jelly, a substance produced only by honey bees. Further evidence for this claim is the 

prevalence and occurrence of these bacterial species in nurse worker foreguts, 

hypopharyngeal glands, royal jelly itself, and queen guts; a reproductive phenotype fed 

exclusively royal jelly (Anderson and Ricigliano 2017, Anderson et al. 2018).  

 

Further work highlighting in vitro larval rearing suggested that distinct strains of P. 

apium may have varying effects on host survival, and that one (maybe two) of the tested 

strains (C6) increased larval survival (Corby-Harris et al. 2014). Here we discuss the 

design of larval rearing experiments and further characterize the niche and ecology of 

bacteria associated with disease transmission routes using 16S rRNA gene amplicon 

sequencing of larvae, nurse worker mouthparts, and stored food consumed by nurse 

workers. Next, we test the putative benefit of P. apium strain C6 on larvae in vitro by 

introducing it in a quantitative disease context. We first infect honey bee larvae with a 

pathogenic strain of European foul brood (EFB) and determine an in vitro dose response 

(LD50) for larval survival.  We then inoculate EFB infected larvae with the putatively 

beneficial bacterium; P. apium. We hypothesized that P. apium would rescue the larvae 

from EFB disease; that the survival rate of larvae exposed to both P. apium and EFB 

would increase compared to larvae exposed to only the EFB disease agent.  

 

 

Materials and Methods 
 

Experimental design 

European foulbrood (EFB), is a larval disease caused by Melissococcus plutonius. 

Although virulence varies by strain (Arai et al. 2012a), these bacteria are typically 

detected in asymptomatic hives throughout the world and EFB is often considered an 

opportunistic disease, affecting stressed hives (Forsgren 2010). The causative bacteria are 

readily transmitted via adult activity and the food stores, and invade or multiply in the 

larval gut, interfering with nutritional uptake and proper larval development (Forsgren 

2010). Parasaccharibacter apium strain C6 is a honey bee-specific Acetobacteraceae 

previously thought to benefit larval survival (Corby-Harris et al. 2014). Although strain 

C6 was statistically beneficial as analyzed, the in vitro rearing experiment showed 

marked variation between trials, and low control survival (Corby-Harris et al. 2014). This 

made it difficult to distinguish whether the statistical differences were due to bacterial 

effects or stochastic factors inherent in the design. According to Crailsheim et al. (2013); 

”In case of higher mortality in control samples (>10%), the replicate is invalidated or 

convincing reasons must be given”. This designated survival threshold for in vitro rearing 
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is consistent with larval survival in the colony under natural conditions (Schmehl et al. 

2016). Given well controlled in vitro rearing conditions, a control group of healthy larvae 

is expected to produce 90-100% survival through day 7 (Kaftanoglu, Linksvayer, and 

Page 2011). Based on this expectation, a putative survival benefit attributed to the 

introduction of a commensal or beneficial bacteria would be very difficult to distinguish 

from valid in vitro rearing practice (the negative control). In other words, the 

demonstration of a bacterial benefit in the absence of a known stress factor would rely on 

poor control survival, an inherent design deficiency.  

 

Here we improve on previous experimental designs to test the hypothesis that P. apium 

strain C6 provides a survival benefit to honey bee larvae. Our experiment tests the ability 

of P. apium to rescue larvae in the context of a quantified larval disease agent (the 

positive control). We first isolate and identify a virulent strain of EFB bacteria that 

reliably kills larvae in vitro, then determine the lethal dose required to kill approximately 

50% of the larvae (LD50). This dose was then fed to larvae under controlled conditions 

alone or in combination with predetermined concentrations of P. apium, the putative 

rescue bacteria.  

  

General Bacterial Culturing  

We cultured disease associated bacteria from an outbreak of European Foul Brood (EFB) 

Disease near Crestone, Colorado during the summer of 2018.  Larvae were collected into 

sterile 2ml tubes and shipped on ice to the Carl-Hayden Bee Research Center in Tucson, 

AZ. Saline (500ul) was added to the tube with the larvae and homogenized with a cotton 

swab. This aqueous mixture was streaked onto agar plates containing KSBHI and Mp 

media (see Table 1,(Arai et al. 2012)). Plates were incubated for 7 days at 34C under 

anaerobic conditions (Arai et al. 2012). Resulting isolates were picked and banked, PCR 

amplified and sent to the UAGC at the University of Arizona for Sanger sequencing of 

the 16S rRNA gene.  

From the Carl Hayden microbe collection, we selected P. apium strain C6 as a 

putative rescue bacteria, because it has shown the best potential for benefiting larval 

survival among our known and sequenced strains, and contains genes associated with 

group living and survival in the gut (Chouaia et al. 2016, Corby-Harris and Anderson 

2018). P. apium strain C6 was cultured according to Corby-Harris et al. (2014). 

 

In vitro rearing of host (A. mellifera) larvae  

Using specially designed tools, newly hatched larvae were removed from the wax frame 

of 10 healthy robust colonies, and grafted individually (floated spiracle side up) into 2ml 

wells in 48-well sterile plates used for in vitro larval rearing. The diet consisted of royal 

jelly, yeast exact, fructose, glucose and water (Kaftanoglu et al. 2010). The larvae were 

then incubated at 34C at 90% humidity for 6 days. On day 6, pre-pupation, larvae were 

moved to a petri dish with filter paper and returned to the incubator at 34C and 80% 

humidity. After 24 hours the larvae were moved back into a clean 24-well plate to pupate 

and emerge in the incubator.  
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LD50 determination M. plutonius 

Culturing M. plutonius as defined by cell morphology and 16S sequence does not 

guarantee strain virulence (Bailey 1963, McKee et al. 2004, Arai et al. 2012). We 

therefore tested the virulence of multiple M. plutonius isolates in an in vitro setting. We 

determined an LD50 for the chosen M. plutonius strain (AF1), by introducing a variety of 

concentrations to larvae in vitro. A scrape of 7-day old growth on KSBHI agar was mixed 

into 1000ul of saline. From that a serial dilution ranging from 10% to .001% increasing in 

steps by an order of magnitude were made. To define an LD50, each concentration was 

fed in 225ul of diet (see below) to 24 larvae in vitro. These five dilutions were plated on 

agar in triplicate. After 7 days growth we determined CFU (colony-forming unit) counts 

for each concentration as the average of the three plates. OD600 reads were also taken of 

each concentration in saline. Using both CFU counts and the OD600 a standard curve 

was made. This made it possible to estimate concentrations in later experiments using M. 

plutonius by simply taking an OD600 reading. The 1% dilution was equivalent to 6.4+ 

CFU/ul in the diet.    

  

In vitro rescue experiment  

To test whether P. apium strain-C6 (Corby-Harris et al. 2014) is able to rescue larvae 

infected with M. plutonius, we fed both bacteria to larvae in vitro. We used the quantified 

M. plutonius (strain AF1) as the stress agent in the P. apium rescue experiment. We 

introduced as independent variables; 1) the lowest M. plutonius concentration killing 

100% of the larvae (6.4 CFU/ul, positive control), 2) the M. plutonius concentration that 

killed 50% of the larvae (0.64 CFU/ul a treatment concentration most likely to reveal 

rescue potential), and 3) no M. plutonius bacteria (a negative control).  To each of these 3 

conditions we added the same concentration of the purported beneficial P. apium strain 

C6 used in past experiments (Corby-Harris et al. 2014). A total of 48 first instar larvae 

were assayed for each of the six experimental conditions. Each of the six conditions were 

distributed equally among the plates to remove the potential for a “plate effect”.  

 

Diets were comprised of the following: 34 ml sterile distilled water, 6g of D-glucose 

(6%), 6g of D-fructose, 1g yeast extract, 53g fresh commercially available RJ (GloryBee) 

(Katmandu et al. 2010). The negative control contained no bacteria and was comprised 

only of the above ingredients. For the three treatments that contained M. plutonius 

bacteria, a scrape was taken from a 6 day old KSBHI plate and added to 1ml saline. An 

OD600 read was done and using the standard curve mentioned above, concentration was 

determined. The saline-bacteria solution was then diluted to the necessary concentration 

(64 CFU/ul). The proper concentration was then added to the diet to result in a final 

concentration of 6.4 CFU/ul and .64 CFU/ul. For the three treatments containing P. 

apium (C6), glycerol stock was grown up on SDA agar plates for 48 hours at 34C. 

Bacteria was then scraped into saline and plated in ten-fold dilutions onto SDA agar 

plates. CFUs were counted to determine concentration of the bacteria in saline. A dilution 

of the saline solution equaling 60 CFUs/ul was added to the diet resulting in a final 

concentration of 3 CFUs/ul.  
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Statistical analysis- Mortality 

 

We assessed total larval mortality at the end of the seven-day period. We used a chi-

square contingency table to test for treatment differences in larval mortality. P-values 

were adjusted based on a multiple comparison false discovery rate adjustment (FDR). 

 

 

Characterizing disease transmission routes  
To further characterize the potential for the food stores to transmit European foul brood, 

we examined potential sources of inoculum associated with the task of feeding larvae.  

To produce nutritional and antibiotic secretions, adult nurse workers consume stored 

pollen and honey, then feed larvae via their mouth parts. Thus we examined 16S rRNA 

gene sequences from honey, stored pollen, nurse mouthparts and larvae (N=5 libraries per 

sample type). We extracted DNA from the following substrates from five hives housed at 

the Carl Hayden Bee Research Center (CHBRC) in Tucson, Arizona, USA: Stored 

pollen, honey, 2nd instar larvae (50 larvae pooled within hive), and nurse bee mouthparts 

(dissected from 3 nurses pooled within hive) using established techniques (Maes et al. 

2016). Honey samples were obtained by washing ripening, uncapped honey with 100 µl 

of dH20 in 50 cells per hive. These samples were combined into a 5 ml water/honey 

sample that was centrifuged at maximum speed for 10 minutes. The supernatant was 

removed and the resulting pellet was subjected to DNA extraction as described in Maes et 

al. 2016. For all sample types, the DNA was amplified using the V1-V2 16S rRNA gene 

primers 27F (5’-agagtttgatcctggctcag-3’) and 338R (5’-tgctgcctcccgtaggagt-3’) and 

adaptors containing sample-specific barcodes. This primer set amplifies a variety of 

chloroplast DNA so serves as a proxy for pollen contamination of a particular niche. The 

amplicons were sequenced using the Illumina MiSeq platform at Mr. DNA (Shallowater, 

TX) using V3 chemistry. The reads were submitted to the NCBI SRA under BioProject 

PRJNA381075. Adaptor sequences are provided in Table S1. 

 

PCR and MiSeq 

The V1–V2 region of the 16S rRNA gene was amplified using PCR primers 27F 

(AGRGTTTGATCMTGGCTCAG) and 338R (AGTGCTGCCTCCCGTAGGAGT). 

Amplification was performed using the HotStarTaq Plus Master Mix Kit (Qiagen, USA) 

under the following conditions: 94 °C for 3 min, followed by 28 cycles of 94 °C for 30 s, 

53 °C for 40 s and 72 °C for 1 min, with a final elongation step at 72 °C for 5 min. After 

amplification, PCR products were checked in 2% agarose gel to determine the success of 

amplification and the relative intensity of bands. Multiple samples were pooled together 

in equal proportions based on their molecular weight and DNA concentrations. Pooled 

samples were purified using calibrated Ampure XP beads. Then the pooled and purified 

PCR product is used to prepare DNA library by following Illumina TruSeq DNA library 

preparation protocol. Sequencing was performed at MR DNA (www.mrdnalab.com, 

Shallowater, TX, USA) on a MiSeq following the manufacturer’s guidelines. All 

sequence data were deposited in GenBank under Sequence Read Archive number 

SPRXXXXXX. 

 

MiSeq sequence analysis 
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Sequences were processed using MOTHUR v.1.35.1 (Schloss et al. 2009). Forward and 

reverse reads were joined using the make.contigs command. After the reads were joined 

the first and last five bases pairs were removed using the SED command in unix. 

Sequences were then screened, using the screen.seqs command, to remove any sequences 

containing ambiguous bases. Unique sequences were generated using the unique.seqs 

command. A count file containing group information was generated using the count.seqs 

command. Sequences were aligned to Silva SSUREF database v102 (Pruesse et al, 2007) 

using the align.seqs command. Sequences not overlapping in the same region and 

columns not containing data were removed using the filter.seqs command. Sequences 

were pre-clustered using the pre.culster command. Chimeras were removed using 

UCHIME (Edgar et al. 2011) and any sequences that were not of known bacterial origin 

were removed using the remove.seqs command. All remaining sequences were classified 

using the classify.seqs command. All sequences with only one or two (single/doubletons) 

associated reads were removed using the AWK command in unix. A distance matrix was 

constructed for the aligned sequences using the dist.seqs command. Sequences were 

classified with the RDP Naive Bayesian Classifier (Wang et al. 2007) using a manually 

constructed training set containing sequences sourced from the greengenes 16S rRNA 

database (version gg_13_5_99 accessed May 2013 [DeSantis et al, 2006]), the RDP 

version 9 training set, and all full length honeybee-associated gut microbiota listed in 

NCBI. Operational taxonomic units (OTUs) were generated using the cluster command. 

Representative sequences for each OTU were generated using the get.oturep command. 

To further confirm taxonomy, resulting representative sequences were subject to a 

BLAST query using the NCBI nucleotide database. 

 

To test the niche hypothesis, we compared the average abundance of P. apium in honey, 

stored pollen, larvae, and nurse mouthparts to the abundances of P. apium observed 

previously for other honey bee niches including royal Jelly, the glands that produce royal 

jelly (hypopharygeal glands), gut compartments of queens and worker castes; cell 

cleaners, nurses and foragers (Martinson et al. 2012, Moran et al. 2012, Anderson et al. 

2014, 2016, 2018, Corby-Harris et al. 2014a, Corby-Harris et al. 2014b, Kapheim et al. 

2015).   

 

 

Sequence data deposition 

16S rRNA gene sequences produced in this study are available under accession numbers 

XXX-XXX. All pyrosequence data was deposited under SRA XXX.  

 

Results 

LD50 determination M. plutonius 

Of 113 isolates, 49 were identified as M. plutonius based on 16S sequence identity. We 

tested 4 strains for virulence, and found 3 that showed signs of virulence. We chose one 

of these (strain AF1) to determine an LD50 value.  Consistent with expectations, larval 

survival decreased with increased concentration of M. plutonius as AF1. (Fig. 1). 

Following infection, M. plutonius dilutions were plated in triplicate to confirm CFUs and 

exact concentrations introduced to larvae. 
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In vitro rescue experiment  

Survival of the negative control was greater than 90% for both rescue trials, validating 

the in vitro rearing procedure. The two positive controls also performed as expected, 

producing larval survival at expected proportions (low survival for the higher 

concentration and about 50% survival for the lower concentration). We introduced P. 

apium (strain C6) as a rescue bacterium for EFB infection. Treatment groups inoculated 

with both P. apium strain C6 and a high concentration of M. plutonius AF1 did not differ 

indicating no effect of P. apium on larval survival. The same was true for strain C6 and 

the lower concentration of AF1. The treatment group inoculated with only strain C6 did 

not significantly vary from the negative control group (Fig. 2). 

 

Niches associated with disease transmission 

We sequenced the 16S rRNA gene from various niches implicated in disease 

transmission. Next generation sequencing returned 1,602,987 quality trimmed reads (300 

bp) for the 25 amplicon libraries generated (summarized in Table 2). Beebread was 

represented by 314,705 reads averaging 31,470 per library, honey was represented by 

630,010 reads averaging 126,002 per library, mouthparts were represented by 502,473 

reads averaging 100,495 per library and larvae were represented by 330,556 reads 

averaging 66,111per library. 

  Across all libraries, a total of 2,285 OTUs were resolved at 97% similarity. 

Average library coverage was high across all samples. Good coverage was 0.99 (± 0.004) 

for the beebread samples, 1.00 (±0.0003) for mouthpart samples, 1.00 (±0.0003) for 

honey samples and 1.00 (±0.0001) for the larval samples. In order to portray the diversity 

of each niche the inverse Simpson’s diversity index was used and resulted in a 7.98 (± 

7.17) for beebread, 6.04 (± 5.51) for mouthparts, 2.27 (± 1.32) for honey and 2.15 (± 

0.47) for larvae (Fig. 3).  

The EFB disease agent, Mellisococcus plutonius, was detected in all 25 libraries, 

but had the greatest relative abundance in honey and larvae, and the least relative 

abundance on nurse worker mouthparts (Fig. 4). The number of sequence reads 

designated as M. plutonius is significantly associated with total sampling effort across all 

libraries (Pearsons R = 0.45, n = 25, p = 0.02) 

Also detected in all libraries, P. apium comprised 12.6% of the total sequences 

obtained from nurse mouthparts, honey, and second instar larvae (Table 2). The larval 

libraries were 27% P. apium on average, the honey libraries 4%, and the mouthparts 

22%. Results from the current survey and published results indicate that P. apium is 

abundant (>20% relative abundance) in larvae, nurse mouthparts, and forguts (crops), 

hypopharyngeal glands, royal jelly, and queen guts and less abundant in adult guts and 

honey rich food stores (Table 2). 

 

Discussion 
 

Caused by bacteria, honey bee foul brood diseases have serious economic consequences 

for beekeeping and pollination services globally (Garrido-Bailón et al. 2013, Funfhaus et 

al. 2018). Although a number of assays have been created to detect larval pathogens in 

hives (Govan et al. 1998, Garrido-Bailón et al. 2013) there is still little known about the 
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epidemiology of M. plutonius, the causative agent of European Foul Brood (EFB) 

disease. Based on broad sampling throughout the United Kingdom, M. plutonius is 

comprised of at least three genetically distinct groups (Budge et al. 2014) and virulence 

has been demonstrated to differ markedly by strain (Takamatsu et al. 2017). Recent 

increases in antibiotic resistance and incidence of EFB and EFB-like brood disease have 

spurred efforts to understand virulence including genome sequencing and analysis 

(Djukic et al. 2018). Understanding the microbial ecology associated with M. plutonius 

will provide the context by which both virulent and non-virulent strains function and 

suggest potential solutions to mitigate their effects. Here we expand and improve on past 

work to describe and discuss the general context of EFB disease transmission in hives, 

identify virulent strains of M. plutonius, and test whether a putatively beneficial 

bacterium (P. apium strain C6) can rescue or diminish virulence of our chosen EFB 

strain.  

 

Results from our next generation 16S rRNA amplicon survey suggests that the prevalence 

and abundance of M. plutonius is diminished in niches with higher bacterial species 

diversity (beebread and mouthparts), but that M. plutonius can be abundant when species 

diversity is low and abiotic factors extreme, as is the case with 2nd instar larvae and the 

tops of ripening honey cells (Fig. 3, Anderson et al. 2014). That M. plutonius might best 

survive in extreme environments with low competition is consistent with the in vitro 

inhibition of its growth by many native honey bee bacteria. It is thought that 2nd instar 

larvae (48hr since hatching) are most vulnerable to EFB infection, concurrent with the 

diet transition from royal to worker jelly. But it may also be true that bacterial growth 

rates determine their own detection thresholds. Our results agree with culture-based 

assays (Vojvodic et al. 2013) that 1st and 2nd instar larvae can be dominated by P. apium 

or L. kunkeii, both fast-growing bacteria considered at least commensal if not helpful.  

Both of these bacteria are commonly found throughout the guts of healthy actively laying 

queens, and considered part of a dysbiotic or alternate enterotype in young and old 

worker guts respectively (Anderson and Ricigliano 2017). In short, P. apium is 

ubiquitous throughout the hive and gut environment and detected in abundance from a 

variety of niches (Table 2). We detected >30 OTUs identified as P. apium at 97% 

similarity, many of which were abundant in larval guts. Consistent with our findings and 

the literature, P. apium is clearly co-evolved with royal and worker jelly, and considering 

the totality of available sequence data, niche preference likely varies by strain.  

 

The occurrence patterns of M. plutonius also suggest it is ubiquitous in disease free hives 

and contains deep variability. It was found in every niche and library with relative 

abundance correlated significantly with sequencing effort. The relatively low 

representation of M. plutonius on the nurse bee mouthparts may reflect an oxygenated 

niche and/or highly competitive environment. Also considered ubiquitous (Forsgren 

2010, Fünfhaus et al. 2018) the putative secondary invaders Paenibacillus alvei and 

Enterococcus faecalis were detected at very low prevalence and abundance throughout 

our survey, despite our deep sequencing effort (Table 2). We detected multiple strains of 

P. alvei, but Enterococcus spp. were poorly defined taxonomically, with variability likely 

inflated by the chosen 16S gene region. Perhaps as suggested, these commonly cultured 

bacteria are simply saprophytes on dead larvae (Lewkowski and Erler 2018), although 
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recent genome data suggests that M. plutonius possesses the weaponry to dispatch closely 

related and competing bacteria like E. faecalis (Djukic et al. 2018). However, E. faecalis 

is >50% prevalent in the guts of young nurse bees from at least 2 major studies (Maes et 

al. 2016, Anderson et al. 2016), but a similar pattern in adult guts has not been recognized 

for P. alvei, even when sampling colonies with active EFB disease (Erban et al. 2017).  

Similarly, both M. plutonius and E. faecalis can show abundance or dominance in adult 

guts from diseased or stressed colonies (Anderson and Ricigliano 2017, Erban et al. 

2017).  

 

In vitro larval experiments 

 

Results presented here and available in the literature indicate that M. plutonius has 

evolved to occupy the same niche as P. apium.  We therefore designed an in vitro rearing 

experiment to explore the contribution of these two bacteria to larval survival. We used a 

previously tested strain of P. apium (strain C6) reported to increase larval survival 

(Corby-Harris et al. 2014), and concentrations of M. plutonius previously demonstrated to 

kill 50% and 100% of the larvae as positive controls (Fig. 1). Our results show that strain 

C6 does not rescue larvae from the effects of EFB disease (Fig. 2). Larvae inoculated 

with both strain AF1 and strain C6 did not survive significantly better than larvae 

inoculated with only strain AF1. Moreover, P. apium strain C6 on its own did not differ 

significantly from the negative control indicating it had no effect on larval survival as 

previously claimed. Based on recent findings, we hypothesize that P. apium strain C6 is 

competitively inhibited by virulence factors (bacteriocins) produced by M. plutonius 

(Djukic et al. 2018). The early growth patterns of M. plutonius and competing bacteria 

may prove to be important factors in the progression or treatment of EFB disease. 

 

In our previous experiment introducing strain C6 to larvae in vitro, the effect of the 

putatively beneficial bacteria (strain C6) could not be distinguished from good in vitro 

rearing technique (Corby-Harris et al. 2014). A benefit could only be statistically realized 

if survival of the control group fell significantly below that of the putatively beneficial 

bacteria treatment. But this is not allowed by deduction, because by definition a negative 

control should produce >90% survival at seven days (Crailsheim et al. 2013). Our efforts 

here suggest that our previous control group failure involved two basic design flaws 1) 

treatments were organized by plate, thus random effects could occur in a plate-specific 

manner, and 2) plates were disturbed multiple times over the course of the experiment for 

larval feeding and bacterial introduction.  Our methods here were further refined 1) by 

mixing treatments among plates, we minimized random factors associated with plate-

specific effects, and 2) by disturbing larvae minimally, we reduced the opportunity for 

contamination.  

 

Conclusion 

 
The methodology presented herein represents the development of an in vitro model for 

understanding health and disease associated with the microbiota in honey bee larvae. 

Although labeled beneficial in a past study (Corby-Harris et al. 2014), P. apium strain C6 

is considered commensal under the experimental conditions presented here, neither 
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harming nor improving larval survival. Our results highlight the importance of both 

positive and negative controls in the experimental design of in vitro larval studies. In 

vitro larval rearing is inherently designed to maximize larval survival. Introducing a 

factor that is hypothesized to benefit survival thus requires both a negative and positive 

control for adequate design. Because our experiments were performed under controlled 

lab conditions, larvae were exposed to less variety and abundance of naturally occurring 

hive bacteria and fresh royal jelly components. In future experiments, it may be important 

to determine the microbiota that typically colonizes larvae in the natural hive setting and 

attempt to replicate these conditions in vitro.  

 

 

Tables 

 

Table 1. Media composition  

 

KSBHI media Mp media 

10g starch 10g yeast extract 

20.4g KH2PO4 10g glucose 

37g BHI 10g starch 

15g agar 13.6g KH2PO4 

 15 agar 

1000ml water 1000ml water 

 Ph adjusted with NaOH to 6.6 

 

 

Table 2. Relative abundance of Parasaccharibacter apium by niche and study. 

Study Site Tissue or Niche Developmental stage or 

caste  

Total 

sequences 

%P. 

 apium 

Relative abundance of P. apium from whole worker gut samples 

Martinson et al. 2012 AZ whole guts 9d old nurses (N=3) 78,595 0 

Martinson et al. 2012 AZ whole guts 30d old forager (N=1) 17,910 0 

Sabree et al. 2012 MA whole guts 12d old 106,344 1 

Moran et al. 2012 AZ,MD whole guts in hive, outer frames 329,550 1 

Corby-Harris et al. 2014a AZ whole guts pollen foragers  354,505 6 

Anderson et al. 2016 AZ whole guts 3 day old beesB  90,893 0 

Anderson et al. 2016 AZ whole guts 7 day old beesB 166,113 0 

Relative abundance of P. apium  from honey-rich food storage environments 

Anderson et al. 2014 AZ corbicular pollen forager corbiculae 85,043 6 
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Anderson et al. 2014 AZ stored pollen hive environment 116,593 3 

present study  AZ ripening honey hive environment 784,635 4 

present study  AZ stored pollen hive environment 314, 705 6 

Relative abundance of P. apium  from niches with >20% P. apium abundance 

Corby-Harris et al. 2014a AZ crop (foregut) forager 195,264 43 

Corby-Harris et al. 2014a AZ crop (foregut) nurse 113,405 32 

Corby-Harris et al. 2014b AZ nurse glands nurse 127,157 34 

Corby-Harris et al. 2014b AZ royal jelly worker head glands 105,820 40 

Kapheim et al. 2015 IL dissected guts queen (N=4) 78,355 38 

Tarpy et al. 2015 NC dissected guts queen 5,000A 24 

Anderson et al. 2018 NC mouthparts queen 1,305,332 89C 

Anderson et al. 2018 NC midgut queen 1,572,752 86C 

Anderson et al. 2018 NC ileum queen 1,419,416 38C 

present study  AZ mouthparts nurse worker 502,473 20 

present study AZ whole body worker larvae 2nd instar 330,556 25 

A Libraries were subsampled to 5,000. B Only bees fed a natural diet are included.C Corrected for rRNA copy number and community size.  
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Figures  

 

Figure 1. EFB dose response 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. EFB/P. apium rescue experiment 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Dose response to varying concentrations of M. plutonis (AF1). 
Larvae were incoulated in vitro (N=24)and survival was recorded at 
Day 6. LD50 was deteremined to be the 0.1% concentration group. 

Figure 2. Rescue experiment survival outcomes. MH: high concentration of M. 
plutonius AF1 (6.4 CFU/ul), ML: low concentration of M. plutonius AF1 (.64 
CFU/ul), P: P. apium (3 CFU/ul; Corby-Harris et al. 2014). Letters correspond to 
groups statistically similar to each other.  
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Figure 3. Inverse Simpson index of sequenced niches 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. Bacterial communities we sequenced as part of this study  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. Bacterial diversity associated with honey bee disease 

transmission. The y-axis is the inverse or reciprocal Simpson index, 

which increases with increasing species diversity.  The x-axis is 

comprised of 4 sampled niches associated with larval disease 

transmission.  Nurse bees consume stored pollen and honey, then feed 

larvae with their mouthparts. 

Figure 4. Bacterial communities associated with larval disease transmission. We sequenced the 

16S rRNA gene from four hive niches associated with larval feeding (see methods). Colors 

represent various bacterial species or groups. The primer set we used (V1-V3 region) amplifies 

chloroplast genes from pollen (light grey). Dark grey represents bacterial groups not depicted by 

the figure (See Table 2). 
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