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Emergent infectious diseases are a principal driver of biodiversity loss globally. The population 11 

and range declines of a suite of North American bumblebees, a group of important pollinators, 12 

have been linked to emergent infection with the microsporidian Nosema bombi. Previous work 13 

has shown that phytochemicals in pollen and nectar can negatively impact parasites in individual 14 

bumblebees, but how this relates to social epidemiology and by extension whether plants can be 15 

effectively used as disease management strategies remains unexplored. Here we show that 16 

caffeine, identified in the nectar of Sainfoin, a constituent of agri-environment schemes, 17 

significantly reduced N. bombi infection intensity in individual bumblebees and, for the first time, 18 

that such effects impact social epidemiology, with colonies reared from wild caught queens having 19 

lower prevalence and intensity of infection. Furthermore, infection prevalence was lower in 20 

foraging bumblebees from these colonies, suggesting a likely reduction in population-level 21 

transmission. Our results demonstrate that phytochemicals can impact pollinator disease 22 

epidemiology and that planting strategies, which increase floral abundance to support 23 

biodiversity could be co-opted as disease management strategies. 24 

Two prominent drivers of biodiversity loss are emerging infectious diseases (EID) [1 - 7] and the 25 

reduction of natural habitat [8 – 13], often as a direct consequence of intensive agriculture [14 - 16].  26 

One important approach to mitigate the negative impact of agriculture on biodiversity has been the 27 

development of agri-environment schemes (AES) [17,18] and conservation reserve programmes (CRP) 28 

[19]. In both AES and CRP, prescriptions are set out that increase floral abundance and diversity to 29 

conserve and enhance broader biodiversity, and the ecosystem services, such as pollination, that it 30 

supplies [17 - 19]. Such approaches have been shown to increase the abundance, diversity and 31 

persistence of beneficial organisms, such as pollinators, in agricultural environments [20 – 23]. 32 

However, pollinators are also threatened by EIDs [24, 25], and AES prescriptions may indirectly act as 33 

hubs that amplify disease in these populations [25 - 27]. Floral rewards, the main attractant for 34 

pollinators, contain secondary metabolites [28 - 30]. These phytochemicals can have antimicrobial 35 

properties [31] and may therefore have positive effects on pollinator disease by controlling parasites 36 

and pathogens [32 – 36]. Consequently, strategies that increase floral abundance and diversity, if 37 
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designed to include floral mixes that incorporate high nutritional and medicinal value, may improve 38 

pollinator health and therefore could be co-opted to manage wildlife diseases. 39 

Bumblebees are key global crop pollinators [37 – 39]. However, these charismatic insects are 40 

threatened by EIDs [40, 41]. More specifically, disease spillover has been identified between the 41 

European honeybee (Apis mellifera) and UK bumblebees [25, 42] and the global movement of 42 

commercial bumblebees for crop pollination has introduced novel pathogens to naive bumblebee 43 

communities in both North and South America [24, 43].  One such emergent pathogen is the 44 

microsporidian Nosema bombi [44], which has been implicated in the population and range declines 45 

recorded in a suite of North American bumblebees [24, 45]. Bumblebees are unable to recognise and 46 

remove N. bombi infected brood [46], suggesting that social immunity [47] is insufficient to adequately 47 

prevent disease transmission within a colony. Given that animals consume naturally occurring, 48 

bioactive compounds in their diets [48 – 50], inspiration for novel medications to combat parasitic 49 

infections may be drawn from an animal’s pre-existing diet [51 – 53], as has been shown to be the case 50 

for individual bumblebees [34 – 36]. However, such studies have yet to address the social epidemiology 51 

of pollinator parasites, which is key to their success in highly social insects [54].  52 

Here we screen flowers used in UK-based AES, targeted at bumblebees, for phytochemicals in 53 

both the pollen and nectar. Caffeine was identified in the nectar of sainfoin (Onobrychis viciifolia), a 54 

major global crop [55]. We then designed a range of experiments to determine if consumption of 55 

caffeine can impact N. bombi infection in individual bumblebee workers, both prophylactically and 56 

therapeutically. We then used colonies reared from wild bumblebee queens to investigate whether 57 

caffeine can impact social, and by extension environmental epidemiology. Given that phytochemicals 58 

impact disease in individual bumblebees, we predict that if caffeine has a negative impact on N. bombi 59 

in individuals it will also impact social epidemiology. 60 

 61 

 62 

Results 63 

Identification and analysis of phytochemicals from AES plants  64 

Nine species of flowers were identified from AES seed mixes prescribed by Natural England (2017) as 65 

potential bumblebee forage (supplementary table 1). Forty-one and twenty-seven phytochemicals 66 

(inclusive of isomers) were identified respectively from pollen and nectar sampled from the nine AES 67 

species, using LC-MS (supplementary table 2 & supplementary table 3 respectively). The alkaloid 68 

caffeine was identified in the nectar of sainfoin (Onobrychis viciifolia) (concentration range 0.35-69 

200µM) using a retention time (rt) of 6.11 and a mass-to-charge ratio (m/z) of 195.09. For all 70 

experimental procedures we selected 200µM of caffeine to investigate its impact on N. bombi. While 71 

this was the highest concentration recorded in our analyses, from a limited number of sampling points 72 
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and locations, it was representative of natural caffeine concentrations reported elsewhere in floral nectar 73 

[56, 57]. 74 

Caffeine negatively impacts N. bombi infection in B. terrestris workers 75 

In the prophylactic bioassay, 82 workers successfully eclosed, of which 36 had N. bombi infections 76 

(control = 22, caffeine = 14), resulting in an overall infection success of 44%. There were no significant 77 

differences between the infection prevalence in our control or experimental groups (χ2 = 1.433, P = 78 

0.231), indicating that caffeine had not affected parasite prevalence. In contrast, caffeine did have a 79 

significant prophylactic effect by reducing N. bombi infection intensity in eclosed workers (LMM, F1,28 80 

= 15.33, P < 0.001; Figure 1a). The covariates thorax width (LMM, F1,28 = 3.75, P = 0.06), faeces 81 

volume (LMM, F1,28 = 0.65, P = 0.4) and the random effect colony (P = 0.27) all had no significant 82 

effect on N. bombi infection intensity.  83 

In the therapeutic bioassay, 101 workers successfully eclosed, of which 39 had N. bombi 84 

infections (control = 25, caffeine = 14), resulting in an overall infection success of 39%. Again, there 85 

was no significant difference between the infection prevalence in our control or experimental groups 86 

(caffeine χ2 = 2.384, P = 0.123). However, as with our prophylactic bioassay, caffeine had a significant 87 

therapeutic effect by reducing N. bombi infection intensity in eclosed workers (LMM, F1,31 = 4.97, P = 88 

0.032; Figure 1b). The covariates thorax width (LMM, F1,31 = 2.49, P = 0.123), faeces volume (LMM, 89 

F1,31 = 1.87, P = 0.181), and the random effect colony (P = 0.193) all had no significant effect on N. 90 

bombi infection intensity. 91 

 92 

 93 

Figure 1 Beeswarm plots of N. bombi infection intensities in adult B. terrestris workers that had been 94 

fed caffeine prophylactically (a) and therapeutically (b). The sample mean has been marked with a grey 95 

bar and statistical differences have been marked with a double asterisk. Caffeine was found to have 96 

both a significant prophylactic and therapeutic effect on N. bombi infection intensity in B. terrestris 97 

workers.  98 

 99 

       Control      Caffeine 

a) 

     Control      Caffeine 

b) 
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Caffeine significantly impacts the epidemiology of N. bombi in B. terrestris colonies 100 

Caffeine treatment significantly reduced the prevalence of N. bombi in colonies (LMM, F1,851 = 18.04, 101 

P < 0.001; Figure 2). Prevalence varied across colonies (P = 0.001) but the covariates brood cohort 102 

(LMM, F1,851 = 3.36, P = 0.06), number of inoculated larvae (LMM, F1,851 = 0.02, P = 0.90), number of 103 

days since inoculation (LMM, F1,851 = 0.23, P = 0.63) and the random effect forager (P = 0.06) all had 104 

no significant effect on N. bombi infection prevalence. Caffeine had a similar negative impact on N. 105 

bombi infection intensity (LMM, F1,851 = 34.8, P < 0.001; Figure 3). In addition, there was a significant 106 

negative interaction between cohort and treatment on N. bombi infection intensity (F1,851 = 14.2, P < 107 

0.001), meaning that the younger the bumblebee, the greater the impact caffeine treatment had on 108 

reducing N. bombi infection intensity (Figure 4). In contrast, the covariates number of inoculated larvae 109 

(LMM, F1,851 = 0.24, P = 0.6), number of days since inoculation (LMM, F1,851 = 0.001, P = 0.9) and the 110 

random effects forager (P = 0.06) and colony (P = 0.51) all had no significant effect on N. bombi 111 

infection intensity (Figure 3).  Finally, the covariates treatment (LMM, F1,205 = 0.937, P = 0.02) and 112 

cohort (LMM, F1,205 = 2.294, P < 0.001) were found to have a significant impact on forager infection 113 

prevalence. In essence foragers, especially younger foragers, from our caffeine treated colonies were 114 

less likely to have N. bombi infections. In contrast, the infection intensity of infected foragers was not 115 

impacted by treatment (LMM, F1,205 = 1.509, P = 0.14), but interestingly cohort did have a significant 116 

negative impact on forager infection intensity (LMM, F1,205 = 3.061, P <0.001), showing that infected 117 

younger foragers had lower infection intensities (Figure 5). In both forager models faeces volume 118 

(Prevalence LMM, F1,205 = -1.505, P = 0.13, Infection intensity LMM, F1,205 = 0.342, P = 0.7), number 119 

of larvae inoculated (Prevalence LMM, F1,205 = -0.242, P = 0.8, Infection intensity LMM, F1,205 = 120 

01.323, P = 0.19) and colony (Prevalence LMM P > 0.05, Infection intensity LMM P > 0.05) had no 121 

impact on infection prevalence or intensity.  122 

 123 

  ** 
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Figure 2 Nosema bombi infection prevalence in adult bumblebees (B. terrestris) for both control (n = 124 

428) and caffeine (n = 272) treatments. Treatment with caffeine significantly reduced N. bombi 125 

infection prevalence.  126 

 127 

 128 

 129 

 130 

Figure 3 Treatment with caffeine significantly reduced N. bombi infection intensity. Box plot of 131 

Nosema bombi infection intensity in adult bumblebees (B. terrestris) for both control (n = 438) and 132 

caffeine (n = 272) treatments. Significant differences between treatments are shown with a double 133 

asterisk. 134 

 135 
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 136 

Figure 4 Nosema bombi infection intensity across B. terrestris brood cohorts. Each brood cohort is a 137 

representation of a colonies reproductive output over two weeks, with the first cohort representing the 138 

first batch of brood produced. Hence, at sampling, later cohorts contained younger bumblebees. Cohort 139 

and treatment significantly impacted N. bombi infection intensity in adult bumblebees. Caffeine feeding 140 

reduced N. bombi infection intensity and earlier cohorts across both treatments had lower infection 141 

intensities. Shaded areas represent mean ±SEM.  142 

 143 

.CC-BY-NC-ND 4.0 International licenseperpetuity. It is made available under a 
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted February 1, 2021. ; https://doi.org/10.1101/2021.01.30.428928doi: bioRxiv preprint 

https://doi.org/10.1101/2021.01.30.428928
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

 

 144 

 145 

 146 

 147 

 148 

 149 

 150 

 151 

 152 

 153 

 154 

 155 

 156 

 157 

 158 

 159 

 160 

 161 

 162 

 163 

 164 

 165 

 166 

 167 

 168 

 169 

 170 

 171 

 172 

Figure 5 Nosema bombi infection prevalence (a) and infection intensity (b) for foraging bumblebees 173 

sampled during the experiment. There were significantly fewer bees that had N. bombi infections in the 174 

caffeine treatment when compared to the control group. In contrast, there was no significant difference 175 

in infection intensities between the caffeine and control groups. 176 

 177 

No impact of caffeine on bumblebee colony growth and reproduction  178 

The covariates treatment (LMM, F1,18 = 2.45, P = 0.13), number of brood inoculated (LMM, F1,18 = 179 

0.77, P = 0.3) and number of days since inoculation (LMM, F1,18 = 0.004, P = 0.4) had no effect on the 180 

a) 

b) 
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number of workers produced in B. terrestris colonies. Similarly, the covariates treatment (LMM, F1,18 181 

= 0.96, P = 0.3), population size (LMM, F1,18 = 2.13, P = 0.17), number of brood inoculated (LMM, 182 

F1,18 = 0.04, P = 0.85), days since inoculation (LMM, F1,18 = 0.032, P = 0.25) and the random effect 183 

colony (P = 0.82) had no effect on the production of sexual castes. 184 

 185 

Discussion 186 

Here we show that phytochemicals which may be encountered by bumblebees in AES landscapes can 187 

negatively impact both the individual and social epidemiology of a key bumblebee pathogen, N. bombi. 188 

Specifically, consumption of caffeine reduced the overall infection prevalence and intensity of N. bombi 189 

infections in B. terrestris colonies reared from wild caught queens, while simultaneously having no 190 

negative impact on colony development. Consequently, our results indicate that schemes that increase 191 

floral abundance and diversity, such as AES and CRP may have unexplored benefits as they have the 192 

potential to be co-opted as disease management tools to further improve pollinator health in the field. 193 

We identified caffeine in the nectar of sainfoin (Onobrychis viciifolia), a component of UK 194 

AES, and showed that it negatively impacts the infection success and epidemiology of the 195 

microsporidian N. bombi in wild caught and reared B. terrestris colonies.  While our assessments of 196 

caffeine bioactivity were at the highest concentration likely to be encountered in wild O. viciifolia, this 197 

is still within naturally occurring nectar concentrations reported from other caffeine producing plants 198 

[56]. In addition, caffeine is a common nectar constituent [57]. Consequently, our experimental 199 

paradigm represents an ecologically relevant interaction between pollinators, their pathogens and forage 200 

plants. However, we would note that further work is required to assess the variation across different 201 

cultivars and wild species of caffeine producing plants [58].   202 

Emergent infection with N. bombi has been implicated as a principal driver of contemporary 203 

bumblebee declines across North America [24, 45]. Our results show that caffeine reduced the overall 204 

infection intensity of N. bombi in vivo, in individual bumblebees that were treated as larvae, in both 205 

prophylactic and therapeutic treatments. Both of these treatment methods are recognized in preventative 206 

medicine and are biologically realistic within the bumblebee-Nosema system. As infection by N. bombi 207 

may occur at any time across the lifecycle of bumblebee colonies, caffeine, and potentially other 208 

bioactive secondary chemicals [36], may interact either prophylactically or therapeutically to prevent 209 

or inhibit parasitaemia. Exposure to such compounds depends upon the duration of flowering and 210 

density of flowers, both of which can be high in AES schemes [20]. Caffeine is well known for its 211 

biological activity [59, 60], and its impacts on N. bombi infection may be through reducing spore 212 

germination and subsequent infection success. This is likely to be enhanced in bumblebee larvae, whose 213 

blind gut may lead to an increase in caffeine concentration during the exposure period, resulting in a 214 

greater impact on the parasite and contributing to the reduction of infection prevalence and intensity 215 

recorded in adult bumblebees following eclosure. 216 
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These impacts of caffeine on individual infections were magnified at the colony level, with 217 

treated colonies having significantly lower prevalence and intensity of infections. In control colonies, 218 

the prevalence and intensity of infections increased across the colony cycle including the sexual 219 

production phase, which has implications for environmental disease persistence [61]. In contrast, both 220 

prevalence and intensity remained at relatively lower levels in treated colonies. This will have reduced 221 

the force of intra-colonial infection, by lowering the number of infective spores in the social 222 

environment. It is also likely to have significant knock-on effects for transmission between colonies. 223 

As N. bombi is not species specific [62], the reduction in disease prevalence, recorded here, from 224 

caffeine consumption in foraging bumblebees may also reduce the likelihood of inter-specific disease 225 

transmission [63, 64], and thus further impact environmental disease epidemiology.  Interestingly, the 226 

higher infection intensities we observed in younger cohorts in control colonies were sufficient to yield 227 

higher colony infection prevalence. We suggest that this early N. bombi bloom in young adults, which 228 

caffeine inhibited, either through larval or adult consumption, as both may impact transgenerational 229 

disease in bumblebees [36], is critical in maintaining high intracolonial disease prevalence. 230 

Consequently, our results suggest that beneficial forage plants, such as those that produce caffeine, if 231 

provided throughout the lifecycle of a bumblebee colony (either by overlapping or prolonged anthesis 232 

periods) may mitigate the impact of endemic and emergent disease.  Moreover, it is important to note 233 

that the impact of the N. bombi bloom in young adult bumblebees on prevalence is likely to be greater 234 

in incipient colonies where there are fewer individuals. Consequently, younger bees will be involved in 235 

nest-based tasks including nursing behaviours [65], where they are likely to pass spores to developing 236 

larvae [66], thus contributing to disease amplification.   As such, planting strategies that target incipient 237 

colonies may have a greater impact on pollinator parasite epidemiology. The emergence of N. bombi in 238 

North America has been implicated as a driver of indigenous bumblebee declines [24]. Sainfoin is 239 

grown in North America and caffeine is present in the nectar of other plants found throughout North 240 

America [57]. Consequently, we recommend our results be studied in the context of North American 241 

bumblebee declines in response to EIDs. Our findings suggest that the incidence and impact of N. bombi 242 

can be mitigated with adaptive planting strategies, which include forage plants containing caffeine. 243 

Alongside the management of endemic disease, this approach may be implemented to provide a 244 

mechanism with which to minimize the spread of emergent disease to novel areas. 245 

Infection with N. bombi dramatically impacts bumblebee colony health and fitness [67, 68] and 246 

this may have implications for population persistence [24].  Phytochemicals can negatively impact 247 

bumblebee fitness [69]. In contrast, our results show that chronic caffeine consumption did not have a 248 

negative effect on the health or fitness of our experimental colonies, indeed caffeine treated colonies 249 

had a trend for longer persistence and the production of more individuals of sexual castes in contrast to 250 

what would typically be expected in N. bombi infected colonies [68]. Consequently, at the colony level, 251 

caffeine is not having a detrimental effect on brood development or on queen fecundity. Caffeine has 252 

been reported in thirteen orders of plants [57]. Consequently, our findings on the impact of caffeine on 253 
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bumblebee parasite epidemiology may be relevant in other landscapes, globally, where AES and 254 

sainfoin are not present. In addition, caffeine has been shown to enhance a pollinator’s memory of 255 

reward [56], resulting in increased visitation rates by altering the foraging behaviour of bees. Our results 256 

suggest that such manipulation of pollinator behaviour by caffeine, resulting in repeated flower 257 

visitations [70], may also indirectly benefit foraging bumblebees by reducing the incidence and 258 

distribution of a key parasite, N. bombi, within a given environment. However, it should be noted that 259 

under field conditions caffeine consumption may lead to suboptimal foraging strategies [71] which may 260 

have a negative impact on bumblebee colony fitness through nutritional deficiencies.  261 

The current guidelines and floral recommendations for AES have been developed with the 262 

scientific community [72, 73] and AES have been shown to increase bumblebee species richness [20, 263 

21] and more recently bumblebee reproductive fitness [23]. By integrating epidemiological studies, 264 

such as the results presented here, into AES, and similar schemes across the globe, such as CRP, their 265 

management could be further adapted to include species that have beneficial floral chemistry, which 266 

may provide indirect fitness benefits to pollinators through disease management.   267 
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Methodology 268 

Identification and analysis of phytochemicals from AES plants  269 

Nine species of flowers were identified from AES seed mixes prescribed by Natural England (2017) as 270 

potential bumblebee forage (supplementary table 1). Fresh pollen and nectar were collected from 271 

Langridge, UK (ST741694), Salisbury Plains, UK (SU069440), Royal Botanic Gardens, Kew (RBG 272 

Kew), UK (TQ184769), and Egham, UK (TQ010709) between May 2016 and July 2017. This 273 

collection period enabled repeat sampling of species and also allowed for sampling of any species that 274 

may have already undergone anthesis in 2016. Flowers were initially covered using a muslin cloth and 275 

a cable tie for up to 24 hours. This ensured maximum harvest of both pollen and nectar [74]. Nectar 276 

was collected using a 2μl glass micro-capillary tube [75] and stored in a 1.5 ml UV protective Eppendorf 277 

tube. Pollen was removed by positioning a stamen over a separate 1.5 ml UV protective Eppendorf tube 278 

and rocking the target flower backwards and forwards. Both pollen and nectar samples were kept in a 279 

chilled container in the field prior to being stored in a -20°C freezer for subsequent analysis. For each 280 

species of plant, at each index site, nectar and pollen samples were pooled separately, to ensure that any 281 

geographic variation in phytochemicals could be detected. In addition, pooling samples from multiple 282 

individuals of the same species increased the likelihood of detecting phytochemicals that are found at 283 

naturally low concentrations within both pollen and nectar. 284 

Chemical analysis of floral rewards was undertaken using LC-MS. Each pollen sample was 285 

initially centrifuged at 6000 rpm for 1 minute before 100μl of 100% methanol (MeOH) was added. 286 

Pollen samples were then vortexed for 20 seconds prior to being stored at room temperature for 24 287 

hours to ensure maximum extraction of phytochemicals into the methanol solvent. Nectar samples were 288 

centrifuged at 6000 rpm for 1 minute before 50μl of 100% MeOH was added and were available for 289 

immediate analysis after 20 seconds of vortexing [76].  290 

Once prepared, as outlined above, a 50μl aliquot of each sample was placed into an individually 291 

labelled low absorption LC vial. LC-MS analysis was carried out using an LC elution program on a 292 

Thermo Scientific Ultimate 3000 LC and Velos Pro MS detector, with 5μl injection volume onto a 293 

Phenomenex Luna C18 (2) column (150 x 4.0mm id, 5μm particle size) held at 30°C. A gradient elution 294 

was employed consisting of a mobile phase of (A) MeOH (B) H2O and (C) 1% HCO2H in MeCN at a 295 

flow rate of 0.5mL min-1. Phytochemicals were then identified on the resulting ion chromatogram in 296 

Xcalibur 2.1.0 (2012) comparing retention times, molecular weight and UV absorption with data from 297 

an existing compounds library at RBG Kew. Phytochemicals that could not be identified from these 298 

parameters were subjected to High Resolution Electrospray Ionization Mass Spectrometry (HR-ESI-299 

MS) using a Thermoscientific LTQ Orbitrap ™ XL with a 5μl injection volume onto a Phenomenex 300 

Luna C18 (150mm x 3mm id, 3μm particle size) held at 30°C. A gradient elution was employed 301 

consisting of a mobile phase of (A) H2O (B) MeOH (C) 1% CH2O2 in CH3CN at a flow rate of 0.4mL 302 

min-1. HR-ESI-MS analysis facilitated identification of phytochemicals from fragmentation patterns of 303 

the mass spectra and accurate molecular formulae. 304 
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Forty-one and twenty-seven phytochemicals (inclusive of isomers) were identified respectively 305 

from pollen and nectar sampled from the nine AES species, using LC-MS (supplementary table 2 & 306 

supplementary table 3 respectively). The concentration of each phytochemical was calculated in parts 307 

per million (ppm) by comparison of UV peak areas with standard curves at relevant floral reward 308 

concentrations (10, 100, 500, 1000 ppm) and then converted to micromolar (µM) [29, 76, 77]. In the 309 

absence of a specific standard, compounds with a similar UV absorption, based on the same 310 

chromophore, were used as an approximation. The alkaloid caffeine was identified at a concentration 311 

of 200µM in the nectar of sainfoin (Onobrychis viciifolia) using a retention time (rt) of 6.11 and a mass-312 

to-charge ratio (m/z) of 195.09 from a pooled sample taken in 2017. Caffeine has been reported 313 

previously to have biological activity against microbes [59], including reducing mortality in honeybees 314 

infected with Israeli acute paralysis virus [60]. Consequently, caffeine was an ideal compound to 315 

investigate the potential impact of AES phytochemicals on N. bombi epidemiology in B. terrestris.  316 

Identification of caffeine in nectar of a species in the Leguminosae was surprising since it has only been 317 

reported previously in Leguminosae once [78].  Therefore, to confirm the presence of caffeine in 318 

sainfoin, flower nectar was resampled as described above in 2019, using four independent investigators 319 

which resulted in three independently pooled samples of sainfoin nectar. Again, caffeine was identified 320 

in all three samples, although at lower concentrations than the 2017 sample (0.35, 8.3 and 16.4 uM), 321 

when run in isolation from the other samples using the same LC-MS method as before. Caffeine was 322 

absent from analysis immediately prior to and following each of our samples, indicating that the 323 

instrument was not contaminated with caffeine. However, caffeine has been reported in nectar of several 324 

plant species [57] from different plant families and may occur more widely than previously thought in 325 

plants.  For all experimental procedures we selected 200µM of caffeine to investigate the impact on N. 326 

bombi. While this was the highest concentration found in our concentration range, from a small number 327 

of sampling points and locations, it is representative of naturally occurring caffeine concentrations, 328 

which is a widely available nectar compound [56, 57].   329 

Nosema bombi inoculum 330 

To elucidate the effect of caffeine on N. bombi, we used a larval inoculation paradigm, as larvae are the 331 

most susceptible stage to infection [80]. A wild B. terrestris queen that was naturally infected with N. 332 

bombi was caught from Windsor Great Park, UK (SU992703) in 2016 [36]. The infected queen’s gut 333 

was isolated by dissection and homogenized in 0.01M NH4Cl. The resulting spore solution was 334 

centrifuged at 4°C for 10 minutes at 5000 rpm to isolate and purify the spore pellet as described in [79]. 335 

The pellet was resuspended in 0.01M NH4Cl and the N. bombi concentration was calculated using a 336 

Neubauer improved haemocytometer. To confirm the presence of N. bombi, and to ensure the 337 

microsporidium was not N. ceranae, as these two microsporidia can be easily confused under a light 338 

microscope, a sample of the inoculum was subjected to PCR using primers and the protocol outlined in 339 

[80]. The inoculum was then used to infect three commercially available Bombus terrestris audax 340 

.CC-BY-NC-ND 4.0 International licenseperpetuity. It is made available under a 
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted February 1, 2021. ; https://doi.org/10.1101/2021.01.30.428928doi: bioRxiv preprint 

https://doi.org/10.1101/2021.01.30.428928
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

 

colonies (Biobest, Belgium) from which further spores were harvested to be used to create inocula 341 

(described above). The resulting inocula were stored in a -80 freezer until they were required. 342 

A larval N. bombi inoculant was prepared by combining inverted sugar water and pollen (3:1) to create 343 

an artificial worker feed as outlined in [66]. This was then combined in equal proportions (100μl:100μl) 344 

with the N. bombi inoculum to create an experimental inoculant. Prior to any larval inoculation, workers 345 

from each micro-colony were removed for an hour. This resulted in larvae having no access to food and 346 

therefore experimental inoculation would be more likely to elicit a feeding response.  347 

Investigating the impact of caffeine on N. bombi infection on individual epidemiology 348 

Eight B. terrestris audax colonies (hereafter referred to as donor colonies) (containing a queen, brood 349 

and a mean of 45 (± 6.5 S.E.) workers) were obtained from Biobest, Belgium. Colonies were kept in a 350 

dark room at 26°C and 50% humidity (red light was used for any colony manipulation). To ensure 351 

colonies were healthy and developing normally they were monitored for 7 days prior to use in any 352 

experimental procedures. This included randomly screening 10% of the workers every two days, from 353 

each colony, for common parasitic infections (Apicystis bombi, C. bombi and N. bombi) in faeces using 354 

a phase-contrast microscope set to ×400 magnification. No infections were identified in any of the eight 355 

donor colonies.  356 

Micro-colonies were established by removing 8 patches of brood containing approximately 10 357 

developing larvae (growth stage L2-3), from each of the eight donor colonies. Each of these patches of 358 

brood were placed in an individual 140×80×55mm acrylic box. These micro-colonies were each 359 

provisioned with ad libitum pollen and sugar water, and 3 workers from their original donor colony to 360 

provide brood care. All pollen used throughout the experiment was irradiated using UV light to remove 361 

any microbes. Prior to being entered into the experiment all brood-caring workers were individually 362 

marked using a coloured, numbered Opalith ® tag and recorded so that they could be distinguished 363 

from newly eclosed workers. 364 

To investigate if caffeine had any prophylactic properties, 16 micro-colonies (2 per donor 365 

colony) as described above were used. Prior to inoculation, control larvae were kept in their original 366 

micro-colonies (n=8) and provided ad libitum pollen and sugar water. However, in the experimental 367 

groups ad libitum pollen and sugar water containing caffeine (Sigma Aldrich CO750) at 200µM (n=8 368 

micro-colonies) was provided for 7 days.  Caffeine was added to sugar water using 4ml of 40% MeOH 369 

L-1 as a solvent, control colonies also had 4ml of 40% MeOH L-1 added. After seven days both 370 

experimental and control larvae at either instar 2 or 3 were artificially inoculated with 50,000 N. bombi 371 

spores in 4.3μl of inoculant (described above) using a 20μl pipette. The spore concentration in the 372 

inoculum is within ecologically relevant values for N. bombi spores in faeces and is infective to 373 

developing bumblebee brood (Rutrecht & Brown 2008, Folly et al. 2020). The larvae were left to 374 

consume the inoculum for 30 minutes, before being returned to their micro-colony.  375 

In a simultaneous experiment, the therapeutic effect of caffeine was investigated. Here, 16 376 

micro-colonies (2 per donor colony) as described above were used.  In contrast to the prophylactic 377 
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investigation, larvae in the therapeutic investigation were each inoculated with 50,000 N. bombi spores 378 

in 4.3μl of experimental inoculant, as described above, using a 20μl pipette, prior to experimental 379 

feeding. The larvae were again left for 30 minutes to consume the inoculum. The inoculated larvae were 380 

returned to their respective micro-colonies with brood-caring workers. Each control micro-colony (n=8) 381 

was provisioned with ad libitum pollen and sugar water. However, in the experimental groups ad libitum 382 

pollen and sugar water containing caffeine at 200µM (n=8 micro-colonies) was provided for 7 days. As 383 

before, phytochemicals were added to sugar water using 4ml of 40% MeOH L-1, control colonies also 384 

had 4ml of 40% MeOH L-1 of sugar water.  385 

In both feeding trials larvae were allowed to develop naturally and pupate in their respective 386 

micro-colonies. Once eclosed, new workers were marked using a coloured, numbered Opalith ® tag 387 

and individually quarantined for 3 days in an inverted plastic cup, which was modified with a hole that 388 

enabled a 15ml falcon tube to be inserted. The falcon tube contained control inverted sugar water diluted 389 

with double distilled H2O (50% w/w) that the newly eclosed workers could feed on. A quarantine period 390 

of three days was used to ensure that faecal samples were not heavily contaminated with pollen grains 391 

as these can obscure parasites and complicate parasite quantification. At the end of the quarantine period 392 

each worker had its thorax width measured (mm) as a proxy for bumblebee size, using a set of 393 

Mitutoyo™ digital calipers. In addition, each worker was isolated in a 25ml plastic vial where it 394 

provided a faecal sample, collected in a 10 μl glass capillary, the volume (μl) of which was recorded. 395 

Following this, each worker’s faecal sample was screened for N. bombi by microscopic examination 396 

using a phase-contrast microscope at ×400 magnification. If an infection was identified a Neubauer 397 

improved haemocytometer was used to quantify the parasite load. Workers were then sacrificed and 398 

stored in a labeled Eppendorf tube at -80°C. 399 

Investigating the impact of caffeine on the social epidemiology of N. bombi 400 

Between February and April 2018, 250 wild, foraging B. terrestris queens were collected from Windsor 401 

Great Park, Surrey, UK (SU992703), using an entomological net. Each queen was isolated into an 402 

individual, labelled, 25ml perforated collection vial and chilled in an insulated bag, before being 403 

returned to the laboratory. All queens were then screened for common bumblebee endoparasites 404 

(described above, including Sphaerularia bombi as this infects queen bumblebees) via microscopic 405 

examination of faeces using a phase contrast microscope at ×400 magnification. Following this initial 406 

screen, apparently uninfected bumblebee queens were quarantined in an individual 127×67×50mm 407 

acrylic box, where they were fed ad libitum pollen and sugar water, in a dedicated bumblebee rearing 408 

room, which was kept at 26°C and 50% humidity. As before, all pollen used throughout the experiment 409 

was irradiated using UV light to remove any microbes. Seven days after the initial parasite screen each 410 

queen was rescreened for the common bumblebee endoparasites as above. This seven-day delay ensured 411 

that any incipient infections missed during the initial screen were identified once parasitaemia had 412 

increased to detectable levels [81]. All queens that were infected during either of the parasite screens 413 

(n = 15) were excluded from the experiment and released back to the original field collection site. 414 
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Uninfected queens (hereafter referred to as queens) were returned to their acrylic box in the dedicated 415 

rearing room (described above) and entered into the experiment. Unless otherwise stated, all colony 416 

manipulation was carried out under red light using sterile equipment and workbenches. All queens were 417 

provided with ad libitum sugar water from a gravity feeder and a pollen ball for nutrition and to 418 

encourage egg-laying. Pollen balls were created by combining pollen and sugar water (50% w/w) in a 419 

20:1 ratio. This mixture was then subdivided into individual 15×15×15mm cubes. Sugar water and 420 

pollen balls were changed every seven days or if a queen had spoiled her resources, whichever came 421 

first. Queens were left to develop naturally, and reproductive output was monitored and recorded. Once 422 

the first set of workers had hatched, these were marked using numbered, coloured Opalith ® tags (tag 423 

colour was unique to cohort, not individual or colony) and the remaining incipient brood was inoculated 424 

with N. bombi (as described above) and entered into one of two feeding regimes. Any queen that did 425 

not lay a clutch of eggs within eight weeks (n = 113) was excluded from the experiment and released 426 

back to the original field collection site. Of the 250 queens originally caught, 40 produced an incipient 427 

colony, of which 19 lasted for the duration of the experiment.  428 

Following inoculation (described above), the original queen was allowed to re-associate with 429 

the brood for 5 minutes prior to the marked workers being returned. This step reduced the likelihood of 430 

the queen rejecting the brood later in the colony lifecycle (AJF personal observation). Following this, 431 

each incipient colony (including queen and any hatched workers) was placed into a 290×220×130mm 432 

plastic colony box. This habitation box was connected, via a plastic tube, to a separate 290×220×130mm 433 

plastic box that was used as a foraging arena. The foraging arena provided ad libitum pollen and 434 

experimental sugar water. Each control colony (n = 10 colonies) was provisioned with ad libitum pollen 435 

and sugar water for the duration of the colony lifecycle. In the experimental group ad libitum pollen 436 

and sugar water, containing caffeine at 200µM (n = 9 colonies) was provided for the duration of the 437 

colony life cycle. Caffeine was added to sugar water using 4ml of 40% MeOH as a solvent L-1, control 438 

colonies also had 4ml of 40% MeOH added L-1, of sugar water. Pollen and sugar water were changed 439 

every seven days, or once the colony had consumed all of the resources, whichever came first. To 440 

investigate if caffeine had any effect on N. bombi epidemiology, a range of colony specific 441 

measurements were taken throughout the colony lifecycle. Every two weeks all newly eclosed workers 442 

were individually marked using a coloured, high varnish paint, which was unique to that specific brood 443 

cohort and not the colony. Marking bumblebees in this way enabled investigation of colony 444 

demographics and infection prevalence and intensity. A period of two weeks was used to ensure that 445 

larvae that were at instars L3 & L4 during the previous cohort had hatched for the subsequent cohort. 446 

Consequently, each cohort contained a representative group of a colony’s worker production to identify 447 

infection dynamics over time. To investigate the impact of caffeine on infection prevalence and 448 

intensity in foragers, which are the route for inter-colony transmission of the parasite, every seven days 449 

10% of the total colony population that were foraging were removed and screened for N. bombi 450 

infection via microscopic examination of the faeces. Each forager had its brood cohort and colony 451 
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recorded. If an infection was identified a Neubauer improved haemocytometer was used to calculate 452 

the infection intensity (cells/μl). Finally, when the colony was terminated all remaining bees were 453 

removed and isolated in individual, labeled, 25ml collection tubes and workers were screened for N. 454 

bombi infection as described above. For each bee a record of sex, brood cohort and colony was taken, 455 

before they were sacrificed in a -80oC freezer. To ensure consistency across colonies with respect to 456 

termination, the following parameters were used to define the end of a colony. Colony endpoint was 457 

defined as either three weeks following the death of the original queen, three weeks following the 458 

eclosure of the first sexual caste or three weeks after the queen last laid a clutch of eggs. These 459 

guidelines ensured that all developing brood would reach eclosure by the endpoint, enabling a robust 460 

estimation of the complete reproductive output of a colony. 461 

Statistical analysis  462 

All statistical analyses and graphical outputs were undertaken in R open-source programming language 463 

[82, 83]. Chi-squared (χ2) tests were used to compare the infection prevalence between treatments in 464 

both the therapeutic and prophylactic investigations. To analyse the therapeutic and prophylactic effect 465 

of caffeine on N. bombi infection intensity in newly eclosed workers, two separate linear mixed-effects 466 

models (LMM) were constructed. Models were constructed in the R package ‘lme4’ [84]. Both models 467 

were constructed under the following parameters. Infection intensity was used as a response variable, 468 

with treatment group as a categorical factor, in addition thorax width (mm) and faeces volume (μl) were 469 

included as covariates. Both models also incorporated colony-of-origin as a random effect.  In addition, 470 

to analyse the impact of nectar caffeine on N. bombi epidemiology in B. terrestris colonies two LMM 471 

were created. The N. bombi prevalence model was constructed by having infection state (0/1) as a 472 

response variable, with phytochemical treatment as a categorical factor and number of inoculated brood, 473 

number of days since inoculation and brood cohort as covariates. Similarly, the N. bombi infection 474 

intensity model was constructed by having infection intensity (cells/μl) as a response variable with 475 

phytochemical treatment as a categorical factor and nuumber of inoculated brood, number of days since 476 

inoculation and brood cohort as covariates. In addition, this model also included cohort and treatment 477 

as an interaction. Both models also incorporated colony-of-origin and forager (0/1) as random effects. 478 

To analyse the prevalence and infection intensity of N. bombi in B. terrestris foragers two further LMM 479 

were constructed. Similar to above, the N. bombi prevalence model was constructed by having infection 480 

state (0/1) and the infection intensity model had cells/μl as response variables.  For these models, 481 

phytochemical treatment was included as a categorical factor and number of inoculated brood, and 482 

brood cohort were covariates, with colony being included as a random factor. Finally, two LMM were 483 

constructed to investigate impact of caffeine treatment on colony fitness. To analyse colony size, worker 484 

production since inoculation was used as a response variable with treatment as a categorical factor and 485 

days since inoculation and number of brood inoculated as covariates. To analyse the production of 486 

reproductive castes, sexual production was used as a response variable with treatment as a categorical 487 

factor and number of brood inoculated, number of days since inoculation and number of workers at 488 
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colony terminus as covariates. Again, both models included colony as a random effect. For infection 489 

intensity response models count data was log transformed and all models were validated in R by visually 490 

checking normality of residuals, and for overdispersion and collinearity of variables.  491 
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Supplementary files 719 

 720 

Supplementary table 1. Flowers which are visited by bumblebees, from seed mixes, outlined by 721 

Natural England 2017, and that are recommended for use in UK based Agri-environment schemes. 722 

Other plants contained in the mixes, not listed or tested here, are selected for birds, hoverflies and other 723 

nectarivorous animals. 724 

Species Family Seed mix Annual/ 

Perennial 

Peak flowering 

time 

Centaurea nigra 
Asteraceae 

Bumblebird (AB16), Nectar Flower 

seed mix (AB1), Flower rich margins + 

plots (AB8) 

Perennial June-September 

Lotus corniculatus 
Fabaceae 

Bumblebird (AB16), Nectar Flower 

seed mix (AB1), Flower rich margins + 

plots (AB8) 

Perennial  June-August 

Malva moschata 
Malvaceae 

Nectar Flower seed mix (AB1) Perennial June-August 

Onobrychis 

viciifolia 
Fabaceae 

Nectar Flower seed mix (AB1) Perennial June-August 

Prunella vulgaris 
Lamiaceae 

Flower rich margins + plots (AB8) Perennial June-September 

Ranunculus acris 
Ranunculaceae 

Flower rich margins + plots (AB8) Perennial April-October 

Rhinanthus minor 
Orobanchaceae 

Flower rich margins + plots (AB8) Annual May-September 

Trifolium spp. 
Fabaceae 

Nectar Flower seed mix (AB1) Perennial May-September 

Vicia sativa 
Fabaceae 

Bumblebird (AB16) Annual May-September 

  725 
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Supplementary table 2 Phytochemicals recovered using LC-MS from the pollen of plants in UK agri-environment schemes. 

Species Phytochemical Identification RT (30 min) M/Z Ion (I) Formula (I) Formula  MW PPM Phytochemical type 

Centaurea 

nigra 
N1,N5,N10,N14-Tetra-trans-p-

coumaroylspermine 13.82 787.3707 [M+H]+ C46H51N4O8   C46H50N4O8 786 122 Phenolamide 

  
N1,N5,N10,N14-Tetra-trans-p-

coumaroylspermine 14.05 787.3698 [M+H]+ C46H51N4O8  C46H50N4O8 786 122 Phenolamide 

  
N1,N5,N10,N14-Tetra-trans-p-

coumaroylspermine 14.27 787.3699 [M+H]+ C46H51N4O8  C46H50N4O8 786 122 Phenolamide 

  
N1,N5,N10,N14-Tetra-trans-p-

coumaroylspermine 14.47 787.3698 [M+H]+ C46H51N4O8  C46H50N4O8 786 122 Phenolamide 

  
N1,N5,N10,N14-Tetra-trans-p-

coumaroylspermine 14.75 787.3706 [M+H]+ C46H51N4O8  C46H50N4O8 786 122 Phenolamide 

  Unknown 13.01 710.3172 
[M+NH4

]+ C38H48NO12 C38H44O12 692 31 Diterpene 

 
Unknown 13.01 693.29102 [M+H]+ C39H41N4O8 C39H40N4O8 692 31 Diterpene 

          

 Lotus 

corniculat

us 
6-Methoxykaempferol 3-O-

dihexose 8.73 641.77 [M+H]+ C28H33O17 C28H32O17 N/A N/A Flavonoid 

  
N,N,N- 

Tricoumaroylspermidine 13.85 584.2755 [M+H]+ C34H38N3O6 C34H37N3O6 583 208 Phenolamide 
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  Unknown 14.25 309.1234 [M+H]+ C18H17N2O3 C18H16N2O3 308 81 Alkaloid 

  Iristectorigenin A  14.85 331.0812 [M+H]+ C17H15O7 C17H14O7 330 N/A Flavonoid 

  Unknown  16.21 345.0963 [M+H]+ C18H17O7 C18H16O7 344 N/A Flavonoid 

          

 Malva 

moschata Adenosine 2.54 268.1 [M+H]+ C10H14N5O4 C10H13N5O4 267 17 Purine nucleoside 

  Unknown 3.06 208.06 [M+H]+ C10H10N04 C10H9N04 207 N/A Aecetic acid 

  Tryptophan 4.6   [M+H]+ C11H13N2O2 C11H12N2O2 204 41 Amino acid 

  

3,3'4',5,7-Pentahydroxy-6-

methoxyflavone, 3-O- [β-D-

Glucopyranosyl (1-6) β-D-

Glucopyranosyl]  7.93 657.1647 [M+H]+ C28H33O18 C28H32O18 656 96 Flavonoid 

  

3,4',5,6,7- 

Pentahydroxyflavone, 6,7-

Methylene ether, 3-O-[β-D-

Glucopyranosyl (1-6) β-D-

glucopyranosyl] m Patuletin  8.73 801.2087 [M+H]+ C34H41O22 C34H40O22 800 79 Flavonoid 

  
6-Methoxykaempferol-3-O-

[rhamnosyl-hexoside] 9.36 625.1759 [M+H]+ C28H33O16 C28H32O16 624 208 Flavonoid 

  
6-Methoxykaempferol-3-O-

[rhamnosyl-di-hexoside] 9.36 787.22955 [M+H]+ C34H43O21 C34H42O21 786 208 Flavonoid 
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Isorhamnetin-3-O-[α-L-

Rhamnopyranosyl-(1→2)-[3S-

hydroxy-3-methylglutaroyl-

(→6)]-β-D-glucopyranoside]  10.42 769.2181 [M+H]+ C34H41O20 C34H40O20 768 102 Flavonoid 

  
Isorhamnetin 3-O-rhamnosyl-6 

(rhamnosyl-2)-glucosyl 12.41 771.2134 [M+H]+ C37H39O18 C37H38O18 770 118 Flavonoid 

          

Onobrych

is 

viciifolia Unknown 11.63 679.511 [M+H]+ C40H71O8 C40H70O8 678 17 Diterpene 

  Unknown 12.46 679.5117 [M+H]+ C40H71O8 C40H70O8 678 19 Diterpene 

  Unknown 18.47 548.34235 
[M+NH4

]+ C27H50NO10  C27H46O10 530 0.7 Diterpene 

                  
 

Prunella 

vulgaris No metabolites identified 
        

          

Ranuncul

us acris  Sophoraflavonoloside 8.55 611.1608 [M+H]+ C27H31O16 C27H30O16 610 50 Flavonoid 

          

Rhinanthu

s minor 
Isorhamnetin 3-O-rutinoside, 7-

O-hexoside 8.66 787.2297 [M+H]+ C34H43O21 C34H42O21 786 N/A Flavonoid 
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Trifolium 

pratense Isorhamnetin neohesperidoside 8.63 641.17023 [M+H]+ C28H33O17 C28H32O17 640 8 Flavonoid 

  Triscaffeoyl spermidine E,E,Z 10.94 632.25867 [M+H]+ C34H38N3O9 C34H37N3O9 631 43 Phenolamide 

  Triscaffeoyl spermidine E,Z,Z 11.37 632.25916 [M+H]+ C34H38N3O9 C34H37N3O9 631 43 Phenolamide 

  Triscaffeoyl spermidine, E,E,E 11.79 632.25836 [M+H]+ C34H38N3O9 C34H37N3O9 631 43 Phenolamide 

  Trisferuloyl spermidine, E,E,E 14.16 674.30597 [M+H]+ C37H44N3O9 C37H43N3O9 673 43 Phenolamide 

  Feruloyl, dicaffeoyl spermidine 12.67 646.27478 [M+H]+ C35H40N3O9 C35H39N3O9 645 31 Phenolamide 

  Feruloyl, dicaffeoyl spermidine 12.51 646.27527 [M+H]+ C35H40N3O9  C35H39N3O9  645 31 Phenolamide 

  
Quercetin-3-O-(6-O-

malonylgalactoside) 10.87 551.10217 [M+H]+ C24H23O15 C24H22O15 550 0.1 Flavonoid 

  Biochanin A 17.46 285.07556 [M+H]+ C16H13O5 C16H12O5 284 0.1 Flavonoid 

  
Biochanin A 7-O-(6’-O-

malonylglucoside) 14.96 533.12805 [M+H]+ C25H25O13 C25H24O13 532 0.1 Flavonoid 

  
Sissotrin (Biochanin A 

glucoside) 13.86 447.1282 [M+H]+ C22H23O10 C22H22O10 446 0.6 Flavonoid 

  
Kaempferol-3-O-(6’-O-

malonyl-hexoside) 11.78 535.10773 [M+H]+ C24H23O14 C24H22O14 534 0.08 Flavonoid 
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Vicia 

sativa N-Jasmonyltryptophan 11.19 397.18 [M+H]+ C23H29N2O4 C23H28N2O4 396 32 Amino acid 

  Dicoumaroyl putrescene 12.12 381.18 [M+H]+ C22H25N2O4  C22H24N2O4  380 25 Phenolamide 

  Tricoumaroyl spermidine 13.87 584.27 [M+H]+ C34 H38 N3O6  C34H37N3O6 583 105 Phenolamide 
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Supplementary table 3 Phytochemicals recovered using LC-MS from the nectar of plants in UK based agri-environment schemes. 

Species Phytochemical assignment RT (30 min) M/Z Ion (I) Formula (I) Formula  MW PPM Phytochemical type 

Centaurea nigra 3, 8-di-Acetoxyzaluzanin D 12.98 347.14902 [M+H]+ C19H23O6 C19H22O6 346 No UV Terpenoid 

  8-Hydroxyzaluzanin  9.37 280.15466 
[M+NH4]

+ C15H22NO4  C15H18O4 262 No UV Terpenoid 

  Annuionone B 9.92 223.13 [M+H]+ C13H19O3 C13H18O3 221 11 Terpenoid 

  4-7, Megastigmane glycopyranoside 11.57 371.2 [M+H]+ C19H31O7 C19H30O7 370 32 Terpenoid 

  
N1,N5,N10,N14-Tetra-trans-p-

coumaroylspermine 14.81 787.28 [M+H]+ C46H49N4O8 C46H50N4O8 786 89 Amide 

  
N1,N5,N10,N14-Tetra-trans-p-

coumaroylspermine 15.03 787.3 [M+H]+ C46H49N4O8 C46H50N4O8 786 89 Amide 

  
N1,N5,N10,N14-Tetra-trans-p-

coumaroylspermine 15.23 787.3 [M+H]+ C46H49N4O8 C46H50N4O8 786 89 Amide 

  
N1,N5,N10,N14-Tetra-trans-p-

coumaroylspermine 15.45 787.29 [M+H]+ C46H49N4O8 C46H50N4O8 786 89 Amide 

  
N1,N5,N10,N14-Tetra-trans-p-

coumaroylspermine 15.67 787.26 [M+H]+ C46H49N4O8 C46H50N4O8 786 89 Amide 

                  
 

Lotus corniculatus Phenylalanine 3.15 166.09 [M+H]+ C9H12NO2 C9H11NO2 165 65 Amino acid 
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  Phenylpropanoid 3.15 149.16 [M+H]+ C9H9O2 C9H8O2 148 65 Carboxylic acid 

  Unknown  6.85 400.12 [M+H]+ N/A N/A N/A N/A Unknown 

  Unknown 9.88 501.13 [M+H]+ N/A N/A N/A N/A Unknown 

                  
 

Malva moschata Gentianidine 10.65 164.07 [M+H]+ C9H10NO2 C9H9NO2 163 15 Alkaloid 

  Unknown 11.62 163.13 [M+H]+ C8H19O3 C8H18O3 162 9 Aliphatic alcohol 

  Sesquiterpenoid 14.02 247.05 [M+H]+ C15H19O3 C15H18O3 246 125 Terpinoid 

                  
 

Onobrychis viciifolia Caffeine 6.11 195.09 [M+H]+ C8H11N4O2 C8H10N4O2 194 39 Alkaloid 

  Phenylalanine 3.08 166.09 [M+H]+ C9H12NO2 C9H11NO2 165 74 Amino acid 

  Unknown  9.14 311.21 [M+H]+ C20H27N2O C20H26N2O 310 N/A Alkaloid 

  
         

 Prunella vulgaris Sesquiterpene lactone ester 12.26 365.06 [M+H]+ C20H29O6 C20H28O6 364 12 Dilactone 

                  
 

 Ranunculus acris Sophoraflavonoloside 8.39 611.1608 [M+H]+ C27H31O16 C27H30O16 610 16 Flavonoid 
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 Rhinanthus minor Unknown  6.86 371.22 [M+H]+ C19H33NO6 C19H32NO6 370 N/A Alkaloid 

  Phenolamide 6.44 344.18 [M+H]+ C19H22NO5 C19H21NO5 343 No UV Flavonoid 

  Unknown  13.29 318.08 [M+H]+ C17H20NO5 C17H19NO5 317 N/A Alkaloid 

                  
 

 Trifolium pratense Unknown 7.51 388.19 [M+H]+ C18H29O9 C18H28O9 387 N/A Unknown 

  
Quercetin-3-O-arabinoside 

(Avicularin) 13.33 435.14 [M+H]+ C20H19O11 C20H18O11 434 43 Flavonoid 

                  
 

 Vicia sativa Dicoumaroyl putrescine 13.2 381.13 [M+H]+ C22H25N2O4 C22H24N2O4 380 11 Amide 
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