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Abstract 22 

 Bumble bees are important pollinators that face threats from multiple sources, including 23 

agrochemical application. Declining bumble bee populations have been linked to fungicide application, 24 

which could directly affect the fungi often found in the stored food and GI tract of healthy bumble bees. 25 

Here, we test the hypothesis that fungicides impact bee health by disrupting bee-fungi interactions. We 26 

examine the interactive effects of the fungicide propiconazole and fungal supplementation on the survival, 27 

reproduction, and microbiome composition of microcolonies (queenless colonies) using two species, 28 

Bombus vosnesenskii and B. impatiens. We found that both bee species benefitted from fungi, but were 29 

differentially affected by fungicides. In B. vosnesenskii, fungicide exposure decreased survival while 30 

fungal supplementation mitigated fungicide effects. For B. impatiens, fungicide application had no effect, 31 

but fungal supplementation improved survival and offspring production. Fungicides reduced fungal 32 

abundance in B. vosnesenskii microcolonies, but not in B. impatiens, where instead fungal addition 33 

decreased fungal abundance. In B. vosnesenskii, the abundance of the pathogen Ascosphaera was 34 

negatively associated with survival, while the yeast Zygosaccharomyces was positively associated with 35 

survival. Our results highlight species-specific differences in response to fungicides and the nature of bee-36 

fungi associations, and caution the use of results obtained using one species to predict responses of other 37 

species. These results demonstrate that fungicides can alter bee-fungi interactions with consequences for 38 

bee survival and reproduction, and suggest that exploring the mechanisms of such interactions, including 39 

interactions among fungi in the bee GI tract, may offer insights into bumble bee biology and conservation 40 

strategies.  41 

  42 
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Significance statement (120 words) 43 

Wild bumble bee populations are declining globally, and a major predictor of these declines is agricultural 44 

fungicide application. We test the hypothesis that bee-associated fungi mediate fungicide effects on bees, 45 

examining how fungicide exposure and subsequent fungal supplementation impact bumble bee survival 46 

and microbiome. Fungal supplementation enhanced survival in both bumble bee species tested here, with 47 

fungi mediating effects of fungicide exposure in one species. Differences in bee survival were associated 48 

with changes in the gut mycobiome: negatively with the pathogen Ascosphaera and positively with 49 

Zygosaccharomyces yeasts. This study highlights the importance of the mycobiome in bumble bee health 50 

both as a mechanism by which fungicides impact bumble bees and as an avenue of further research on 51 

beneficial bee-associated fungi.   52 
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Introduction 53 

 Native bees, including bumble bees, are important pollinators of both native plants and 54 

agricultural crops [1,2]. Bumble bee (Bombus spp.) population decline has been well-documented [3,4], 55 

likely driven by multiple interacting factors including habitat degradation, pathogen prevalence, climate 56 

change, and agrochemical exposure [3,4,5,6]. On a landscape scale, the strongest predictor of bumble bee 57 

population decline is fungicide use [7], and experimental work shows that fungicide application can slow 58 

B. impatiens colony growth, resulting in smaller final colony size [8,9]. These studies demonstrate the 59 

need to understand the mechanisms through which fungicides impact bee health, and possible strategies to 60 

mitigate these effects.  61 

 The mechanisms behind fungicide effects on bumble bee colonies remain largely untested. One 62 

possible mechanism underlying fungicide impacts on bumble bee health is the disruption of bee-fungi 63 

associations. Bumble bees have a gut microbiome that contributes to bee nutrition and immune function 64 

[10,11]. Most research on bee microbiomes has focused on bacterial gut communities which are 65 

beneficial symbionts for bumble bees as well as other corbiculate bees [52]. However, bumble bees 66 

interact with fungi frequently and in multiple locations, although bee interactions with non-pathogenic 67 

fungi remain largely uncharacterized (but see [19]). Indeed, fungi, particularly yeasts, are commonly 68 

isolated from healthy bumble bees, including from the crop and gut [12,13,14], and from pollen 69 

provisions and stored nectar within the nest [15,16]. Bumble bees also exhibit behavioral preferences for 70 

yeast-containing flowers, preferentially foraging on flowers containing yeasts over flowers without yeasts 71 

[17,18]. Some evidence indicates that removal of fungi from food stores of bumble bees decreases the 72 

survival of developing larvae [15,19], and addition of certain yeast species to B. terrestris diets increases 73 

colony growth while also slowing the growth of the bumble bee pathogen Crithidia bombi [19]. 74 

Fungicides reduce the growth of nectar- and bee-associated yeasts in culture [9,15,20,21], and thus one 75 

clear, but untested, route by which fungicides could impact bumble bees is disruption of their associations 76 

with endosymbiotic fungi. 77 
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 In this study, we examined effects of fungicide application and fungal addition on worker bumble 78 

bee health and microbiome composition. We tested the hypotheses that (1) fungicide exposure affects 79 

bumble bee health, that (2) supplementation with bumble bee-associated fungi following fungicide 80 

exposure can mitigate the effects of fungicide, and that (3) changes in the composition and abundance of 81 

fungi within the gut microbiome mediate fungicide effects. To test these hypotheses, we used two species 82 

of bumble bee, the yellow-faced bumble bee, Bombus vosnesenskii, and the common eastern bumble bee, 83 

B. impatiens. We tested the effects of propiconazole, a widely used agricultural fungicide, and subsequent 84 

addition of fungi isolated from each bee species, and examined effects on feeding, foraging behavior, 85 

offspring production, survival, and microbiome composition.  86 

 87 

Results 88 

Microcolony survival 89 

 Fungicide and fungi addition affected microcolony survival in B. vosnesenskii and B. impatiens, 90 

but bee species differed in their responses. For B. vosnesenskii, fungicide without fungi addition reduced 91 

microcolony survival, with only about 50% of colonies surviving to day 20. However, microcolonies 92 

given fungi following fungicide exposure were indistinguishable from control microcolonies, both with 93 

nearly 85% survival to day 20 (fungicide x fungi treatments, χ2 = 5.55, df = 1, p = 0.02, Fig 1A). In 94 

contrast, B. impatiens microcolony survival did not change with fungicide application (χ2  = 0.049, p = 95 

0.43), but instead greatly increased with fungal addition (χ2 = 21, df = 1, p < 0.001, Fig 1B). Between 85-96 

100% of microcolonies given fungi survived to day 30, while only 40% of microcolonies that did not 97 

receive fungi survived to that point, regardless of fungicide application.  98 

 99 

Nectar consumption 100 

 For both bee species, fungi but not fungicide affected nectar feeding. Fungal addition increased B. 101 

vosnesenskii per-bee nectar consumption by 12% (F1,48 = 4.43, p = 0.040), while neither previous 102 

fungicide treatment (F1,46 = 0.12, p = 0.74) nor the interaction between fungicide treatment and fungi 103 
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treatment (F1, 51 = 1.23, p = 0.27) impacted consumption. In B. impatiens, fungal addition increased per-104 

bee nectar consumption by 24% compared to control nectar (F1,55 = 20.44, p < 0.001). Previous fungicide 105 

treatment (F1,55 = 2.55, p = 0.12) and the interaction between fungicide treatment and fungi treatment (F1, 106 

55 = 1.73, p = 0.19) had no effect on B. impatiens nectar consumption. Fungicide addition did not affect 107 

nectar consumption by either bee species (B. vosnesenskii, F1,51 = 0.10, p = 0.75; B. impatiens, F1,58 = 108 

0.0038, p = 0.95). 109 

 110 

Y-tube preference trials 111 

 Full y-tube results are contained in Supplemental Results. Briefly, B. vosnesenskii workers were 112 

tested in two preference trials, one between fungicide and control nectar volatiles and one between yeast 113 

(Metschnikowia reukaufii) and control nectar volatiles. Workers showed no preference between fungicide 114 

and control volatiles, but preferred control volatiles over yeasts. 115 

 116 

Offspring production 117 

Offspring production was not quantified for B. vosnesenskii as no offspring were produced. In B. 118 

impatiens microcolonies, fungal addition increased egg abundance (hurdle model, p = 0.007, Fig 2A), 119 

while neither fungicide treatment (p = 0.90) nor the fungicide x fungi interaction affected egg abundance 120 

(p = 0.82). Fungal addition also increased egg mass (F1,18 = 5.02, p = 0.038, Fig 2B), but egg mass was not 121 

affected by fungicide treatment (F1,18 = 0.59, p = 0.59) nor the fungicide x fungi interaction (F1,18 = 0.026, 122 

p = 0.87). 123 

 124 

Fungal microbiome 125 

Fungal abundance (qPCR) 126 

To examine if fungicide or fungi addition affected total fungal abundance, we quantified ITS 127 

copy number using qPCR. In B. vosnesenskii, fungicide application without subsequent fungal treatment 128 

reduced ITS copy number compared to all other treatments (F1,58 = 4.48, p = 0.04, Fig 3A). In addition, 129 
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fungal copy number was greater in the gut than in the crop (F1,53 = 12.58, p < 0.001), and there were no 130 

interactions between treatments and organ (p > 0.50 for all comparisons). A contrasting response in ITS 131 

copy number was found in B. impatiens microcolonies, where fungi-treated microcolonies had lower ITS 132 

copy number than microcolonies not treated with fungi (F1,58 = 8.76, p = 0.004, Fig 3B). ITS copy number 133 

was not affected by fungicide treatment (F1,58 = 1.89, p = 0.17) nor the fungicide x fungi interaction (F1,58 134 

= 0.87, p = 0.35). Gut samples contained higher copy number than the crops, though this difference was 135 

only marginally significant (F1,58 = 3.84, p = 0.055), and there were no interactions between treatments 136 

and organ (p > 0.50 for all comparisons). 137 

 138 

Amplicon sequencing 139 

Following quality filtering and preprocessing steps, a total of 2,169,875 ITS sequences were 140 

obtained from 64 B. vosnesenskii samples, ranging from 208 to 118,191 per sample (33,904 ± 529, mean 141 

± SE) which clustered into a total of 349 ASVs. All samples were saturating (Figure S1A). Ascomycete 142 

fungi accounted for 96% of sequences, comprised of families Saccharomycetaceae (36%), 143 

Debaryomycetaceae (22%), Ascosphaeraceae (16%), and Aspergillaceae (11%), among others.  144 

 A total of 598,998 ITS sequences were obtained from 64 B. impatiens samples, ranging from 8 to 145 

65,969 per sample (9,359 ± 208). Sequences were clustered into 54 ASVs. All sampling curves were 146 

saturating (Figure S1B). Ascomycetes accounted for 99.6% of sequences, and families included 147 

Saccharomycetaceae (66%), Ascosphaeraceae (12%), Aureobasidiaceae (10%), with the remainder 148 

comprised of Debaryomycetaceae and Aspergillaceae. 149 

 150 

Alpha diversity 151 

We examined if treatments affected alpha diversity of the fungal microbiome using Shannon 152 

diversity indices. In  B. vosnesenskii, Shannon diversity was not affected by fungicide treatment (F1,75 = 153 

0.15, p = 0.70), fungi treatment (F1,59 = 0.041, p = 0.84), nor their interaction (F1,55  = 0.002, p = 0.96, Fig 154 

4A). In contrast, for B. impatiens microcolonies, treatments interacted to affect Shannon diversity (F1,59 = 155 
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4.47, p = 0.039, Fig 4B), where fungi addition increased Shannon diversity, especially in microcolonies 156 

that had previously received fungicide. Fungal communities from crop samples were more diverse than 157 

gut samples for B. impatiens (F1,59 = 12.02, p < 0.001), but no difference was detected for B. vosnesenskii 158 

(F1,55 = 1.64, p = 0.21). 159 

 160 

Fungal composition 161 

Next, we examined if fungal community composition varied with treatments or was associated 162 

with microcolony survival. For B. vosnesenskii, fungi treatment (PERMANOVA, F1,18 = 2.78, R2 = 0.038, 163 

p = 0.002) and the interaction between fungicide treatment and fungi treatment (F1,18 = 3.99, R2 = 0.054, p 164 

= 0.001, Fig 5A, Fig S2A) affected fungal community composition, while fungicide treatment alone had 165 

no effect (F1,18 = 1.54, R2 = 0.021, p = 0.088). Crop and gut samples did not differ in community 166 

composition (F1,18 = 0.57, p = 0.92). Notably, B. vosnesenskii source colonies differed in their fungal 167 

community compositions (F7,18 = 2.26, R2 = 0.21, p = 0.001), and microcolonies sourced from different 168 

colonies differed in fungal community response to fungicide and fungi treatment (F1,18 = 2.46, R2 = 0.033, 169 

p = 0.003). Among-sample variance did not differ between fungicide treatments (betadisper, F1,62
 = 0.30, 170 

p = 0.58), fungi treatments (F1,62 = 0.33, p = 0.56), or crop and gut samples (F1,62 = 0.14, p = 0.71), but 171 

was different among source colonies (F7,56 = 3.74, p = 0.004). 172 

In B. impatiens, fungal species composition differed between fungi treatments (F1,58 = 3.79, R2 = 173 

0.056, p = 0.006, Fig 5B, Fig S2B), but not between fungicide treatments (F1,58 = 1.31, p = 0.25) or their 174 

interaction (F1,58 = 1.24, p = 0.24). Communities were similar between crop and gut samples (F1,58 = 1.77, 175 

p = 0.11) and between source colonies (F1,58 = 1.23, p = 0.27).  Variance was homogeneous across 176 

fungicide treatments (F1,62 = 0.43, p = 0.55), fungi treatments (F1,62 = 0.024, p = 0.87), crop and gut 177 

samples (F1,62 = 0.44, p = 0.51), and source colonies (F1, 62 = 0.059, p = 0.80).  178 

To examine if mycobiome composition (based on relative abundances) was associated with 179 

microcolony survival, we ran a Cox proportional hazards analysis, with fungal PCoA axes as predictors 180 

for each species separately. For B. vosnesenskii, PCoA axis 2 was significantly associated with survival 181 
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(χ2  = 4.60, df = 1, p = 0.032), but axis 1 was not (χ2  = 2.89, df =1, p = 0.089). For B. impatiens, axis 2 182 

was marginally associated with variation in survival (χ2  = 3.69, df =1, p = 0.055), while axis 1 was not (χ2  183 

= 0.37, df = 1, p = 0.54). See Supplemental Results for more details and differential abundance analyses. 184 

  185 

Abundance-corrected analyses:  186 

We hypothesized that the abundance of specific fungal groups may mediate the effects of 187 

fungicide or fungal addition observed above, including yeasts added to bee diets (Starmerella, 188 

Zygosaccharomyces, Debaryomyces) or the fungal pathogen Ascosphaera, which is often found in 189 

commercial pollen diets [32,34]. We used fungal copy number and relative abundance in the amplicon 190 

dataset to estimate total abundance of these four focal genera and examined their association with 191 

microcolony survival.  192 

In B. vosnesenskii, fungicide-only treatment reduced Zygosaccharomyces abundance compared to 193 

all other treatments (F1,56 = 11.33, p = 0.001, Fig S4A). In addition, Zygosaccharomyces abundance was 194 

positively associated with microcolony survival (χ 2 = 4.57, df = 1, p = 0.033). Abundance of the 195 

putatively beneficial yeast Starmerella was not affected by treatments (p > 0.06 for all comparisons, Fig 196 

S4B) and was not associated with differences in survival (χ 2 = 0.15, df = 1, p = 0.7). Abundance of the 197 

pathogen Ascosphaera was low in control microcolonies and those receiving fungicide and highest in the 198 

fungi-only treatment (F1,54 = 14.00, p < 0.001, Fig S4C). Increasing Ascosphaera abundance was 199 

associated with reduced microcolony survival (χ 2 = 7.18, df = 1, p = 0.007).  200 

In B. impatiens, similar fungal genera dominated the community as in B. vosnesenskii, but genera 201 

were differently affected by treatments. Zygosaccharomyces abundance was unaffected by fungicide 202 

treatment (F1,55 = 0.03, p = 0.86) or the interaction between treatments (F1,55 = 0.001, p = 0.97), but was 203 

reduced by fungal addition (F1, 55 = 6.79, p = 0.012, Fig S4A), despite being present in the inoculum 204 

provided to microcolonies. Interestingly, Zygosaccharomyces abundance was negatively correlated with 205 

microcolony survival, though only marginally (χ 2 = 3.22, df = 1, p = 0.07). Starmerella abundance was 206 

also impacted by the interaction of fungicide and fungi treatments (F1,55 = 5.12, p = 0.028, Fig S4B), and 207 
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was lowest in the fungicide-only treatment. Starmerella abundance was not associated with survival (χ 2 = 208 

0.01, df = 1, p = 0.9). Debaryomyces abundance was unaffected by fungicide treatment, fungi treatment, 209 

or their interaction (p > 0.10 for all comparisons) and was not associated with survival (χ 2  = 0.05, df = 1, 210 

p = 0.8). Ascosphaera abundance was reduced by fungicide (F1,56 = 7.35, p = 0.009, Fig S4C), but was 211 

relatively abundant in all other treatments, and was not associated with differences in survival (χ 2 = 0.24, 212 

df = 1, p = 0.6).  213 

 214 

Bacterial microbiome 215 

 Full bacterial microbiome results are contained in Supplemental Results. Briefly, in B. 216 

vosnesenskii microcolonies, bacterial alpha diversity was unaffected by fungicide and fungal treatment, 217 

but community composition was affected by the interaction of fungicide and fungi treatments (F1,18 = 218 

2.46, R2 = 0.041, p = 0.019, Fig S4). In B. impatiens microcolonies, bacterial alpha diversity was lower in 219 

fungicide-treated microcolonies, but only in crop samples (F1,50 = 5.97, p = 0.018). Community 220 

composition was unaffected by fungicide treatment or fungi treatment. 221 

 222 

Discussion 223 

 Here, we show that fungi increase bumble bee microcolony survival and reproduction and that the 224 

effects of fungicides on bumble bees can be mediated by the fungal microbiome. Additionally, the two 225 

bumble bee species tested here showed qualitative differences in their responses to fungicide and fungi 226 

addition. In Bombus vosnesenskii, fungicide application reduced survival of microcolonies, but survival 227 

was restored to high levels when fungi were provided to bees following exposure. In B. impatiens, 228 

microcolonies were unaffected by fungicide application, but benefited from fungi supplementation. 229 

Distinct responses of bee species and their microbiomes to treatments shed light on the potential 230 

mechanisms of fungicide effects on bumble bees and bee-fungi interactions.  231 

Our study provides strong evidence for negative effects of the widely used fungicide 232 

propiconazole on B. vosnesenskii survival, mediated by its effect on fungal abundance and composition in 233 
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the bee gut. Although fungicide application has been shown to be a strong landscape-scale predictor of 234 

bumble bee decline in recent studies [7], short-term toxicity studies have shown relatively minimal effects 235 

of fungicides on bumble bees and honey bees [53,54], leading to the conclusion that fungicides pose 236 

minimal harm to pollinators. However, in longer-term studies, consumption of the azole propiconazole 237 

used here has been shown to cause both lethal [23,24] and sublethal effects on bumble bees such as 238 

decreased nectar consumption and reduced cell number in nests [22]. In these studies, a minimum of 2-3 239 

weeks was required to detect negative effects of fungicides on survival and reproduction, suggesting that 240 

short-term toxicity studies can overlook delayed or indirect effects, similar to those we detected on bees 241 

and their associated fungi. Such effects may be more common among bees than is currently recognized 242 

[54]. However, we expect fungicide effects to vary among bee species as shown here, and among 243 

fungicide classes and formulations. Propiconazole is known to be highly toxic to bee- and nectar-244 

associated fungi [20,21] and our study documented significant effects on fungal abundance and 245 

composition in one bee species. For B. vosnesenskii, propiconazole reduced the abundance of fungi 246 

including Zygosaccharomyces, but fungal reintroduction decreased fungicide-induced mortality. 247 

However, in B. impatiens, propiconazole had no detectable effect on fungal abundance nor composition. 248 

Bee species’ divergent responses to fungicide and fungi addition could be due to differences in initial 249 

microbiome composition and sensitivity to fungicides, or the nature of the isolated and re-introduced 250 

fungi. Each of these options could be examined in more detail in future experiments. Based on previous 251 

studies of fungicide effects on yeasts, we predict that azole fungicides may be more detrimental than other 252 

fungicide classes to bee-associated yeasts [20], but this remains to be experimentally examined.  253 

Like fungicide application, the effects of fungal supplementation differed between species, and 254 

their divergent responses suggest that a few distinct mechanisms may mediate bee response to non-255 

pathogenic fungi. In B. vosnesenskii, fungal treatment increased fungal abundance as expected, and 256 

although the reconstituted microbiome following fungal supplementation did not exactly mirror the initial 257 

community (Fig 5A), both were dominated by Zygosaccharomyces and low in Ascosphaera. In contrast, 258 
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fungal addition to B. impatiens reduced overall fungal abundance, reducing Zygosaccharomyces 259 

abundance while Starmerella yeasts and Ascosphaera remained abundant.  260 

Previous work has suggested that fungi in the diet can serve directly as food [25,26], that fungal 261 

metabolism may produce nutrients or important metabolites [27,33], or that beneficial fungi could 262 

suppress the growth of pathogens [19]. Fungi also have the potential to impact bee health through changes 263 

in behavior. Nectar yeasts can attract bumble bees to flowers [28,29], and here, yeasts stimulated feeding 264 

in both species. While our work cannot directly address the mechanism of fungal effect, we note that 265 

different mechanisms are implicated for the two bumble bee species used here. Additionally, fungal 266 

identity, not just abundance, seems to play an important role in fungal effects. 267 

A closer examination of mycobiome responses in each species gives clues about potential 268 

mechanisms underlying bee response. In B. vosnesenskii, Zygosaccharomyces was highly abundant and 269 

was positively correlated with microcolony survival. Zygosaccharomyces is a common bee associate 270 

[30,31,32] that produces sterols that are vital for development in some bee species [27] but its metabolism 271 

when associated with bumble bees has not yet been examined. We also examined if correlations among 272 

taxa indicated the potential for pathogen suppression. Here, Zygosaccharomyces abundance was not 273 

correlated with Ascosphaera abundance (Supplemental Results), so we interpret these data as supporting a 274 

nutritional rather than pathogen suppression hypothesis, but both will require experimental validation. In 275 

contrast, the yeast nutrition hypothesis is not supported in B. impatiens. Instead, microcolonies performed 276 

most poorly when fungal abundance was greatest (and diversity lowest). Additionally, none of the focal 277 

fungal taxa were associated positively with survival. Therefore, it is possible that fungal addition 278 

improved B. impatiens health through other interactions that were not measured in this study, such as 279 

interaction with unmeasured bumble bee pathogens and parasites, although further studies would need to 280 

be performed to determine these mechanisms. In contrast to previous studies on B. terrestris [19], we did 281 

not detect a positive effect of Starmerella abundance on bumble bee survival in either species. It is 282 

possible that yeasts within this genus could have context-specific effects on bumble bees, or that different 283 

bee species benefit from specific species or strains of fungi. 284 
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Notably, bumble bee species also differed by a large margin in the diversity and composition of 285 

their fungal microbiome. Fungal communities in B. vosnesenskii hosted 349 fungal ASVs (mean 15 286 

ASVs/sample), which was much more diverse than communities in B. impatiens, which hosted only 54 287 

ASVs (mean 10 ASVs/sample). Moreover, wild-caught B. vosnesenskii queens produced colonies that 288 

differed significantly in mycobiome composition, explaining 21% of variation among samples. The 289 

commercially-reared B. impatiens colonies, in contrast, did not differ in fungal microbiome composition. 290 

We hypothesize that the process of commercial rearing may change fungal community composition and 291 

reduce fungal diversity [19]. Other studies have observed higher bacterial diversity in the GI tract of wild 292 

bumble bees compared to commercial bumble bees [11], supporting this hypothesis. Not only the 293 

diversity, but also the identity and functions of the microbiome differed between bee species and could be 294 

a product of rearing conditions. For example, the abundance of the bee pathogen Ascosphaera was 295 

negatively correlated with survival only in B. vosnesenskii, despite being prevalent at high levels in both 296 

species. Ascosphaera is commonly found in honey bee pollen used for commercial bumble bee rearing 297 

[32,34], so routine exposure to Ascosphaera may generate selection for reduced susceptibility in 298 

commercial species like B. impatiens, as has been found in a previous studies comparing the susceptibility 299 

of wild and commercial B. terrestris to Crithidia bombi [11].  300 

 301 

Conclusions 302 

The widespread use of fungicides particularly during crop blooms can spill over to affect managed and 303 

native pollinators. The results presented here suggest that fungi associated with bumble bees mediate 304 

effects of fungicides on bees, and fungal reintroduction could potentially mitigate harm following 305 

exposure. Future studies will be required to further characterize the mechanisms underlying bumble bee-306 

yeast interactions and whether the effects of fungicide observed here are also observed in field conditions. 307 

Nevertheless, the results we describe here suggest that fungi can be influential members of the bee 308 

microbiome, and an underappreciated route through which agrochemicals harm pollinator populations.  309 

 310 
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Methods 311 

Experimental overview  312 

Bumble bee microcolonies were created either from colonies started with wild caught queens (B. 313 

vosnesenskii) or from purchased colonies (B. impatiens, Koppert, Howell MI). For each species, 314 

microcolonies were created and treated with fungicides and fungi in a factorial fashion, then survival and 315 

reproductive parameters were quantified. Finally, bees were dissected and gut contents extracted for 316 

microbiome analysis. Rearing and experimental details are described for each species below.  317 

 318 

Bombus vosnesenskii rearing conditions 319 

In March 2019, emerging queens of Bombus vosnesenskii, an abundant bumble bee in the western 320 

United States [35], were collected from Monterey, CA. Captured B. vosnesenskii queens were transported 321 

to the Harry H. Laidlaw Jr. Honey Bee Research Facility at the University of California Davis. They were 322 

placed into rearing boxes (BioBest, USA) and each was provided with a pollen ball and BioGluc solution 323 

(BioBest, USA) as a carbohydrate source. Pollen balls were created by mixing together equal parts finely 324 

ground honeybee-collected pollen (Koppert, USA) and BioGluc solution. Queens were kept in a dark 325 

room at 27oC and 60% relative humidity. Pollen balls and BioGluc were replaced every 3-5 days as 326 

needed. We reared a total of nine source colonies for microcolony creation.   327 

Newly-emerged workers were removed from B. vosnesenskii source colonies to create 328 

microcolonies. Each microcolony contained three workers from the same source colony, and was 329 

provided with a pollen ball. Microcolonies were assigned to one of two treatment groups: fungicide or 330 

control (n = 30/treatment). Control microcolonies received artificial nectar consisting of 60g sucrose, 331 

120g glucose, 120g fructose, and 1g peptone in 950mL water. This nectar was autoclaved for 30 minutes 332 

prior to use, after which 50mL MEM non-essential amino acids (Corning, USA) was added to simulate 333 

the composition of natural floral nectar. Fungicide-treated microcolonies were given artificial nectar 334 

containing 7.5 ppm propiconazole (Quali-Pro, USA). Microcolonies fed on these nectar reservoirs for one 335 

week, and rate of consumption was recorded by massing nectar reservoirs before giving them to 336 
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microcolonies and then again after five days. Following fungicide application, microcolony treatment 337 

groups received fungal treatments. Half of the microcolonies from each fungicide treatment group 338 

received sterile artificial nectar, and the other half was given nectar inoculated with a collection of fungi 339 

previously isolated from the crops of overwintering B. vosnesenskii (1x104 cells/mL Penicillium 340 

cyclopium, Starmerella bombi, and Zygosaccharomyces rouxii), creating a total of four treatment groups 341 

(n = 15 microcolonies/treatment). Nectar consumption was again measured during the first week that 342 

microcolonies were placed on fungal treatments. Microcolonies were kept on their diet containing fungi 343 

or control nectar for two weeks total. Worker survival in each microcolony was measured daily, and 344 

microcolonies were terminated three weeks after their initiation. No microcolonies produced offspring 345 

during the duration of this experiment. 346 

 347 

Y tube assays 348 

 Foraging preferences of B. vosnesenskii workers from each microcolony were tested in two Y-349 

tube assays. The first of these assays tested worker preference between volatiles of sterile artificial nectar 350 

and artificial nectar with added fungicide. The second assay tested worker preference between volatiles of 351 

sterile artificial nectar and artificial nectar inoculated with a common nectar yeast, Metschnikowia 352 

reukaufii (Supplemental Methods). 353 

 354 

Bombus impatiens rearing conditions 355 

 B. impatiens is a common bumble bee on the east coast of the United States that is commercially 356 

reared and used as an agricultural pollinator. This species is also commonly used in laboratory studies of 357 

bumble bee health and behavior. Colonies for this study were obtained from Koppert Biological Systems 358 

(Howell, MI, USA). The B. vosnesenskii microcolony protocol was repeated in fall 2019 using Bombus 359 

impatiens, with a few modifications. All microcolonies were created from two source colonies. Each 360 

microcolony contained five workers, and in addition to pollen balls and nectar, each microcolony was 361 

also provided with wax pellets (Beesworks organic yellow beeswax pellets) to encourage reproduction. 362 
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Microcolonies were kept in incubators kept at 27oC and 60% relative humidity. Fungi-supplemented 363 

microcolonies received fungi previously isolated from the guts of B. impatiens workers (1x104 cells/mL 364 

Debaryomyces hansenii, Starmerella sorbosivorans, and Zygosaccharomyces rouxii). Microcolonies were 365 

also kept on their fungi treatment diet for an extra week to allow offspring development, resulting in a 366 

total experiment time of four weeks. When microcolonies were terminated, each was dissected to count 367 

and weigh offspring (eggs, larvae, and pupae) present in each colony. Due to low abundance of larvae and 368 

pupae, only egg abundance and mass were compared between treatments. Preference assays were not 369 

performed for B. impatiens (but see [51] for similar assays).   370 

 371 

Dissection, DNA extraction, qPCR, and bioinformatics 372 

Workers from all microcolonies were frozen at -20oC until dissection. Three workers from 373 

randomly chosen microcolonies of each treatment (n = 8 microcolonies/treatment/species) were dissected 374 

for DNA extraction. From each bee, the crop and midgut and hindgut, hereafter ‘gut’, were dissected and 375 

processed separately. To ensure each sample had sufficient DNA, organs from three bees of each 376 

microcolony were pooled to create a total of one crop and one gut sample per microcolony. In addition, 377 

three workers from each source colony were dissected to determine variation in microbiome composition 378 

among source colonies. DNA for these bee samples and for samples of fresh pollen balls was extracted 379 

using the Qiagen DNeasy PowerSoil kit, following included protocol, but with modified overnight 380 

incubation [41].  381 

From these samples, we assessed fungal abundance and examined fungal and bacterial species 382 

composition. To assess fungal abundance, we used SYBR-based qPCR to determine fungal copy number 383 

in each crop and gut sample. Samples were run on a Bio-Rad CFX96 Thermal Cycler, using the ITS86F 384 

(5’ – GTGAATCATCGAATCTTTGAA – 3’) [42] and ITS4 (5’ – TCCTCCGCTTATTGATATGC – 3’) 385 

[43] primers. Run conditions were as follows: 2 minutes at 95oC followed by 40 cycles of 15 seconds at 386 

95oC, 30 seconds at 59oC, and 30 seconds at 60oC. Fluorescence at 520nm was measured at the end of 387 

each cycle. All samples were run in triplicate, with internal standards included in each plate. To convert 388 
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from the relative Cq scores produced from qPCR to total ITS copy number, the internal standard included 389 

in all qPCR plates was run through a standard PCR using the same primers and conditions as in the 390 

qPCR. This amplified DNA was then run on an agarose gel and the ITS band was removed. From this 391 

band, DNA was extracted using a Qiaex II Gel Extraction Kit and quantified using Qubit to determine 392 

ng/uL. Total copy number was calculated from this concentration using the fragment mass. A dilution 393 

curve of this amplified DNA was then run through qPCR with the original standard to determine the 394 

conversion between Cq and total copy number.  395 

To assess fungal and bacterial species composition, we performed amplicon sequencing of the 396 

ITS and 16S rRNA (V6/8) gene region via Illumina MiSeq, implemented at the Integrated Microbiome 397 

Resource at Dalhousie University [36]. Sequence data were processed using the package “dada2” [37] 398 

using the default pipeline parameters for bacterial and fungal samples. B. vosnesenskii 16S sequences had 399 

low merging success, so only forward reads were processed through the pipeline and used for downstream 400 

analysis. Following assignment of sequences to amplicon sequence variants (ASVs), taxonomy was 401 

assigned for bacterial sequences using the Silva database (v 132) [38] and for fungal sequences using a 402 

hybrid UNITE/dITSy database [39]. Sequences not annotated as bacteria or fungi were removed from the 403 

datasets prior to subsequent analysis. Several samples returned a low number of sequences (<50) and 404 

corresponding low ITS copy number values. We chose to include all of these samples in our analysis to 405 

prevent bias by low DNA concentration in some sample types and treatments. Analyses excluding these 406 

samples produced qualitatively similar results to those reported here, and more detailed results are 407 

reported in Supplemental Results. Rarefaction curves for each sample were created using “vegan” [49]. 408 

Prior to community analysis, samples were normalized by dividing counts of each ASV by total ASV 409 

counts to obtain relative abundance of each ASV within each sample. To obtain genus-level absolute 410 

abundance measures, the total copy number of each sample (determined by qPCR) was multiplied by the 411 

relative abundance of genera within that sample. 412 

 413 

Statistical analysis 414 
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To test the effect of fungicide and fungi treatments on microcolony survival, we used a Cox 415 

proportional hazards model (“survival” package [44]) using fungicide and fungi treatment as factors, and 416 

created survival curves using the “survminer” package [45]. We analyzed per-bee nectar consumption of 417 

microcolonies using a linear mixed effects model (package “lme4” [46]) with fungicide and fungi 418 

treatments as fixed factors and source colony as a random factor. We chose to analyze per-bee nectar 419 

consumption as microcolonies often contained different numbers of bees due to mortality, which greatly 420 

impacted nectar consumption. Because egg production was low among B. impatiens microcolonies, we 421 

used a hurdle model (package “pscl” [47]) to account for both the probability of egg production and egg 422 

count among fungicide and fungi treatment. Egg mass was analyzed using an ANOVA incorporating 423 

fungicide treatment and fungi treatment as factors.  424 

To test the effects of treatments on fungal abundance (ITS copy number), we used a linear mixed 425 

effect model with fungicide treatment, fungi treatment, and organ (crop/gut) as factors, and source colony 426 

as a random effect. All fungal abundance measures were log-transformed prior to analysis.  427 

For each bee species separately, we examined if fungicide treatment, fungi treatment, or organ 428 

affected the Shannon diversity of bacterial and fungal communities using a linear mixed effects model 429 

with source colony as a random effect.  430 

To visualize community composition of the microbiome, we used PCoA plots of Bray-Curtis 431 

dissimilarity metrics, created using the package “phyloseq” [48]. We tested differences in species 432 

composition across treatments using PERMANOVA in the “vegan” package [49] based on Bray-Curtis 433 

dissimilarities, with fungicide and fungi treatments, organ, and source colony as fixed factors. Differences 434 

in variance across treatment groups were analyzed using a multivariate version of Levene's test for 435 

homogeneity of variances in “vegan”, with either fungicide treatment, fungi treatment, organ, or source 436 

colony as factors. To assess if ASV relative abundance differed between fungicide or fungi treatment 437 

groups, we used “DESeq2” [50] to extract differentially abundant ASVs and report results with false 438 

discovery rate (FDR) < 0.01 (Supplemental Figure S3). All data were analyzed in R version 3.6.3 [40]. 439 

 440 
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 602 

 Figure 1. Survival over time of microcolonies of (A) B. vosnesenskii and (B) B. impatiens in 603 

different fungicide and fungi treatment groups. Survival of B. vosnesenskii microcolonies was  604 

treatment-dependent  (χ2 = 8.08, df = 3, p = 0.04), with microcolonies given fungicide only  605 

experiencing the highest mortality. Treatment also impacted B. impatiens microcolony survival  606 

(χ 2 = 20, df = 3, p < 0.001), with microcolonies receiving fungal supplementation surviving  607 

longer, while fungicide treatment had no effect. N = 15 microcolonies per treatment per species. 608 

609 
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610 
Figure 2. The (A) number and (B) average weight of eggs laid in microcolonies of B. impatiens across 611 

fungicide and fungi treatments. Both egg abundance (p = 0.006) and egg weight (p = 0.038) were 612 

positively affected by fungal supplementation, regardless of fungicide treatment. N = 15 microcolonies 613 

per treatment.  614 
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615 
Figure 3. Fungal copy number in A) B. vosnesenskii and B) B. impatiens microcolonies by treatment. B. 616 

vosnesenskii fungal abundance depended on both fungicide and fungi treatments (F1,58 = 4.48, p = 0.04), 617 

while B. impatiens fungal abundance was only affected by fungi treatment (F1,58 = 8.76, p = 0.004). N = 8 618 

microcolonies per treatment per species.  619 
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620 
Figure 4. Shannon diversity of A) B. vosnesenskii and B) B. impatiens fungal microbiome. In B. 621 
vosnesenskii, Shannon diversity was unaffected by treatment (F1,55  = 0.002, p = 0.96), but in B. impatiens 622 
diversity was impacted by the interaction of fungicide and fungi treatment (F1,59 = 4.47, p = 0.039). N = 8 623 
microcolonies per treatment per species.  624 
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Figure 5. Fungal community composition of (A) B. vosnesenskii and (B) B. impatiens samples across 626 

fungicide and fungi treatments. The relative abundance of the top 20 taxa are shown are shown for each 627 

sample, and different colors correspond to different fungal genera. Supplemental materials for:  628 

Bee-associated fungi mediate effects of fungicides on bumble bees 629 

 630 
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