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Diet can have an array of both direct and indirect effects on an organism’s health and fitness, which can influence the outcomes of host-pathogen interactions. Land use changes, which could impact diet quantity and quality, have imposed foraging stress on important natural and agricultural pollinators. Diet related stress could exacerbate existing negative impacts of pathogen infection. Accounting for most of its nutritional intake in terms of protein and many micronutrients, pollen can influence bee health through changes in immunity, infection, and various aspects of individual and colony fitness. We investigate how adult pollen consumption, pollen type, and pollen diversity influence bumble bee Bombus impatiens survival and infection outcomes for a microsporidian pathogen Nosema (Vairimorpha) bombi. Experimental pathogen exposures of larvae occurred in microcolonies and newly emerged adult workers were given one of three predominantly monofloral, polyfloral, or no pollen diets. Workers were assessed for size, pollen consumption, infection 8-days following adult-eclosion, survival, and the presence of extracellular microsporidian spores at death. Pollen diet treatment, specifically absence of pollen, and infection independently reduced survival, but we saw no effects of pollen, pollen type, or pollen diet diversity on infection outcomes. The latter suggests infection outcomes were likely already set, prior to differential diets. Although infection outcomes were not altered by pollen diet in our study, it highlights both pathogen infection and pollen availability as important for bumble bee health, and these factors may interact at different stages of bumble bee development, at the colony level, or under different dietary regimes.
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Introduction

An organism’s diet, through its nutrition or other elements, can have a profound influence on its ecology, including biotic interactions (1). This includes important effects of diet on the outcomes of pathogen infection, including pathogen traits of infectivity and transmission and host traits of health and fitness. In humans, the link between malnutrition and infectious disease is longstanding, with deficiencies in the diet compromising immunity and thus resistance to infection (2). Variation in host diet can influence immunity (3–5) and infection outcomes relating to the levels of infection and survival tolerance to infection (5–7). Non-nutritional compounds can also reduce infection (8). Diets can enhance the growth of commensal microbes that compete with pathogenic bacteria, indirectly reducing the opportunity for infection, or promoting immunity (9). Conversely, a highly diverse diet can catalyze the growth of symbiotic bacteria to levels that lead to costly upregulation of immunity (10). Diet composition can also affect strategic life history trait shifts, such as investment in reproduction upon parasite infection (11). As shown by these examples above, the evidence for diet-dependence of infection outcomes is widespread, but we still lack knowledge of how ecologically relevant variation in diet, including diversity, may affect many important host-pathogen interactions.

The health of pollinators globally is currently of great concern. Agricultural and other land use changes combined with other factors like nutrition, changing climate, pathogens and pesticides have been touted as being responsible for declines of several species of insect pollinators, including bees (12, 13). These factors deemed detrimental to pollinator health will have negative impacts on important agricultural and natural ecosystem pollination, increasing the need to elucidate the mechanisms by which they affect pollinator populations. In addition, the factors highlighted above have the potential to interact with one another, potentially to the further detriment of pollinator health (12, 14–16). This work focuses on the potential interaction between adult diet and infection outcomes in a bumble bee and microsporidian pathogen system.

Floral resources available to bees, which dictate their diet, have the potential to influence individual development and condition but also the health of social bee colonies (17, 18). Bee nectar and pollen consumption are responsible for being the main source of carbohydrates and protein, respectively, with pollen also providing lipids and micronutrients (19). Different flowers provide nectar that varies in carbohydrates and organic compounds important for pollinator attraction and floral defense (20), and pollen that varies in protein, lipid, sterol and essential amino acids (21–24). The available resources for bees may vary in quality and quantity, and land use changes, such as intense agriculture, can decrease floral diversity (25).

Available quantity, quality and diversity of pollen resources for important bee pollinators may induce foraging stress and have other direct and indirect effects on individual and overall colony health. Under such conditions bees may be faced with increased energetic costs of foraging (26) and nutritional deprivation. For example, Bombus impatiens colony-level performance strongly correlates with total amount of pollen collected and total macronutrient quantity (27). In addition, in intense agricultural environments depauperate in floral diversity, foragers of the bumble bee B. terrestris return with less diverse pollen loads compared with more diverse areas, and the diversity of collected pollen is positively correlated with a surrogate of colony growth and weight (28). Pollen availability and type has also been shown to influence individual development, size and survival, queen oviposition, and colony development (29–35). Even if pollen diversity is not important per se, but rather individual components of the pollen diet influence bee health (24), pollen diet diversity can contribute to buffering against poor quality pollen (34) and allow for diet optimization (23, 36).

There are likely many connections between nutrition and bee pathogen infection, including interactions that influence health (37). For example, choice of floral resources may affect pathogen exposure (38) and landscape simplification altering diet breadth appears to affect pathogen prevalence (39). Conversely, pathogen infection may influence foraging behavior, and hence diet. Bombus impatiens foraging efforts are impaired, specifically in discriminatory learning of rewarding and nonrewarding flowers, under the stress of infection by the trypanosome Crithida bombi (40). However, the focus here is on how diet may interact directly or indirectly, through bee host physiology and condition, with pathogen infections.

Pollen feeding alters C. bombi development in bumble bees (Bombus terrestris), with important effects on colony-level transmission (41). In addition, an increase in pollen consumption may indirectly benefit the host without necessarily influencing pathogen clearance. Honey bees (Apis mellifera) fed higher pollen quantity showed higher Nosema cerenae infection intensities but also had higher survival (42). Diverse poly-floral pollen also increased honey bee tolerance to N. ceranae infection above all but the most protein rich mono-floral diets (43). A similar benefit of poly-floral pollen was seen for honey bee larvae infected with an opportunistic fungal pathogen Aspergillus fumigatus (44). High diet diversity in honey bees increases glucose oxidase activity, a social immune measure important for an antimicrobial secretion in larval food and honey (45). Pollen diet quality can also affect bumble bee immunity (46), and immune gene expression in response to a trypanosome infection are reduced following pollen deprivation (47). Some pollen types, such as sunflower, have also been declared medicinal due to reductions in bumble bee trypanosome infection (48–50). These effects may not come from nutrition, but rather protective anti-microbial effects of phytochemicals in the diet (37). It is clear then, that both pollen diversity and pollen quality may be important for mitigating the negative effects of infection.

Many North American bumble bee species have declined in abundance and range over the last decades, with an apparent association between species declines and infection with the microsporidian pathogen Nosema (Vairimorpha) bombi (12, 51–53). Recently, there was a proposal to reclassify Nosema as Vairimorpha (54). However, while we acknowledge uncertainty in the classification, we maintain our use of the genus name Nosema given a lack of additional evidence that would be required for official reclassification (55). Nosema bombi has been shown to decrease bee fitness traits, including survival, sperm counts (56), and colony size (57). Adult workers deposit environmentally resistant spores in their feces (58), which contaminate nest material and floral resources. Larval stages are infected (59) and the intra-cellular pathogen stage hijacks ATP from host cells to develop and reproduce (60). Due to the drain by N. bombi on host energy reserves, infection outcomes may be expected to depend on nutritional resources, including those in the pollen diet. Although it has been shown that the isoflavanoid biochanin A, found in clover pollen, reduces N. bombi spores in adults but not larvae (61), no other studies have investigated such effects of bumble bee diet on infection with N. bombi.

There is limited understanding on how important pathogen and host parameters in chronic infections, including those of key pollinators, are influenced by diet diversity. In this study, we analyze the influence of adult pollen diet availability and diversity on outcomes of existing N. bombi infections in the bumble bee B. impatiens. We hypothesize that a pollen diet and the diversity of that diet will influence either resistance or tolerance to infection (62), based on the multiple stressor hypothesis of increased detrimental effects upon combined stressors (14). We use experimental pathogen inoculations during the larval stage combined with adult diets of no pollen, three predominantly mono-floral pollen diets (Salix sp., Gleditsia triacanthos, Rubus sp.) and one poly-floral pollen diet, combining these monofloral pollens, to assess the effects on diet consumption over time, pathogen spore loads, and host survival. We predict that pollen deprived bees and those fed mono-floral pollen diets will have lower resistance to infection (spore load) and that an interaction between pollen diet and Nosema infection on survival will be present because of further reduced tolerance to infection in pollen deprived and mono-floral pollen fed bees.





Materials and methods




Overview of experimental design to assess individual and combined pollen and pathogen effects

To assess individual and combined effects of diet treatment and N. bombi exposure and infection, developing larvae were either exposed or not exposed to a fixed number of spores during early development within their microcolonies. Subsequently, adults emerging in the microcolonies were isolated and provisioned with no pollen, one of three predominantly mono-floral pollen diets (confirmed molecularly as Salix sp., Gleditsia triacanthos, Rubus sp.), or a poly-floral diet consisting of an equal mix of the three mono-floral diets. Workers were assessed for effects of Nosema exposure or infection and pollen diet treatment on: (i) adult body size (n=200), (ii) pollen consumption (n=169), (iii) sporulating infection prevalence and spore count 8-days after adult emergence in a subset of bees killed at that time (n=76), (iv) infection prevalence and spore count at the time of death in a survival group and (v) their adult survival (n=166).





Bumble bee source colonies

Microcolonies were established from ten commercial colonies (Koppert Biological Systems, Howell, Michigan, USA) and additional data for 8-day infection outcomes were collected from microcolonies sourced from a further three lab-reared colonies from field-caught queens. Queens of the lab-reared colonies were collected with the permission of the ParkLands Foundation (http://www.parklandsfoundation.org/) from the Mackinaw River Study Area (Lexington, IL., U.S.A.). All established colonies were confirmed free of common pathogen infections (including N. bombi) and maintained under standard laboratory conditions (14).





Nosema bombi inoculum

Abdomens from three workers infected with a single Nosema isolate (lab identification: 017.01) were processed as in Calhoun et al. (14) and aliquots were stored at -80°C. When larvae were ready to receive the Nosema spore inoculum, aliquots were thawed on dry bath at 32°C. The aliquot was centrifuged at 3000 g for five minutes, and supernatant was removed. The pellet was then suspended in 1:1 v/v ultrapure water and 50% sugar water blended with five grains of fresh frozen pollen. Spore solutions were adjusted to 20,000 spores/μL for inoculation.





Microcolony set-up and larval pathogen inoculation

Worker larvae in queenless microcolonies were designated to receive either N. bombi or a control solution containing only sugar water and pollen. Queenless microcolonies were constructed by randomly isolating five workers from a source colony into a plastic box with three medium petri dishes used to hold a brood clump of early instar (2nd) larvae and their surrounding wax that had been removed from the queen containing source colony, a standard poly-floral pollen pellet that was replaced three times per week, and a feeding tube providing sugar water ad libitum. All microcolonies were housed under red-light illumination at 26 ± 1.5°C.

Two-days after microcolony establishment, individual larva received a 2 μL inoculum of either 40,000 N. bombi spores suspended in a sugar water/pollen grain solution or a comparable solution without pathogen spores. Larval brood were temporarily separated from their respective microcolony, the wax of the larval casing was carefully peeled back utilizing soft forceps and a straight tip dissecting needle, exposing the larvae. Once uncovered, the 2 μL inoculum was delivered with a micropipette to the ventral side of each individual, allowing for the solution to adhere and be consumed by the larva. Each larval brood was left separated from the microcolony for five minutes to ensure full consumption of the treatment and placed back into their respective microcolony, where the wax was repaired by the nursing workers. This process was observed to ensure that larvae were not rejected. The original adult workers were marked with a spot of correction fluid on the top of the thorax and microcolonies were observed daily for adult emergence of the experimental individuals. Adults that emerged from each microcolony were removed within 24 hours and allocated uniformly to treatments within each replicate block. Removed individuals were isolated into plastic deli dishes (10 × 5 × 8 cm) with a 15 mL feeding tube containing sterile sugar water, paper substrate, and a 35mm petri dish with a pollen pellet for their respective diet treatment (see below). Deli dishes were replaced every 8 days for bees in the survival group. Body size from the radial cell length of the forewings for all individual (63) were measured using ImageJ software. The mean was taken from each pair of forewings for further analyses.





Pollen diet treatments and consumption

Adults emerging from the microcolonies were provided with one of five pollen diet treatments. To produce three mono-floral diets, honey bee collected pollen loads were sorted based on color and the three most consistent and abundant were chosen (green, orange, yellow). A poly-floral blend was made by combining equal weights, to the nearest milligram, of the three mono-floral blends. Honey bees are known to predominantly collect one type of pollen per foraging trip (64). However, to confirm purity of mono-floral pollen diets and the diversity of the mono-floral versus poly-floral diets, four samples of each pollen type were suspended in ultrapure water and pollen grains counted in a FastRead 102 chamber under 400x magnification. All mono-floral diets had high levels of the focal pollen type, with the green 92% (s.d. 0.020%), orange 99% (s.d. 0.001%), and yellow 97% (s.d. 0.004%) purity. The Shannon Diversity Index, determined through microscopy for all pollen, the poly-floral treatment (1.20) was much higher than the green (0.27), orange (0.08) and yellow (0.17) mono-floral diets, indicating the desired difference between the treatments in diet diversity. The identity of the pollen was determined by DNA extraction from three replicates of individual pollen loads from each type using an IBI Scientific Mini Genomic Plant DNA Kit following the manufacturer’s instructions. PCR reactions were then set up using established primers and conditions for the trnL-trnF and ITS2 barcoding regions (65). All replicates for both regions were consistently identified as Salix sp. (Willow, orange), Gleditsia triacanthos (Honey locust, yellow), Rubus sp. (bramble, green) (Supplementary Table 1).

All pollen diets were made of the same ratio of sugar water to pollen and shaped into pellets using a 1 mL syringe, with the pollen cut every 100μl. Pellets were made fresh and replaced every 4 days. Consumption of diet treatments was measured by the difference in dry mass relative to the mean of 30 pre-weighed identically made reference pollen pellets of each diet. Dry weight was taken following a 2 day drying period in a drying oven at 60°C. All pellets were weighed on an XA Analytical Balance (Fisher Scientific) to the nearest milligram. A fifth pollen diet treatment consisted of no pollen, where workers were only fed sugar water ad libitum.





Infection and survival responses

Infection was measured in a group of bees that were killed at eight-days post-eclosion to ensure a fixed timepoint for assessment of infection across individuals at a time when spores have been produced. These bees were stored at -20°C until processing. Whole bee abdomens were removed, homogenized in 1 mL ringer solution with an Omni THQ digital tissue homogenizer with a hard tissue tip. 10 μL of the homogenate was placed onto a hemocytometer and observed under a phase contrast microscope (Labomed Lx 500, Fremont, CA, USA) at 400x total magnification. Transmission ready spores were counted and converted to total spores per individual for further analysis. When spores are present, they are proportional to the overall infection intensity of intra-cellular stages (14).

Those bees assigned to the survival group were tracked daily for survival. Upon death, the date was recorded, and Nosema spores on death were quantified as above. Bees that did not die before the end of the experiment were included in analyses as right-censored observations.





Statistical analyses

All analyses were performed in R version 3.6.3 “Holding the Windsock” for Mac (66). The coxme package (67) was used for Mixed Effect Cox Proportional Hazards Models and the lme4 package for Generalized Linear Models (68). For each response variable, potential distributions were assessed for model fit and adherence to model assumptions. Initial models were simplified by sequentially eliminating non-significant terms based on likelihood ratio tests (LRTs) and nested models were selected using AIC (69). Statistics for terms not in final models were taken from the step before their removal. The package emmeans (70) was used to calculate estimated marginal means and their confidence intervals for levels of model terms and for post hoc contrasts.

For all models the original source colony and micro-colony, nested within original source colony, were included as random effects. A Linear Mixed Effects Model was fit with Nosema exposure treatment as a fixed effect to test the effect of larval exposure to the pathogen on adult body size. Additionally, a second model was fit only to the data from the Nosema exposed group to assess the influence of infection status, with the presence of spores when sampled taken as evidence of infection and the lack of spores as no infection. For a Linear Mixed Effects Model to analyze pollen consumption from 0 to 4 days and 4 to 8 days after adult eclosion, individual bee ID was included as an additional random effect to account for the repeated measures design. Further, the initial fitted model included body size, time period (0-4 and 4-8 days), Nosema exposure, pollen diet treatment, and all two-way interactions and the three-way interaction between time period, Nosema exposure, and pollen diet treatment. A second model was again fit with infection status within Nosema exposed bees replacing Nosema exposure treatment. Fixed time point infection prevalence at 8 days post-adult eclosion were analyzed based on binary infection prevalence (0/1). Infection prevalence was analyzed with a Generalized Linear Mixed Model fit with a binomial distribution and logit link function, including body size and diet in the initial model. The total number of spores was analyzed with a Linear Mixed Effects Model initially including body size and pollen diet treatment. The response variable of total spores was log transformed to meet model assumptions, and this approach was preferred as it produced a better fitting model than Generalized Linear Mixed Models with distributions including log link functions. These same analyses were repeated for spore presence and numbers at death in the survival group. A Mixed Effect Cox Proportional Hazards Model was used to evaluate the effect of body size, pollen treatment, Nosema exposure treatment, and the interaction between pollen and Nosema exposure treatments on individual survival. A similar model but only on individuals exposed to Nosema, replaced Nosema exposure treatment with infection status, as with body size and pollen consumption above.






Results




Body size

Comparing bees exposed as larvae to Nosema and unexposed bees, there was no significant difference in adult size (χ2 = 0.316, d.f. = 1, p = 0.574). However, within Nosema exposed bees, those showing signs of infection (i.e., the presence of spores) were significantly smaller than those with no apparent infection (χ2 = 4.01, d.f. = 1, p = 0.045) (Supplementary Figure 1).





Pollen diet consumption

There was a significant effect of time period on pollen consumption (Table 1), with bees consuming more in their first four days than between day four and eight (Figure 1). Additionally, larger bees consumed more pollen (β = 0.346) (Table 1). There was, however, no effect of Nosema exposure, diet, or the interactions between them and time period on pollen consumption (p > 0.25) (Table 1). These outcomes did not change when comparing bees with evidence of infection and those without in the Nosema exposed group (Table 1).


Table 1 | Fixed effect model terms for pollen diet consumption for (A) Nosema bombi exposed and unexposed bees, and (B) within N. bombi exposed bees, those with evidence of infection and those without.






Figure 1 | Total pollen consumed from days 0-4 and 4-8 for each pollen diet treatment. Points represent estimated marginal means and error bars represent 95% confidence intervals.







Pathogen spores at 8 days after adult eclosion

At 8 days following adult eclosion, 45% of bees exposed to Nosema as larvae had spores present. There was no significant effect of the diet treatment on the presence of spores (χ2 = 0.69, d.f. = 4, p = 0.953) (Figure 2), nor an effect of body size (χ2 = 1.66, d.f. = 1, p = 0.198). Of those bees with spores present, there was no significant difference in spore numbers based on diet (χ2 = 0.53, d.f. = 4, p = 0.970) (Supplementary Figure 2) or body size (χ2 = 2.90, d.f. = 1, p = 0.088).




Figure 2 | The proportion of 8-day post eclosion adult workers with N. bombi spores by pollen diet treatment. Points represent diet treatment estimated marginal means and error bars represent 95% confidence intervals. Numbers below bars represent sample sizes of each diet treatment.







Pathogen spores on death

At the time of their death, 47.5% of those bees exposed to Nosema had spores present. There was no effect of pollen diet treatment (χ2 = 2.39, d.f. = 4, p = 0.664, Figure 3) or body size (χ2 = 1.38, d.f. = 1, p = 0.240) on the proportion of bees with spores on death. Of those with spores present when they died, there was no significant difference in spore numbers based on diet (χ2 = 2.06, d.f. = 4, p = 0.724) (Supplementary Figure 3). There was, however, a significant effect of body size (χ2 = 5.35, d.f. = 1, p = 0.021), with larger bees having more spores when they died (Supplementary Figure 4).




Figure 3 | Proportion of workers with N. bombi spores at the time of death across pollen diet treatments. Points represent diet treatment estimated marginal means and error bars represent 95% confidence intervals. Numbers below bars represent sample sizes of each diet treatment.







Survival

There was no significant interaction between Nosema exposure and pollen diet on survival (χ2 = 7.33, d.f. = 4, p = 0.119). However, pathogen exposed bees had a decreased likelihood of survival (χ2 = 4.53, d.f. = 1, p = 0.033) (Figure 4). There was also a significant effect of pollen diet treatment on mortality (χ2 = 27.40, d.f. = 4, p < 0.001, Figure 5), with post hoc tests indicating significantly increased probability of survival in individuals provided with pollen versus those not (Hazard ratio = 3.32, s.e. = 0.79, p < 0.001). Larger individuals also had a higher probability of survival (χ2 = 5.62, d.f. = 1, p = 0.018). When only examining bees exposed to Nosema, and comparing bees with evidence of infection and those without, these outcomes were largely consistent for the interaction of pollen diet treatment and infection status (χ2 = 1.75, d.f. = 4, p = 0.782), infection status (χ2 = 3.97, d.f. = 4, p = 0.046), pollen diet treatment (χ2 = 15.06, d.f. = 4, p = 0.005) and body size (χ2 = 3.53, d.f. = 1, p = 0.060).




Figure 4 | Estimated survival hazards of worker bees exposed to N. bombi and those not. Points represent model estimated survival hazard values and error bars represent 95% confidence interval. Numbers below bars represent sample sizes.






Figure 5 | Estimated survival hazard of worker bees across pollen diet treatments. Points represent model estimated survival hazard values and error bars represent 95% confidence interval. Numbers below bars represent sample sizes.








Discussion

The pollen diet treatments employed in our study did not influence resistance to N. bombi infection, with prevalence of spores in eight-day adults, prevalence of spores upon death, and spore loads in dying bees not differing significantly across diet treatments. However, adult body size, something that can be affected by larval diet (31), affected some infection outcomes. Nosema infection negatively affected survival, but we did not find this to be affected by pollen diet treatment. However, pollen diet treatment itself significantly influenced survival, which was driven by reduced survival in pollen deprived adults. This supports other work suggesting the importance of pollen not just for larval development but also for adult bumble bee health (47, 71).

Contrary to our hypothesis, we did not find support that pollen diet, either pollen presence or diversity, influences N. bombi infection outcomes measured. This is in contrast to studies in honey bees infected with other Nosema spp. showing increased infection levels with increased pollen consumption (72, 73) and increased tolerance with greater pollen consumption (42) and with high diverse diets (43). Such effects may have been expected in bumble bees too, where the immune response to and infection by an adult bumble bee gut-infecting trypanosome, C. bombi, is affected in various ways by pollen availability and type (41, 47, 48). We suspect that in our study the exact infection outcomes of spore load and survival had been determined prior to the implementation of the different pollen diet treatments, given that infection establishment and development predominantly occur pre-adult. However, an interaction between pathogen infection and diet could be found under a different experimental regime. Nosema bombi infection establishes most successfully early in bumble bee development in larval instars (59). In our study, larval diet was consistent across all treatments, with pollen diet treatments only imposed during adulthood. It could be that by the time adulthood is reached, the trajectory of the infection is set. However, work showing that an isoflavonoid present in certain pollen types influences N. bombi spore load when consumed by adult but not larval bumble bees (61), suggests that this is not necessarily the case.

In addition to the temporal aspect between larval and adult diets, only three select pollen types were tested in our experiment, with pollen of Salix sp., Gleditsia triacanthos, and Rubus sp. In nature, a greater diversity or availability of different pollen may have different effects based on their distinct profiles of protein, lipid, amino acids, and secondary compounds. It is known that different pollen sources differ in important ways that may affect bumble bee individual and colony health (24, 33, 35), but a diverse poly-floral pollen diet is only expected to be beneficial if the mono-floral diets differ in parameters relevant for health. It has been previously shown that Salix and Rubus differ in protein:lipid ratios (19), but these differences were apparently not sufficient to drive different outcomes in terms of survival alone or infection outcomes documented. In nature, bumble bees may also regulate their intake of pollen in polyfloral landscapes to meet their nutritional demands (23, 27). If different infection outcomes were found under other varied pollen diets, it is feasible that bumble bees could balance their intake to minimize infection-related health losses, as has been seen in other insect systems (74, 75).

In addition to effects on infection resistance, the possibility that all individuals experienced similar diets during important stages of development may be an underlying reason that explains host survival in our study. Similar diets would result in similar anatomical development of Malpighian tubules, thorax muscles, fat body tissue and nerve tissues, all where N. bombi infects (76). The lack of any interaction between pollen diet treatment and infection is perhaps most surprising when contrasting the pollen provisioned and pollen deprived groups, given N. bombi’s metabolic need and energy depletion of host cells (60) and the reduced survival of pollen deprived bees. It is plausible that infected bees in the absence of pollen compensated the loss of energy through increased carbohydrate consumption through sugar water, which was provided ad libitum and was not measured in this study. Future studies should focus on varied pollen compositions and their influence during larval development on immunity and infection.

Although infection outcomes were not affected by diet, we observed negative effects on survival and adult body size in N. bombi infected bees. This study in B. impatiens adds to demonstrations from other bumble bee species of several detrimental impacts of individuals and colonies (56, 57, 77; but see 14). The documented effects on size and survival could come from the cost of infection directly due to tissue damage or energy utilization of the microsporidian (60, 76) or from a shift in resource allocation from development and other traits to upregulate costly immunity (78).

We found that larger bees had higher numbers of spores on death. An increased area in the gut has been proposed to be a potential cause for an increase in N. bombi infection (79), which could link body size, infection, and eventual spore numbers on death. However, a significant effect of size was not seen on infection at eight days post-adult eclosion. It is also possible that bees surviving longer could have more time for spores to accumulate. In honey bees, N. ceranae spore loads increased as bees aged (80). With survival positively associated with body size, the relationship between body size and spore number on death could be explained by a similar relationship between age and spore loads.

In conclusion, we did not find that infections were mitigated in adult workers given pollen or given poly-floral diets compared to mono-floral diets. However, we found evidence that both factors are important for determining bumble bee health, but in the experimental infection and diet regimes assessed here they act independently. Nevertheless, combinations of the stressors of pathogens and a dearth of pollen in bumble bee populations will be more detrimental than each alone, due to their additive effects. Moreover, at the colony or bee pollinator community level, it is plausible that pollen diets could interact with infection or dietary effects on pathogen infection could emerge. With anthropogenic stressors threatening floral resources, and therefore pollen availability, future work should further investigate such potential diet and infectious disease links.
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Modelled responses Term: b4 df
(A) N. bombi exposed and unexposed Body size 34.17 1 <0.0001
Time period 28.98 1 <0.0001
Pathogen exposure 1.20 1 02732
Pollen diet 211 3 0.5502
Time period x Pathogen exposure 0.63 1 0.4284
Time period x Pollen diet 279 3 0.4248
Pathogen exposure x Pollen Diet 248 3 04788
Time period x Pathogen exposure x Pollen diet 0532 3 09119
(B) Only N. bombi exposed Body size 14.17 ) | 0.0002
Time period 18.74 1 <0.0001
Infection status 0.34 1 0.5614
Pollen diet 1.05 3 0.7895
| Time period x Infection status 0.17 1 0.6830
| Time period x Pollen diet 1.67 3 0.6432
Infection status x Pollen Diet 143 3 0.6986
Time period x Infection Status x Pollen diet 487 3 0.1816

Bolded terms were retained in the final model.





