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Abstract: 

There is mounting evidence for declines in both managed and wild pollinator species, 

necessitating support for wild bee populations in order to maintain pollination 

services. Solitary, ground-nesting bees comprise the vast majority of bees in the 

world; however, these important pollinators are relatively understudied and we know 

little about how they are impacted by resource availability, pollen quality, and 

microbial associates. My dissertation research uses plants of the genus Cucurbita as a 

case study to assess differential health concerns associated with generalist (Bombus 

impatiens and Apis mellifera) and specialist (Peponapis pruinosa) pollinators on a 

shared resource. I begin by examining how cucurbit plant chemistry varies across 

plant tissue types and varieties and how this variation impacts the foraging choices of 

both generalist and specialist bees in an agricultural system. Next, I assess the 

physiological costs associated with digesting cucurbit pollen for these generalist and 

specialist bees. Finally, I explore the microbial community associated with a specialist 

ground-nesting bee’s brood cells, evaluate how this community changes over space 

and time, and assess the most likely routes of microbial colonization into brood cells. 
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Summary 

1. Plants may benefit from reducing the fauna of generalist floral visitors if, by doing so, 

they increased the fidelity and effectiveness of the remaining pollinators. 

2. We observed that Peponapis pruinosa, a specialist bee on cucurbit plants, collected pure 

loads of cucurbit pollen in contrast with generalist honey bees and bumble bees which 
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collected very small amounts of cucurbit pollen, even though all groups of bees visited 

cucurbit flowers. 

3. Cucurbit flowers have no morphological adaptations to limit pollen collection by bees, 

thus we assessed the potential effects of physical and chemical pollen defenses as a likely 

method for cucurbit plants to limit pollen loss to generalist pollinators. 

4. Bumble bee (Bombus impatiens) microcolonies fed non-cucurbit pollen showed increased 

pollen consumption over time, while microcolonies fed natural cucurbit pollen and 

crushed cucurbit pollen (to remove physical defenses) showed markedly decreased pollen 

consumption over time.  

5. Furthermore, bees from microcolonies fed crushed cucurbit pollen had higher proportions 

of gut melanization and mortality overall. 

6. Microcolonies fed both cucurbit pollen treatments never reared offspring to adulthood, 

while all other treatments were more likely to do so, and more larvae were ejected from 

microcolonies fed natural cucurbit pollen than in any other treatment. 

7. Together, these results suggest that Bombus impatiens workers avoid collecting cucurbit 

pollen due to the physiological costs of pollen defenses. 

 

Key-words: Bombus impatiens, Cucurbita, mechanical defenses, microcolonies, nutrition, 

secondary plant metabolites, squash bee 

 

Introduction 

Many studies attribute the vast diversity of bees to their mutualistic pollenivorous 

lifestyle, yet bee-plant interactions are much more complex than simple mutualisms. The conflict 
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in bee-plant interactions arises because bees (Apoidea) feed solely on vast quantities of pollen, 

but vary markedly in effectiveness as pollinators (L. D. Harder & Barclay, 1994; Hargreaves, 

Harder, & Johnson, 2009). Thus, bees are more accurately described as highly specialized, 

extremely efficient, herbivores. Consequently, plants must balance their need to be pollinated 

against the loss of pollen from foraging bees. 

Plants have evolved to limit detrimental pollen loss in various ways. Many plants use 

volatile cues as exclusive channels of communication to attract specific pollinators, frequently 

specialists (Cane & Sipes, 2006). Specialist bees that visit a restricted set of plant genera or 

species are generally assumed to be the most efficient pollinators (Burger, Ayasse, Dötterl, 

Kreissl, & Galizia, 2013; Dobson, 1987). Plants have also evolved various morphological 

adaptations that limit pollen collection, such as hidden anthers (Westerkamp, 1997; Westerkamp 

& Claßen-Bockhoff, 2007), or poricidal anthers that require specialized behavior (i.e. buzz-

pollination) to release pollen (Buchmann, 1983; L. D. Harder & Barclay, 1994). Finally, plants 

can also reduce pollen consumption directly through pollen defenses, such as chemical defenses 

(Arnold, Idrovo, Arias, Belmain, & Stevenson, 2014; Detzel & Wink, 1993; Eckhardt, Haider, 

Dorn, & Müller, 2014; Praz, Müller, & Dorn, 2008; Sedivy, Piskorski, Müller, & Dorn, 2012), 

mechanical defenses (Lunau, Piorek, Krohn, & Pacini, 2015), and even lack of essential nutrients 

(Dobson, 1988; Johri & Vasil, 1961; T. H. Roulston & Cane, 2000; T’ai H. Roulston & 

Buchmann, 2000; T’ai H. Roulston, Cane, & Buchmann, 2000; Stanley & Linskens, 1974). 

Plants may actually benefit from reducing the fauna of possible floral visitors if, by doing so, 

they increase the fidelity and effectiveness of the remaining pollinators (L. D. Harder & Barclay, 

1994; Lawrence D. Harder & Thomson, 1989). 

If plants are chemically or mechanically defending their pollen, we might expect 
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specialist bee species to have physiological adaptations that allow them to feed exclusively on 

their preferred host pollen, but this same pollen source could be indigestible or nutritionally 

inadequate for a range of generalist species (Janz & Nylin, 2008; Müller & Kuhlmann, 2008; 

Sedivy, Dorn, Widmer, & Müller, 2013; Sedivy, Praz, Müller, Widmer, & Dorn, 2008; Sipes & 

Tepedino, 2005). Physiological restrictions could be caused by nutritional requirements not 

served by single-plant diets, a lack of mechanisms to deal with pollen defenses that interfere with 

digestion, reproduction, or growth processes, or even direct toxic effects (Archer, Pirk, Wright, 

& Nicolson, 2014; Arnold et al., 2014; Detzel & Wink, 1993; Dobson & Peng, 1997; Eckhardt et 

al., 2014; Lunau et al., 2015; Manson & Thomson, 2009; Palmer-Young et al., 2017; Peng, Nasr, 

& Marston, 1986; Peng, Nasr, Marston, & Fang, 1985; Praz et al., 2008; Sedivy, Müller, & Dorn, 

2011; Suárez-Cervera, Marquez, Bosch, & Seoane-Camba, 1994; Vaudo et al., 2016). These 

strategies to limit pollen consumption are not mutually exclusive (Haider, Dorn, & Müller, 

2014), but little is known about the relative costs of investing in each strategy. Studies on pollen 

defenses generally consider these defenses in isolation, confounding mechanical or chemical 

defenses with effects of poor nutrition (Eckhardt et al., 2014; Praz et al., 2008), demonstrating 

deterrence without actual consumption costs (Kevan & Ebert, 2005; London-Shafir, Shafir, & 

Eisikowitch, 2003; Lunau et al., 2015) or, more rarely, toxic effects that do not translate to 

changes in foraging behavior (Arnold et al., 2014). Considering how important direct pollen 

defenses could be in determining patterns of bee foraging and health, there is surprisingly little 

work examining how the nutritional quality of pollen and its direct defenses intersect to impact 

bee health and fitness. 

Squash and pumpkin (genus Cucurbita) are obligate outcrossing plants with a diverse 

pollinator fauna of both host-plant generalists (Bombus, Apis, Melissodes, Lasioglossum, 
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Agapostemon, and Halictus) and narrow host-plant specialists (Peponapis and Xenoglossa) 

across their geographic range (Artz, Hsu, & Nault, 2011; Artz & Nault, 2011; Cane & Sipes, 

2006; Paul D. Hurd, Linsley, & Whitaker, 1971; Paul David Hurd, Linsley, & Michelbacher, 

1974; Julier & Roulston, 2009; Kevan, Mohr, Offer, & Kemp, 1989; Mathewson, 1968; Petersen, 

Reiners, & Nault, 2013; Shuler, Roulston, & Farris, 2005). Cucurbit flowers have no 

morphological adaptations to limit pollen collection, thus mechanical or chemical pollen 

defenses are likely mechanisms for cucurbit plants to limit pollen loss to generalist, low-fidelity 

visitors. Cucurbit pollen is large, spiky, has a sticky pollenkitt and contains many compounds, 

which could all act as defenses (Lundgren, 2009). Cucurbit specialist bees, like Peponapis 

pruinosa, thrive on a solely cucurbit pollen diet, despite its potential pollen defenses; however, it 

is unknown if generalist pollinators, such as the common eastern bumble bee (Bombus 

impatiens), collect large quantities of cucurbit pollen, or are negatively impacted by feeding on a 

diet of cucurbit pollen. Accordingly, we evaluated the effects of pollen defenses on the foraging 

behaviour and physiology of specialist and generalist pollinators, which largely overlap in their 

geographical and seasonal range, in this model system. 

Our first objective evaluated the frequency of cucurbit pollen collected by generalists 

(honey bees, Apis mellifera; and bumble bees, Bombus spp.), often used for commercial 

pollination of cucurbits, in the field. We predicted that generalist pollinators would collect few 

cucurbit pollen grains compared with those from other plant families. Our second objective 

examined fitness costs associated with a generalist pollinator feeding on cucurbit pollen. We 

predicted that a generalist would suffer increased fitness costs by consuming cucurbit pollen. 

Cucurbit pollen may exhibit three levels of defenses: chemical defenses (secondary plant 

metabolites), mechanical defenses (large size or spines) and poor nutrition (a lack of essential 
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nutrients). Our study was designed to distinguish among the effects of specific pollen defenses as 

well as the impact of multiple defenses. We predicted that a generalist would suffer reduced 

fitness when consuming a diet of multiple pollen defenses. We predicted that bees would incur 

these costs as a combination of increased mortality, reduced or inefficient resource utilization, 

reduced reproduction, and increased stress responses.  

Methods 

Assessing Pollen Collection  

In the Finger Lakes Region of New York in 2011 and 2012, we supplemented cucurbit 

fields (0.5-10 ha) with commercially produced B. impatiens colonies (Koppert Biological 

Systems, Inc.) or with locally rented A. mellifera hives. Sampling was conducted from 16 July-

27 August in 2012 in ten fields (n = 4 honey bee supplemented, n = 6 bumble bee 

supplemented), and from 15 July-21 August in 2013 in ten fields (n = 5 honey bee, n = 5 bumble 

bee). Pollen from the corbiculae was collected from ten bees returning to the colonies during 

each of three rounds of sampling (total of n = 30 individuals per field). Bees were sampled 

between 0600-1200 h, during the time when pumpkin flowers were open. Bees were captured by 

aerial net, and pollen from their corbicula was removed, placed into a centrifuge tube and placed 

on ice for transport to the lab.  

Pollen samples collected from corbiculae were placed in centrifuge tubes and 150µL of 

95% ethanol was added. A drop of this mixture was applied to a microscope slide and then 

covered with fuschia-dyed glycerin jelly, melted on a hotplate, and sealed with clear nail polish. 

For each slide a random subsample of 100 pollen grains was counted under a compound light 

microscope and identified to the lowest possible taxonomic classification using a reference 

library of pollen created from local concurrently blooming flora.  
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In the Finger Lakes Region of New York in August 2014 female P. pruinosa (n = 37) 

were collected while foraging on cucurbit plants from seven sites, six of which were adjacent to 

Peponapis nesting aggregations). Bees were washed in ethyl acetate to remove pollen, which 

was then slide-mounted in Calberla’s fluid (recipe in Supplemental). We performed six randomly 

selected field of view transects across the slide at 20X magnification, counting all grains except 

those that were broken or incomplete. Pollen was then identified to the lowest taxonomic rank 

feasible.  For all bee species, pollen data were pooled across all collection sites and collection 

times to determine the overall percentage of cucurbit pollen collected. Our primary interest was 

to discern relative percentages of cucurbit pollen collected by each bee species, not to compare 

these amounts among species. 

Microcolony Experimental Protocol 

From March-May 2017, we used a microcolony protocol to test whether or not B. 

impatiens is negatively impacted by consuming cucurbit pollen. This technique has been 

successfully used in previous studies to assess the effects of diet on bee fitness (Genissel, 

Aupinel, Bressac, Tasei, & Chevrier, 2002; Larrere & Couillaud, 1993; Richardson et al., 2015; 

Tasei & Aupinel, 2008a, 2008b). Each experiment was replicated using three source colonies of 

Bombus impatiens purchased from Biobest Canada Ltd. Leamington, ON, Canada. Each source 

colony supplied three microcolony replicates for each of five treatments. Microcolonies 

consisted of five workers taken from a source colony at least 24 hours after adult eclosion and 

were kept in a growth chamber at 27°C and 60%-80% humidity. We attempted to standardize 

bee size as much as possible within a microcolony, but limitations due to the number and size of 

bees eclosing from source colonies on any given day meant that there was variation in the size of 

individual bees and the average weight of microcolonies. A standard diet of pesticide-free, honey 
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bee collected pollen (CC Pollen Company High Desert Fresh Raw Bee Pollen Granules) mixed 

with 30% sucrose solution was provided initially while bees acclimated to the microcolony and 

established a dominance hierarchy (Genissel et al., 2002; Larrere & Couillaud, 1993).  After this 

period, one bee typically develops into a pseudoqueen capable of laying eggs.  

Nectar (30% sucrose solution in 1/2oz cups) and pollen (mixed with 30% sucrose 

solution according to treatment, detailed below, in 0.3g portions) were provided ad libitum. 

Treatments were produced in bulk before the start of the experiment and then stored at -20°C 

until use. Cucurbit pollen was collected from plants grown in a greenhouse at Cornell University 

(in July-August 2016 and January-February 2017), in order to acquire pollen from non-herbivore 

damaged, pesticide-free plants. A large number of plants were required to obtain sufficient 

pollen, so several varieties of Cucurbita pepo pollen were mixed for the cucurbit pollen diet (see 

Table S1 for proportions and varieties used). We used five treatments (Table 1) to differentiate 

between the effects of chemical and mechanical defenses as well as nutrition: 1) Diet Control, 2) 

Solvent Control, 3) Added Chemistry, 4) Crushed Cucurbit, and 5) Natural Cucurbit. 

Table1. Summary of diet treatments provided to Bombus impatiens. Each microcolony consisted of 5 

worker bees. Treatments were replicated three times for each source colony for a total of 9 replicates 

across colonies. 

Treatment 
Name 

Treatment Contents Possible 
Chemical 
Defenses 

Possible 
Poor Diet 

Possible 
Mechanical 
Defenses 

Diet 
Control 

Standard pollen diet + 30% sucrose    

Solvent 
Control 

Standard pollen diet + 5%DMSO in 30% sucrose    

Added 
Chemistry 

Standard pollen diet + extracted cucurbit chemistry 
dissolved in 5% DMSO in 30% sucrose 

X   

Crushed 
Cucurbit 

Homogenized cucurbit pollen in 30% sucrose X X  

Natural 
Cucurbit 

Unmanipulated cucurbit pollen in 30% sucrose X X X 
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The diet control treatment was a multi-floral diet with no pollen defenses that is sufficient 

for B. impatiens development and the solvent control contained the solvent on the standard 

pollen diet to control for potential negative effects of the solvent when assessing the chemistry 

treatment. Control and Solvent treatment pollen consisted of the standard pollen diet mixed with 

30% sucrose solution and 5% DMSO in 30% sucrose solution, respectively. The chemistry 

treatment contained chemicals extracted from cucurbit pollen into a solvent on the standard 

pollen diet, which eliminated potential mechanical defenses and should have been nutritionally 

sufficient, but may have contained chemical defenses. The cucurbit chemical extract was 

obtained by bead homogenization (using a FASTPREP for 45s at 6.5m/s, twice) of the cucurbit 

pollen diet into methanol. The methanol was then evaporated using a vacuum centrifuge and the 

chemical extract was resuspended in a 5% DMSO solution in 30% sucrose solution. This 

solution was then mixed with a standard pollen diet in a 1:1 cucurbit pollen to standard pollen 

mass ratio. The crushed treatment consisted of crushed cucurbit pollen to eliminate mechanical 

defenses, but still retained chemicals that could act as chemical defenses, and additionally, may 

not have been nutritionally sufficient for B. impatiens development. Cucurbit pollen was 

homogenized (using a FASTPREP for 30s at 4.0m/s, twice) in water (to remove mechanical 

defenses), with the water evaporated using a nitrogen evaporator (to retain chemical defenses), 

then mixed with 30% sucrose solution to obtain the Crushed cucurbit treatment. The natural 

treatment consisted of pure cucurbit pollen, which retained physical features that could act as 

mechanical defenses, chemicals that could act as chemical defenses, and may not have been 

nutritionally sufficient for B. impatiens development. Natural treatment pollen consisted of 

unmanipulated cucurbit pollen diet mixed with 30% sucrose solution. Treatment pollen was 

added two to six days after the microcolony was formed. 
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Nectar refills were monitored to assess how much sucrose the bees were consuming. 

Pollen was weighed daily to record bee consumption. Pollen for each treatment was also 

maintained without exposure to bees and weighed daily in order to control for weight loss due to 

evaporation. The following measures of fitness were recorded daily: 1) number of dead workers, 

2) number of larval cells produced, and 3) number of ejected larvae. Microcolonies were 

terminated once the first adult offspring eclosed or at 50 days from inception, whichever came 

first. Following termination, all adult bees including newly eclosed offspring were weighed and 

then euthanized by freezing. These bees were later dissected to observe gut morphology changes 

as a result of the treatments. Melanization and hindgut expansion were assessed qualitatively 

(presence/absence) and quantitatively, comparing the size of the affected area using the image 

analysis software, Fiji (Schindelin et al., 2012; Schindelin, Rueden, Hiner, & Eliceiri, 2015). 

Microcolonies were allowed to remain intact for 24 hours following termination to allow 

for the emergence of any additional adult offspring, and following this incubation period they 

were assessed for total reproductive output. All remaining larval offspring were counted and 

weighed, then euthanized by freezing. 

Statistical Analyses 

 All analyses were conducted in R version 3.3.3 (https://www.r-project.org/) using the 

following packages: AICcmodavg, car, coxme, emmeans, ggplot2, lattice, lme4, MuMIN, 

multcomp, plyr, reshape2, scales, survival and the HighStat Library (Bartoń, 2017; Bates, 

Mächler, Bolker, & Walker, 2015; Fox et al., 2017; Hothorn, Bretz, & Westfall, 2008; Lenth, 

Love, & Herve, 2018; Mazerolle, 2017; Sarkar, 2017; Therneau, 2015; Therneau & Lumley, 

2017; Wickham, 2007, 2011, 2017; Wickham & Chang, 2016; Zuur, Ieno, & Elphick, 2010). 

Individual functions are cited in the text. 
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Results 

Pollen Collection   

All P. pruinosa individuals carried pure cucurbit pollen loads, while both generalist 

species (B. impatiens and A. mellifera) collected little cucurbit pollen (Figure 1a). A pollen load 

was considered pure when it consisted of 90% or more of one type of pollen (Sipes & Tepedino 

2005). With a minimum of 93% cucurbit grains, and an average of 97%, with the remainder 

made up of other Cucurbitaceae pollen, P. pruinosa well exceeded the minimum threshold to be 

considered cucurbit specialists. In contrast, cucurbit pollen made up a small percentage of the 

total pollen collected by the generalist A. mellifera and B. impatiens, only 2.0% and 0.4% 

respectively. Pollen types represented by less than 3% of the sample are generally considered to 

be ‘accidental contact’ and are not normally recorded as host-plant pollen (Edens-Meier, Joseph, 

Arduser, Westhus, & Bernhardt, 2011; Russo & Danforth, 2017). Only 2.0% and 0.3% of A. 

mellifera and B. impatiens bees sampled, respectively, had cucurbit pollen in quantities greater 

than 3%, suggesting that few bees are actively collecting cucurbit pollen. 

Effect of mechanical vs. chemical defenses on colony fitness 

All analyses used the ‘lmer’ function (Bates et al., 2015) to fit linear mixed effects 

models, unless otherwise indicated. We confirmed the absence of multicollinearity using the 

function ‘corvif’ (Zuur et al., 2010). For each analysis we compared all possible models 

(including treatment and average worker weight as fixed effects and replicate within source 

colony as random effects) and selected the model with the lowest AICc score using the ‘dredge’ 

and ‘AICc’ functions (Bartoń, 2017). Best models are described in Table S2. 

Resource Utilization 

Pollen consumption was standardized to consumption per bee for each day of the 
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experiment and compared over time using a repeated measures mixed effects regression with a 

fully crossed fixed effects design. We used the same method to assess the mass lost to 

evaporation and used these results to correct our measures of pollen consumption. Day of 

experiment was the repeated measure and was added to these models as a fixed effect. 

 We found that the Crushed and Natural cucurbit pollen lost more mass due to evaporation 

than the other treatments, but only on day one (for more details of this analysis see Table S3, 

Figure S1). Mass loss due to evaporation was not significant from days two through seven. We 

thus corrected daily pollen consumption for microcolonies fed the Crushed and Natural cucurbit 

treatments by the mean value lost to evaporation only on the first day of replacement. We found 

a significant effect of diet treatment (F(4,1274) = 230.305, p < 0.001), day (F(1,1) = 26.776, p = 

0.049), average weight (F(1,78) = 6.701, p = 0.012), diet treatment by day (F(4,1330) = 60.095, p < 

0.001), diet treatment by average weight (F(4,1394) = 42.691, p < 0.001), and diet treatment by day 

by average weight (F(4,290) = 16.594, p = 0.001) on pollen consumption by B. impatiens over time 

(Figure 1b). 

 Post-hoc analyses indicated that B. impatiens pollen consumption increased over time for 

all diet treatments except the Crushed and Natural treatments, and varied across diet treatments. 

Microcolonies fed the Control, Solvent, and Chemistry treatments increased their pollen 

consumption over time for all average weights, except for lighter microcolonies fed the Solvent 

treatment and heavier microcolonies fed the Control treatment. Microcolonies fed the Crushed 

and Natural treatments tended to decrease pollen consumption over time. As the experiment 

progressed, heavier microcolonies fed the Solvent and Chemistry treatment increased their pollen 

consumption more than lighter microcolonies. The reverse trend was true for microcolonies fed 

the Control treatment, whereby the lighter microcolonies increased their consumption more over 
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time than heavier microcolonies. This is likely due to two heavy microcolonies fed the Control 

treatment that never produced adult offspring, while small microcolonies increased pollen use to 

provide for their offspring. Microcolonies with higher average weights consumed more nectar 

per bee per day (F(1,14) = 16.001, p = 0.001, Figure S2). 

 

Figure 1. Cucurbita pollen use in field and lab experiments. a) Percentage of Cucurbita pollen grains 

observed in typical pollen loads collected by three bee species located in cucurbit fields. These field 

studies were conducted in New York in 2011 and 2012 (A. mellifera and B. impatiens) and 2014 (P. 

pruinosa). Error bars represent standard errors. b) Pollen consumption by B. impatiens over time. Each 

horizontal line represents the consumption values for a single microcolony over time. The width of the 

line indicates the average value of pollen consumption for each bee in the microcolony on that date. The 

colour of each line indicates the average weight of the microcolony (which does not change over time). 

Asterisks indicate when a microcolony was terminated early due to the production of an adult offspring. 

Mortality 

We used the ‘coxme’ function (Therneau, 2015) to fit a Cox Proportional Hazards mixed 

effects model, to assess the probability of individual bee mortality over 27 days. This time period 

is before the first microcolony was terminated due to the production of an adult offspring and 

avoids biasing our analysis with differential termination dates. Treatment and weight did not 

have significant effects on mortality over time, but there was a significant treatment by weight 
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interaction (Χ2
(4)=13.329, p = 0.01). Compared to bees fed the Control treatment, there was a 

trend (p < 0.1) for increased mortality in bees fed the Solvent treatment and in larger bees fed the 

Crushed treatment. There was a trend (p < 0.1) for decreased mortality risk in bees fed the 

Crushed treatment, and in larger bees fed on both the Solvent and Natural treatments (Figure 

3A). Using the ‘emmeans’ function (Lenth et al., 2018; Searle, Speed, & Milliken, 1980), we 

then assessed if the predicted mortality hazard was greater than zero after 27 days for each 

treatment across seven weight classes (minimum, 5th percentile, 25th percentile, median, 75th 

percentile, 95th percentile, maximum), with a Holm-Bonferroni (Holm, 1979) correction for 

multiple comparisons (Figure 3B). Smaller bees (below the 25th percentile) fed the Solvent and 

Natural treatment had a higher mortality risk (p < 0.05), and a trend (p < 0.1) for higher mortality 

risk at the 25th percentile weight. Bees fed the Control treatment had a trend (p < 0.1) for higher 

mortality risk for weights at and below the median. Bees fed the Crushed treatment had a trend 

(p < 0.1) for higher mortality risk for weights at and above the 75th percentile. 

We also found variation in the overall proportion of individual bee mortality among 

microcolonies in different diet treatments (F(4,32) = 20.327, p < 0.001). A post-hoc Tukey test 

showed that microcolonies fed the Crushed treatment exhibited higher overall mortality than 

microcolonies fed all other treatments (p < 0.001), while microcolonies fed the Natural treatment 

exhibited significantly and marginally higher overall mortality than microcolonies fed the 

Solvent (p < 0.05) and Chemistry (p < 0.1) treatments, respectively, but did not differ from 

microcolonies fed the Control diet (Figure 3C).  
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Figure 2. Fitness effects on adult B. impatiens fed various diet treatments. a) Log Mortality Risk based on 

Cox Proportional Hazards Mixed-Effects model coefficients with standard error bars. Error bars that do 

not cross the red dotted line indicate effects significant at p < 0.1. b) Overall proportion of mortality in 

each microcolony across treatments with standard error. c) Percentage of microcolonies producing adult 

offspring across treatments. d) Average number of larvae ejected per day across treatments. 

Reproduction 

 While all microcolonies produced eggs, we found that treatment significantly affected the 

probability of a microcolony rearing their offspring to adulthood (Fisher’s Exact test, p < 0.001). 

Post-hoc Fisher exact pairwise comparisons showed that microcolonies fed Control, Solvent, and 

Chemistry treatments were more likely to produce adult offspring than microcolonies fed 

Crushed and Natural cucurbit treatments, which never produced adults (Figure 4A). Because 
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microcolonies fed Crushed and Natural cucurbit treatments never produced adult offspring, we 

restricted all following analyses of reproduction to microcolonies that produced adult offspring. 

We found no significant effects of treatment or average weight on the number of days to the first 

eclosed offspring, the number of eclosed offspring per bee per day, or the average eclosed 

offspring weight. 

Stress Responses 

When larvae are sick or adult bees are stressed, they will eject larvae from their brood 

cells and discard them in the trash (where they defecate) or smear the larvae along the wall of the 

microcolony chamber (Genissel et al., 2002; Tasei & Aupinel, 2008a). We found a significant 

effect of diet treatment (F(4,32) = 6.413, p = 0.001, Figure 4B) on the number of ejected larvae per 

day, with post-hoc Tukey analyses showing that microcolonies fed the Natural cucurbit treatment 

ejected more larvae than microcolonies in all other treatments (p < 0.005). Another stress 

response evaluated was pollen diet efficiency, which is the number of eclosed offspring divided 

by the total pollen consumed per microcolony. Therefore, lower diet efficiency indicates that 

bees need to consume more pollen to produce each eclosed offspring, and could be due to an 

inability to adequately digest pollen or assimilate nutrients from their diet. We found a 

significant effect of treatment (F(2,14) = 5.310, p = 0.019, Figure S3) on pollen diet efficiency, 

with microcolonies fed the Chemistry treatment having a lower pollen efficiency than bees in the 

Control treatment (p < 0.005); however, they did not differ from the Solvent treatment, 

suggesting a possible subtle effect of the chemistry + solvent combination that merits further 

investigation. This analysis was restricted to microcolonies that produced adult offspring. 

Discussion 

 Our study is the first to explicitly assess the interacting impacts of physical, chemical, 
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and nutritional pollen defenses on the foraging behavior and fitness of a generalist pollen 

forager. We addressed this question via a pollen foraging study in the field and a mechanistic lab 

experiment. We observed that Peponapis pruinosa, a specialist bee on cucurbit plants, collected 

pure loads of cucurbit pollen in contrast to generalist honey bees and bumble bees which 

collected very small amounts of cucurbit pollen, although all bees visited cucurbit flowers. 

Microcolonies fed non-cucurbit pollen increased pollen consumption over time, while 

microcolonies fed natural cucurbit pollen and crushed cucurbit decreased pollen consumption 

over time. Microcolonies fed crushed cucurbit pollen has higher mortality overall, with large 

bees in this treatment particularly at risk. Microcolonies fed both cucurbit pollen treatments 

never reared offspring to adulthood, while all other treatments always produced adult offspring, 

except for two microcolonies fed the control diet. Additionally, more larvae were ejected from 

microcolonies fed natural cucurbit pollen than in any other treatment. Together, these results 

suggest that Bombus impatiens workers avoid collecting cucurbit pollen due to the physiological 

costs associated with the consumption of pollen with multiple levels of defenses. 

In the field, B. impatiens and A. mellifera foraged for pollen away from where their 

colonies were located in cucurbit fields. Only a very small percentage of cucurbit pollen grains 

were found within their corbiculae. Yet these generalist bees spent time foraging in cucurbit 

flowers, presumably for nectar (Artz & Nault, 2011; Petersen & Nault, 2014; Petersen et al., 

2013). This foraging behaviour is important because it suggests that bees recognize cucurbit 

flowers as a nectar source, but avoid collecting the pollen. 

 There are several mechanisms that could explain why generalist bees avoid collecting 

certain pollens (Freeland & Janzen, 1974; Hägele & Rowell-Rahier, 1999; Pulliam, 1975; Singer, 

Bernays, & Carrière, 2002; Tadmor-Melamed et al., 2004; Westoby, 1978). Pre-ingestive effects 
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(e.g. mechanical defenses, cues correlated with poor nutrition, chemical defenses, or chemical 

tastes) deter feeding (changing consumption behaviour), while post-ingestive effects, which can 

be pre-digestive (e.g. bees have different capacities for pollen digestion or toxins reduce nutrient 

digestibility) or post-digestive (e.g. a diet has insufficient nutrients or bees cannot metabolize 

diet toxins), can reduce growth and reproduction through malnutrition or direct toxic effects. 

Pre-ingestive effects were evident in our study with reduced pollen consumption in 

microcolonies fed both Crushed and Natural cucurbit pollen treatments, compared with 

microcolonies fed all other diet treatments, and a tendency to decrease pollen consumption over 

time. Reduced feeding in the cucurbit pollen treatments could be a response to a poor diet, or an 

attempt to minimize consumption of plant defenses in the diet (Bernays, Bright, Gonzalez, & 

Angel, 1994; Hägele & Rowell-Rahier, 1999; Pennings, Nadeau, & Paul, 1993). Several studies 

have suggested that animals fed single-plant diets will do worse than on mixed diets, but if a lack 

of nutrients is to blame they may increase their feeding to compensate, while if toxins are to 

blame the animal should reduce consumption (Bernays et al., 1994; Pennings et al., 1993); 

however, this pattern does not always prove true if the poor diet is lacking in some essential 

nutrient or contains the wrong ratio of nutrients (Hägele & Rowell-Rahier, 1999; Vaudo et al., 

2016). Our pattern of reduced consumption suggests that cucurbit pollen is lacking in an 

essential component of the B. impatiens diet and/or contains pollen defenses. 

Post-ingestive effects in B. impatiens were also observed in our study in the form of 

reduced reproduction and increased mortality. Bees in the Crushed and Natural cucurbit 

treatments were unable to rear any offspring to adulthood and microcolonies fed Crushed 

cucurbit pollen had higher proportions of mortality. If B. impatiens simply cannot digest cucurbit 

pollen this effect would be pre-digestive (Hägele & Rowell-Rahier, 1999), but this outcome 
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would also have been minimized in the Crushed treatment, where broken exines should have 

made nutrients more readily available. Since we observed severe negative effects in both 

Crushed and Natural cucurbit pollen treatments, we hypothesized that these effects are primarily 

post-digestive, where cucurbit pollen is either missing essential dietary components and/or has 

physical or chemical properties that interfere with physiological processes. 

Our study was designed to provide evidence for the effects of both malnutrition and 

pollen defenses, but due to the unexpected strength of the responses in both Crushed and Natural 

cucurbit treatments, particularly the increased mortality in the Crushed cucurbit treatment, it is 

difficult to parse out the mechanisms of these effects. Such high mortality in the Crushed 

cucurbit treatment was unexpected as we predicted that the Natural cucurbit pollen would have 

the most severe effects on both adults and offspring. It is possible that in crushing the cucurbit 

pollen, we changed the pollen by: 1) increasing evaporation and drying of the pollen thus 

reducing its nutritional value, 2) increasing the level of chemical defenses by releasing additional 

chemicals contained within the exine that would otherwise have been inaccessible, or 3) 

increasing the level of mechanical damage by creating smaller shards of exines that had a more 

severe effect than the intact exine. The amount of pollen consumed by larval bumble bees 

determines their size as adults; therefore, smaller adult bees may already exhibit sub-optimal 

health condition (Ribeiro, 1994; Sutcliffe & Plowright, 1988). In contrast, smaller bees were 

more resilient to nectar shortages, likely due to an increased proportion of lipid tissues compared 

to larger bees (M. J. Couvillon & Dornhaus, 2010; Margaret J. Couvillon, Jandt, Bonds, Helm, & 

Dornhaus, 2011). Larger bees also tended to be more dominant, and sometimes restricted access 

to food for smaller bees (Ayasse, Marlovits, Tengö, Taghizadeh, & Francke, 1995; Cnaani, 

Wong, & Thomson, 2007). This reduced access to food could cause smaller bees to become 
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stressed and even more susceptible to the effects of pollen defenses (Manson & Thomson, 2009). 

Since larger bees fed crushed cucurbit pollen tended to have a higher risk of mortality, our 

hypothesis that the crushed treatment had lower nutritional value was supported (M. J. Couvillon 

& Dornhaus, 2010; Margaret J. Couvillon et al., 2011). In contrast, smaller bees fed the solvent 

control and natural cucurbit pollen had higher mortality risks, suggesting that they could have 

been suffering from increased toxic effects as a result of their small size (Ayasse et al., 1995; 

Manson & Thomson, 2009). Interestingly, this effect did not extend to bees in the Chemistry 

treatment. 

Our results on pollen consumption over time also provide some evidence for post-

ingestive effects. Microcolonies of larger average weights fed the Solvent and Chemistry 

treatments consumed more pollen over time than smaller microcolonies in the same treatment 

(with microcolonies fed the Chemistry treatment consuming more pollen than microcolonies fed 

the Solvent treatment at all weights), but did not produce more or larger offspring, suggesting 

compensatory feeding to overcome a pre-digestive constraint whereby some component of the 

diet reduced digestibility (Cruz-Rivera & Hay, 2003; Hägele & Rowell-Rahier, 1999; Singer et 

al., 2002; Tadmor-Melamed et al., 2004). We would expect this effect to be more pronounced in 

larger microcolonies which would need to consume proportionally more pollen than smaller 

microcolonies.  

While our results suggest no effects of chemical defenses alone, we believe they merit 

further investigation. Our chemical extraction method can only succeed in isolating a subset of 

the potential chemicals found in cucurbit pollen, thus both cucurbit pollen treatments would have 

a more complex suite of chemicals which could have contributed to the stronger effects in these 

treatments. Our results suggested that while there may be subtle effects of chemical defenses on 
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pollen efficiency, there are unlikely to be strong mortality effects due to toxins in pollen alone. 

Additionally, since most studies on toxins in pollen fail to account for the interacting effects of 

nutrition (Eckhardt et al., 2014; Gosselin et al., 2013; Haider et al., 2014; Praz et al., 2008; 

Sedivy et al., 2011, 2012, 2008), the strongest effects may occur when toxins interfere with 

digestion in an already poor nutritional diet, as in our cucurbit treatments (Cruz-Rivera & Hay, 

2003; Simpson & Raubenheimer, 2001; Wahl & Ulm, 1983). 

Interestingly, adults and larvae responded differently to our treatments, suggesting life-

stage specific physiological adaptations. Other studies have also found that digestion is affected 

by the age of the animal, indicating that larval and adult digestion may differ (T. H. Roulston & 

Cane, 2000; Unsicker, Oswald, Köhler, & Weisser, 2008). Adult bees are capable of reducing 

their own diet consumption, but they may continue to provide larval bees with a set amount of 

food, which could have increased larval exposure to pollen defenses. This could explain the 

increased rates of larval ejection in our Natural cucurbit pollen treatment. Some of these larvae 

were blackened in appearance, suggesting that they were already sick when ejected, but some of 

the larvae appeared to be healthy, suggesting that their removal was more likely due to stress in 

the worker bees (Genissel et al., 2002; Tasei & Aupinel, 2008a). This observation supports the 

hypothesis that deleterious effects of the diet on the adult bees themselves could have contributed 

to reduced reproduction in our cucurbit treatments. Malnutrition or increased physiological costs 

of metabolizing toxins could reduce investment in producing or caring for offspring (Cruz-

Rivera & Hay, 2003; Tasei & Aupinel, 2008a). Microcolonies fed the Crushed cucurbit pollen 

treatment exhibited high adult mortality, particularly for large bees, and lower investment in 

offspring production. Microcolonies fed the Natural cucurbit pollen treatment exhibited high 

mortality risk only for small bees and high levels of larval ejection. These patterns suggest that 
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our manipulation of the crushed cucurbit pollen could have exacerbated effects due to 

malnutrition, which combined with pollen defenses, were particularly difficult to overcome for 

the adult bees. Effects of feeding on Natural cucurbit pollen, while likely not the optimal diet for 

bumble bees, appear to be consistent with patterns of post-digestive stress due to pollen defenses. 

Overall our study provides evidence that pollen defenses impact both larval and adult 

bees, through pre-ingestive and post-ingestive effects. Bees were deterred from feeding on 

cucurbit pollen both in nature and in our lab experiment, suggesting some cue indicates the 

suitability of the pollen diet for consumption. When feeding on the cucurbit diet, we found that 

microcolonies suffered severe fitness effects of both increased mortality and reduced 

reproduction. Deterrence mechanisms in this system could thus serve as honest signals of 

defense allowing bees to avoid physiological damage caused by ingesting defended pollen. 

Particularly if pre-ingestive defenses are less costly for plants when compared to post-ingestive 

defenses, this may be an efficient mechanism to reduce pollen loss while minimizing costly 

defenses. We also found that secondary plant chemicals in cucurbit pollen and DMSO may act as 

chemical defenses by reducing the digestibility of nutrients in pollen, but more study is needed to 

verify this finding. Ultimately, it would appear that cucurbit pollen is not an optimal diet for B. 

impatiens and contains pollen defenses that cause B. impatiens to incur severe physiological 

costs. Different combinations of these pollen defenses could allow plants to selectively attract 

and deter particular suites of pollinators that have physiological adaptations to different defenses. 

Future research should be directed at how widespread pollen defenses are, and how they may 

shape the evolution of pollinator floral preferences. Understanding how generalist bees respond 

to pollen defenses can provide new insights into digestive adaptations to the pollen diet as well 

as elucidate the context for trade-offs between diet generalization and specialization. 
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Supplementary Materials 

Calberla’s Fluid Recipe 

Mix 5 ml glycerol, 10 ml 95% ethanol, 15 ml distilled water, and 3 to 4 drops saturated aqueous 

basic fuchsin. If the glycerin does not mix well, heat the solution in a water bath until it does. 

 

Table S1. Varieties of Cucurbita pepo used in the cucurbit pollen diet mix. 

Variety Fruit Percentage 
Black Beauty Zucchini 11.68 
Baby Pam Pie Pumpkin 7.05 
Cougar Summer Squash 3.08 
Flying Saucer Patty pan Squash 6.77 
Golden Arrow Summer Squash 6.26 
Howden Carving Pumpkin 15.89 
New England Pie Pie Pumpkin 16.33 
Success PM Summer Squash 13.61 
Tom Fox Carving Pumpkin 11.60 
Zephyr Summer Squash 7.73 
 

 

Table S2. Detailed results for all statistical tests performed. Fixed effects listed represent the optimal 

model as indicated by AICc scores. Effects in bold indicates significance. 

Response Variable Fixed Effects Statistic 
1) Proportion adult mortality Treatment F(4,32) = 20.327, p < 0.001 

2) Pollen consumption per bee over 
time (with repeated measures) 

Treatment 
Day 
AverageWeight 
Treatment:Day 
Treatment:AverageWeight 
Day:AverageWeight  
Treatment:Day:AverageWeight 

F(4,1274) = 230.305, p < 0.001 

F(1,1) = 26.776, p = 0.049 

F(1,78) = 6.701, p = 0.012 

F(4,1330) = 60.095, p < 0.001 

F(4,1394) = 42.691, p < 0.001 
F(1,31) = 0.003, p = 0.961 
F(4,290) = 16.594, p < 0.001 

3) Average sucrose consumption per 
bee per day 

Average Weight F(1,14) = 16.001, p = 0.001 

4) Days to first eclosed offspring Average Weight F(1,7) = 0.251, p = 0.633 
5) Number of eclosed offspring per 
bee per day 

Average Weight F(1,6) = 1.780, p = 0.229 
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6) Average eclosed offspring weight Average Weight F(1,13) = 0.010, p = 0.922 
7) Number of ejected larva per day Treatment F(4,32) = 6.413, p = 0.001 
8) Pollen efficiency Treatment F(2,14) = 5.310, p = 0.019 
 

Table S3. Summary of analysis for pollen mass lost to evaporation. 

Response Variable Fixed Effects Statistic 
Pollen Mass Lost to Evaporation Time Interval 

Treatment 
Treatment : Time Interval 

F(6,1) = 0.916, p = 0.649 
F(4,571) = 22.091, p < 0.001 
F(24,569) = 17.042, p < 0.001 

 

 
Figure S1. Mass loss due to evaporation over time by treatment. 
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Figure S2. Effect of average weight on sucrose consumption. 

 

 

Figure S3. Effect of treatment on pollen efficiency. 
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Abstract 

Chemical signals have mediated interactions between plants and insects for millions of years, yet 

few studies have assessed variation in the chemical signals of plant reward tissues and how they 

impact pollinator foraging behavior. We examined how variation in floral chemistry impacts bee 

visitation choices between Cucurbita pepo cultivars. We found that the Cucurbit specialist bee, 

Peponapis pruinosa, exhibited significant differences in preference for Cucurbita pepo cultivars, 

but the generalist visitors, Bombus spp. and Apis mellifera did not. We also found that chemistry 

in leaves, petals, nectar, and pollen were significantly different, and chemistry of the individual 

tissues differed by cultivar, clustering by subspecies. Varieties preferred by squash bees were 

more distinct in floral chemistry than other varieties. Certain floral and nectar chemicals were 

found to predict bee choices, largely due to the preference for the Zephyr cultivar. Our results 

show that floral chemistry varies by subspecies and cultivar in C. pepo, impacting pollinator 

preferences in specialist but not generalist bees. Variation in floral chemistry represents an 

important, yet under-studied, determinant of plant-pollinator interactions. 
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Introduction 

Chemically-mediated interactions between plants and insects are ubiquitous in 

ecosystems. Plants use chemical communication to attract pollinators (Burger et al. 2013), 

defend their tissues (Carter and Thornburg 2004, Lev-Yadun et al. 2009, Schiestl 2010, 

Nocentini et al. 2015), and recruit predators or parasitoids of their herbivores (Turlings and 

Wäckers 2004). This diversity of roles for chemical signals has contributed to high variability in 

the presence and quantity of secondary metabolites both within and across plant species (Detzel 

and Wink 1993, Weng et al. 2012, Wetzel et al. 2016, Wetzel and Thaler 2016). The importance 

of this variation has traditionally been overlooked and is now starting to be recognized as an 

important contributor to herbivore performance and community function (Albert et al. 2011, 

Wetzel et al. 2016, Wetzel and Thaler 2016, Wright et al. 2016). In particular, few studies have 

assessed variation in the chemical signals of plant reward tissues and how they impact pollinator 

foraging behaviour (Adler et al. 2012, Richardson et al. 2016). 

 Secondary metabolites in floral rewards may simply be present as a consequence of the 

defense of other tissues (Adler 2000); however, some plants are known to actively regulate 

defense chemicals in floral reward tissue, suggesting an important role for pollen chemistry in 

shaping foraging preferences (Detzel and Wink 1993). In addition, a growing body of literature 

has suggested that secondary metabolites in nectar play a variety of functions, from attracting 

specialist pollinators and discouraging nectar robbers (Burger et al. 2013), to defending against 

pathogens for both the plant and its pollinators (Thornburg et al. 2003, Richardson et al. 2015) or 

encouraging better pollination by altering pollinator behavior (Adler 2000). While many plants 

use secondary defense chemicals to deter generalist herbivores, these same defense chemicals 

can be attractive to specialist herbivores by providing benefits through pathogen resistance or 
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predator deterrence (Gosselin et al. 2013, Muller and Kuhlmann 2008, Praz et al. 2008, Sedivy et 

al.  2008). In the context of plant-pollinator interactions, these defense chemicals can function as 

a specialized channel of communication that targets specialist pollinators and deters generalist 

pollinators that may be less efficient (Canto-Aguilar and Parra-Tabla 2000, Tepedino 1981). 

Bees are highly specialized herbivores, collecting pollen in large quantities to feed their 

developing offspring. For bees, the pollen and nectar mass collected by the adult female is the 

only nourishment that the larva will receive to complete its development, rendering the foraging 

choices made by female bees extremely important. Obtaining quality pollen resources is 

therefore critical to larval survival. Bees use multiple cues to assess floral resources, but visual 

and chemical cues are the most well-studied (Burger et al. 2010, 2013). Chemical cues are 

important for attracting bees at a distance or when visual cues are less distinct (Raguso 2008). 

These long-distance cues may be especially important in agricultural landscapes where crops 

tend to be rotated, and thus these resource-rich patches move from year to year. 

Agricultural crops usually have altered plant chemistry relative to wild progenitors, 

especially in reproductive tissues, which is often characteristic to particular cultivars (Rosenthal 

and Dirzo 1997, Turcotte et al. 2017, Whitehead et al. 2017). This range of floral chemistry 

makes crop plants an ideal system for investigating how floral chemistry impacts foraging 

choices. Squash and pumpkin (genus Cucurbita) are completely dependent on biotic pollination, 

with a diverse fauna of bee pollinators across their geographic range, including both specialist 

and generalist species (Mathewson 1968, Hurd et al. 1971, 1974, Kevan et al. 1989, Shuler et al. 

2005, Cane and Sipes 2006, Julier and Roulston 2009, Artz and Nault 2011, Artz et al. 2011, 

Petersen et al. 2013). There is also a wide diversity in cultivars of Cucurbita pepo (e.g. pumpkin, 

squash, and gourds) with potentially large variation in their floral rewards. With low 
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morphological variability in flowers among cultivars, chemical cues are likely to be important 

for bees to distinguish resource quality. The squash bee, Peponapis pruinosa, is a specialist on 

the genus Cucurbita (Hurd et al. 1971). Squash bees are extremely efficient pollinators of 

cucurbits, often completing pollination early in the morning, before other bees even begin 

foraging (Tepedino 1981, Canto-Aguilar and Parra-Tabla 2000). This pollination efficiency may 

provide incentives for the plant to target squash bees over generalist pollinators such as honey 

bees (Apis mellifera) and bumblebees (Bombus spp.). Since squash bees are active before 

sunrise, it is likely that they locate Cucurbita plants through chemical rather than visual cues 

(Hurd et al. 1971, 1974).  

In this study we examined how variation in floral chemistry impacts bee visitation 

choices between Cucurbita pepo cultivars. Hypothesizing that floral chemical cues mediate 

pollinator choice and community composition, we predict that: 1) Reward tissue (pollen and 

nectar) will have reduced levels of secondary metabolites relative to other plant tissues, and 2) 

specialist bees (squash bees) will respond to chemical variation differently than generalists, 

preferring cultivars with higher levels of secondary metabolites. We predicted that reward tissue 

chemistry will be distinct from other tissue types and distinct among cultivars. We hypothesize 

that plants are able to regulate the concentration of secondary defense chemicals in their reward 

tissue, allowing them to selectively attract specialist pollinators. We also predicted that specialist 

bees (i.e., squash bees) would demonstrate strong foraging preferences for certain cultivars of C. 

pepo compared to generalist bees (i.e., honeybees and bumblebees). Generalists may be deterred 

by these same secondary metabolites or may not even differentiate among them. To test this we 

assessed plant chemistry profiles of several cultivars of C. pepo, compared the chemistry of the 

various floral tissues (petals, pollen, and nectar) to leaves, and then assessed bee foraging 
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choices on these cultivars. Finally we correlated bee preferences with the floral chemistry of the 

C. pepo cultivars. 

Methods 

Plant Chemistry Assessment 

In 2014, fifteen commonly available cultivars of C. pepo representing several market 

classes from two subspecies were selected for chemical analyses (Table 1). These cultivars are 

known to vary in their attractiveness to the striped cucumber beetle (Acalymma vittatum), a 

common herbivore of squash and pumpkin (Brzozowski et al. 2016) and thus represent good 

candidate cultivars to test for foraging preferences in bees. These cultivars were grown in a 

greenhouse at Cornell University from January to March under standardized organic conditions 

and natural light. Four tissues were examined (leaf, flower, nectar, and pollen) with samples 

collected from one male and one female flower on three plants for each of fifteen different C. 

pepo cultivars. Samples were immediately frozen in liquid nitrogen and stored at -80°C until 

needed for analysis. Samples were then extracted into methanol by bead homogenization (using a 

FASTPREP for 45s at 6.5m/s, twice) and analyzed by HPLC using a Phenomenex® C-18 

column, installed in a HP 1100 HPLC-instrument (Agilent Technologies, Santa Clara, CA, 

USA), with a UV/VIS diode array detector (DAD) measuring at 229 nm. We used an acetonitrile 

(CH3CN, Solvent A) and 0.25% phosphoric acid (H3PO4, Solvent B) solvent system. The 15 µl 

injection was eluted at 1ml/min with the following gradients: 1- 4 minutes, 90% Solvent B; 4-45 

minutes, 80% Solvent B; 45-50 minutes, 50% Solvent B; and 50-55 minutes, 20% Solvent B. 

This procedure targets phenolic compounds. 

Chromatographs from the HPLC analysis were aligned using a custom Python program 

(Python Software Foundation. Python Language Reference, version 2.7. Available at 
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http://www.python.org) with additional manual screening, and adjusted based on the relative 

concentration of each sample. We compared the total number of peaks and the total sum of 

relative peak area across tissue type and cultivar using  Kruskal-Wallis tests (due to unequal 

variances) with post-hoc Dunn’s tests using the R package “FSA” (Dunn 1964, Ogle 2017).  

Chemical bouquet composition, or chemotype, of these tissues was compared using non-metric 

multidimensional scaling (NMDS) of Bray-Curtis dissimilarity matrices performed with the R 

package “vegan” (Oksanen et al. 2018) taking into account both presence/absence of peaks and 

peak area. Plant tissue chemistry was compared across type, cultivar, subspecies, and market 

class using ‘adonis’ and ‘anosim’ analyses.  

Bee Choice Test 

Six squash cultivars were chosen for choice tests that represented several market classes 

within two subspecies of C. pepo (subsp. pepo and subsp. texana) with the addition of four 

cultivars of pumpkin in 2016 to represent an additional market class (Table 1). Plants for the 

choice tests were grown in a greenhouse at Cornell University under standardized organic 

conditions from June through September of 2015 and in June of 2016. In 2015, choice tests were 

conducted in August and September at three sites with potted greenhouse plants of similar age 

that were moved to the field each day of the experiment. Plants were used only once. Each day, 

plants were chosen so that there were a similar number of flowers in bloom between cultivars. 

We initially used fluorescent powder on the flowers to indicate which bees were repeat visitors, 

but all bees successfully avoided contacting the powder. In 2016, we used a different protocol, 

with choice tests conducted in two locations (separated by a distance of 200 m) at one farm with 

sentinel plants (i.e., plants located at the periphery of a large squash field) that were seeded in the 

greenhouse in mid June and transplanted into the field in early July in a randomized array. Field 

http://www.python.org/
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sites were selected from farms that grow cucurbits in the Finger Lakes region of upstate New 

York where known large nesting aggregations of P. pruinosa could be found, in addition to large 

populations of generalist bees, such as honey bees (A. mellifera) and bumble bees (Bombus spp.). 

Two individuals monitored bee choices between 06:00 – 10:00 hrs and recorded the following 

information: 1) bee species, 2) plant visited, 3) behavior of the bee, i.e., nectar feeding or pollen 

collection, and 4) in the case of P. pruinosa, the gender of the individual bee. Cultivars were 

labeled with numbers in the field, and later transcribed so observers were unaware of cultivar 

identity during the observations. We assessed bee choices on seven days over the course of two 

weeks from August 18 to September 3 in 2015 and on August 9 and 16 in 2016. Since we used 

different methods in 2015 and 2016, we analyzed each year separately. 

Table 1. Varieties of Cucurbita pepo used in bee choice and chemistry assessment. 

Cultivar Code Subspecies Market Class 
Black Beauty BB pepo Zucchini 
Baby Pam BP pepo Pie Pumpkin 
Costata Ct pepo Cocozelle 
Cougar Cg texana Straightneck 
Dunja D pepo Zucchini 
Zucchini Elite EZ pepo Zucchini 
Flying Saucer FS texana Scallop 
Golden Arrow GA pepo Zucchini 
Golden Zucchini GZ pepo Zucchini 
Greentint Scallop GS texana Scallop 
Howden H pepo Carving Pumpkin 
Magda M pepo Vegetable Marrow 
New England Pie NP pepo Pie Pumpkin 
Partenon P pepo Zucchini 
PMR Costata PC pepo Cocozelle 
Success PM SP texana Straightneck 
Superpik S texana Straightneck 
Tom Fox TF pepo Carving Pumpkin 
Zephyr Z texana Straightneck 
 

We used the R package “nnet” (Venables and Ripley 2002) to conduct a multinomial 

logistic regression with Date nested within Site as explanatory variables to verify that choices did 
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not vary by Date or Site. The number of visits to each cultivar were then pooled and compared 

with either a Chi-Square test or an exact multinomial test of goodness-of-fit using the 

“XNomial” package in R (Engels 2015) for small sample sizes, with the null hypothesis being 

that bees visit each of the plant cultivars with equal frequency. 

Plant Chemistry Influences on Bee Choice 

We performed Mantel tests with the R package “vegan” (Oksanen et al. 2018) to compare 

how differences in the chemistry of each cultivar varied with bee preferences. We also used 

correlation analyses to test whether the 1) total number of chemicals, 2) sum of chemical 

abundance, or 3) any individual chemical was correlated with bee preferences. 

Results 

 
Figure 1. Comparison of chemistry across tissue types. Boxplots show distribution of a) Total number of 

peaks and b) Sum of relative peak area for samples of each tissue type. Dot indicates mean and dashed 

line indicates standard error. 
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Plant Chemistry 

We found that tissue types varied in the total number of peaks (H = 51.486, p < 0.001) 

present and the sum of relative peak area (abundance of chemicals) (H = 51.216, p < 0.001) 

(Figure 1). Post-hoc Dunn’s tests with a Holm correction for multiple tests (Holm 1979) showed 

that all tissues have different total numbers of peaks, except for Petals and Pollen (petals 

marginally higher, p < 0.1) and all tissues have different total amounts of chemicals, except for 

Nectar and Pollen (pollen marginally higher, p < 0.1). Cultivars did not vary in either of these 

traits (H = 1.685, p = 1, and H = 2.965, p = 0.999; respectively). We found that plant tissue types 

varied in their chemical bouquet composition, or chemotype (adonis: R2 = 0.369, p = 0.001; 

anosim: R = 0.708, p = 0.001; Figure 2), with each tissue type exhibiting distinct chemistry in 

post-host pairwise adonis tests with a Holm correction for multiple tests (Holm 1979). Reward 

tissue (i.e. pollen and nectar) exhibited greater variation in chemotype than leaves or petals. 

 
Figure 2. Non-metric multidimensional scaling (NMDS) plot to compare compound bouquet composition 

in leaves, nectar, petals, and pollen (all cultivars pooled). Ellipses represent 95% confidence intervals. 
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We also found significant differences in chemotype among cultivars in flowers (adonis: 

R2 = 0.572, p = 0.001; anosim: R = 0.551, p = 0.001), leaves (adonis: R2 = 0.444, p = 0.001; 

anosim: R = 0.394, p = 0.001), nectar (adonis: R2 = 0.391, p = 0.002; anosim: R = 0.359, p = 

0.001), and pollen (adonis: R2 = 0.783, p = 0.001; anosim: R = 0.588, p = 0.001; Figure 3). No 

post-hoc pairwise adonis tests between cultivars were significant with a Holm correction for any 

tissue; however, with an FDR correction, Flying Saucer and Zephyr floral tissues were different 

from all but three other cultivars, including each other.  

 
Figure 3. Non-metric multidimensional scaling (NMDS) plot to compare compound bouquet composition 

in cultivars within a) leaves, b) petals, c) nectar, and d) pollen. Ellipses represent 95% confidence 

intervals for C. pepo subsp. pepo (black) and C. pepo subsp. texana (brown). 

We found that cultivars clustered by subspecies in flowers (adonis: R2 = 0.29, p = 0.001; 
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anosim: R = 0.646, p = 0.001), leaves (adonis: R2 = 0.06461, p = 0.001; anosim: R = 0.134, p = 

0.002), nectar (adonis: R2 = 0.081, p = 0.001; anosim: R = 0.164, p = 0.003), and pollen (adonis: 

R2 = 0.081, p = 0.001; anosim: R = 0.164, p = 0.003). Leaves also clustered by market class 

(adonis: R2 = 0.150, p = 0.009; anosim: R = 0.158, p = 0.011) with FDR-corrected post-hoc tests 

indicating Scallop and Straightneck cultivars to be different from all other market classes. 

Bee Choice 

We observed too few pollen collection events to analyze, so our results focus solely on 

observations of nectar foraging. In 2015, honey bees and bumblebees were observed in very low 

frequencies (n = 16 and n = 62 respectively). Observations were therefore pooled across Site and 

Date for exact multinomial goodness-of-fit tests. Honey bees and bumblebees did not exhibit 

preferences for any cultivar (p = 0.295 and p = 0.458 respectively, Figure 4a), although power 

analyses (α = 0.05 and β = 0.2) indicated that we only had sufficient power to detect large effects 

(w = 0.895 and w = 0.455, respectively) for these species (Cohen 1988). Multinomial logistic 

regression showed that P. pruinosa choices in 2015 were not significantly different within Site 

and Date (Χ2 = 60.898, df = 60, p = 0.443) therefore the observations were pooled. Peponapis 

pruinosa were observed in large numbers (ntotal = 283, nfemale = 36, nmale = 247), with males 

visiting more frequently than females. Overall P. pruinosa exhibited significant preferences for 

cultivars (Χ2 = 38.986, df = 5, p < 0.001), with both males and females exhibiting significant 

differences in the cultivars that they visited (Χ2 = 33.543, df = 5, p < 0.001 and p = 0.0462 

respectively). Post-hoc tests with the FDR correction for multiple tests (Benjamini and Hochberg 

1995), indicates that overall, P. pruinosa visited Flying Saucer and Zephyr cultivars more than 

expected with fewer bees than expected visiting the Cougar cultivar. Peponapis pruinosa males 

most strongly prefer Flying Saucer, while females most strongly prefer Success PM (Figure 4b). 
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Figure 4. Bee visitation to Cucurbita pepo cultivars. Dashed lines represent expected visitations based on 

total number of visits. a) Generalist bee visits in 2015. b) Specialist bee visits in 2015. c) Specialist bee 

visits in 2016. Data in 2016 was adjusted to counts per flower based on total number of visits.  
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In 2016, due to the use of sentinel plants grown in the field, we were limited to the use of 

plants that were flowering on any given day. Due to the non-significant effects of date and site in 

2015, we pooled our dates and sites for 2016 and divided the visitation frequency by the total 

number of flowers for each cultivar to account for an effect of floral display size. We again 

observed P. pruinosa in large numbers (ntotal = 313, nfemale = 8, nmale = 305), but fewer females.  

P. pruinosa exhibited significant preferences for cultivars (Χ2 = 305.07, df = 9, p < 0.001), with 

males and females exhibiting significant differences in their preferences for different cultivars 

(Χ2 = 294.24, df = 9, p < 0.001and p = 0.009 respectively). Post-hoc tests indicated that P. 

pruinosa visits the Flying Saucer and Zephyr cultivars more than expected, with males most 

strongly preferring Flying Saucer and Zephyr and females preferring Zephyr (Figure 4c). 

Chemical Influence on Bee Choice 

Mantel tests with FDR-corrected p-values for multiple tests were not significant for any 

individual chemicals, but without the correction, one floral chemical (both its mean and se) was 

found to predict preference of both males and females (Retention Time = 6.357 minutes). With 

Holm-corrected p-values for multiple tests, two nectar chemicals (Retention Time = 46.896 

minutes, rm = 0.980; Retention Time = 48.187 minutes, rf = 0.950; p < 0.001) were correlated 

with both male and female preference while three floral chemicals (Retention Time = 7.140 

minutes, r1 = 0.983; Retention Time = 8.818 minutes, r2 = 0.979; Retention Time = 17.127 

minutes, r3 = 0.995; p < 0.001) were correlated with female preference. These five chemicals 

were found in high abundance in the Zephyr cultivar. The total number of floral peaks was also 

correlated with male preference (r = -0.848, p = 0.033). 

Discussion 

We found significant differences in preferences for Cucurbita pepo cultivars in the 
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Cucurbit specialist bee, Peponapis pruinosa, but not in the generalist visitors, Bombus spp. or 

Apis mellifera. We also found that chemistry in leaves, petals, nectar, and pollen were 

significantly different. Leaves had more peaks and a higher abundance of chemicals than any 

other tissue, while nectar had the least numbers and abundance.  The chemistry of the individual 

tissues also differed by cultivar, clustering by subspecies although not strongly in leaves or 

nectar. Varieties preferred by squash bees were more distinct in floral chemistry than other 

varieties. Certain floral and nectar chemicals were found to predict bee choices, largely due to 

the preference for the Zephyr cultivar. 

Our results support the prediction that specialist bees respond differently to chemical 

variability than generalist bees. Squash bees exhibited preferences for Zephyr and Flying Saucer 

cultivars, with both male and female squash bees exhibiting similar preferences across the two 

years of the study. Male bees are unusually important in cucurbits as they actually contribute to 

pollination through their foraging and mate searching behaviour (Cane et al. 2011). Squash bee 

biology is intimately tied to the host plant; males typically sleep within flowers overnight, and 

mating occurs within flowers, so there may be selective pressure for males to have floral 

preferences that align with those of females. Male bees of other species have been found to sleep 

in flowers preferred by females of their species, which may function as a strategy to find mates 

(Pinheiro et al. 2017). Over the course of a season it is common to observe several males 

mobbing a single female as she lands on a flower to forage (pers. obs). The generalist bees in our 

study did not exhibit any preferences for cultivars suggesting that perhaps generalist bees do not 

distinguish between chemicals that delineate fine-scale differences between varieties, as has been 

demonstrated in other systems (Burger et al. 2013, Brandt et al. 2017). Studies have shown that 

different species respond in different ways to plant defenses (Afik et al. 2014, Okamura et al. 
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2016), although in some cases specialists and generalists may respond similarly to particular 

chemical profiles (Poelman et al. 2009).  

We also found that squash bees exhibited preferences for C. pepo subsp. texana cultivars 

over the C. pepo subsp. pepo cultivars. These two subspecies explained significant variation in 

the chemistry of all tissues we examined, although this effect was largest in floral tissues. These 

two subspecies are thought to be the result of two independent domestication events (Decker 

1988, Sanjur et al. 2002) with distinct genetic differences existing between them and their market 

classes, including separation by species for important floral traits, like corolla length (Paris et al. 

2003, Gong et al. 2012, Theis et al. 2014). Additionally, subspecies identity has been found to 

explain striped cucumber beetle preference, with beetles preferring C. pepo subsp. pepo over C. 

pepo subsp. texana (Brzozowski et al. 2016), in direct contrast to squash bee preferences 

observed in this study. Theis et al. (2014) found that squash bees and striped cucumber beetles 

preferred flowers of the same varieties, and suggested they are using similar floral cues to make 

foraging decisions (Theis et al. 2014) although only one wild variety of C. pepo subsp. texana 

was assessed in that study. Squash bees and striped cucumber beetles are known to have similar 

preferences for certain floral volatiles, but contrasting preferences for others (Andrews et al. 

2007), suggesting that plants can mediate potential conflicts between pollinator attraction and 

herbivore defense through variations in floral reward chemistry (Kessler and Halitschke 2009). 

 Overall pollen and nectar tissues in our study had the most variability in chemical 

bouquet composition, but chemotype variation in subspecies and cultivar was strongest in petals 

and pollen. Floral tissues have been found to vary in their chemical composition and abundance 

in other studies (Milet-Pinheiro et al. 2013), with petals of wild radish flowers exhibiting higher 

levels of glucosinolates than undamaged leaves (Strauss et al. 2004). In fact, squash bees 
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preferred cultivars that were most different from other cultivars. Unique or rare floral chemicals 

have been shown to be important for host plant recognition in specialist species (Milet-Pinheiro 

et al. 2013, Carvalho et al. 2014, Brandt et al. 2017), suggesting that cultivars with a distinct 

chemical profile may be more conspicuous for specialist bees within a noisy chemical 

environment. Interestingly, these same varieties tended to have fewer compounds in the bouquet, 

suggesting reduced floral chemical diversity, which was preferred by squash bees. Other studies 

have suggested that pollinator preferences for low levels of defense may actually maintain 

variation in plant defensive chemistry by exerting opposing selective pressure to high levels of 

defense against herbivores (Strauss et al. 2004). 

 Floral and nectar chemistry was found to be correlated with squash bee preferences, 

which raises the question: are bees foraging for a particular nectar chemical profile? Several 

studies have shown that chemical profiles or chemotypes predict insect species abundances or 

community composition (Kleine and Müller 2011, Bálint et al. 2016). For example, specialist 

herbivore abundance in wild cabbage (Brassica oleracea) was correlated to total glucosinolate 

concentration (Bustos‐Segura et al. 2016) and differences in secondary metabolites predicted 

caterpillar and parasitoid diversity in a wild species (Piper kelleyi) related to black pepper 

(Glassmire et al. 2016). It is not then surprising that specialist bees may be responding to 

variation in floral chemistry. Floral chemicals may represent honest signals of reward quality, 

which often predict plant visitation by bees (Knauer and Schiestl 2015). Secondary metabolites 

in floral rewards have been hypothesized to have many possible beneficial roles including 

microbial defense and pollinator attraction (Adler 2000). Combinations of phytochemicals were 

found to synergistically reduce a bumblebee pathogen, although the effect varied by pathogen 

strain and phytochemical environment (Palmer-Young et al. 2017) and secondary metabolites in 
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fruits were found to defend against fungal pathogens (Whitehead and Bowers 2014). In 

cucurbits, certain volatiles are correlated with nectar production (Theis et al. 2014) directly 

linking chemical cues with reward quality. Floral chemistry could directly impact choices 

through taste. Bumble bees are more likely to collect sweet pollen than bitter pollen, suggesting 

that taste helps bees to determine aspects of pollen chemistry that impact foraging choices (Muth 

et al. 2016).  

 Our findings indicate that floral chemistry varies by subspecies and cultivar in petals and 

pollen of C. pepo, impacting pollinator preferences in specialist but not generalist bees. These 

results support our initial predictions that plants of C. pepo can regulate the chemistry in reward 

tissues, selectively attracting specialist pollinators. Future work should focus on why certain 

chemicals are attractive to bees. Identifying the mechanisms by which bees evaluate floral 

resources is critical to understanding how bees forage in a potentially noisy chemical 

environment. Variation in floral chemistry represents an important, yet under-studied, 

determinant of plant-pollinator interactions.  
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Abstract 

The nutrient rich provision mass of pollen and nectar that provides the base of all larval bee 

nutrition also acts as a substrate for an incredible diversity of microbes, i.e. bacteria and fungi, 

which play largely unknown roles. Many of bee microbial studies have focused on the effects of 

pathogens as a major source of colony mortality for managed bees in agricultural settings, but the 

microbial communities of wild unmanaged pollinators are relatively understudied, with the 

majority of studies focusing on generalist stem-nesting bees. Solitary, specialist, ground-nesting 

bees may present a very different situation for microbial community assembly due to consistent 

microbial associates and homogeneous environmental conditions. We examined the microbial 

community present in the nests of an oligolectic ground-nesting bee (the squash bee, Peponapis 

pruinosa) in order to investigate the diversity of the microbial community in healthy nests, how 

this microbial community varies across space and time, and the likely sources of acquisition for 

microbes associated with these nests. We found a diverse community with a total of 137 bacterial 

OTUs and 226 fungal OTUs in our pollen provisions with greater than 1% relative abundance. 

Microbial communities were extremely stable at the regional scale across years, with site-to-site 
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variation within years accounting for about 25% of the heterogeneity across samples. Pollen 

provision communities were also found to be distinct from communities of other sample types. 

Finally, the core bacterial community in pollen provisions likely originated from pollen and adult 

bee digestive tract microbial communities, while the core fungal community in pollen provisions 

is likely influenced by soil and pollen microbial communities. Our results suggest that the 

microbial community associated with Peponapis pruinosa is diverse, stable, and unique to the 

brood cell environment. These reliable and persistent associations may pave the way for the 

evolution of mutualistic interactions and co-evolution. 

 

Introduction 

 Microbes are often found associated with insects in a continuum of interactions that vary 

in their complexity and impact (Degli Esposti and Martinez Romero 2017). Bacterial and fungal 

diseases of insects are common (Huang 2003, Forsgren 2010), but microbes also play a variety 

of beneficial roles. Microbes are involved in highly obligate symbioses with insects, both 

nutritional (Mueller et al. 2005, Paludo et al. 2018) and defensive (Flórez et al. 2015). Bees may 

have an especially close relationship with microbes as they spend a large proportion of their life 

nestled amongst a nutrient-laden provision mass of pollen and nectar that is a rich substrate for 

microbial growth. This provision mass provides the base of all larval bee nutrition and is also 

host to an incredible diversity of microbes, including bacteria and fungi, which play largely 

unknown roles. Early culture-based studies provided the foundational work that showed a 

diverse community of bacteria (Lactobacillus), yeasts (Saccharomyces, Pichia, Hansenula, 

Candida, Kloeckera, and Rhodotorula), and other fungi (Fusarium and Rhizopus) associated 

with both wild and domesticated bees (Batra et al. 1973, Goerzen 1991, Inglis et al. 1993, Rosa 

et al. 1999, 2003, Pimentel et al. 2005). Advancements in molecular techniques in recent years 
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have greatly increased our knowledge of microbial communities associated with provision 

masses, with most of the focus centered on managed bees such as honey bees and bumblebees 

(Sabree et al. 2012, Koch et al. 2012, Graystock et al. 2017). Many of these studies have focused 

on the effects of pathogens, such as Nosema or European foulbrood, as a major source of colony 

mortality for managed bees (e.g. honey bees and bumblebees) in agricultural settings (Forsgren 

2010, Evans and Schwarz 2011, Graystock et al. 2015, Erban et al. 2017, Li et al. 2017). 

However, there is an increasing body of evidence that some bees can benefit from mutualistic 

microbes that inhabit their pollen/nectar provisions (Roberts 1971, Gilliam et al. 1990, Rosa et 

al. 1999, McFrederick et al. 2012, 2013, 2014a, Menezes et al. 2015). 

 The microbial communities of wild unmanaged pollinators are relatively understudied, 

with the majority of studies focusing on generalist stem-nesting bees (Gilliam et al. 1990, 

Goerzen 1991, Inglis et al. 1993, Rosa et al. 2003, Keller et al. 2013, 2013, McFrederick et al. 

2014a, 2014b, Menezes et al. 2015, McFrederick and Rehan 2016, Graystock et al. 2017). In 

particular, there is a notable lack of metagenomic studies of solitary ground-nesting bees 

(Roberts 1971, Batra et al. 1973, Gilliam et al. 1984, Rosa et al. 1999, Pimentel et al. 2005), 

which actually comprise the majority of currently described bee species (Cane and Neff 2011) 

and specialist bees, which collect pollen from a restricted set of plant genera or species (Cane 

and Sipes 2006). Less attention has been paid to solitary bees, but studies have revealed a lack of 

consistent microbiomes (Martinson et al. 2011, Koch et al. 2013, Graystock et al. 2017), 

suggesting that these species acquire microbes stochastically from the environment, most likely 

through pollen and nectar feeding (Inglis et al. 1993, Brysch-Herzberg 2004, McFrederick et al. 

2012, 2013, 2014a, 2014b, 2017, Golonka and Vilgalys 2013, McFrederick and Rehan 2016). 

Studies on bacteria and yeasts in floral nectar  suggest that nectar microbial communities are 
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highly variable depending on the environmental conditions (Herrera et al. 2009, Pozo et al. 2011, 

Jacquemyn et al. 2013a, 2013b, Golonka and Vilgalys 2013, Álvarez-Pérez et al. 2013, Schaeffer 

et al. 2015, Canto et al. 2017) and are likely to act as sites of reciprocal microbial exchange with 

floral visitors (Durrer and Schmid-Hempel 1994, Brysch-Herzberg 2004, Junker et al. 2011, 

Belisle et al. 2012, Canto and Herrera 2012, Martinson et al. 2012, Shade et al. 2013b, 

Aizenberg-Gershtein et al. 2013, Samuni-Blank et al. 2014, Pozo et al. 2014, Graystock et al. 

2015, Junker and Keller 2015, Kwon et al. 2018). Habitat filtering can occur in nectar, resulting 

in relatively species-poor microbial communities that typically possess special adaptations to 

survive in these unique  conditions (i.e., high sucrose levels resulting in osmotic stress, low 

nitrogen content, and possible growth inhibitors or toxins; de Vega et al. 2009, Herrera et al. 

2010, Álvarez-Pérez et al. 2012). For ground-nesting bees, soil may also be a likely source of 

microbial acquisition and has been found to have a highly variable microbial community, but this 

pattern is more likely due to the predominant importance of abiotic factors (Andrew et al. 2012). 

In particular, characteristics such as carbon availability can predict the abundance and 

composition of bacteria found in soils (Fierer et al. 2007, Trivedi et al. 2017).  

 Solitary, specialist, ground-nesting bees may present a very different situation for 

microbial community assembly. Pollen specialist bees which visit fewer flower species than 

generalists may be exposed to reduced microbial diversity, unless their host plant has an 

unexpectedly diverse microbiome (McFrederick and Rehan 2016, McFrederick et al. 2017). In 

addition, the conditions in a brood cell under the ground are likely to be much more 

environmentally homogeneous than for brood cells that occur above-ground in stems or in 

colonies (DeBano et al. 1979, Cane and Neff 2011, Menezes et al. 2015), potentially weakening 

priority effects of community assembly (i.e., the dominance of early colonizing species), 



 

63 
 

allowing particular microbes to consistently outcompete others in this environment (Tucker and 

Fukami 2014). This combination of regular microbial associates with stable environmental 

conditions could create the ideal circumstances for a microbial community to consistently 

assemble in predictable ways (Nemergut et al. 2013, Adair et al. 2018). Specialist bees also 

allow for a direct comparison of microbial communities between locally available pollen sources 

and the provision masses since the identity of pollen in the provision can be determined. 

 Insights into the composition of a healthy microbial community of ground-nesting bee 

provision masses and how they are influenced over time at local and regional scales can help to 

gain a better understanding of microbial community assembly. We examined the microbial 

community present in the nests of an oligolectic ground-nesting bee (the squash bee, Peponapis 

pruinosa) in order to investigate the following questions: 1) how diverse is the bacterial and 

fungal community, hereafter referred to collectively as the microbial community, in healthy 

squash bee nests, 2) does this microbial community vary across space and time, 3) what are the 

likely source communities for microbes associated with squash bee nests (e.g. pollen, nectar, 

soil, and adult bee digestive systems), and 4) how does the nest microbial community compare to 

environmental microbial communities? If microbial communities in solitary, specialist, ground-

nesting bees are similar to those of stem-nesting generalist bees, we hypothesize that microbial 

communities will vary strongly across space and time. We expect strong local environmental 

influences, with greater overlap in the microbiota of provision masses and locally available 

pollen and nectar, rather than from the soil, due to the former being the primary constituents of 

provision masses. If, however; microbial communities in solitary, specialist, ground-nesting bees 

do not behave similarly to those of other bees, we might predict a more stable community due to 

consistent microbial associates in the local environmental community. To assess this, we 
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compared microbial communities from pollen provisions, pollen, nectar, soil, and adult bee 

digestive systems. We also test the hypothesis that pollen provisions are less diverse than 

environmental samples with less even communities, due to particular environmental conditions. 

Methods 

Study System 

 Bees in the genus Peponapis (Apidae, Eucerini) are abundant and effective specialist 

pollinators of cucurbits, squash and pumpkin, which are highly dependent on bee pollinators to 

produce good quality fruit, rendering pollination services especially important in this high-value 

crop (Tepedino 1981, Canto-Aguilar and Parra-Tabla 2000, Meléndez-Ramirez et al. 2002, 

Shuler et al. 2005, Julier and Roulston 2009). The only species in this genus found in the United 

States, Peponapis pruinosa, is widespread throughout North America and nests in aggregations 

in the ground on the edges of cucurbit fields. This economically important solitary bee is 

abundant in agricultural fields and its close association with cucurbits allows us to assess the 

local floral microbiome, making it an ideal model organism for investigating the environmental 

influences of the microbial community associated with ground-nesting bees.  

Sample Acquisition 

 Field nest surveys were performed in cucurbit fields at 25 farms across the Finger Lakes 

Region of upstate New York over the course of three summers (2014, 2015, and 2016). Surveys 

were performed between 5 – 10am to coincide with peak squash bee activity in order to visually 

assess the presence of squash bee nest aggregations. Sixteen nesting aggregations were found 

over the three years (six in 2014, and five in both 2015 and 2016). Locality information for each 

nest site can be found in Table S1. Nests were then excavated and brood cell contents separated, 

with pollen provisions and egg/larva comprising separate samples. We collected 5-10 pollen 
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provisions from each of the 16 nesting aggregations for a total of 136 samples. In order to 

compare pollen provisions to the local environmental microbial community, we also collected 

soil samples at the same depth as nest brood cells at each site as well as pollen and nectar 

samples from a random sampling of Cucurbita flowers in fields adjacent to nest sites. Adult bees 

were collected at each site both on flowers and in nests in order to assess the microbial 

community of adult digestive systems. 

 All field samples were collected using ethanol sterilized tools and stored in sterile screw-

cap vials which were immediately preserved in liquid nitrogen. Samples were stored at -80°C 

until DNA extraction. Adult bees were defrosted, washed in 95% ethanol, 6% bleach, and a 

second wash of 95% ethanol before dissection in sterile Ringer’s solution. Their digestive system 

was then extracted using sterile tools and preserved at -80°C until DNA extraction. 

 From each nest site in each year, we chose five brood cells containing larvae and five 

brood cells containing eggs for analysis from across our sampling dates to ensure brood cells 

were from different nests, as well as three samples each of soil, pollen, nectar, and adult bee 

digestive systems. 

DNA Extraction and Illumina Sequencing 

 We used a phenol-chloroform protocol to extract DNA from all our samples 

which can be found in detail on the Danforth Lab website (Danforth et al. 2011). We 

mechanically ground samples under liquid nitrogen for 120 seconds before the chemical lysis 

step. DNA quality was assessed using a NanoDrop 2000 and only pure DNA samples were sent 

for sequencing.  

 Sequencing was conducted at MR DNA (www.mrdnalab.com, Shallowater, TX, USA) 

for the rRNA gene V4 variable region (hereafter 16S, primers 27F/519) to assess bacterial 
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communities and for the internal transcribed spacer 1 gene region (herafter ITS1, primers 

ITS1F/ITS4R) to assess fungal communities. Each primer set, with the barcode located on the 

forward primer, was used with the HotStarTaq Plus Master Mix Kit (Qiagen, USA) to complete 

the following PCR steps: 94°C for 3 minutes, followed by 28 cycles of 94°C for 30 seconds, 

53°C for 40 seconds and 72°C for 1 minute, with a final elongation step at 72°C for 5 minutes. 

These PCR products were then run on 2% agarose gel to verify amplification success and 

relative band intensity. Samples were then pooled (proportionally according to their molecular 

weight and DNA concentration) and purified using calibrated Ampure XP beads with the 

resulting product used to construct the Illumina DNA library. Samples were sequenced according 

to the manufacturer’s guidelines on a MiSeq instrument. 

Read Processing and OTU Assignment 

 Sequence data were processed with QIIME software. Sequences were joined, 

demultiplexed and filtered for quality (removing sequences <150bp or with ambiguous base 

calls). Chimaeras were detected and removed and Operational Taxonomic Units (OTUs) 

generated by clustering at 97% sequence similarity. Reference sequences were picked from each 

cluster and taxonomy was assigned by three methods. We compared reference OTUs to the 

Greengenes database for 16S and the UNITE repository for ITS1 genes, as well as BLASTn 

searches on NCBI’s Nucleotide Collection database (www.ncbi.nlm.nih.gov) and RDP Classifier 

(http://rdp.cme.msu.edu). We removed mitochondria, chloroplast, and Viridiplantae sequences. 

Community Ecology Analysis 

 We defined the core microbial community as bacterial and fungal OTUs that were 

present in greater than 50% of samples and had a greater than 1% relative abundance within the 

sample type (Graystock et al. 2017). In order to test the hypothesis that provision mass 
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communities are different from environmental communities we compared alpha diversity of the 

bacterial and fungal community across our sample types by performing Kruskal-Wallis tests (due 

to unequal variances) on OTU richness and PIE (the probability of an inter-specific encounter, a 

common sample-size-independent measure of evenness, Hurlbert 1971) diversity metrics with 

post-hoc Dunn’s tests of multiple comparisons using the R package “FSA” (Dunn 1964, Ogle 

2017).  We also compared bacterial and fungal alpha diversity for these sample types using 

Student’s t-tests. In order to test the hypotheses that provision mass communities are distinct 

from environmental communities and that they vary across space and time, we compared beta 

diversity using non-metric multidimensional scaling (NMDS) of Bray-Curtis dissimilarity 

matrices performed with the R package “vegan” (Oksanen et al. 2018). Functions ‘adonis’ and 

‘anosim’ were used to assess differences in community composition across sample types as well 

as across years, sites (strata=years), months (strata = years and sites), and developmental stage 

(strata = years, sites, and months), in provision masses. Dispersion of groups was assessed using 

the ‘betadisper’ function in the R package “vegan” (Oksanen et al. 2018). 

Results 

 We found a total of 162 bacterial OTUs and 243 fungal OTUs in our pollen provisions 

that had greater than 1% relative abundance (Figure 1). The bacterial community was dominated 

by Lactobacillus at 79% relative abundance, while the fungal community was more evenly 

distributed with the four most common fungi representing approximately 50% of the relative 

abundance (Fusarium oxysporum at 18%, Cladosporium cladosporioides at 14%, Alternaria 

alternata at 11%, and Starmerella sp. at 6%). We found four bacteria and 14 fungi that 

comprised the core microbiota of the pollen provisions (present in greater than 50% of samples 

and had a greater than 1% relative abundance within the samples, Figure 1). 
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Figure 1. Pareto chart showing the overall abundance of core bacterial (a) and fungal (b) communities of 

pollen provisions. Lines represent cumulative percentages. 

We found that OTU richness and PIE (the probability of an inter-specific encounter, a 

common sample-size-independent measure of evenness, Hurlbert 1971) differed by sample type 

(Figure 2) for both bacterial (H=114.07, p < 0.001, and H=137.71, p < 0.001) and fungal 

communities (H=78.622, p < 0.001, and H=45.71, p < 0.001). Results of post-hoc Dunn’s tests 

with the Holm correction (Holm 1979) showed that both pollen and pollen provisions had greater 

bacterial OTU richness than either adult digestive systems or nectar, while soil had higher 

bacterial OTU richness than all other sample types (Table S2). Soil had higher fungal OTU 

richness than all other samples, but was not significantly different from adult digestive systems, 

while nectar and pollen provisions had lower fungal OTU richness than all other sample types. 

Soil communities had higher bacterial and fungal PIE than the other sample types, while 

bacterial PIE of pollen provisions was lower than all other types.  
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Figure 2. Comparison of alpha diversity metrics across sample types. DS = Adult bee digestive system, 

PP = pollen provision mass. Boxplots show distribution of a) Bacterial OTU Richness, b) Fungal OTU 

Richness, c) Bacterial PIE, and d) Fungal PIE across sample types. Dot indicates mean and dashed line 

indicates standard error. 

Bacterial OTU richness was higher than fungal OTU richness in pollen provisions 

(t=15.517, p<2.2x10-16), pollen (t=4.501, p=6.124x10-5), and soil (t=9.446, p=2.607x10-10), but 

lower than fungal OTU richness in adult digestive systems (t=4.364, p=6.634x10-5). Nectar OTU 

richness was not different in bacterial and fungal communities. Fungal PIE was higher than 

bacterial PIE in pollen provisions (t=16.534, p<2.2x10-16) and adult digestive systems (t=4.231, 

p=1.339x 10-4), but lower than bacterial PIE in soil (t=4.043, p=0.001), pollen (t=2.432, 
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p=0.018), and nectar (t=2.336, p=0.035). 

Table 1. Adonis and anosim results 

Community Comparison Test Test-Statistic p-value 
Bacteria PP by Year adonis R2=0.116 p = 0.001 
Bacteria PP by Year anosim R=0.098 p = 0.001 
Fungi PP by Year adonis R2=0.073 p = 0.001 
Fungi PP by Year anosim R=0.196 p = 0.001 
Bacteria PP by Site adonis R2=0.227 p = 0.036 
Bacteria PP by Site anosim R=0.081 p = 0.001 
Fungi PP by Site adonis R2=0.232 p = 0.001 
Fungi PP by Site anosim R=0.284 p = 0.001 
Bacteria PP by Month adonis R2=0.026 p = 0.43 
Bacteria PP by Month anosim R=-0.042 p = 0.855 
Fungi PP by Month adonis R2=0.034 p = 0.156 
Fungi PP by Month anosim R=0.160 p = 0.001 
Bacteria PP by Developmental Stage adonis R2=0.025 p = 0.049 
Bacteria PP by Developmental Stage anosim R=0.076 p = 0.003 
Fungi PP by Developmental Stage adonis R2=0.064 p = 0.001 
Fungi PP by Developmental Stage anosim R=0.186 p = 0.001 
Bacteria Samples By Type adonis R2=0.408 p = 0.001 
Bacteria Samples By Type anosim R=0.871 p = 0.001 
Fungi Samples By Type adonis R2=0.149 p = 0.001 
Fungi Samples By Type anosim R=0.375 p = 0.001 
 

 Bacterial and fungal communities in pollen provisions are different by year (Figure 3a & 

3b, Table 2), with the bacterial community in 2016 being different from 2014 or 2015 (p = 

0.003) and fungal communities different in all years (p = 0.003). Bacterial and fungal 

communities in pollen provisions are also different by site (Figure 3c & 3d, Table 2), although 

no sites were found to be different from each other with pairwise post-hoc anosim tests with a 

Holm correction for multiple comparisons (Holm 1979), which tends to be very conservative 

with a large number of pairwise tests.  Communities were also different by month, and 

developmental stage. Although we found many significant differences in community 

composition, the magnitude of these effects was small and they explained only a small 

component of the overall community variation (low R2 and R values) suggesting that these 

grouping factors are not, in fact, very important in differentiating the community, signifying that 
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these communities are relatively stable across sites, years, months, and even developmental 

stages. 

 
Figure 3. Non-metric multidimensional scaling (NMDS) plot comparing microbial communities of pollen 

provisions. a) Bacterial samples across years. b) Fungal samples across years. c) Bacterial samples across 

sites. d) Fungal samples across sites. Ellipses represent 95% confidence intervals. Colours represent years 

or sites. 

 In contrast, we found that sample type substrate (i.e. soil, pollen, nectar, adult digestive 

system, and pollen provision) explained a much greater amount of variation in our bacterial 
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communities. Both the bacterial and fungal communities differed across sample types, with 

pairwise post-hoc anosim tests showing that each sample type is distinct from every other in both 

bacterial and fungal communities (p = 0.01, Figure 4, Table 2). This pattern is stronger in the 

bacterial community as evidenced by the higher R2 and R values compared to the fungal 

community.  

 
Figure 4. Non-metric multidimensional scaling (NMDS) plot comparing microbial communities across 

sample type. DS = Adult bee digestive system, PP = pollen provision mass. a) Bacteria across sample 

type. b) Fungi across sample type. Samples are highly clustered by type. Ellipses represent 95% 

confidence intervals. 

Pollen provisions share 84 bacterial OTUs and 99 fungal OTUs with soil, 82 bacterial 

OTUs and 51 fungal OTUs with pollen, 14 bacterial OTUs and 42 fungal OTUs with adult bee 

digestive systems, and 40 bacterial OTUs and 19 fungal OTUs with nectar (Figure 5a & 5b). In 

particular, the core bacteria of pollen provisions were all found in pollen, adult bee digestive 

systems, and nectar, while only Lactobacillus spp. was found in soil (Figure 5c). The core fungi 

of pollen provisions were almost all found in soil (13/14), with a lower proportion present in 
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adult bee digestive systems (9/14), nectar (7/14), and pollen (6/14), suggesting that soil is an 

important source of fungi in pollen provisions (Figure 5c). 

 

 
Figure 5. Overlap between microbial communities in different sample types. a) Venn Diagram showing 

overlap between bacteria among types. b) Venn Diagram showing overlap between fungi among types. 

Numbers within ellipses refer to the number of shared taxa. c) Heatmap comparing occurrence of core 

microbiota in samples across sample types. PP = pollen provisions, BeeDS = adult bee digestive system. 
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Discussion 

Our study is the first to assess the composition and assemblage of the microbial 

community associated with an economically important, solitary ground-nesting bee species. We 

found a diverse community with a total of 137 bacterial OTUs and 226 fungal OTUs in our 

pollen provisions with greater than 1% relative abundance. Microbial communities were stable at 

the regional scale across years, with site-to-site variation within years accounting for about 25% 

of the heterogeneity across samples. Pollen provision communities were also found to be distinct 

from communities of other sample types. Finally, the core bacterial community in pollen 

provisions likely originated from pollen and adult bee digestive system microbial communities, 

while the core fungal community in pollen provisions is likely influenced by soil and pollen 

microbial communities. 

Although our study does not allow us to infer active functional roles for the microbes we 

detected, those that are consistently present are likely to be active with a potential functional role 

(Aleklett et al. 2014). Many studies agree upon the core bacterial species of the honey bee 

digestive system microbiome, which represent, on average, 95% of the worker digestive system 

bacteria (Sabree et al. 2012). In Peponapis, the core pollen provision bacterial community 

represents 84% of the community and the core fungal community represents 75%. The three 

most abundant core bacterial OTUs in pollen provisions are also found in high abundance in 

adult bee digestive systems, with Lactobacillus spp. and Saccharibacter floricola also found in 

moderate abundance in pollen. The dominant bacteria in our pollen provisions, Lactobacillus, 

has also been found to be common in the digestive systems and pollen masses of honey bees and 

bumblebees, along with Bifidobacterium, where they are thought to contribute to the conversion 

of nectar into honey through fermentation as well as protecting the provisions against pathogenic 
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bacteria (Olofsson and Vásquez 2008, 2009, Vásquez and Olofsson 2009, Vásquez et al. 2012). 

Species of Lactobacillus have also been found in the digestive systems of several species of wild 

bees, and in the pollen provision masses of two species, where it most likely serves to defend 

pollen provisions from other bacteria through fermentation or production of anti-microbial 

compounds (McFrederick et al. 2012, 2013, 2014b). The presence of these core bacteria in adult 

bee digestive systems suggests that they may be inoculating pollen provisions when regurgitating 

nectar for storage (Powell et al. 2014).  Female burying beetles inoculate larval food sources 

with digestive system microbes in order to transmit symbionts to their offspring, where they 

outcompete any new larval or pupal digestive system colonizer microbes (Wang and Rozen 

2017). 

The core fungal community was more diverse but also contained a large number of plant 

pathogens (Cladosporium cladosporioides, Fusarium oxysporum, Alternaria alternata, 

Podosphaera fusca, Epicoccum nigrum, Fusarium nectria haematococca) (Crowhurst et al. 

1997, Pérez‐García et al. 2009). Pollen has been found to be an excellent vector of plant viruses, 

but there are few reports of pollen or pollinators vectoring fungal pathogens (Huang 2003, Card 

et al. 2007, Marques et al. 2013). In a European cultivar of pumpkin, flowers were found to host 

important plant pathogens, both bacteria and fungi, and these pathogens were suggested to be 

transported by pollen (Fürnkranz et al. 2012). Based on the presence of these fungal plant 

pathogens in our pollen and pollen provision samples, greater attention should be paid to 

pollinators as potential vectors of fungal diseases. Additionally, fungal plant pathogens in pollen 

provisions could act as competitors for bees if they also feed on the pollen provision. In contrast, 

some fungi may play a defensive role for bees if they produce anti-microbial compounds, such as 

Cladosporium cladosporioides, Candida sake, Epicoccum nigrum, Clonostachys bionectria 
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ochroleuca, and Trichoderma hamatum (Larena et al. 2005, El-Hassan et al. 2013, Samaga et al. 

2014). Aside from the potential anti-microbial effects of various glandular secretions that 

waterproof the brood-cell (Cane et al. 1983), ground-nesting bees may be in particular need of 

symbionts that can reduce the activity of harmful microbes. In some cases fermentation of the 

pollen provision can lead to secondary fungal infection (Aspergillus, Penicillium, Ascosphaera, 

Eurolium, Carpenteles, and Mucor) and ultimately to larval mortality (Batra et al. 1973, Goerzen 

1991, Inglis et al. 1993, Rosa et al. 1999, 2003, Pimentel et al. 2005). Yeasts, including those in 

the Starmerella clade, have been suggested to play a beneficial role for bees, often by providing 

indirect (Rosa et al. 1999, 2003, Pimentel et al. 2005) or direct (Roberts 1971, Menezes et al. 

2015) nutritional benefits, although one study found that yeasts were found in the lowest 

densities in plants that are pollinated by Hymenoptera (de Vega et al. 2009). Some of the core 

pollen provision fungi are common soil saprotrophs (Gibellulopsis (Verticillium) nigrescens and 

Mortierella), while Reniforma strues is a species of yeast that we know very little about, but 

appears to be commonly found in adult bee digestive systems as well as pollen provisions 

(Warcup 1951). Several core pollen provision fungi are abundant in pollen (Cladosporium 

cladosporioides, Alternaria alternata, Podosphaera fusca, Epicoccum nigrum), but some are 

more abundant in soils (Fusarium oxysporum, Fusarium nectria haematococca, Trichoderma 

hamatum, Gibellulopsis (Verticillium) nigrescens, and Mortierella). Most pollinator studies tend 

to focus on floral microbes as the major source of microbial acquisition, but for many plants, the 

initial source of microbes is the soil (Zarraonaindia et al. 2015, de Souza et al. 2016, Wagner et 

al. 2016, Sánchez-Cañizares et al. 2017), and based on the abundance of soil fungi in our core 

pollen provision fungal community, soil is likely an important microbial reservoir for fungi 

associated with ground-nesting bees. 
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The most likely source of microbial acquisition for pollen provisions is from pollen and 

nectar, as its major constituents. Studies on bacteria and yeasts in floral nectar are common 

(Herrera et al. 2009, Pozo et al. 2011, Jacquemyn et al. 2013a, 2013b, Golonka and Vilgalys 

2013, Álvarez-Pérez et al. 2013, Schaeffer et al. 2015, Canto et al. 2017) and suggest that nectar 

microbial communities are highly variable depending on the environmental conditions, 

particularly biotic interactions with floral visitors (Brysch-Herzberg 2004, Canto and Herrera 

2012, Martinson et al. 2012, Aizenberg-Gershtein et al. 2013, Samuni-Blank et al. 2014, Pozo et 

al. 2014). Soil has also been found to have a highly variable environmental community, but this 

pattern is more likely due to the predominant importance of abiotic factors (Andrew et al. 2012). 

Soil pH and organic matter content have been found to influence the composition of soil 

microbial communities (Fierer and Jackson 2006, Lauber et al. 2009, Rousk et al. 2010, Griffiths 

et al. 2011). In our study, soil was the most species rich sample type, for both bacteria and fungi. 

Bacterial communities were also generally more species rich than fungal communities in soil, 

pollen, and pollen provisions, but less species rich in adult bee digestive systems. Soil was also 

found to have the most even communities (both bacteria and fungi), while fungal communities 

were generally much more even than bacterial communities for all our other sample types. 

Bacterial communities in our pollen provisions were highly uneven, dominated by a single 

bacterial OTU, Lactobacillus spp.  

The microbial community associated with pollen provisions is distinct from other sample 

types suggesting that, although they acquire microbes from environmental sources, the specific 

conditions of the brood cell foster a microbial community that is unique. We also found that 

variation in the microbial community associated with pollen provisions was not well explained 

by year, season, or developmental stage. Site explained the most variation in our communities, 



 

78 
 

consistent with the expectation that microbes are acquired from local microbial communities 

acting as reservoirs. This result disagrees with studies that found greater variation over time than 

across spatial scales (Belisle et al. 2014) and variation across developmental stages (Ramalho et 

al. 2017). Persistence and stability can be important criteria for assessing the core microbial 

community (Shade et al. 2012, 2013a, Shade and Handelsman 2012). The high level of stability 

in our pollen provisions could be due to several factors. Lower complexity of agricultural 

landscapes may reduce the number of microbes that are associated with domesticated crop 

plants, resulting in a relatively homogenous microbial community (Levine et al. 2011, Gámez-

Virués et al. 2015, Trivedi et al. 2016). In urban landscapes, birds were found to have altered 

microbial digestive system community composition, specifically lower species richness and 

changes in metabolic functional roles, compared with birds in landscapes with less urban area 

(Teyssier et al. 2018). Diet can also be an important determinant of associated microbial 

communities (Russell et al. 2009, Anderson et al. 2012, Téfit et al. 2017). Bacterial communities 

in digestive systems of lady beetles were more diverse when fed a greater prey diversity and in 

certain landscapes where prey items were assumed to be more diverse (Tiede et al. 2017). Some 

plants are associated with a disproportionally high number of microbes (McFrederick and Rehan 

2016), and since specialist bees forage on a small subset of plants they may encounter a reduced 

microbial fauna, although many of these bees will visit additional plant species for nectar. In 

addition, soil likely acts as insulation for brood cells under the ground, moderating conditions 

(like temperature and humidity) to create a more homogeneous environmental than that 

experienced by brood cells occurring above-ground in stems or in colonies (DeBano et al. 1979, 

Cane and Neff 2011, Menezes et al. 2015). Priority effects (i.e. the dominance of early 

colonizing species) in floral nectar communities can last across multiple floral generations of the 
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same plant (Toju et al. 2018), but homogeneous environments may weaken the importance of 

these effects, allowing some microbes to consistently outcompete others in favorable 

environments, regardless of the order of arrival (Tucker and Fukami 2014). This combination of 

regular microbial associates with stable environmental conditions could create the ideal 

circumstances for a microbial community to consistently assemble in predictable ways. Given 

the importance of local environmental variation in determining the potential colonizing microbial 

community, it is noteworthy that squash bee pollen provisions maintain such a stereotypical 

community. 

Our results suggest that the microbial community associated with Peponapis pruinosa is 

diverse, stable, and unique to the brood cell environment. These reliable and persistent 

associations may pave the way for the evolution of mutualistic interactions and co-evolution. 

Future work should continue to focus on evaluating the core microbiota in pollen provision of 

solitary bees as this is an understudied extension of the larval microbiome and an over-looked 

source of potential nutritional and defensive microbial associations. 
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Supplementary Materials 

Table S1. Locality information for nest aggregations. 

Year  Site Code Lat Long 
14 GR  N 42.65 – N 42.66  W 76.47 – W 76.48 
14 IK N 42.19 – N 42.20 W 76.31 – W 76.32 
14 LY N 42.69 – N 42.70 W 77.02 – W 77.03 
14 PD N 42.88 – N 42.89 W 77.07 – W 77.08 
14 SH N 42.11 – N 42.12 W 76.92 – W 76.93 
14 TP N 42.90 – N 42.91 W 76.34 – W 76.35 
15 EM N 42.64 – N 42.65 W 76.82 – W 76.83 
15 LY2 N 42.71 – N 42.72 W 77.02 – W 77.03 
15 PD2 N 42.91 – N 42.92 W 77.10 – W 77.11 
15 SH N 42.11 – N 42.12 W 76.92 – W 76.93 
15 TM N 42.75 – N 42.76 W 77.11 – W 77.12 
16 IK3 N 42.19 – N 42.20 W 76.31 – W 76.32 
16 PD3 N 42.86 – N 42.87 W 77.14 – W 77.15 
16 PG N 42.82 – N 42.83 W 77.12 – W 77.13 
16 RV N 43.18 – N 42.19 W 76.41 – W 76.42 
16 TP3 N 42.89 – N 42.90 W 76.34 – W 76.35 
 

Table S2. Dunn’s test results for alpha diversity metrics. Significant results in bold. 

Community Metric Comparison z p unadjusted p adjusted 
Bacteria OTU Richness Guts-Nectar  0.06761669  9.460908e-01  9.460908e-01 
Bacteria OTU Richness Guts-Pollen  -5.01084219 5.419234e-07 3.251541e-06 
Bacteria OTU Richness Nectar-Pollen  -4.23741994 2.261030e-05 6.783090e-05 
Bacteria OTU Richness Guts-PP  -6.83835109 8.010987e-12 6.408790e-11 
Bacteria OTU Richness Nectar-PP -5.37569917 7.628607e-08 5.340025e-07 
Bacteria OTU Richness Pollen-PP -0.77755435 4.368318e-01 8.736636e-01 
Bacteria OTU Richness Guts-Soil -8.23802561 1.750757e-16 1.750757e-15 
Bacteria OTU Richness Nectar-Soil -7.43589809 1.038599e-13 9.347390e-13 
Bacteria OTU Richness Pollen-Soil -4.66519683 3.083218e-06 1.233287e-5 
Bacteria OTU Richness PP-Soil -4.70665247 2.518177e-06 1.259088e-5 
Fungi OTU Richness Guts-Nectar 3.7621597 1.684525e-04  1.010715e-03 
Fungi OTU Richness Guts-Pollen 1.5359427 1.245524e-01  2.491049e-01 
Fungi OTU Richness Nectar-Pollen -2.7381140 6.179266e-03 2.471706e-02 
Fungi OTU Richness Guts-PP 5.5521343  2.822026e-08  2.539824e-07 
Fungi OTU Richness Nectar-PP -0.5512677 5.814502e-01 5.814502e-01 
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Fungi OTU Richness Pollen-PP 4.0389538 5.369013e-05  3.758309e-04 
Fungi OTU Richness Guts-Soil -1.7413693 8.161887e-02 2.448566e-01 
Fungi OTU Richness Nectar-Soil -4.6167480 3.898001e-06 3.118401e-05 
Fungi OTU Richness Pollen-Soil -2.9371279 3.312675e-03 1.656337e-02 
Fungi OTU Richness PP-Soil -5.7216577 1.054897e-08 1.054897e-07 
Bacteria PIE Guts-Nectar 0.5920256  5.538334e-01  1.000000e+00 
Bacteria PIE Guts-Pollen 0.1271522  8.988200e-01  8.988200e-01 
Bacteria PIE Nectar-Pollen -0.5093265  6.105234e-01 1.000000e+00 
Bacteria PIE Guts-PP 4.6989807  2.614632e-06  2.091706e-05 
Bacteria PIE Nectar-PP 2.9381701  3.301559e-03  1.320623e-02 
Bacteria PIE Pollen-PP 4.9923951  5.963511e-07  5.367160e-06 
Bacteria PIE Guts-Soil -3.0848326 2.036668e-03 1.018334e-02 
Bacteria PIE Nectar-Soil -3.2556699 1.131252e-03 6.787511e-03 
Bacteria PIE Pollen-Soil -3.2850594 1.019609e-03 7.137261e-03 
Bacteria PIE PP-Soil -6.8415987 7.831424e-12 7.831424e-11 
Fungi PIE Guts-Nectar 2.1863127  2.879273e-02  1.727564e-01 
Fungi PIE Guts-Pollen 1.0090924  3.129303e-01  6.258607e-01 
Fungi PIE Nectar-Pollen -1.5046256 1.324204e-01 5.296814e-01 
Fungi PIE Guts-PP 1.7670135  7.722597e-02  3.861299e-01 
Fungi PIE Nectar-PP -1.3026784 1.926846e-01 5.780537e-01 
Fungi PIE Pollen-PP 0.5880966  5.564675e-01  5.564675e-01 
Fungi PIE Guts-Soil -3.1288376 1.754993e-03 1.228495e-02 
Fungi PIE Nectar-Soil -4.4587228 8.244946e-06 7.420452e-05 
Fungi PIE Pollen-Soil -3.9763601 6.997813e-05 5.598250e-04 
Fungi PIE PP-Soil -4.7555329 1.979236e-06 1.979236e-05 
 

 


