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TITLE: Sustainable Solutions to Problems Affecting Bee Health

ISSUES AND JUSTIFICATION

Honey bees provide essential pollination services to US fruit and vegetable growers, adding $8-10 billion annually to farm income. About 2 million colonies are rented by growers each year to service over 50 crops. Almonds alone require 1.3 million colonies and are predicted to require 2.12 million by 2012, a number nearly equal to the number of colonies presently in the US. Increasing demand comes at a time when beekeepers are operating in crisis mode. The supply of healthy colonies is volatile as parasitic mites and the rigors of migratory beekeeping continue to cause catastrophic die-offs. Pesticide resistance and a lack of viable, industry-based honey bee breeding programs contribute to these losses. The problems associated with mites and other factors affecting honey bees are outlined in a 2007 report of the NAS-NRC², “Status of Pollinators in North America.”

The winter of 2007/08 witnessed another major colony die-off, and while many of the deaths are due to parasitic mites, a large number of colonies exhibited symptoms inconsistent with mites or any known disorder. By last count, 0.75 to 1 million honey bee colonies died over the winter of 2007-2008 (vanEngelsdorp et al. 2008). Migratory beekeepers trucking bees over great distances were especially hard hit. This suggests yet another problem has beset an already beleaguered industry. This new syndrome has been named Colony Collapse Disorder (CCD) in 2007. A list of possible causes for CCD includes new pesticides and pesticide use patterns, nutritional deficits associated with monocultures, loss of immunity to pathogens and exotic pathogens.

According to a survey conducted by the Apiary Inspectors of America (AIA) and the U.S. Department of Agriculture, honey bee colony losses nationwide were approximately 29 percent from all causes from September 2008 to April 2009 (Kaplan 2009). This is less than the overall losses of about 36 percent from 2007 to 2008, and about 32 percent from 2006 to 2007, that have been reported in similar surveys. About 26 percent of apiaries surveyed in the latest survey reported that some of their colonies died of colony collapse disorder (CCD), down from 36 percent of apiaries in 2007‑2008. As this was an interview‑based survey, it was not possible to differentiate between verifiable cases of CCD and colonies lost as the result of other causes that share the "absence of dead bees" as a symptom. However, among beekeepers that reported any colonies collapsing without the presence of dead bees, each lost an average of 32 percent of their colonies in 2008‑2009, while apiaries that did not lose any bees with symptoms of CCD each lost an average of 26 percent of their colonies. The survey checked on about 20 percent of the country's 2.3 million colonies. 

The NC 508 committee met at the University of Florida, Gainesville on 4 February 2009. Members present represented 14 universities from throughout the US. Committee members discussed ongoing research and plans were made to conduct future research to develop viable solutions to the problems afflicting honey bees in order to ensure the sustainability of the nation’s food supply. 

Most of our committee members are involved in a $4.1 million 4-year CAP project that was funded in 2008 to study the causes of CCD and other maladies affecting bee populations. The CAP funding obtained was a direct result of the establishment of the NC 508 committee in 2007. A second meeting of some NC 508 participants was convened that same year to initiate the proposal writing. The scientists will conduct research that addresses genomics, breeding, pathology, immunology, and applied ecology to investigate and explain the causes of the decline in bee colonies in the US in recent years. In addition, we will investigate the role of ecosystem services provided by native, wild bees in pollinating crops. Native bee pollination can be sufficient to fully pollinate crops in some agricultural contexts (Kremen et al. 2002; Winfree et al. 2007), and even when pollination services are incomplete, can serve as a supplement to or back-up for managed honey bee stocks. Native bee ecologist(s) will investigate the role of native bee species in pollinating several crops and will and identify the land and farm management practices associated with high levels of native bee pollination. Committee members will work closely with the extension community and other stakeholders to develop and implement mitigative strategies that unravel the causes of CCD and other significant bee health problems.       

TYPES OF ACTIVITIES

The purpose of this committee has been and will be to coordinate research that is relevant to bee colony health. We are seeking participation of personnel with expertise in bee nutrition, toxicology, parasitology, pathology, breeding, integrated pest management, and non-Apis species. Research and extension personnel will meet annually to discuss coordination and will form subgroups that will coordinate or collaborate on research throughout the year.  Extension personnel will coordinate in technology transfer and adoption of research findings to beekeepers. 

OBJECTIVES

1. To develop and recommend to beekeepers “best practices” for Varroa mite control based on currently available methods and strategies for mite management,

2. To evaluate the role and causative mechanisms of parasitic mites and pathogens such as viruses, protozoa and bacteria in honey bee colony deaths.

3. To determine the effects of environmental chemicals and miticides on honey bee colony health. 

4. To determine how environmental factors, including nutrition and management practices affect honey bee colony health.

5. To determine the effects of interactions among various factors affecting honey bee colony health.

6. To coordinate research and extension efforts related to bee colony health.

7. To facilitate, through research and extension activities, the development of industry-based honey bee stock selection, maintenance and production programs that demonstrably incorporate traits that confer resistance to pests, parasites and pathogens.

8. To focus on non-Apis bees, their conservation, pathology, susceptibility to pesticides, and their contribution to crop pollination including economic value. 

METHODS & COLLABORATION
Objective 1) To develop and recommend to beekeepers “best practices” for Varroa mite control based on currently available methods and strategies for mite management.

Background: As part of the national Managed Pollinator CAP project, members will be developing a literature on Best Management Practices on the eXtension.org Bee Health Community of Practice. 
Methods: 

The CAP program provides the fundamental framework for this effort. The team is made up of several research teams comprehensively addressing causes of bee decline, whether with pathogens or toxins, and feeding this information directly to the Bee Health Community of Practice website at eXtension.org. The public side of this site can be viewed at http://preview.extension.org/bee%20health. Community work pages have been populated with organizational information, website content outline, and 23 pages for the public site. Additional content is being obtained and is in preparation for upload, including bulletins in bee biology, best management practices, and diseases/pests. An online meeting protocol was established and we conducted meetings with the CoP, which included planning for the CAP team. This effort is being managed by a dedicated CAP-funded staffer, Mr. Michael Wilson at University of Tennessee.

Collaborations:

The Bee Health Community of Practice is so far comprised of 43 members representing scientists and extension workers from CAP, the ARS Areawide project, and numerous non-affiliated experts across North America.
Objective 2) To evaluate the role and causative mechanisms of parasitic mites and pathogens such as viruses, microsporidia and bacteria in honey bee colony deaths.

Background:  This huge effort is a shared goal of members of CAP as well as ARS Areawide and includes a significant fraction of the honey bee scientists of the United States. As this NC 508 project was the synergist for the CAP team, we will limit our reports in this section to objectives of this particular group. Researchers will coordinate their efforts geographically and methodologically in sampling for detecting parasites and pathogens in hives and bees.  Pathogen identification in bees will be aided by molecular techniques (e.g. massively parallel DNA sequencing, bioinformatics and PCR).  Causative relationships will be evaluated in part by correlating the presence of various biotic agents and colony symptoms over time.

Objective 2a - Comparative virulence of Nosema apis and N. ceranae in caged bees.

Rationale and significance

Even though Higes et al (2007) concluded that N. ceranae is more virulent and more pathogenic than N. apis, N. apis was not included in the same study but rather data from other studies were used. Workers were infected on day 4, after CO2 anaesthetization. CO2 has shown to cause premature foraging in workers (Ribbands 1950), and more recently to affect gene expression and ovary activation in queens and workers (Koywiwattrakul et al 2004). The dosage used for N. ceranae was also high (125,000 spores per bee) in the Higes et al (2007) study. Dosage is important because in a more recent study where bees were inoculated with 100,000 spores per ml of syrup (fed as a group of 20 bees), bees died 21 days post inoculation (pi) instead of 8 days pi (Higes et al 2008). Paxton et al (2007) did compare the virulence of the two species directly in the same study, but only one dose was used and the experiment was not replicated (one cage of bees per Nosema species). They found that N. ceranae was more virulent, but the difference was not as dramatic as the Spanish study (Higes et al 2007). In this experiment, we intend to compare the virulence of both Nosema species directly (using the same methods, same type of bees, rearing conditions, etc.) and determine the LD50 and LT100 for both species.

Methods

Newly emerged workers will be individually inoculated with 0 (control), 5, 50, 500, 5,000, and 50,000 spores with both species of Nosema. One hundred bees per cage (cage size: 14 × 12 × 16 cm), 4 cages per dosage will be used for each colony. Workers are provided with 50% sugar syrup (changed every 3 days), bee pollen (in which Nosema spores have been inactivated by heating at 60° C for 24 hrs), and distilled water ad libitum. Dead bees will be removed daily and their numbers recorded. The experiment will be repeated with bees from at least three different colonies. Survival analysis will be used to determine the time required for 50% mortality in the three doses of Nosema, for both species. The median infective dosage (ID50) will be calculated using probit analysis (Finney, 1971) for both species of Nosema.

Collaborators: Webster, Aronstein, Huang.

Objective 2b – Comparative pathology of N. apis and N. ceranae in caged bees. 

Rationale and significance

A recent study (Chen and Evens, 2008) used PCR to find N. ceranae infecting tissues besides the midgut, such as hypopharyngeal glands, salivary glands, Malpighian tubules and fat body. However it is not clear whether N. apis also infects these tissues. A test for vertical transmission of N. apis found no N. apis DNA in ovaries of previously inoculated queens, nor in brood developed from their eggs (Webster et al 2008). Earlier studies (Hassanein, 1951, Gilliam and Shimanuki 1967, De Graaf and Jacbos 1991) have depended only on the presence of spores as a criterion for identifying host tissue. We intend to do a comparative study of N. apis and N. ceranae to determine tissue specificity and any ultra-structural changes in these tissues.

Methods
Newly emerged bees will be inoculated individually with 0 or 1 x 105 spores with each species of Nosema. Bees will be shipped to the Solter lab for histological studies on days 10 and 20 pi. We will conduct histological studies and PCR for various tissues (salivary glands, hypopharyngeal glands, mandibular glands, flight muscles, midgut, fat body, and brain) to separate the two types of host tissues: those that support vegetative growth (no spore production) and those that support the entire life cycle (environmental spores produced inside host cells).

Collaborators: Huang, Solter
Objective 2c – Investigate transcriptional responses to infection utilizing microarrays analysis followed by the qRT-PCR. 

Rationale and significance

Host defense against microbial pathogens involve different recognition and signaling pathways. We hypothesize that microbial infections in honey bees could result in activation of genes involved in humoral and/or cellular immune response pathways as well as stress related genes.

Methods

One hundred newly emerged worker bees will be randomly assigned to 15 cages (cage size: 14 × 12 × 16 cm); the cages will be assigned to treatment groups – control, Nosema apis, or Nosema ceranae. Workers are provided with 50% sugar syrup (changed every 3 days), bee pollen and distilled water ad libitum. Newly emerged, 20 hours old, bees will be fed individually with Nosema spores in sucrose solution and then returned to cages containing their nestmates. Each bee is randomly assigned to treatment groups (control, Nosema apis, Nosema ceranae). Samples from each cage will be collected at specific time points: 0 hr, 24 hr, 48 hr, 72 hr, and 7 days to determine early, mid and late gene expression profiles. Each sample will contain 5 pooled bees; samples will be stored at -80° C until used for gene expression analysis. Additional samples (5 bees per sample) will be collected and worker ventriculi removed and examined for spores by light microscopy and DNA analysis using species-specific primers (Higes et al., 2006; Webster et al, 2004). Workers emerging during 20 h will be individually fed with fresh preparations of spore dosages of 10 μl in 50% sugar solution containing 1.25 × 105 spores of Nosema applied from a micro-pipette. Also, an aliquot of spores collected from each cage will be used for DNA extraction as described by Higes et al (2006) and PCR amplification using species-specific primers (Higes et al, 2007).

For the microarrays, control and N. apis-infected individuals will be compared across all time points (24, 48, 72 h and 7 days) using a loop design. Thus, for each replicate, 10 arrays will be used. This microarray comparison will be replicated 4 times, with each replicate using bees collected from a different set of cages. To compare the effects of N. apis and N. ceranae, one time point (48 hr) will be selected, and control, N. apis-infected and N. ceranae-infected individuals compared using a loop design (3 arrays/replicate). Four replicates will be completed, using bees from a different set of cages. Thus, a total of 52 microarrays will be used for this experiment.

Data will be analyzed using ANOVA (Churchill 2004) to determine if there are significant differences in gene expression levels between sample groups. A false discovery rate of 0.05 will be used to identify genes with significant changes in expression. We will use readily available software (JMP Genomics, GeneSpring) to perform hierarchical clustering analysis and principal component analysis. We will use online Gene Ontology databases (such as http://david.abcc.ncifcrf.gov/ ) to determine if there is over-representation of specific gene functional categories in our data sets.

Genes that are significantly different between healthy and infected bees will be further characterized using quantitative real-time PCR (qRT-PCR) using bees from a different source colony to determine if any specific functional categories are affected (Aronstein & Saldivar, 2005). We will particularly consider categories of genes involved in stress responses, such as immune response, detoxification and heat shock. Furthermore, we should be able to determine if specific genes within each pathway are affected (e.g., Toll, IMD, genes involved in melanization). Our analysis will also reveal differences in other physiological processes that may be critical for understanding the etiology of the disease, including apoptosis, protein transport, hypoxic response, nutrient storage pathways etc.

Bioinformatics. Sequences will be analyzed by computer software “Sequencher “(Gene Codes, Inc.) and “EditSeq” (DNASTAR, Inc.). Predicted genes will be compared to sequences in GenBank (http://www.ncbi.nlm.nih.gov) and BeeBase http://genomes.tamu.edu/beebase). The deduced amino acid sequences of the putative proteins will be analyzed using NCBI Conserved Domain Database (CCD). The identification of functionally characterized domains in protein sequences may give us the first clues as for their molecular and cellular function. The alignment program Clustal X and the phylogenetic program PAUP will be utilized to reconstruct the phylogenetic relationships of the honey bee putative proteins with the known members of immune and stress related pathways.

Collaborators: Webster, Aronstein, Grozinger
.
Objective 2d – Characterize pathogenicity and effects of N. ceranae on honey bee workers in colonies. 

Rationale and significance

Although the pathology and effect of N. apis on worker bee physiology and behavior have been well studied (Hassanein 1952; Wang and Moeller 1970, 1971; Fries 1988; Liu 1989, 1990a, 1990b, 1992), the effects on worker bee behavior and physiology of N. ceranae remains unknown. This study aims to investigate the effects of N. ceranae on worker bee physiology and behavior.

Methods

A colony free of Nosema infection will be selected (Although considered difficult, our current survey of colonies from Michigan indicates about 50% of colonies are Nosema-free, Z.Y. Huang, unpublished data). Frames of mature capped brood will be taken from the colony, brushed free of adult bees, caged, and placed in an incubator (30o C). On the following day, 200 newly emerged workers will be collected from the cages, restrained individually with insect pins on paraffin blocks, marked with paint, and fed N. ceranae spores (10,000 spores in 50% sucrose, per bee; actual dosage will depend on the outcome of experiments 1.1). A control group of 200 will be collected and restrained in the same way but fed sucrose solution without spores and then marked with paint of a different color. The marked bees of both groups will be returned to their original colony. Ten workers of each group will be taken from their colony 4 days later, and every 4 days following until no more marked bees are found. The sizes of mandibular and hypopharyngeal glands and the titer of hemolymph protein will be measured. Marked workers will be followed for longevity and age of first foraging. This study will be replicated at three different locations: Michigan, Kentucky, and Texas.

Collaborators: Huang, Webster, Aronstein
Objective 2e – Determine whether there is competitive replacement of N. apis by N. ceranae 

Rationale and significance

Because N. ceranae seems to have replaced N. apis in Europe (Higes et al 2007, Paxton et al 2007) and the US (Chen et al 2008), we hypothesize that N. ceranae has some advantages in replacing N. apis. This might be because N. ceranae has faster spore production and is capable of more widely spread intracellular re-infection as suggested by the results of Higes et al (2007). Previous studies have found that there can be competition among different Nosema species in mixed infections (Solter et al 2002, Pilarska et al 2006). In this experiment, we aim to test the hypothesis that N. ceranae has a competitive advantage over N. apis.

Methods
Using a complete cross-over design, 100 newly emerged worker bees will be randomly assigned to 15 cages (cage size: 14 × 12 × 16 cm). Bees are provided with 50% sugar syrup (changed every 3 days), bee pollen and distilled water ad libitum. Five hundred (100 bees in 5 cages) of the newly emerged bees will be fed individually with Nosema apis spores in sucrose solution and then returned to cages containing their nestmates, and after a 3-day waiting period, inoculated with N. ceranae. A second group of 500 bees will be fed Nosema spores in the reverse order of infections. The remaining 500 bees will be fed Nosema of both species simultaneously. Infected workers will be sampled 5, 10, and 15 days after the inoculation of the first species. The relative numbers of spores of both species will be determined by extracting all spores in the midgut and subjecting them to density gradient centrifugation to separate the two species of Nosema spores. The spore size of the two species are different (a 2.5 times differential in volume), with N. apis spores 6.0 x 3.0 (m and N. ceranae 4.4 x 2.2 (m (Yanping Chen, personal communication), thus separable by gradient centrifugation such as Ludox. If N. ceranae always outcompetes N. apis, studying the finer mechanisms might lead to new chemical for controlling N. apis, and vice versa.

In the event that density gradient centrifugation does not separate the two species of spores, the relative numbers of spores of both species will be determined by quantitative real time PCR (qRT-PCR). Initial studies with known ratios of spores from the two species will be conducted as a proof of concept. qRT-PCR will be performed at the USDA Beltsville Lab.

Collaborators: Huang, Webster
Objective 2f - Describe epidemiology of Israeli acute paralysis virus (IAPV) and deformed wing virus (DWV)

General rationale and significance
It is important to understand causes of variation in IAPV and DWV in colonies, along with the interactions between these viruses and other honey bee diseases (particularly Nosema), abiotic stress and pesticides.

Nineteen honey bee viruses have been identified, and the complete genomic sequences of six are available (Leat et al. 2000, Ghosh et al. 1999, Govan et al. 2000, deMiranda et al. 2004). Diagnosis of bee viruses based on symptoms is not dependable since viruses are capable of remaining latent for extended periods of time without apparent harm to the host (Anderson and Gibbs 1988). Complicating the situation, multiple viruses may infect a bee colony or individual bee (Anderson and Gibbs 1988, Shen et al. 2005a, Chen et al. 2004).

Israeli Acute Paralysis Virus (IAPV) and deformed wing virus (DWV) have been found in bees from dead and dying colonies exhibiting CCD symptoms, and IAPV seems to be a marker of CCD (Cox-Foster et al. 2007). Colonies in Israel from which IAPV was first identified did not exhibit CCD symptoms (Cameron et al. 2005); however, IAPV was associated recently in Israel with colonies that appear unhealthy (Haim Efrat, pers. comm., Cox-Foster). In addition to IAPV, a variety of diseases, including Nosema, Kashmir Bee virus (KBV), and DWV were found in both healthy and collapsing colonies.

Varroa mites and virus – Varroa moved from its original host, Apis cerana, to A. mellifera and is now common on all continents except Australia. It now appears to be the major killer of bee colonies, wild or managed (Morse and Flottum 1997; Webster and Delaplane 2001). The cause of death of mite-infested colonies is still not clearly understood, but elevated incidences of viruses and other diseases may be involved (Shimanuki et al. 1994). Virus and bacteria are common in colonies; death rates from these endemic diseases increase when mites are present. Varroa may stress bees by their feeding activity, thereby exacerbating a subclinical infection of Nosema, foulbrood, chalkbrood, or viral diseases. Varroa has been shown to immunosuppress bees (Yang and Cox-Foster 2005) and to vector several viruses, including ABPV, CBPV, DWV and KBV (Ball and Allen 1988, Bowen-Walker et al. 1999, Chen et al. 2004, Shen et al. 2005b, Tentcheva et al. 2004). ABPV is associated with colony mortality when the virus is associated with Varroa (Allen and Ball 1996). DWV is associated with a wing deformity found in bees (Lanzi et al. 2006).

Expected outcomes
To (1) Identify different strains of IAPV, DWV and Nosema found in individual bees, (2) quantify IAPV and DWV infection levels necessary to produce individual bee morbidity, and (3) quantify IAPV and DWV infection levels necessary to produce individual bee morbidity and mortality when challenged by other pests, pathogens or pesticides.

Methods
Assays - Newly emerged bees from disease-free source colonies will be placed in 12 X 16 X 8 cm cages. Bees will be maintained at ambient colony temperature and humidity in the dark. Bees will be feed known quantities of IAPV or DWV using pollen contaminated with virus extracted from honey bees. Virus will be obtained from virus-positive honey bees; bees will be ground, filtered and quantified for the addition of known quantities of virus to substrate (pollen or sugar syrup). (Work is underway to isolate individual viruses and stains of virus using cell lines. At this time we rely on bee samples that are positive for a single viral pathogen to separate viruses.) Three doses of viral particles will be used using data from prior work: high, similar to the quantity of virus observed in colonies that died; moderate, similar to quantities observed in colonies that survived for one year; and a low dose, similar to that observed in colonies with the best survivorship. Three hundred bees (3 cages, 100 bees per cages) will be used for each of the three viral doses. A sample of each virus-contaminated pollen treatment will be analyzed using PCR to determine the exact dose of virus. Control bees (3 cages, 100 bees per cage) will be fed uncontaminated pollen (verified by PCR). All bees will receive water and sugar syrup (verified virus-free by PCR). Bees will be observed for morbidity and mortality. Dead bees will be collected at 12-hour (or less) intervals and frozen at -80o C. The mortality of bees after two weeks is expected to be influenced by the decreasing number of bees in each cage is this phenomenon is observed, at the end of two weeks all bees remaining will be frozen at -80o C. Three replicates of each experimental trial will be conducted.

For experiments on interactions, we are prioritizing the following combinations: (1) IAPV and DWV, (2) IAPV and Nosema apis/Nosema ceranae (individually and together), (3) DWV and Nosema apis/Nosema ceranae (individually and together), (4) IAPV and KBV, (5) BQCV and Nosema apis/Nosema ceranae (individually and together), (6) IAPV, DWV and Nosema apis/Nosema ceranae (individually and together), (7) IAPV, BQCV and Nosema apis/Nosema ceranae (individually and together), (8) IAPV, DWV and Nosema apis/Nosema ceranae (individually and together), and (9) IAPV, KBV and Nosema apis/Nosema ceranae (individually and together).

High, medium and low doses are determined using data from prior work where high, moderate, and low doses will be similar to the quantity of virus observed in colonies that died, survived for one year, and had the longest survivorship, respectively.

Bee colonies - Bees used throughout Objective 2f  will be reared in colonies that are maintained at Penn State. Colonies will be maintained according to standard commercial techniques except when these procedures aid the movement of diseases and pests. Example of such techniques include moving frames of bees and brood to equalize colonies, feeding colonies food collected by other colonies, or placing multiple colonies on a single pallet. Colonies used in experiments will be examined to make sure no other diseases and pests (Varroa mites, tracheal mites, American foulbrood, etc) are present that can affect the interpretation of experimental results.

Objective 2g - Effect of pathogens on survivorship of life-stage cohorts 
Methods

Queens from five colonies with known virus and Nosema profiles will be confined for 24 hours to two drawn, empty worker brood frames to obtain eggs of a known age. Cells containing eggs on each side of each frame will be marked using an acetate film following the release of the queen. Ten eggs per colony will be sampled using QT-PCR analysis for IAPV, DWV, N. apis, and N. ceranae; additional disease agents will be measured by QT-PCR if detected by regular RT-PCR. (Eggs will be placed in a 1.5 ml tube containing RNALater and frozen at -80o C.) The frames will be returned to the home colony. Three days later, after the eggs hatch, the cells containing larvae will be marked using a copy of the same acetate film. From this information, the survivorship of eggs can be determined.

A sample of 10 larvae per colony will be obtained for QT-PCR of the pathogens. Individual larvae will be slightly crushed and placed in a 1.5 ml tube containing RNALater and later frozen at -80o C. Each frame is returned to its home colony for six days until the cells are capped. The cells containing capped pupae will be marked using a copy of the same acetate film. From this information the survivorship of larvae can be determined.

Ten pupae per colony will be obtained for QT-PCR of the pathogens. Individual pupae will be slightly crushed and placed in a 1.5 ml tube containing RNALater and frozen at -80o C. Each frame is returned to its home colony. After 10 days the frames will be removed and placed in an incubator at appropriate temperature and humidity. Each emerging adult bee will be counted. From this information the survivorship of pupae can be determined. The cell from which mites emerged will be recorded. Mites emerging from the same cells will be placed in a 1.5 ml tube with RNALater and frozen at -80o C.

Immediately upon emergence from the brood cell, 10 adults per colony will be obtained for QT-PCR of the pathogens. Individuals will be slightly crushed and placed in a 1.5 ml tube containing RNALater and frozen at -80o C. In addition, a pool of 10 bees will be placed into alcohol for storage and analyzed later for quantity of Nosema spores.

The remaining adults will be housed in 12 X 16 X 8 cm cages, 100 bees per cage, and fed sugar water and pollen substitute (free of virus and Nosema sp.). Bees that emerged with mites will be housed together. From these data, survivorship of adults can be determined.

This procedure will be repeated at least 3 times during the season to provide a sufficient sample size and accommodate for differences in biotic and abiotic factors such as pollen and weather. If initial replicates reveal that a high frequency of adults are dying at a particular time post emergence, aged adult bees will be collected in later replicates and processed for disease analysis. Some studies have reported that bees do have age-dependent susceptibilities to pathogens (Burnside in 1935 for the fungus Mucor); potentially age-dependent susceptibility to viruses and/or Nosema spp may play an important role in CCD.

After the marking cells containing pupae in the last replicate, the queens will be removed from the colonies and dissected for tissue analysis of Nosema spores and molecular disease analysis. After dissection, defined tissues will be divided between Trizol for RNA isolation and examined microscopically for Nosema spores. These data will be important to correlate the transmission of the different species of Nosema and viruses among the life stages (horizontal vs. vertical transmission) and to determine the impact on survivorship.

 Collaborators: Cox-Foster, Ostiguy, Solter
Other Research:

Douglas and Calderone will identify metabolic biomarkers that predict colonies at risk before the symptoms of declining worker numbers and honey production are evident. They will 1. Monitor colony health including weight gains, mite and nosema levels; 2. Quantify core metabolic indices (protein, lipid, glycogen, trehalose and glucose) of worker bees; 3. Use data in (1) and (2) to identify differences in metabolic indices between workers from colonies with different fates; 4. Identify further metabolic differences between bees from colonies with different fates by 1H-NMR metabolite analysis of selected samples; 5. Add specific assays for metabolites identified in (4) to the metabolic indices (2), and so assess the value of the metabolites as biomarkers; 6. Repeat identification of candidate biomarkers (4) and (5).   

Objective 3) To determine the effects of environmental chemicals and miticides on honey bee colony health
Objective 3a – Elucidate the synergistic and sub-lethal effects of in-hive miticides on colony health 
Rationale and significance
There is need to test miticides used by beekeepers for synergistic interactions and to establish synergistic ratios by conducting bioassays for various miticide combinations. CSREES has recently funded two collaborators in this CAP to study sub-lethal effects of pesticides. This objective avoids redundancy and fills knowledge voids by (1) deriving new basic toxicology (LD50s) on all active ingredients currently registered for Varroa, (2) focusing on understudied synergies of in-hive pesticides, and (3) providing sub-lethal response data for reproductive drones and queens.

Currently, eight miticides are registered for Varroa suppression in North America. Significant quantities of coumaphos and fluvalinate have been found in wax, propolis and other hive products (Bogdanov et al. 1998a,b, Lodesani et al. 1992, Wallner 1995). Fluvalinate and coumaphos are highly persistent in the hive with an estimated half-life in beeswax of 5 years (Bogdanov 2004). When beekeepers rotate treatments, honey bees are exposed to varying ratios of two or more chemicals. While the bee toxicity of individual materials has been determined for some miticides (Aliano and Ellis 2007, Ellis and Baxendale 1997, Macedo et al. 2002), they have not been evaluated for synergistic interactions (Ellis et al. 1997).

With the exception of coumaphos and fluvalinate (Collins et al. 2004, Haarman et al. 2002, Rinderer et al. 1999), miticides have not been examined for sub-lethal effects on drones and queens (Desneux et al. 2007, Belzunces et al. 1993). In addition to causing acute mortality and sub-lethal effects, exposure to toxic chemicals can weaken the immune system. One telling condition of colonies suffering from CCD is an abundance of micro-organisms in their bodies not found in healthy bees (Cox-Foster 2007).

Expected outcomes
To: (1) determine LD50s for honey bee workers for the 8 miticides used by beekeepers to control Varroa, (2) determine synergistic ratio for each pair of miticide combinations, (3) determine the impact on sperm viability of the 8 miticides, (4) determine time to death for queens treated with sub-lethal doses and interacting combinations.

Methods

Synergism bioassays - The LD50 for 8 miticides (Apistan, CheckMite, Mite Away II, Apiguard, Api Life Var, Mite-A-Thol, Hivastan, and Sucrocide) used in bee hives will be established using 360 worker bees per bioassay. All bioassays will be done by topically applying serial dilutions of compounds with a Hamilton micro syringe. All compounds will be tested singly and in reciprocal tests for all synergism bioassays. Synergistic ratios will be determined by treating bees with LD5 of one compound and then treating with serial dilutions of the second compound to determine whether the dose response curve of second compound shifts position. Synergistic ratios will be determined if synergism is observed. EPA guidelines for the age and diet of bees used in bioassays will be followed.
Sperm number and viability and queen survivorship - The LD50 for newly emerged drones will be determined for each of the 8 compounds. Drones will be treated with non-treated controls and a sub-lethal dose as described above. Newly emerged drones will be marked with enamel paint upon emergence. They will be treated, released back into the colony, and then recaptured 14 days later for examination. More drones will be marked and treated than needed for the analysis, so that if some are lost on mating flights enough will remain for the assay. Marked drones will be captured 14 days later and their sperm counts and sperm viability determined by examining their sperm in a hemocytometer. Sperm will be collected from individual drones by applying pressure to the abdomen causing full eversion of the endophallus (Harbo 1985). The semen will be then collected using a capillary tube. Sperm viability will then be assessed using two fluorescent stains (Locke et al. 1990). Propidium iodide will stain the dead cells red and Hoechst No. 33342 (H342) will stain the living cells green. The stains will be added to sperm dilutions, and a drop of the stained solution will be placed on a microscope slide with a cover slip and examined at 400X magnification (Collins 2001). The number of dead (red) and live (green) cells in 2-3 samples per drone will be counted, and a percentage of live cells calculated.

We will raise virgin queens for this assay. They will be emerged in caged cells in an incubator. They will be treated and placed in individual queen cages. All queens will be placed into holding frames and transferred to a queen bank. Queen bees will be treated with a dose of each of the 8 compounds that is sub-lethal for worker bees, including non-treated controls. Queens in the queen bank will be examined weekly for at least 30 days for mortality, and emerging brood will be added to the queen bank each week to keep it vigorous. For each compound test, 30 treated queens and 30 untreated queens will be maintained.

Collaborators: Ellis, M.
Objective 3b – Determine sub-lethal effects of pesticide metabolites on physiological and behavioral systems 
Rationale and significance
Studies on the effects of agrochemicals and their metabolites on pollinators have focused on acute effects (Atkins and Kellum 1986) at the expense of sub-lethal outcomes (Desneux et al. 2007). In the case of metabolites, there is little information at all. There is evidence that pyrethroids and neonicotinoids impair associative learning performance in bees (Decourtye et al. 2003, Desneux et al. 2007). Many agricultural pesticides are known to impair bee development, adult longevity, mobility, navigation, orientation, feeding behavior, and learning (Desneux et al. 2007). This may partly explain the common CCD observation that affected foragers fail to return to the nest.

We will concentrate our efforts on insecticides (fluvalinate, coumaphos, etc.) and combinations that include potentially synergistic fungicides that are frequently detected, based on our current work, at high residue levels in beehive samples (pollen, wax, bees) associated with CCD or declining bee health. If we show that relevant doses of pesticides and their combinations, already documented in declining hive samples, impact food consumption, longevity and key motor behaviors of the bees in lab bioassays, a case for colony-level impact can then by hypothesized. Support for this will be further developed by using more discriminatory olfactory learning tests such as the proboscis extension response bioassay and through electrophysiological recordings to assess combinatory interactions at specific contact neuroreceptors. Identification of key pesticides and combinations at documented hive levels that reconstitute acute or sublethal symptoms in lab groups of bees that are consistent with colony decline can then be used in colony level experiments. Diagnostic pesticide blends incorporated into artificial pollens or nectars can then be fed to observational bee colonies for longer term studies. However, these latter studies, due to their expense and time constraints, need to occur after the prerequisite lab investigations designed to filter out the complexity of many potential chemical combinations and synergistic interactions with bee diseases.
Expected outcomes
To: (1) determine impact of chronic ingestion of pesticide metabolites on survivorship and immune system function, (2) determine impact of chronic ingestion of pesticide metabolites on behavior changes and learning, and (3) determine the distribution of pesticide metabolites within chronically exposed colonies (pollen, nectar, honey, brood, adult bees, wax and royal jelly) at different exposure levels.

Methods
Sub-lethal effects of pesticide metabolites - Choice of metabolites to study will be determined from data collected from on-going studies on the sub-lethal effects of parent compounds. Exposure for toxicity bioassays will be via ingestion in pollen, sugar syrup or brood food. The bioassay results will be scored up to 14 days for moribund and sub-lethal behaviors associated with subacute neurotoxicity, respiratory failure, and reduced food intake. A five to six minute observation time per 10 bees per day is used to score neurotoxic symptoms (hyperexcitability, number of directed or random orientation of flights, tremors, loss of coordination, paralysis), respiratory effects (inactivity, sluggishness, excessive wing-fanning, grooming behaviors) and feeding behaviors (antifeedant, repellency etc). Food intake is measured directly through use of plastic caps containing weighed pollens or sugar syrups, compensating for water loss during the course of the bioassay. Feeding choice tests of treated pollens or sucrose-pesticide solutions will be recorded for consumption and other behavioral changes (Mullin and Kim 2001). If behavioral disruption during the feeding bioassays is indicated, electrophysiological readings will be obtained from contact chemosensilla on the antennae, tarsi, and mouthparts of bees in response to selected pesticides (Stitt et al. 2003). The suppression of specific enzymes of the bee immune system will be analyzed.

Analytical methods - Multiple metabolite analysis will be conduced by the USDA National Science Laboratory in Gastonia, NC, under the direction of chemist Roger Simonds (letter on file). The metabolic fate of parent pesticides within treatments will be addressed by analysis of bee or diet residues over time. A combination of LC/MS-MS or GC/MS in EI and NCI modes will be used to analyze pollen, nectar, honey, brood, adult bees, wax and royal jelly samples with a modified QuEChERS method (Schenck and Hobbs 2004).
Proboscis extension response (PER) bioassay - To study olfactory learning in bees exposed to sub-lethal doses of pesticide metabolites, individual bees will be restrained and trained to extend their probosces when presented with an odor stimulus. The time to learn the stimulus and decay of the behavior are response variables indicating learning performance. Twenty bees per paired stimuli conditioned over 1-3 trials will be tested. In separate trials, exposure to pesticides will occur before, during and after PER conditioning (Abramson et al. 2004, Bitterman et al. 1983).
Collaborators: Mullin
Objective 3c – Determine sublethal effects of pesticides on bees exposed to pesticides and selected combinations of pesticides during larval development and the nurse bee stage 

Rationale and significance
Based on analysis of over 700 wax, pollen, and bee samples to date, an average of six different pesticide residues have been found in bee bread from beekeepers across the country. Pesticide frequency and levels are even higher in bees wax combs. Under these conditions, developing bees are being chronically exposed to high levels of pesticides through the consumption of contaminated pollen and contact with pesticide-contaminated comb. Nurse bees consuming large quantities of pollen in order to activate their brood food glands in preparation for brood rearing are also consuming high levels of pesticides. Exposure to pesticides during larval development and during the nurse bee stage is likely to have negative consequences on behavior and physiology later in the bee’s life and for the colony as a whole.

Expected outcomes
To: (1) Determine if one or more of the pesticides commonly found in pollen have sub-lethal impacts on honey bee larval development or survival, (2) to determine if one or more of the pesticides commonly found in pollen have synergistic effects in combinations of 2-6 components on honey bee larval development or survival, (3) to determine if adult nurse bees developing from larvae fed one or more of the pesticides commonly found in pollen have altered behaviors of pollen consumption, trophallaxis, or brood tending on single comb assays, (4) to determine if adult nurse bees developing from larvae fed one or more of the pesticides commonly found in pollen have altered associative learning and retention capabilities, (5) to determine if adult nurse bees developing from larvae fed one or more of the pesticides commonly found in pollen have altered ovarial development, and (6) to determine if adult nurse bees developing from larvae fed combinations of 2-6 components have altered behaviors or physiology as indicated in outcomes 3-5. 

Methods
Two colonies from package bees will be established on new equipment with plastic frames. The frames will be purchased without wax coating. Pure beeswax, pre-tested for pesticides residues at the Gastonia lab (see below) will be used to coat the plastic frames. All bees used for this experiment will come from one of these two colonies in order to minimize genetic variation. The second colony will be used as a back-up only if necessary.

Larvae will be reared in vitro according to the methods in Peng et al. (1992) and revised by Aupinel et al. (2005, 2007). A queen from the research colony will be confined in an excluder cage and will be provided with an open cell frame to lay her eggs. The queen will be removed and the frame within the excluder with newly laid eggs will reside for an additional 3 days under the care of residing workers. On the third day the 1st instar larvae will be removed and placed into a 48-well tissue culture plate. The preparation of the plates and larval diets is described in detail in Aupinel et al. (2005). In addition to the standard diet, a series of different individual and combinations of pesticides will be incorporated into the brood food and fed as described in Aupinel (2007). Observations will be taken daily during larval development to observe survival, malformations, food consumption, and survival to adult.

Individual and combinations of pesticides for larval feeding were selected from our previous findings of commonly found pesticides in pollen and in comb (Frazier et al. 2008). Chemicals will be tested at concentrations below their LD20 levels and will be incorporated into diets and fed for the first third, second third, last third, or throughout the larval development period. The selected list of pesticides is as follows: acetamiprid, imidacloprid, permethrin, chlorpyrifos tebufenozide, chlorothalonil, coumaphos, myclobutanil, atrazine, captan, pendimethalin and phosmet. Pesticide combinations involving 2, 3, 4, 5, and 6 compounds will be tested in order to approach our average of 6 pesticides/pollen sample found to date. A minimum of 25 larvae/ pesticide or pesticide combination will be reared to completion and the ensuing adults tested for additional sublethal impacts.

Sublethal effects on newly emerged adult honey bees will be assessed by measuring the following: (1) pollen consumption, (2) PER learning acquisition and retention times, (3) trophallaxis, (4) longevity, and (5) ovary size.

Pollen consumption during the first 8 days of adult life will be quantified by feeding pesticide free pollen to marked bees on an isolated frame containing developing brood in a bioassay chamber in our lab and the behavior of the these nurse bees, including trophallaxis and the quantities of pollen consumed recorded on a per bee basis.

Proboscis Extension Response (PER) - Learning acquisition and retention times by PER will be used to assess the short-term and long-term learning capabilities of the adult bees (Decourtye et al. 2004b). This technique can be used to measure the sublethal impacts of pesticides on interfering with associative learning of adult bees (Decourtye et al. 2004a, El Hassani et al. 2008, Thompson 2003). The olfactory conditioned stimulus (CS) will be 97% linalool solution and 1 M sucrose the unconditioned stimulus (US). A computerized solenoid will release the CS into an air stream in the proximity of each bee for 6 seconds, followed by the US reward for 3 seconds to the antennae and mouthparts. Each individual bee’s response will be recorded visually. A minimum of 25 bees will be used for each larval learning regime tested.

Longevity - The longevity of adult bee honey bees fed known quantities of pesticides (individually or in combinations) and no pesticides (controls) as larvae will be assessed for longevity. Individual cages holding 30 bees each will be replicated three times for each pesticide, combination of pesticides and controls. All cages will be held at greater than 60% humidity and at 25 ± 1° C in the dark in an environmental growth chamber. Each cage will be checked daily and the number of bees surviving will be counted and recorded as long as survivors exist. A subsample of bees will be sacrificed for ovary size measurements as an indication of altered nurse bee physiology resulting from pesticide feeding.

Analytical methods - Pesticide residue analysis will be conduced by the USDA National Science Laboratory in Gastonia, NC, under the direction of chemist Roger Simonds. A combination of LC/MS-MS or GC/MS in EI and NCI modes will be used to analyze pollen, larvae, adult bees, wax and royal jelly samples with a modified QuEChERS method.

Collaborators: Frazier
Objective 3d - Determine the role of pests, pathogens and pesticides in causing disease in stationary honey bee colonies across the United States 

Rationale and significance

To tie in the two previous objectives
,it is critical to understand the interactions and epidemiology of Nosema spp., viruses and other pathogens and parasites in field colonies across representative regions of our country. In an Areawide Program, USDA-ARS will be monitoring mite loads and comparing management strategies in migratory colonies. We will complement this work by focusing a large scale study on seven stationary apiaries across the U.S. in which we monitor co-occurrence of pathogens, mites, and pesticides and identify factors associated with colony morbidity. Geography is a source of variation in the etiology of bee disorders, as shown by Es'kov and Maslennikova (2004) and Degrandi-Hoffman et al. (2004) for Varroa and by Berényi et al. (2006) for numerous viruses. Finally, the establishment of these sentinel apiaries will provide a resource for appraising pesticide residues, metagenomic characterizations, and spill-over pathology affecting non-Apis (see Goal 3.1).

Expected outcomes

To: (1) Identify different viruses, bacterial pathogens, and Nosema found in stationary colonies in different geographic regions, (2) quantify viral and Nosema spp. infection levels as related to stationary colony morbidity and mortality, and multi-variable correlations with pests and pesticides, (3) quantify stationary colony exposure to commonly used pesticides in relationship to region and crop, and (4) determine relationships between pesticides found in colonies and surrounding land use.

Methods

In spring of 2009, seven stationary apiaries are being established across the U.S. with bees from two queen sources. In year 1 each apiary will be divided equally between non-selected queens and queens selected for hygienic behavior. After year 1, we will consider changing this protocol to queens either susceptible or resistant to Nosema, based on one year’s worth of cage studies. Using standard methodology, 30 three-pound packages with marked queens will be installed in new Langstroth hives with plastic foundation (rather than wax combs), for each of the two lines per apiary. The apiaries will be located in ME, PA, FL, MN, TX, WA, and CA.

To ensure comparability of the data collected in the seven apiaries, various factors will be controlled. The cooperating researchers will agree upon apiary characteristics and colony maintenance activities. Apiary characteristics include topography, vegetation density and type, distance to forage and water, protection from mammalian pests (bears, skunks, raccoons), hive layout and direction of hive entrance. Maintenance activities include addition and removal of honey supers, prevention of swarming, robbing and drifting, and prevention of disease and pest movement among colonies (cleaning of tools, removal of discarded wax, coding of hive equipment to colony).

Biweekly during growing season and as the weather permits during the remainder of the year, colonies will be measured for frames of bees and brood (Nasr et al. 1990), presence of the queen, the number of chalkbrood mummies (Spivak and Reuter, 1998), presence of American Foulbrood (score = 0 or 1), and number of new queen cells as evidence of queen supersedure. If supersedure occurs, the unmarked queen will be found, marked with a new color and this will be recorded. In three dedicated colonies in each apiary, these measurements will be limited to once monthly; this will permit an estimate of the extent to which biweekly sampling affects disease incidence. Over-wintering success of each colony will be recorded.

To monitor Varroa populations we will use PSU Sticky Boards (Great Lakes IPM) to get 3-day mite counts. Mite populations will be monitored continuously. Monitoring of small hive beetle (SHB, Aethina tumida) will occur when applicable (Neumann and Hoffmann 2007). Live Varroa will be obtained by removing the cappings from brood cells. Live SHB will be obtained using the method described by Hood (2006). Both Varroa and SHB will be stored, individually, at -80° C and tested for pathogens.
Samples of bees will be taken upon installation of the packages, and then monthly from each colony during the growing season. As weather permits, monthly samples will be obtained for the remainder of each year. Twenty each of nurse bees, foragers and drones will be removed from the colony, placed in individual vials, and stored at -80o C prior to pathogen analysis with qRT-PCR.

Samples for pesticide residues will be taken once a week during the foraging season. Each colony will be fitted with a pollen trap for 24 hours. Pollen will be collected and frozen at -80o C. At the end of each month, a portion of the weekly samples from all colonies within apiary will be pooled and shipped to B. Eitzer on dry ice for analysis. These analyses will generate monthly residue data for each location. At least one apiary will be located in a crop with high likelihood of exposure to neonicotinoid pesticide residues.

This study contains several epidemiological elements.

Cross-sectional study designs

1. Health of honey bee packages: The sampling of honey bee packages upon installation will provide a cross-sectional look into the health of packaged bees from two sources. No data exist describing the pathogen profile of packages. This snapshot of two lines of bees will provide initial data from which we can determine the need for further work exploring the health of the packaged bee industry.

2. Health of stationary, geographically dispersed colonies: Colonies within eight geographically distributed apiaries will be sampled bi-weekly or monthly, depending upon season, for pathogens and continuously for Varroa to allow seasonal and geographic comparisons. While evidence of geographic differences has been reported, the systematic comparison of potential differences and similarities across the US is needed to produce scientifically based recommendations for beekeeping.

3. Pesticide exposure of geographically Dispersed colonies: The seven apiaries will provide a cross-sectional and seasonal comparison of differences and similarities in pesticide profiles in pollen. Comparisons of this variable will be possible for the first time across season and geography.

Prospective study design

1. Pathogen presence and threshold leading to disease: Data on pathogen presence and level and colony health status will be taken from the time of package installation until colony death or the end of the study (censored data). The temporal component of disease causation will be integral to this part of the study. Unlike the cross-sectional data, it will be possible to determine the factors that preceded disease and the difference between presence of a pathogen in an individual and disease in or death of a colony.

2. Abiotic and non-pathogen factors leading to disease: It will be possible to elucidate the temporal impact of abiotic factors such as pesticides in pollen and weather (e.g., high humidity and low temperature increasing incidence of sacbrood virus) on colony disease and survivorship. Non-pathogen factors such as nutritional differences in forage and relative access to water (dehydration of bees) will be explored.

Retrospective study design

1. Health of honey bee packages: A second analysis, using a retrospective design, of the honey bee packages upon installation is possible. It is possible that all or some of the packages will not survive installation. Differences in the pathogen profiles and quantities may provide information on the cause(s) of death. It is not uncommon for a portion of packages to die within one to two weeks of installation. The reasons for this loss are unknown. Potential hypotheses for testing in a prospective study may be generated.

Coordination of project - The coordination of the project, data management and analysis will be through Penn State (PSU) (Ostiguy). Each cooperating researcher will collect data using agreed upon procedures. The bees, Varroa, and SHB pathogen analysis samples will be shipped to PSU. Mite counts, strength, health characteristics, supersedure and survivorship for each colony will be collected by each cooperating researcher, entered into an Excel spreadsheet and sent to PSU. Spreadsheets from each researcher will be uploaded into FileMaker. FileMaker is hosted on a PSU College of Agricultural Sciences server and accessible to all cooperating researchers via the web. Pollen samples will be sent once a month during the season to Brian Eitzer for pesticide analysis. These data will be sent to PSU and uploaded into FileMaker. Statistical analysis will be conducted at PSU with the input of all cooperating researchers. Following the statistical analysis conclusions will be discussed and determined by all cooperating researchers. This information will be prepared by the members of the collaboration (one lead writer per conclusion) and submitted to eXtension (Skinner).

Collaborators: (apiaries: Drummond, Ellis J., Ostiguy, Spivak, Aronstein, Sheppard, Visscher; analytic work: Averill, Ostiguy, Cox-Foster, Eitzer)

Other Research:
Hood and Delaplane will conduct field and lab studies to determine the effects of sub-lethal doses of fluvalinate and coumaphos on colony health. Experimental colonies will be maintained in Georgia and South Carolina to monitor pesticide effects on adult and brood longevity, honey production, and colony foraging rates. Sub-lethal pesticide effects will be assessed on worker bee learning and responsiveness to queen pheromone. Worker bee learning will be tested using the proboscis extension response (PER) assay and worker bee sensitivity to queen mandibular pheromone (QMP) will be assessed with the worker retinue assay of Pankiw et al. (1994). 

Objective 4) To determine how environmental factors, including nutrition and management practices affect honey bee colony health.

Objective 4a – Determine whether there is an interaction between nutritional status and Nosema disease 

Rationale and significance

Nutritional status can affect the functioning of immune system in insects (Siva-Jothy and Thompson, 2002). In honey bees, foragers have inferior immuno-capability compared to nurses, mainly because the high vitellogenin concentration in nurses protects nurses from oxidative and other stresses (Seehuus et al 2006). Because pollen is the only source of protein for honey bees, we hypothesize that pollen nutrition can play an important role in the development of the disease because poor nutrition might result in a less robust defense system, resulting in stronger negative effects by N. ceranae. For N. apis, there was conflicting information about protein supply and Nosema spore production. In caged studies pollen encouraged more spore production, but in colonies good pollen supply reduced infection levels (reviewed by Fries, 1993). For N. ceranae the relationship between pollen and disease levels has not been determined.

Methods

Newly emerged workers will be individually inoculated with 10,000 spores on day 0 and provided with no pollen, mixed-bee pollen or “monocultural” pollen from a few representative plants important for honey bee pollination (cherry, almond, corn, etc). Bees are provided with 50% sugar syrup (changed every 3 days) and distilled water ad libitum. One hundred bees per cage (cage size: 14 × 12 × 16 cm), 4 cages per treatment will be used for each colony. Longevity of workers will be compared among the treatments by survival analysis using SAS 9.1.3.

Collaborators: Huang
Other Research: 
A survey of management practices will be conducted through an eXtension website as part of the honey bee CAP.

Objective 5) To determine the effects of interactions among various factors affecting honey bee colony health.
Objective 5a  – Effect of pathogens and stresses on survivorship of life-stage and caste cohorts 

Methods

One hundred bees per cage (cage size: 14 × 12 × 16 cm), 4 cages per treatment from three colonies will be obtained (3500 bees or 35 cages = 4 cages per treatment X 3 treatments X 3 colonies). Subject to the treatment variables under investigation, workers are provided with 50% sugar syrup (changed every 3 days), bee pollen and distilled water ad libitum. Dead bees will be removed daily, their numbers recorded and analyzed for pathogens. The experiment will be repeated with bees from at least three different colonies selected based on pathogen profile.

To test the impacts of poor nutrition on bees, cage studies will first be tested with a combination of pathogens, using data from above to guide the selection of time points and levels to test. Nutrition will be examined using comparison of honey/bee bread (sterilized via gamma radiation and checked for sterility and nutritional changes), and sugar syrup/artificial bee pollen. The later will be manipulated to obtain diets of different nutritive value for the bees. Newly emerged workers divided into 3 treatments (control with normal diet, optimal artificial diet, and suboptimal diet with known poor bee performance).

Temperature will be examined through a design similar as described above. Caged, newly emerged bees in replicates from the same colony will be exposed to temperatures ranging from 15° C to 40° C. These studies will be conducted at Illinois and samples sent for molecular analysis to PSU.

Collaborators: Cox-Foster, Ostiguy, Solter

Objective 5b – Survivorship of newly emerged adults to single pathogens
Methods
Newly emerged bees from pathogen-free source colonies (lacking IAPV, DWV, and Nosema spp) will be placed in cages, 100 bees per cage. Workers are provided with 50% sugar syrup (changed every 3 days), bee pollen and distilled water ad libitum. Bees of known age will be fed known quantities of IAPV or DWV in sugar syrup. For inoculum, virus from infected honey bees will be extracted, purified using cesium chloride gradients, added to sugar water and quantified by qRT-PCR. The virus inoculum will be sequenced to determine lineage. The presence of other viruses will be checked by the same method. Three dosages of viruses will be used in addition to controls fed uncontaminated sugar water. Bees will be observed every 12 hours for changes in behavior, morbidity and mortality. Dead bees will be collected at regular intervals and frozen at -80° C. At the end of two weeks, all bees remaining will be frozen at -80° C and held for qRT-PCR and sequencing (to confirm viral presence and identity). From these data, we will be able to determine provisional thresholds for IAPV and DWV and preliminary information on lethal dosage (LD50), infection rate and clinical symptoms.

Collaborators: Cox-Foster, Ostiguy
Objective 5c – Survivorship of newly emerged adults to multiple pathogens 
Methods
Using the information obtained in the single organism caged-bees bioassays (Objectives 1.1 and 1.2A-1.2C), we will evaluate interactions between IAPV, DWV, Nosema spp (single and dual infections of N. apis and N. ceranae) and Varroa. The bioassay will be conducted as described above. Cages (14 × 12 × 16 cm) of 100 bees infected with IAPV, DWV, or Nosema spp, above or below the provisional threshold, will be exposed to known quantities of other honey bee pathogens or Varroa. At least 4 replicates of each exposure will be tested. [Nosema spores will be obtained from T. Webster as described in Objective 1.1. Viruses will be obtained using methods described in Objective 1.2 C. Varroa will be obtained by uncapping brood within one day of emergence.] Doses fed to the bees will be below the level necessary to produce clinical symptoms. The age of the bees tested will be determined by the age at which the bees are most susceptible to the challenge organism (as determined in the above experiments). The interaction between Varroa and IAPV, DWV, or Nosema spp will be evaluated using newly emerged bees parasitized by a known number of Varroa. Data that will be collected and analyzed including percentage of bees infected, level of infection per bee, and time of death.

As described above, newly dead bees will be collected and frozen at -80° C. The bees will be sagitally bisected and one half used to count number of Nosema spores. The other half will be used in QT-PCR assays to determine how the Nosema species (N. apis and N. ceranae), Varroa, and viruses (IAPV, DWV, KBV, BQCV, SBV) interact. A comparison of the Nosema spore counts versus the molecular quantification of Nosema (using single copy genes that distinguish between species) will also provide critical information of how different stages of Nosema spp interact with other pathogens in honey bees. The comparison of Varroa/virus versus Nosema/virus infected bees will also indicate how Nosema and Varroa impact viral infections and may lead to increased viral impacts on bees. Previously we have demonstrated that Varroa parasitization can suppress the immune systems of bees and result in amplified viral titers in individual bees. Potentially Nosema may also affect the immune systems of bees and affect viral infections, given that Nosema is thought to be derived from fungi and that current evidence suggests that fungal pathogens have immunosuppressive abilities.

Collaborators: Cox-Foster, Ostiguy, Solter

Objective 5d – Survivorship of newly emerged adults to single and multiple pathogens and abiotic stress 

Methods
We will evaluate interactions with abiotic stresses including common in-hive miticides and other pesticides such as neonicotinoids. Pollen will be used to deliver pesticides because it is in pollen that long-term nest exposure is most likely; bees will be feed the same quantity of pollen, with or without pesticide. Doses will mimic levels found in pollen stored by bees (unpublished data: C. Mullin). At a minimum the following pesticides will be evaluated: coumaphos, fluvalinate, formic acid, thymol, and imidacloprid. For all studies, qRT-PCR will be used to identify and quantify pathogens in each bee (Shen et al. 2005a, 2005b; Maori et al. 2007).

One hundred bees per cage (cage size: 14 × 12 × 16 cm), 4 cages per treatment from three colonies will be obtained (3500 bees or 35 cages = 4 cages per treatment X 3 treatments X 3 colonies) Workers are provided with 50% sugar syrup (changed every 3 days) and distilled water ad libitum. Dead bees will be removed daily, their numbers recorded and analyzed for pathogens. The experiment will be repeated with bees from at least five different colonies selected based on pathogen profile.

Collaborators: Cox-Foster, Ostiguy, Solter

Other Collaborations: 
All collaborators Meta-analysis of other studies, and discussion at annual meetings will help to determine how biotic and abiotic factors interact to cause colony collapse.

are expected to give a report on their project objectives and review their future plans for the next year in context with other similar research being conducting by other scientists. 

Objective 6) To coordinate research and extension efforts related to bee colony health 
Objective 6a – Establish a Managed Pollinator Community of Practice with eXtension and populate website with new literatures on Best Management Practices and Bee Conservation 

Rationale and significance:
The eXtension university network http://www.extension.org/ is an internet-based educational partnership of 1862 and 1890 institutions of the Land-Grant University System. It has been created to serve as a clearinghouse for objective, research-based information and to provide a platform for communities of experts to produce refereed, media-based deliverables and track penetration metrics such as web hits and downloads. eXtension is the perfect clearinghouse for deliverables flowing from this CAP. Moreover, J. Pettis (ARS Areawide Coordinator) has offered to pool resources with us in that group’s plans to develop a Community of Practice (see Documentation of Collaboration).

Expected outcomes
To: (1) Create a widely-used and high-impact educational tool for effective knowledge delivery on bee health management, (2) ensure that the Managed Pollinator CoP will continue indefinitely beyond the life of this CAP and constitute one of its most enduring legacies, (3) quantify that beekeepers in significant numbers adopt BMP for Apis and non-Apis pollinators, (4) improve beekeeping profitability, and (5) promote the widespread adoption of non-Apis conservation practices.

Methods

The project budgets for a dedicated technician to work under J. Skinner to execute our eXtension initiatives. We will initiate and maintain a Community of Practice (CoP) on Managed Pollinators which will serve interested clienteles – the Community of Interest or CoI. The CoP will be the main conduit for media-based deliverables streaming from this CAP. Co-investigators will direct new information to the eXtension technician who will prepare Best Management and Conservations literatures and recommendations to accompany diagnostic reports. We will develop and share this CoP in full collaboration with ARS scientists involved in the Areawide project (J. Pettis, ARS Areawide Coordinator, see Documentation of Collaboration).

Collaborators: Skinner

Objective 6b – Interactions of pathogens and stress in colony studies and colony survivorship models published on eXtension 

Methods

Given the above data from 5a-5d, we can make predictions on how pathogens will interact at the colony level. To test these predictions and potentially simulate CCD in the field, we will obtain new packages and test these for existing pathogens to find suitable candidates for experimentation. Given current preliminary data from other ongoing studies at PSU, we expect IAPV to be virulent and that this virus can rapidly move from one colony to another. We also have evidence that IAPV, along with other bee viruses, may infect native bees. In order to perform these field studies, isolated areas with no existing bee hives and posing as little threat as possible to native species will be chosen. If need be, large screen houses (http://www.mosquitocurtains.com/) will be constructed to provide containment yet allow flowering plants to be grown and be present in sufficient quantity for single colonies. Colonies having similar pathogen load will be grouped and located next to each other, with one colony serving as a control and the other(s) serving as test. For each replicate of the experiment, at least 30 colonies will be tested. The experimental colonies will be infected with purified viruses and/or Nosema. Pathogens will be obtained as described in Objective 1.1 and 1.2C. Single stresses will be added to another experimental treatment group, as predicted from above. The colonies will be monitored weekly, recording the queen’s performance, brood strength/adult worker numbers on boards (via photographic record), counting mite infestation made using mite boards, and sampling eggs, nurse bees, and drones (if available) for analysis of pathogens using QT-PCR for all pathogens. In addition to these studies, bees will be placed into alcohol for Nosema spore counts. Both live bees and bees frozen at -80° C will be collected for dissection to observe internal pathologies. 

The models generated in Objective 1.2 will be validated and improved by the data obtained in Objectives 1.1, 1.3, 1.6, 1.7, 1.9 and the results of breeding selection (Objective 2). The Mass-Tag system from Objective 1.4 will assist beekeepers in determining the pathogen status (type and quantity) of their colonies. This information along with Varroa monitoring, presence of stresses, etc. will allow beekeepers to use the model to predict the future survivorship of their colonies. The final model will be made available through eXtension and will be the topic of workshops at national, regional, state, and local beekeeper meetings.

Collaborators: (Cox-Foster, Ostiguy, Solter)
Other Collaborations:
Research and extension will be coordinated through national participation at the annual meeting.

All project collaborators will be encouraged to attend an annual meeting which will be held in conjunction with the American Association of Professional Apiculturist annual meeting and the American Bee Research Conference. The project chair will preside over the annual meeting and be responsible for scheduling and other logistics of the meeting. Collaborators will be expected to give an annual report of the research and extension activities at the meeting and minutes of the meeting and reports will be recorded by the vice-chair.  

Objective 7) To facilitate, through research and extension activities, the development of industry-based honey bee stock selection, maintenance and production programs that demonstrably incorporate traits that confer resistance to pests, parasites and pathogens.
Objective 7a – Identify genes that confer resistance to Varroa and pathogens, and genes that respond to biotic challenges 

Rationale and significance

Breeding for host resistance is a cornerstone of IPM. In the 20+ years since the arrival of Varroa, breeding progress has been hampered by lack of economic incentives, insufficient knowledge of the traits involved in resistance, erosion of genetic diversity, and poor mating control.

Mapping genes for disease resistance - We will use genomic approaches that complement traditional breeding: mapping chromosomal regions that confer resistance to parasites and pathogens using the quantitative trait locus (QTL) method, and globally analyzing changes in gene expression in response to pathogens and mites. We will first identify QTL conferring resistance to Varroa because resistance mechanisms are known and stocks are available. Stocks resistant to the most virulent pathogens identified in cage studies will be used in breeding programs and genomic studies. We will fine-scale map QTL that confer resistance to Varroa and to at least one pathogen, and couple both of these studies with analysis of gene expression on microarrays. The pathogens chosen will depend on results of cage studies, but likely candidates are N. ceranae, IAPV and DWV.

The two traits found to be most important for Varroa resistance are behavioral: Varroa-sensitive hygiene (VSH) and grooming (Harbo and Harris 2005; Mondragón et al. 2005). USDA/NRI has already funded G. Hunt to map QTL influencing grooming behavior. Mapping QTL that influence VSH in this CAP would complement that study. A line of honey bees expressing VSH has been developed by the Baton Rouge ARS bee lab and another expressing general hygienic behavior by M. Spivak at the University of Minnesota. It is not clear whether VSH and general hygienic behavior are regulated by the same genes (Ibrahim and Spivak, 2006). Previous studies have shown that even with maps based on DNA markers of mostly unknown sequences, QTL mapping narrowed the search to an average of about 40 candidate genes for six behavioral-trait QTL in bees (reviewed by Hunt et al. 2007). High-throughput genotyping platforms are now available capable of analyzing thousands of single-nucleotide polymorphisms (SNPs) in individual honey bees (Whitfield et al. 2006).

Combining QTL mapping with gene expression - Full-genome microarrays will be probed with the RNA of bees used for QTL mapping to leverage maximum information from these studies. The expression level of each gene can be considered as a quantitative trait (an “e-Trait”), enabling us to map genes that influence its expression. Combining expression data with genetic data (such as SNPs) permits study of gene networks involved in disease (Beyer et al. 2007, Sieberts and Schadt 2007, West et al. 2007). QTL that confer resistance may regulate unlinked genes (ie, a specific candidate gene identified from the QTL analysis may regulate expression of immune response genes). On the other hand, QTL conferring resistance may show cis-regulation, in which alternative alleles have different expression levels. The latter case would provide strong evidence for the role of specific candidate genes in the resistance phenotype by demonstrating altered gene expression within a QTL region that coincides with resistance. The SNPs in genes identified could be used for diagnostic tests for resistance alleles in populations and for marker-assisted selection in breeding programs.
Expected outcomes
To: (1) Identify genes that respond to bee infection by virulent pathogens, (2) identify small sets of candidate genes involved in resistance to Varroa and to pathogens, (3) identify potential gene regulatory networks that respond to disease, and (4) develop diagnostic SNP markers for alleles of candidate genes involved in resistance.

Methods
Hypotheses - Phenotypic and genetic variation exists for virulent pathogens identified in Objective 1. Crosses to produce a segregating family challenged by these pathogens can be used to identify quantitative trait loci associated with resistance and genes that respond to infection.
Gene responses to infection - Two control colonies and two colonies infected with N. ceranae will be established. A second set of experiments will use colonies infected with IAPV. Nurse bees will be collected from brood frames onto dry ice and screened for Nosema or viral infection. RNA will be extracted from the immune tissues (abdominal fat bodies) of pools of 5 bees of known age. Gene expression of infected and control bees will be compared on whole genome microarrays as described below, with six biological replicates/colony. Gene expression differences will be analyzed using ANOVA. Genes that are significantly different between healthy and infected colonies will be analyzed to determine if any specific functional categories are affected (Gene Ontology analysis). For example, we should be able to determine if specific genes within pathways related to immune response are affected (Aronstein and Salvidar 2005; Evans at al. 2006). Once candidate genes have been identified, qRT-PCR will be used to monitor expression of these genes in a broader range of treatment groups (Aronstein et al. 2006).

Mapping disease and parasite resistance genes - QTL influencing VSH will be identified in one backcross family after analyzing a panel of 1,536 SNPs in 192 worker bees using the Illumina BEAD station. We will make a small hole in newly sealed worker pupal cells and infest them with individual Varroa mites. We will sample at least 96 bees on dry ice that are observed opening these cells, and 96 same-age control bees from the same backcross family. For each SNP, genotypes of bees performing the behavior will be compared with control bees in 2X2 Chi-Square tests to identify loci that have significantly different frequencies of marker-alleles in bees performing the behavior (Arechavaleta-Velasco and Hunt 2004). Prior to SNP genotyping, DNA from the drone father of the F1 queen and the F1 queen herself will be subjected to sequencing on an ABI SOLiD sequencer for SNP discovery. Sequence reads will be aligned with genomic contigs and SNPs identified using PolyBayes software, targeting SNPs within or near coding exons to associate specific genes with the trait. Probes for SNP genotyping will be designed.

Similar techniques utilizing a backcross family segregating for disease resistance will identify QTL and candidate genes that influence resistance. The quantitative trait measured in this case will be the pathogen levels within bees as determined by qRT-PCR.

Mapping eQTL involved in honey bee resistance mechanisms - Genomic DNA will be isolated from abdomens from the backcross family used to map QTL for VSH and from heads and thoraces of bees used to map resistance to pathogens (see above). This will leave heads to be analyzed for gene expression associated with behavior and abdomens containing fat bodies for expression of genes involved in immune responses. cDNA will be obtained from these same individuals, which will then be transcribed into labeled RNA and hybridized to a microarray containing nearly all of the annotated genes in the honey bee genome (Grozinger et al. 2007). eQTL will then be analyzed in the VSH mapping population and the pathogen-resistance QTL population. Crosses to map QTL for VSH and microarrays in this population will be conducted by the Baton Rouge bee lab with separate funding (see Danka, Documentation of Collaboration).

Data analyses - We will use established methods for linkage and QTL mapping with JoinMap and MapQTL software (Hunt et al. 2007). Permutation tests will be performed to assess the experiment-wise threshold for declaring QTL to be significant. eQTL will involve similar methods in the initial analyses, but further analyses using Bayesian statistics to identify gene regulatory networks will be informed by consultations with Drosphila researchers (Trudy MacKay, NCSU, collaborative letter on file). The results will be displayed on an interactive web page using eQTL Viewer (Zhou et al. 2007).

Contingency plan - If significant genetic variation among stocks for resistance to pathogens tested in Objective 1 can be found, it will be possible to select for resistance and to identify candidate genes through QTL analyses in Objective 2. Based on past apicultural research and human medical research, it appears that variability for resistance to pathogens is highly likely, especially in a species such as the honey bee, that shows high genetic and phenotypic variation. The feasibility of the QTL technique for mapping and confirming genes influencing traits has been demonstrated even for more intractable, behavioral traits in bees that explain as little as two percent of the phenotypic variance. If successful, the QTL analyses should at the minimum provide information on numbers of loci involved, their relative effects, their location in the genome, candidate genes, and diagnostic SNPs for alleles within these genes. However, we also plan to analyze the expression of these candidate genes in the same individuals that were analyzed for disease levels and QTL. If the expression of a candidate gene correlates highly with the inheritance of that allele (cis-acting factors such as promoters or enhancers) the variance explained for the expression level of the gene by the “eQTL” is expected to be in the range of 30-90%, based on previous studies. In this best-case scenario, SNPs would be identified within specific disease-resistance genes for marker-assisted selection (MAS). In the unlikely event that there is no phenotypic variation for resistance, we will fail to map resistance QTL for important pathogens. Our contingency plan in this case will be to focus genetic analyses on resistance to Varroa mites, which still appear to be the most difficult challenge facing beekeepers worldwide, and to use SNP probes to characterize populations for candidate genes for VSH and grooming behavior, and to generally increase use of SNPs for studying genetic diversity.

Collaborators:  Hunt, Spivak, Webster, Aronstein, Grozinger
Objective 7b - Screen populations and commercial queens for genetic diversity and evaluate potential for multi-trait selection programs 

Rationale and significance:
While QTL mapping offers great promise for screening bees for inclusion into breeding programs and queen producing operations, the number of genes that need to be identified is potentially large because resistance to each pest is likely a consequence of the effects of many different genes. Traditional breeding programs offer an opportunity for immediate relief. Honey bees suffer from multiple parasites and pathogens; however, to date, breeding programs have concentrated on resistance to one trait to the exclusion of others. Prior to establishing a breeding program that simultaneously selects for two or more traits, it is necessary to know the heritability of these traits and the genetic correlations between them. Previous work has demonstrated positive or neutral phenotypic correlations between three desirable colony-level traits: general hygienic behavior, Varroa sensitive hygiene (VSH) and honey production (Strange and Calderone, in press). These traits are major mechanisms of resistance to the principal problems affecting bees, including Varroa destructor (VSH assay) and American foulbrood and chalkbrood (general hygienic behavior assay). These findings suggest that these traits can be incorporated into a single breeding program.

Using queens from a large population of honey bees previously established at Cornell University from both commercial and non-commercial sources, we will create a family-structured population to estimate heritability and genetic correlations between these traits. Given that the family-structured population will be available, we will include Nosema resistance in the evaluations.

Genetic diversity of managed honey bee populations in the U.S. has declined over the past decade. Commercial queen propagation in the U.S. has focused on the production of large numbers of saleable queens from a limited number of queen mothers. The ratio of daughter queens to mothers produced annually averages over 1500:1 (Schiff and Sheppard 1995, 1996). This constitutes a genetic bottleneck and reduces the genetic variation available for breeding purposes. At the colony level, inbreeding has serious fitness costs, and conversely, high diversity within a colony from multiple matings has positive effects (Tarpy and Seeley 2006). We will confront the erosion of genetic diversity by measuring sequence diversity across populations and identifying practices that increase diversity.

Expected outcomes

To: (1) Determine heritability values and genetic correlations between important colony-level traits, (2) provide foundation stock for model, multi-trait breeding program, (3) develop molecular methods for identifying beneficial germplasm for incorporating into domestic queen producing and breeding programs, and (3) identify novel sources of genetic diversity for incorporating into domestic queen producing and breeding programs.

Methods
Molecular techniques, including microsatellite and SNP analysis, will be used to assess genetic diversity of queens from U.S. commercial suppliers, Australia, Russia, from U.S. university programs, and from small “micro-breeders” across the northern U.S. Data will be compared to those available from Old World progenitor subspecies and domestic Africanized honey bees. Small- and mid-sized producers will be surveyed to identify management practices associated with improvements in genetic diversity and the information will be used for developing Best Management Practices for breeding (Objective 4.1). Data from the diversity analysis, together with those available from other populations (Schiff and Sheppard 1995, 1995) will let us characterize the distribution of diversity as an aid for breeding. Heritability estimates and genetic correlations will be obtained for several important colony-level traits including general hygienic behavior, Varroa sensitive hygiene and Nosema resistance. Top performing colonies will be selected as foundation stock for a multi-way breeding program (additional funding to be sought for subsequent breeding program).

Genetic variability within non-commercial, northern populations of honey bees will be evaluated at Cornell University and Washington State University. Only beekeepers producing their own queens from their own stock will be included. Ten mated queens will be obtained from each of 4 cooperating queen producers in each of 5 states (VT, NY, PA, OH and MI) (n = 10 queens/producer x 5 states x 4 producers/state = 200 queens). Queen selection will be based on the number of queen mothers used by each cooperating beekeeper so as to obtain as diverse a sample as possible from each producer. Genotypic diversity will be evaluated by screening queens and their worker progeny. Queens will be introduced to small colonies and allowed to lay eggs until their first round of brood is emerging. At that time, each queen and several hundred of her worker offspring will be stored in ethanol until processing. All queens and 20 worker progeny from each of 100 queens (n = 100 queens x 20 workers/queen = 2,000 workers) will be screened using a set of 8 highly variable microsatellites run in multiplex reactions. This will provide an adequate sample of the genetic diversity within each colony, although not sufficient to estimate the number of drones with which the queen mated. Allele frequencies for each locus will be calculated and evaluated for Producer effects. Allele frequencies will also be compared to existing data from commercial honey bee populations (Schiff and Sheppard 1995, 1996; Delaney, Schiff and Sheppard, unpublished data; Calderone and Strange, unpublished data). Estimates of heterozygosity will be calculated for each queen and offspring group, evaluated for Producer effects and compared to values available for commercial queen producers. To more fully characterize the commercial population, additional elements of commercial populations will be evaluated for genetic diversity at Washington State University. These include commercially imported honey bees now available from Australia and Hawaii and newly available Russian honey bees.

A family-structured population will be established from a larger population previously established at Cornell from both commercial queens and queens from non-commercial sources. A standard mating design for estimating heritability will be used (Harbo and Harris 1999). Each of the resulting colonies will be evaluated for general hygienic behavior, Varroa sensitive hygiene, Nosema resistance and honey production using established techniques (see Objective 1.1A in this proposal; Harbo and Harris 1999, 2005; Harris 2008). Workers from each colony will be evaluated for resistance to Nosema (both N. apis and N. ceranae) using techniques outlined in Objective 1.1. Heritability estimates of each trait along with estimates of genetic correlations between pairs of traits will be estimated using a random-effects model.

Collaborators:  Sheppard, Calderone
Objective 7c – Use knowledge of genetics to improve bee breeding 
Rationale and significance

We will be identifying the most virulent pathogens, as well as both relatively resistant and relatively susceptible stocks of bees. We hope to incorporate traits that help honey bees resist pathogens and parasitic mites and to increase genetic diversity of commercially available stocks. Some of the genetic knowledge generated earlier is directed at long-term goals of marker-assisted selection (MAS) and determining which genes respond to pathogens. The feasibility of MAS may depend on additional fine-scale mapping and confirming the effects of specific genes on resistance which is probably beyond the scope of this project. However, selecting for resistance and screening for genetic diversity provide immediate opportunities for technology transfer to improve commercial stocks and the survivability of bee colonies.

Expected outcomes

(1) Workshops to educate queen breeders on selection for resistance at 7 universities, (2) increased number of queen producers testing for pathogens and adopting selection, (3) evaluation of adoption of breeding methods and increase in queen production, and (4) increased use of selected queens from genetically diverse sources.

Methods

Screening with microsatellites is expected to highlight the importance of small, regional, “micro-breeders” as sources of under-exploited genetic diversity. It is producers at this scale that may have the genetic resources and economic incentive to venture into specialty bee breeding and produce resistant stocks adapted to regional environments. We will provide quantitative data to queen breeders as to which methods maximize genetic diversity. We will also encourage small producers to raise their own queens through workshops and presentations. We will coordinate with the North Central Queen Assembly, the Heartland Apiculture Society, Eastern Apicultural Society and American Beekeepers Federation.

In addition to regional workshops, demonstration apiaries will be established at collaborator universities in MN, NY, IN, TN, WA, KY and GA and used to introduce beekeepers to the benefits of resistant stocks identified in the course of this project. Surveys conducted in association with annual workshops will quantify the adoption of breeding techniques and also the increase in queen breeding activity. By encouraging breeders to do their own selection, we will be addressing the potential conflict between selecting for resistance and maintaining genetic diversity. Ultimately, MAS may also help breeders to more rapidly select for resistance in different populations.

Both workshops and workshop manuals will be updated to include the latest on stock screening methods (VSH, freeze-killed hygienic behavior, honey production and, as methods develop, resistance to Nosema and viruses), optimal mating designs and methods for controlling local drone populations around mating yards. Best Management Practices for queen production and stock selection will be developed in cooperation with the American Association of Professional Apiculturists (AAPA). A series of articles will be prepared encouraging consumers to limit their purchases of queens to those producers adhering to AAPA practices. These articles will be distributed using both electronic (eXtension) and printed (national trade journals) media.

Collaborators: Calderone, Delaplane, Hunt, Sheppard, Skinner, Spivak, Webster
Objective 7d – Lay groundwork for a sustainable market for genetically-improved queens 
Rationale and significance
Honey bee genetics will play a role in the reversal of bee decline only if a market for genetically-improved queens is created and sustained. Both sides of the market must be addressed: quality control and supply on the part of queen producers, and sustained demand for improved stock by beekeepers. In this objective we focus on the queen producer. We propose to significantly improve U.S. queen stocks by a concerted extension training effort, first targeting California queen producers, followed by a study of the feasibility of a national stock certification program. Such a program would provide an objective measure of producers’ adherence to protocols for selecting and maintaining stocks with beneficial traits.

Expected outcomes
(1) Workshops to educate queen breeders on protocols for effective breeding practices, (2) increased number of queen producers testing for pathogens and adopting genetic selection, (3) barriers identified to establishment of a sustainable market for genetically-improved queens, (4) barriers identified to establishment of a stock certification program.

Methods
We will train queen producers how to select for desirable traits, maintain genetic diversity, and improve mating and propagation methods. Emphasis will be on promoting regional queen breeding consortia. Promoting “micro-breeders” will encourage production of stocks adapted to local conditions and preserve genetic diversity. It will also make beekeeping more fun – important for “beekeeper conservation.”

This training initiative will set in motion the kind of stock testing necessary to lead to an independent certification program. We have begun evaluating disease and mite resistance in CA stocks beginning February 2008. We are assisting individual bee breeders by testing their stocks and encouraging them to select breeders that display high levels of hygienic behavior. At the 16 January 2008 CA Bee Breeders meeting, 17 large-scale queen producers expressed interest in having their stocks tested and in improving mating frequencies with genetically diverse and viable drones. In the future, we will test their colonies for VSH (Harris, 2007) and possibly grooming behavior.

Finally, the establishment of an independent national stock certification program is beyond the scope of this CAP, and the constraints go beyond knowledge and technical limits in bee breeding. There is a history in this country of resistance to the adoption of genetic improvements. We will conduct a feasibility study to identify barriers to adoption of a stock certification program.

Collaborators: Spivak, Delaplane
Other Research
Varroa mites – Hunt will collaborate with the Baton Rouge USDA bee lab to use single-nucleotide polymorphisms (SNPs) analyzed on the Illumina Bead station to map genes for the resistance trait Varroa Specific Hygienic Behavior.  Hunt will collaborate with colleagues in INIFAP (Mexican equivalent of USDA-ARS) to map genes for the resistance trait Varroa Grooming Behavior.

Objective 8) To focus on non-Apis bees, their conservation, pathology, susceptibility to pesticides, and their contribution to crop pollination including economic value. 

Objective 8a – Identify and characterize pathogens of managed non-Apis bees and determine cross-infectivity of microbes and parasites with Apis 
Rationale and significance
Disease problems are known to limit commercial production of bumble bees and leafcutting bees (NRC 2007), and spillover infections from cultured Bombus are thought to contribute to decline of wild populations (Thorp and Shepherd 2005, Winter et al. 2006). However, basic knowledge of non-Apis pathogens, their identity, density, virulence, distribution, and cross-transmission with Apis is profoundly weak (Goulson (2003b). No comprehensive survey of non-Apis pathogens and parasites has been carried out in the U.S. But new methodologies to identify microbes and develop diagnostic tools for non-Apis are unfolding (Cox-Foster et al. 2007). The work proposed here will identify parasites and pathogens that may be contributing to unrecognized mortality.

Expected outcomes
To find: (1) New information on the identity, geographic and seasonal distribution, and density of non-Apis pathogens and nest invaders, and (2) new information on spill-over infection between cultured Apis and non-Apis and between cultured bees and wild.

Hypotheses - Koppert commercial bumble bees will be relatively free of pathogens while bacterial disease will be detected in Megachile. Using new molecular methods, new pathogen species and strains of viruses and microsporidia will be found in all populations of bees sampled.

Methods

Commercially-produced and wild non-Apis bees will be surveyed for microbes (microsporidia, including Nosema; viruses, bacteria, and trypanosomes). Metagenomic methods developed for Apis (CAPS Project) will target microbes present in Koppert Bombus impatiens, US- and Canadian-produced Megachile rotundata, and wild foraging Bombus spp., Osmia spp., and Megachile spp. collected at five geographical locations (Maine, Massachusetts, Florida, Tennessee, New York) in the eastern United States. For commercial Bombus, 10 research colonies will be deployed at crop sites at each state; prior to deployment, 5-10 individuals will be removed and frozen at -20° C until processing. After 6 weeks of foraging in contact with wild bees, all adults will be recaptured and frozen for studies to determine development of pathogen load and presence of new microbe species. For commercial Megachile, 200 adults emerging from each of four vendors will be analyzed. Wild bees will be collected, identified to species, and pooled by species and location for analysis. Prior to processing, each wild bee will be inspected for parasites and assessed for pollen load and age. Information on the wild Bombus species pathogens will augment data produced for Bombus species in the western and Midwestern states by a current NRI grant to Cameron/Solter/Strange/Griswald. These researchers are working on genetic tests to distinguish N. bombi from other microsporidian species.

Collaborators: Averill and participants in stationary apiaries, objective 3d)
Objective 8b  – Elucidate lethal and sub-lethal effects of insecticides on non-Apis
General rationale and significance
Many insecticides are toxic to bumble bees, particularly after direct spray or through exposure to treated foliage (Thompson 2001). However, there is a void in toxicity tables for non-Apis, particularly for newer chemistries. Pesticide toxicities determined for honey bees are not always predictive of toxicities to other bees NRC (2007). There is debate on the extent to which neonicotinoids accumulate in pollen and nectar and impact bee health. In the case of non-Apis bees, the results are mixed, with some showing no effect (Franklin et al. 2004), and others showing sub-lethal impacts on Bombus activity (Gels et al. 2002), behavior, and learning (Morandin and Winston 2003). There is need to expand this knowledge base with the most commonly used insecticides and most commonly cultured non-Apis bees.

Expected outcomes
To gain: (1) New information on basic toxicology of some of our most common non-Apis managed pollinators and (2) new information on sub-lethal effects of neonicotinoids on non-Apis bees.
Objective 8b-No.1 – Elucidate lethal effects of insecticides on non-Apis 
Hypothesis - Acute contact toxicity of the new insecticide chemistries vary considerably in risk level and across bee species.

Methods

Acute dermal LD50 tests of reduced-risk and OP-replacement compounds (indoxacarb, spinetoram, acetamiprid, chlorantroniliprole, imidacloprid, clothianidin, thiamethoxam, methoxyfenozide) will be carried out with Bombus impatiens, the alfalfa leaf cutting bee, Megachile rotundata, and Osmia lignaria, the blue orchard bee and compared to existing data on Apis mellifera. To account for Bombus colony variability, we will ask Koppert to provide genetically-related queens, and to account for worker age, upon arrival and every 3 days following, the nest boxes will be closed and reopened in a dark room under red light; all workers will be marked with an identifying dot of Testor’s paint and returned to the colony; treated cohorts will ideally be within 72 h of age and 3-6 days old, but this may expand if there is insufficient synchronized emergence. To account for variability in size, each bee will be measured when mortality is assessed and in the analysis, we will block for size. It is expected that the B. impatiens assays will take considerable time to complete. For M. rotundata, a gallon of loose cells will be incubated and 24 h cohorts will be collected and assayed (females only) the following day. O. lignaria (overwintered bees) will be brought out of the cold and 24-48 h cohorts collected (females only) and assayed the following day. Bees will be held down for treatment with a screen restrainer. All bioassays will be done by topically applying (to abdomen) serial dilutions at five rates plus control of each compound with a Hamilton micro syringe. Sixty bees will be used for each rate, except smaller numbers may be done for Osmia depending on availability. Following treatment, for each species, like treatments will be held in large screen-Plexiglas cages and mortality assessed at 24 and 48 h. Data will be analyzed by probit analysis.

Collaborators: Averill

Objective 8b-No. 2 – Elucidate sub-lethal effects of insecticides on non-Apis (Averill)
Hypothesis - The widely-utilized neonicotinoids are nerve poisons and at sub-lethal levels will interfere with cognitive processes of Bombus impatiens and Megachile rotundata
Methods
Based on dose-response curves developed above, B. impatiens and M. rotundata will be treated with sub-lethal doses of the four neonicotinoids (acetimiprid, thiamethoxam, clothianidin, and imidacloprid) and behaviors assessed. The proboscis extension reflex test used for honey bees is not reliable with B. terrestris (Laloi and Pham-Delegue 2004) so we will not attempt to apply it here for B. impatiens; instead, for both species of bee, we will use floral handling time, a measure of learning (Goulson 2003a) on artificial flowers in the lab (Morandin and Winston 2003, Chittka and Thompson 2001) and on natural flowers in the greenhouse. ANOVA will be used to determine differences in handling times.

Objective 8b-No. 3 – Determine level and effects of pesticides that bees receive while working neonicotinoid-treated fields 
Rationale and significance
A full picture of pesticide risk to bees combines basic toxicology from the lab (Objective 3.2) with exposure realized in the field. Variation in field exposure risk is huge and affected by weather, the degree of crop bloom, and interspecific differences in the foraging habits of bees (Thompson 2001).

Expected outcome
The ability to reconcile basic toxicity of common neonicotinoids on Bombus with morbidity risk in field conditions.

Hypothesis - Fields treated with neonicotinoids prior to bloom will have contaminated pollen and nectar that negatively impact foraging bees and hives/nests.

Methods

Two cranberry beds will be treated with (yr 1) thiamethoxam (Actara 25WG, 4 oz/acre) 3 weeks prior to bloom and matched with two control sites; in year 2, new sites as above will be selected and treated with acetamiprid (Assail 30SG, 5 oz/acre). Sites will be surrounded by natural lands, 5 km from other pesticide-treated sources. They will be standardized for pesticide usage and no other insecticides will be applied prior to bloom. At each site, 10 Koppert Bombus impatiens research colonies (queen plus 30+ workers) will be stationed in two clusters and 2 shelters plus nest blocks will be erected for introduced Megachile rotundata (2 gallons/acre). For insecticide contamination analysis, nectar will be sampled via two methods: (1) at peak bloom, a large number of flowers will be collected in early morning before significant bee foraging and nectar will be extracted via centrifugation (Kenna MacKenzie, personal comm.) and (2) bumble bees foraging on beds will be collected and their honey stomachs dissected. Because the A. mellifera honey stomach can carry a maximum of 45 mg of nectar (Richard Rogers, personal comm.), we estimate that 40 bumble bees must be dissected to obtain 1 g of nectar for analysis. Pollen sampling will be done via 3 methods: (1) pollen loads will be removed from foraging bees collected from the cranberry bed; based on the fact that a honey bee’s maximum pollen load weighs 15 mg (Richard Rogers, personal comm.) and that a bumble bee load is larger, we estimate that <100 bees will provide sufficient pollen for analysis (1 g is needed), (2) at the end of bloom, bumble bee colonies will be opened and pollen masses removed from brood cells, and (3) leaf cutter nests will be opened and the pollen masses collected (we estimate that <100 nests would be needed). Nectar and pollen will be stored and analyzed by Eitzer as described under sample analysis in Objective 1.3.

Bombus impatiens colony assessments will be made by counting and marking all original members and subsequently opening boxes weekly to quantify number of starting brood cells, pupae, new workers, males, and queens (Gels et al. 2003, Morandin et al. 2005), and these data will be analyzed by a repeated measures ANOVA. Bumble bee foraging activity will be monitored 3 times/week at each hive entrance during bloom and 3-6 weeks after exposure to the treated bed to determine activity of the next generation of workers; because activity is expected to be low, a single individual will observe a cluster of 5 hives at once. Counts will be compared for overall treatment effect using MANOVA for repeated measures. Effect of neonicotinoid exposure to M. rotundata will be assessed at two points, right after bloom and at the end of the season, by quantifying number of larvae and pollen balls and assessing fungal contamination and disease/natural enemy levels.

A second system, greenhouse tomato (pollen only since nectar is not produced), will be assessed in Yrs 1 and 2. Plantings will receive soil drenches of imidacloprid 3 weeks prior to onset of bloom. Only one pair of greenhouses will be available per year. In each house, 10 Koppert individual colonies of Bombus impatiens will be deployed in 2 clusters to facilitate activity assessments. Pollen collections from workers will be carried out as above for cranberry and colonies will be opened after six weeks for pollen collections from cells. Colony assessments and activity will be monitored as above.

Collaborators: Averill, Eitzer

Objective 8b-No. 4 – Develop recommendations for more efficient use of Bombus impatiens 

Rationale and significance
For pollination services in the majority of fruit and vegetable crops, honey bees remain the most economically valuable (Delaplane and Mayer 2000). However, the CCD crisis gives great urgency to the need to more fully explore alternative managed pollinators and to conserve our native bees, all of which are non-Apis. Indeed, for some crops, honey bees are less effective pollinators when compared to other bee species (Stubbs and Drummond 1997a, 1997b, 2000, Klein et al. 2007), such as some solitary bees (e.g. Andrenidae, Halictidae, Megachilidae) or the bumble bees (Bombus). Declines of non-Apis pollinators are documented; however, owing to the scarcity of long-term population data, the strength of evidence varies among taxa (NRC 2007). For Bombus, a marked decrease in numbers has been seen around the world (Williams 1982, Kosior et al. 2007, Goulson et al. 2007), and in the US, several species are experiencing population declines (Stubbs et al. 1996, Stubbs and Drummond 2001b, NRC 2007). Where these declines are observed, scientists have identified candidate factors based on existing knowledge, including new or emerging pathogens/parasites, environmental and nutritional stresses, and habitat degradation. Together with studies to develop guidelines for the use of managed non-Apis pollinators, rigorous evaluation of the three candidate factors that may impact non-Apis pollinators provide the foundation for the research outlined in this section.

Alternatives to the strong dependency on the single managed pollinator species, Apis mellifera, have been called for (Westerkamp and Gottsberger 2000, NRC 2007), but only a few species have been successfully cultured. Bumble bees are playing an increasingly large role with many thousands of colonies used for pollination around the world, with extensive application in greenhouse pollination. Bombus impatiens is now the only commercially significant species in North America (Winter et al. 2006). In the US, production at Koppert Biological International’s Michigan facility reached 500,000 hives (John Wolf, personal communication). Of these, most went to glasshouse production, but at least 4000 colonies were used at WI cranberry farms, 600 at MA cranberry farms, and 2000 at Maine’s wild blueberry farms (Stubbs and Drummond 2001a). Other species being used or that show potential for being used commercially include Anthophora pallipes (Stubbs and Drummond 2000) Osmia lignaria, O. ribifloris (Stubbs et al. 1994), O. cornifrons and Megachile rotundata (Stubbs and Drummond 1997a) each with a range of specific crops. For some, disease problems limit production.

In Maine blueberry, cranberry, and cucurbit farms, we will evaluate factors affecting the foraging of commercial bumble bees such that B. impatiens can be more efficiently managed for maximizing pollination. Research into foraging behavior and energetics of Bombus colonies have shown that various factors such as time of day (Kato 1988), air temperature (manipulate by shading with a roof or placing hives underground) (Gardener et al. 2006, Wilson et al. 2006), presence of brood (Whittington and Winston 2004), production of males (Alford 1975), presence of pollen (Brian 1951), colony population density (use several different size hives for a set colony size of 200 Bombus /hive (Knight et al. 2005)), presence of competitive bloom (Dramstad et al. 2003, Westphal et al. 2006), competitive interactions with honey bees (Stubbs and Drummond 2001a), and water or nectar availability (Pleasants 1981) all can affect worker activity and flower visitation. However, little has been done to assess whether any of these factors can be manipulated for management of these bees to enhance foraging on the crop as has been done with the honey bee (Graham 2005, Shimanuki et al. 2007). Growers have many questions regarding commercial bumble bees particularly activity patterns during bloom and hive placement. Answers to these questions and others will be important to development of a greater understanding of this bee and should lead to greater adoption of this alternative pollinator. Although, some research has already been conducted that establishes hive density recommendations for several greenhouse and field crops (Free 1993, Delaplane and Mayer 2000, Stubbs and Drummond 2001a), an understanding of best management practices for this pollinator species will go along way to further fine tune recommendations on their use and economic viability.

Expected outcome
Recognition of most important factors regulating foraging intensity of managed bumble bees.

Methods
To address this objective we plan on conducting field experiments that manipulate many of the more likely factors to affect bumble bee activity and flower visitation with the objective of designing management tactics that maximize foraging in this species, B. impatiens. A randomized complete block design (with field or farm as a block) will serve as the general template for the investigations. A Quad or group of four colonies will be the experimental unit as this is the unit deployed for field crop pollination by the major supplier of this species (Koppert). In most experiments a minimum of 3 quads per treatment will be used in each experiment, although repeated measures designs will be used to increase design efficiency (Crowder and Hand 1990) using robust analytic approaches via modeling the variance/covariance structure of the designs (Demidenko 2005). Colonies will be standardized relative to worker number and size class, abundance of brood, and food stores prior to the onset of the experiment. This can be easily done by cooling the colony down to 10º C in a dark walk-in cooler and then with red light as the source of illumination manipulate the colony demographics. In addition, hive insulation (foam board), shading, access to water, presence of alternative forage, and movement of colonies during pollination can be manipulated in standard ways. The numbers of foraging bees and the length of their foraging trips will be recorded for sequential time intervals during the experimental period lasting several days to weeks. Bee foraging data will be recorded with BeeScan® bumble bee. Environmental factors both outside and inside hives will be measured with Hobo® dataloggers with associated temperature and relative humidity sensors. Pollen collection will be assessed by capturing workers returning to the hive and sampling pollen loads prior to releasing bees back to the hives. All colonies will be placed in crops that are in full bloom.

Over a four-year period, replicated experiments will be conducted to assess factors that are hypothesized to affect worker pollen foraging and thus pollination efficiency (Goulson 2003). Specific factors that will be manipulated and assessed as to their impact on worker pollen foraging are: (1) effects of early queen production (the effect on worker foraging, but also colony persistence and potential for queen overwintering in the farm landscape since this is an outcome of renting bumble bees that several farmers desire), (2) brood / worker ratios, (3) pollen and nectar stores, (4) environmental factors air temp, wind, precipitation (both rain and snow (spring in Maine occasionally is characterized by snow during blueberry and apple bloom), (5) diurnal periodicity of foraging on different crops (blueberry, apple, cranberry, cucurbits, tomatoes) and its relationship with the periodicity of nectar replenishment and pollen dehiscence, (6) hive insulation and shading, (7) hive density (aggregation of placement), (8) hive movement within a field (how far does it have to be from previous location and the best way to move colonies), (9) comparison of locally adapted native B. impatiens hives with commercial hives (native colonies will be collected in mid-summer and compared with commercial colonies in cucurbit vegetable farms), and (10) impact of close association with honey bees foraging on the same crop (competition on flowers and aggressive robbing).

It is anticipated that as experiments are conducted new hypotheses will be developed and may result in the replacement of some of the factors that are suggested above. During the last two years of the study we will continue to investigate factors that may enhance B. impatiens foraging, but in addition, we will begin incorporating our findings into management tactics and validating them on farms during pollination (ex. sun screens, insulated hives, hive deployment patterns, etc.). This second phase will allow the technology transfer that is necessary for increased adoption of this pollinator.

Collaborators: Drummond
Objective 8b-No. 5 – Determine comparative economics of utilizing non-Apis bees 
Rationale and significance
It is important to understand more fully the relative economic strengths and liabilities of different pollinator groups, and one of the most practical questions is a recommended stocking density. Net grower benefits from pollination are a function of the difference between hive rental or purchase fees and the additional yields/revenues realized from the added pollination. Non-Apis bees are typically purchased, not rented, and their unit cost is high compared to Apis. This economic disadvantage is partly off-set by the comparative efficiency with which non-Apis bees pollinate crops, especially those with specialized floral morphology such as blueberry and cranberry (Delaplane and Mayer 2000).
Expected outcome
To: (1) Recognize the optimum stocking densities of B. impatiens and Megachile rotundata, and (2) derive cost estimates for implementation of non-Apis pollination services.

Methods
From lowbush blueberry studies, we have data that allowed us to develop recommendations for stocking densities for B. impatiens, a commercial bumble bee species (research conducted in 1996-2000 and 2005-2007, Stubbs and Drummond (2000, 2001)) and Megachile rotundata, the alfalfa leafcutting bee (research conducted between 1994-1996 (Stubbs and Drummond 1997)). There are other states that have similar data for non-Apis pollinators associated with other crops (Free 1993, Delaplane and Mayer 2000, Bosch and Kemp 2001, Goulson 2003). These data along with other unpublished reports and interviews will provide the basis for an economic cost/benefit analysis of non-Apis pollinators compared to honey bees.

The economic analyses will be conducted by University of Maine economist Dr. Andrew Files in cooperation with Dr. Francis Drummond (pollination ecologist at the University of Maine). Partial budgets are used to evaluate the change in profits due to a change in operations (pollination strategy). They can be considered a marginal analysis as they are best used for analyzing relatively small changes in a farm operation (Kay, 1986). Monte Carlo simulations incorporating yield variations will be used in the yield risk analysis whereas price variation over time will be incorporated in Monte Carlo simulations for the price risk analysis (Amir and Knipscheer 1989, Olson 2003). This approach only assesses the variable costs of crop production that are central to pollination and not incurred fixed costs such as capital expenses in running everyday aspects of the farm such as tractor purchase, mortgage on farm buildings or externalities (Lin 1982) such as effects of commercial pollinators on native pollinator fauna via competition or disease transfer. Projected costs of trucking can also be entered into a “futures analysis”. We plan to assess the economic benefits of alternative pollinators at a range of hive stocking densities (where data permits such as with Stubbs and Drummond 1997b) and for a variety of different cropping systems and also conduct a price risk analysis will under a yield risk assessment scenario. Costs of implementation of the pollination strategies will consist of material costs for growers and the labor costs associated with each strategy estimated from either published experiments or interviews with extension specialists or growers currently using the various pollination strategies.

In addition, interviews with growers that have used these alternative pollinators will be used to develop case studies to enhance alternative pollinator adoption (Norman and Collinson 1986). This analysis will allow estimates of costs by growers for converting from pollination services based upon honey bees to those based upon other commercial pollinators. The generality of this technique will be assessed on other potential commercial pollinator data sets from across the US in a range of various crops (Free 1993 and Delaplane and Mayer 2000).

Collaborators: Drummond
Objective 8c – Conservation of non-apis bees and their contribution to crop pollination including economic value.
Expected outcomes:

Provide guidelines for non-Apis pollinator conservation practices. The types of agricultural settings (according to crop type, field size, landscape context, etc.) where native pollinators are likely to contribute significantly to crop pollination will be identified for 2-4 different crops. Recommendations will be developed to update crop-density recommendations for non-Apis pollinators, and school curricula for increasing pollinator awareness. 

Methods

Land use and land management practices associated with diverse and abundant native bee communities will be identified by (1) analyzing several existing, large data sets on native bee communities in the Mid-Atlantic region (R Winfree, unpublished data), (2) collecting new data on farm management practices associated with native bee presence for 2-4 crops, and (3) experimentally testing roughly 20 plants species for their value in pollinator restoration protocols. For further methods of  (2), see below. The plant and pollinator restoration research will be done in collaboration with New Jersey NRCS and will be aimed at improving the efficacy and efficiency of existing Farm Bill pollinator conservation programs. Five replicate plots of each plant species will be established at the regional Plant Materials Center in Cape May, New Jersey and will be surveyed weekly for pollinator use throughout one or more growing seasons.

Data on native bee pollination of crops will be collected as follows. Studies will be done for two or more of the following crops: cranberry, highbush blueberry, watermelon, pumpkin, bell pepper and eggplant. For each study, 10-20 farms will be selected. Data will be collected throughout the crop bloom period on the species of native bees visiting crop flowers, and the rate of flower visitation by native bees and honey bees, so that the contributions of honey and native bees can be compared. Per-visit pollen deposition will be recorded for native and honey bees, using virgin flowers for which stigmas are subsequently scored under a microscope for the number of pollen grains. The total contribution to pollination by different bee taxa will then be calculated and compared to the pollination requirements of the crop (all methods are detailed in (Winfree et al. 2007; Winfree et al. 2008). Other data to be recorded and used in analyses include landscape-scale land use (obtained from GIS), farm field size (by GPS and GIS), pesticide use, and the extent of weedy floral cover in the farm field.

Collaborators:

The Winfree lab at Rutgers University will conduct the above studies in the Mid-Atlantic region. A collaboration is in the planning stages between Winfree and Marla Spivak of the University of Minnesota to conduct a related, comparative study of landscape-scale land use and native bee communities in the Midwestern region.

OUTPUTS AND OUTCOMES 

Expected Publications:

- “Best Practices” extension manual for integrated management of parasitic mites

- A comprehensive educational website on Bee Health on eXtension.org in cooperation with the 

  ARS Areawide project  

- Surveys of incidence and coincidence of pathogens and parasites of honey bees

- Surveys of environmental contaminants in the field and in colonies and correlations with   

  colony health

- Effects of sub-lethal doses of environmental contaminants on bees at ambient concentrations

- Reports of annual meetings

- Reports on breeding programs that reduce parasite and pathogen impact

- Recommendations on the efficacy of non-Apis pollinators for several crops and agricultural

  settings, and recommendations on  non-Apis pollinator conservation

-Publications in scientific journals that describe biotic and abiotic threats to bees, as well as   

  relevant control methods and breeding strategies.

Other expected outcomes:

This is a five-year project. The expectation is that it will build a foundation for coordination of research efforts involving colony health and significant progress towards the following expected outcomes and impacts.

1) Increased beekeeper awareness and adoption of best practices to maintain colony health by controlling Varroa mites with minimum use of pesticides.

2) Increased knowledge of pathogen identities and levels within bee hives.

3) Increased understanding of causative agents involved in the colony collapses.

4) Demonstrable progress towards developing more resistance to Varroa mites and pathogens in breeding stocks of bees.

5) Leverage of increased funding for research of colony health issues.

Timeline for Objectives:

Year 1:

- Website on bee health on eXtension.org established

- Progress report on all objectives due at annual meeting in January 2010

Year 2:

- Best management practices draft #1 completed 

- Research report draft #1 on effect of sub-lethal doses of environmental contaminants 

- Survey of environmental contaminants in the field and in colonies and correlations with colony
  health complete

- Initial report on recommendations on non-Apis pollinator conservation

- Initial reports on progress towards breeding and analyses of genetic diversity and mapping
  genes.

- Progress report on all objectives due at annual meeting in January 2011

Year 3:

- Best management practices final draft completed and published on eXtension.org

- Varroa mite economic threshold research completed and published

- Standard sampling regimes for parasitic mites draft #1 complete 

- Complete and publish final research report on effect of sub-lethal doses of environmental
   contaminants

- Scientific publications from different studies 

- Initial breeding program report due

- Initial report on efficacy of non-Apis pollinators for several crops and agricultural settings

- Progress report on all objectives due at annual meeting in January 2012
Year 4:

- Standard sampling regimes for parasitic mites final draft complete and published on
  eXtension.org

- Final report of survey of incidence and coincidence of pathogens and parasites of honey bees
  and publish on eXtesnion.org

- Initial report on the effects of interactions among various factors affecting honey bee colony  

  health

- Scientific publications from different studies 

- Progress report on all objectives due at annual meeting in January 2013 and plans for
  submitting new project for next 5-year project (2015-2019) 
Year 5: 

- Breeding program final report due and published on eXtension.org

- Scientific publications from different studies

- Final report on efficacy of non-Apis pollinators for several crops and agricultural settings and
  publish on eXtension.org

- Final report on the effects of interactions among various factors affecting honey bee colony
  health and publish on eXtension.org 

- Final report on recommendations on non-Apis pollinator conservation and publish on
  eXtension.org

- Final report on all objectives due at annual meeting in January 2014
- Submit new project proposal for next 5-year cycle 

Citations:

¹2008 CSREES Managed Pollinator Coordinated Agricultural Project

²2007 report of the NAS-NRC, “Status of Pollinators in North America.”
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