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Abstract 
Nectar-dwelling yeast and bacteria are common inhabitants of flowers and evidently involved in 
pollination. The limited number of floral plant-pollinator models studied to date reveal inconsistent 
conclusions on microbial effects, but coincide with respect to high microbial specificity: while 
bacteria reduce visitation frequencies of pollinators, nectar-borne specialist yeasts (in contrast to 
allochthonous or transient species) impose none or even a beneficial effect on flower visitation. 
However, these findings are in conflict with the strong impact of these predominantly fermenting 
organisms on the nectar environment. In order to cope with the ultimate dependency of nectar-
dwellers on repeated transportation by foragers as a result of early floral senescence, the 
modifications of nectar associated with specialist growth have been interpreted as adaptations that 
suit forager's preferences. But, the development of foraging preferences to either axenic flowers or 
flowers colonized by specialist microorganisms would lead to a dead-end for nectar-dwellers, as the 
probability of inoculation into new suitable habitats would be reduced. 
Based on a critical survey of the available literature and an additional pollinator experiment where 
we find that the allochthonous species Cryptococcus victoriae negatively affects attraction and 
rewarding of floral visitors, while the specialist yeast Metschnikowia reukaufii does not, we propose 
the hypothesis that nectar-borne yeasts may have evolved to blend into their environment avoiding 
detection by pollinators, following the ecological concept of crypsis. Although, neither chemical 
nor olfactory crypsis has been reported for nectar-borne microorganisms, the attention to this 
mechanism in yeast dispersal needs to be directed in future studies. 
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Crypsis in nectar-borne yeast 
1 The floral niche 
The nectar-dwelling community consists of few specialized yeasts (Ascomycota, 
Saccharomycetales) (Brysch-Herzberg, 2004) and bacteria (Actinobacteria, Firmicutes, and 
Proteobacteria) (Herrera and Vega, 2012), and a large number of allochthonous species, isolated at 
low frequencies (Herrera et al., 2010; Junker and Keller, 2015; Mittelbach et al., 2015). While 
adapted species are primarily vectored between floral habitats by flower visitors, transient species 
are most probably introduced to nectar from extrinsic sources such as plant surfaces, insects or soil 
(Fonseca and Inácio, 2006; Good et al., 2014). Their low observation frequencies are believed to 
result from both random dispersal and from the filtering ability of nectar, which supports a few 
specialist species such as typical nectar-borne ascomycetous yeasts (Lachance, 2006). However, 
physiological adaptations to harsh environmental conditions in nectar, such as high osmotic 
pressure, limited nitrogen supply and plant-derived secondary compounds, might not be sufficient 
to specialize in this niche (Gruess, 1915). Unlike more persistent plant surfaces that support 
abundant microbial communities over long time, early floral senescence demands the ability to 
ensure fast multiplication of cells and the repeated dispersal of propagules into new floral habitats. 
This degree of dependency on inter-floral dispersal by pollination vectors (e.g. insects or birds) 
should be higher for specialist nectar-dwellers (autochthonous) than for widespread (sometimes also 
erroneously referred to as ubiquitous) allochthonous species. The latter are not restricted to floral 
habitats and are called generalists (as opposed to true nectar yeasts) in the ecological literature 
(Vannette et al., 2013). Fundamental assumptions regarding the dispersal of specialist and generalist 
species are supported by the fact that well-known nectar-dwelling species are seldom isolated from 
sources other than nectar or related pollinators (Brysch-Herzberg, 2004; Fonseca and Inácio, 2006; 
Lachance, 2006). Independent of the degree of specialization in the floral niche, proliferation of 
microorganisms leads to chemical alterations of the nectar that, in turn, might interfere in tightly 
linked interactions of plants and pollinators. Most likely, nectar-borne microorganisms may 
influence two crucial and costly mechanisms of pollination, namely the attraction of pollinators to 
flowers through olfactory cues, and the subsequent rewarding of visitors via the provision of nectar. 
Although evidence is still lacking in the scientific literature, plant-emitted olfactory signals could be 
altered by microbial intervention (Golonka et al., 2014) in a way that affect pollinators’ decisions to 
visit a certain flower (Pozo et al., 2009, Schaeffer et al., 2016). Also, microbially derived alterations 
of the nectar itself, such as reduced nutritional value (sugar depletion), increased acidity (Vannette 
et al., 2013) and ethanol contents (Mittelbach et al., 2016), may not fit well foragers preferences and 
lead to reward-based decisions affecting the subsequent visitation (Nepi, 2014). 
One can assume that the dependency of specialized nectar-borne yeasts on repeated transportation 
by pollinators presumes scarcely any perceptible impact on the habitat itself in order to maintain 
dispersal pathways. Thus, from an evolutionary point of view, growth of nectar-associated yeasts is 
expected to be either negligible (neutral effect) or to meet the expectations of pollinators (positive 
effect). In contrast to true nectar-borne yeasts, widespread generalists often possess a broader 
enzymatic machinery, which allows them to consume a wide range of carbon sources and therefore, 
to survive on both living and dead plant material (Fonseca and Inácio, 2006).  They do not 
necessarily rely on further dispersal by pollinators and can compromise impoverished pollination 
services. Thus, obviously different lifestyles of nectar-dwelling specialists and generalists should be 
considered in modeling interactions of microorganisms with plant-pollinator systems. 
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2 Microbial imprint on pollinator foraging 
Considering current knowledge of yeast-pollinator interactions, direct effects of microbial nectar-
dwellers on mechanisms of pollination and plant fecundity are so far contradictory (Table 1). 
Experiments in flight cages with artificial flowers (Herrera et al., 2013, Schaeffer et al., 2016), and 
in portable glasshouses with natural flowers (Schaeffer et al., 2014) indicate that bumblebees prefer 
nectar colonized by one of the most frequent nectar-borne specialist yeasts Metschnikowia reukaufii 
over artificial media or sterile nectar, respectively. Yeast inoculation enhanced visitation 
frequencies, but did not to change the foraging time in a single flower, so the observed effects have 
been explained by the alteration of floral attraction, without a negative impact on rewarding 
(Schaeffer et al., 2014). In another study both attraction of bumblebees and nectar consumption in 
flowers of Hellerborus foetidus were positively affected by the growth of M. reukaufii (Herrera et 
al., 2013). A few studies demonstrated that unlike bumblebees, honeybees and hummingbirds avoid 
nectars containing prokaryotic microorganisms, but showed no response to M. reukaufii (Good et 
al., 2014; Kevan et al., 1988; Vannette et al., 2013). In summary, the aforementioned studies show a 
high degree of context-dependency in pollinator foraging behaviour: pollinators confidently 
preferred yeast-inoculated nectars only under controlled conditions (e.g. in flight cages) and without 
an alternative treatment offering a nectar-borne competitor. When other microorganisms were 
alternatively offered in experimental trials or if distraction (here: the diversity of the nectar-borne 
meta-community within the foraging range of the pollinator) was presumably high, pollinators did 
not respond to the presence of M. reukaufii in flowers. 
 
3 Crypsis as adaptation of nectar-borne specialists 
Taken together, studies that collectively analyzed nectar removal, pollinator choices, pollen 
transfer, and stigma closure (Table 1) did not provide a solid hypothesis on microbial adaptation to 
pollination, but agreed on the absence of negative effects by nectar specialist yeasts on foraging 
strategies of floral visitors. The observed behavioral changes of foragers seem to be a product of 
focal nectar-borne species and actual alternative choices presented to pollinators. Therefore, we 
propose the hypotheses that nectar-borne specialists might have taken a different way to ensure the 
dispersal by pollinators through developing chemical and olfactory crypsis. In ecology, crypsis is 
the ability of an organism to avoid detection or identification by another organism in environmental 
contexts (Ruxton, 2009). This adaptive strategy includes camouflage, mimicry and a range of non-
visual (e.g. sound, olfactory, chemical) adaptations that help organisms to avoid predation in respect 
to defined environmental conditions. Consequently, crypsis depends on defined environmental 
conditions and might be abolished in changing environments. Although, not yet been applied to 
microorganisms, in our opinion, the concept chemical crypsis explains well previously reported 
observations from yeast inoculation experiments, when experimental and environmental conditions 
are taken into account. The fact that bumblebees are per se able to detect M. reukaufii in flowers 
(Schaeffer et al., 2016) is no contradiction to crypsis theory, but rather a support for its context-
dependency. Since, it is unlikely (except perhaps for early-blooming flowers with high sugar 
contents) that pollinators only have to choose between sterile flowers and flowers colonized by M. 
reukaufii, a nectar-borne species remains unrecognized if forager behaviour is primarily steered by 
external (negative or positive) stimuli. 
Hypothetically, a foraging pollinator in its everyday life needs to discriminate constantly flowers 
from different plant species, some of which may also harbor different microbial communities. In the 
same manner as pollinators develop a foraging preference to certain plant species or scents 
(McAulay et al., 2015), they may choose certain microbial communities above others. Thus, the 
current local choice, either of plants or microbial communities, always steers foraging decisions. 
The development of foraging preferences by pollinators to microbial communities would result in 
negative effects for nectar-borne microbial species, which rely on the constant cycle of inoculation, 
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growth, removal, and transportation during the flowering season. On the one hand, the repellence of 
pollinators by nectar-dwellers would immediately reduce the dispersal-rate of these microbes. On 
the other hand, the development of foraging preferences towards colonized flowers would reduce 
the habitats of species in size because visitation rates to axenic flowers would be reduced and 
already colonized flowers bear strong competition for late arriving microbial species (Peay et al., 
2012). Consequently, both preferences would put nectar yeasts at the risk of extinction from habitat 
fragmentation or even loss. This mechanisms are not equally true for allochthonous or transient 
species, which are able to survive and proliferate as saprophytes on other organic or inorganic 
substrates and the negative impact on pollinator foraging of bacteria and transient yeast species 
(Table 1) should not have a substantial impact on population development of these species. The 
unpredictable modifications of the nectar itself by these allochthonous species (Mittelbach et al., 
2016) could impede the development of late arriving specialists (Peay et al., 2012), therefore, nectar 
specialists most likely even benefit from pollinator's distinctions between autochthonous and 
allochthonous communities. Based on this assumption, we propose that nectar specialists adapted to 
the floral niche by continuously reducing their impact on pollinator foraging in order to blend in the 
environment. This theory also receives support in the recent studies (Table 1), which showed that 
pollinators discriminated between sterile flowers and flowers colonized by autochthonous species 
only when no second non-specialist (allochthonous) microbial species was offered.  
The proposed concept of crypsis is no exclusive mode in the interaction between nectar-borne 
yeasts and bumblebees, because detection of yeasts should always depend on the given 
environmental context and the competing microbial communities present in the local environment. 
Since bees can principally detect M. reukaufii in flowers, preferential visits of sterile flowers might 
be an experimental artifact when pollinators target non-manipulated flowers for a better nutrition as 
it is not yet depleted by nectar dwellers (e.g. Herrera et al., 2008). Similar mechanisms may 
underlie the results obtained for floral systems in extreme environments, such as winter-blooming 
plants (Herrera et al., 2013). Specifically, both high sugar concentration and early seasonal 
flowering of plants result in a lower diversity and spatial heterogeneity of nectar-borne microbial 
communities, as compared to other studied floral systems (Brysch-Herzberg, 2004; Herrera et al., 
2008). So the increased removal of nectar in flowers of H. foetidus inoculated with M. reukaufii 
indirectly illustrates our theory of external distraction, as the lack of additional choices is likely to 
rule out foragers’ distraction from flowers and leads to the observed preferential visitation of 
flowers inoculated with M. reukaufii by bumblebees. 
As already mentioned, specialist yeasts grow well in co-cultures with other nectar-borne species and 
often successfully over-compete them in laboratory experiments. Thus, typical nectar specialists 
may not need to provide a positive effect on attraction and reward of pollinators in order avoid a 
foraging preference. When a pollinator randomly transfers yeast inoculum to new flowers, the 
specialist yeast can most likely out-compete already growing generalist species through faster 
growth, osmotolerance, and competitiveness. 
Both pollinator foraging behavior and physiological properties of typical nectar yeasts successfully 
blending in the environment (crypsis) ensure non-selective random cell transfer between inoculated 
flowers and flowers not visited before. This hypothetical scenario would result in an equal visitation 
frequency of flowers inoculated with specialist species and axenic flowers by a pollinator. To gather 
additional experimental evidence for our hypotheses we performed a field experiment where we 
manipulated flowers of Echium plantagineum with yeast cultures, either of the ascomycetous 
specialist M. reukaufii, the basidiomycetous transient Cryptococcus victoriae, or pure growth 
medium as control (Supplementary). These treatments were offered to foraging bumblebees 
simultaneously in different flowers of the same inflorescence, and we recorded decisions of 
individuals to visit a certain flower and the time they spent in visited flowers. We found 
experimental evidence supporting our hypothesis that M. reukaufii does not influence pollinator 
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decisions or the time spent on foraging nectar (Figure 1) compared to pure growth medium, when 
offered together with a transient species. In agreement to the generalist-specialist hypothesis, the 
inoculation of C. victoriae into flowers weakens the relation between flowers and pollinators and 
reduces the probability to visit a certain flower and the time spent inside single flowers. 
In our opinion pollination is not well explained by yeast attraction of the foragers. The literature 
survey and our own results suggest that the influence of nectar-borne yeast on pollination is 
context-dependent and varies in relation to pollination syndrome (Mittelbach et al., 2015), 
environmental conditions, available choices, and the actual meta-community of microorganisms. 
Among beneficial mechanisms in pollination scenarios with uncommon conditions, such as 
temperature increase in winter-blooming plants (Herrera and Pozo, 2010), or notable accumulation 
of alcohols (Wiens et al., 2008), the main evolutionary advantage of nectar-dwelling ascomycetous 
yeasts might be their minimal disturbance of the existing interactions between plant-pollinators and 
the flower, as compared to transient or generalist species. Indeed, our observations provide the first 
experimental evidence that nectar “contamination” by widespread phylloplane-related yeasts may 
have a negative effect on plant-pollinator interactions. In our experiment, this negative effect on 
bumblebees was sufficiently strong to allow M. reukaufii to blend into the environment, avoiding 
the differentiation to sterile flowers by foraging individuals.    
This result is in agreement with the hypothesis of reduced niche-reliance of transient species in 
contrast to specialist nectar-borne species (Vannette et al., 2013). However, we additionally point 
out that evaluation of microbial impacts on pollination require more comprehensive experimental 
setups, like the one used in this study. Field experiments should take into account respective 
characteristics of pollination syndromes, environmental conditions and microbial metacommunities 
in flowers. Since the cryptic behaviour of nectar yeasts is context-dependent, future studies should 
evaluate the consequences for yeasts (both specialists and generalists) and pollinators in different 
scenarios, ranging from random pollinator foraging (complete crypsis) to highly preferential 
foraging on yeast colonized flowers (absence of crypsis).   
In our opinion, the ecological concept of crypsis might be an overlooked mechanism in further 
microbial mutualistic and parasitic systems, where interactions between trophic levels are 
responsible for species survival or ecosystem functioning. 
 
4 Materials and Methods 
4.1 Literature survey 
We included all available studies, testing the impact of microbial nectar-dwelling species on 
pollinator foraging, by thoroughly search scientific databases and using search engines (ISI Web of 
Knowledge, Google Scholar). 
 
4.2 Experimental procedure 
The nectar-borne ascomycetous (Saccharomycetes, Saccharomycotina) yeast Metschnikowia 
reukaufii Pitt & M.W. Mill. (Strain MOM_296 = DSM 29087) was selected as a representative 
specialist yeast species (Table 1). Widespread basidiomycetous (Tremellomycetes, 
Agaricomycotina) yeast Cryptococcus victoriae M.J. Montes, Belloch, Galiana, M.D. García, C. 
Andrés, S. Ferrer, Torr.-Rodr. & J. Guinea (Strain MOM_325 = DSM 29088) was selected as a 
representative of generalist species based on available reports in the literature (Fonseca et al., 2011; 
Yurkov et al., 2015). Both strains have been isolated from floral nectar of Echium plantagineum L. 
(Boraginaceae) in the botanical garden of the University Bonn (Germany) in summer 2012. 
We recorded 20 independent foraging trials of individual female worker bumblebees, each on a 
separate plant individual in an experimental population of E. plantagineum at the botanical garden 
of the Ruhr-University Bochum, Germany. To ensure an undisturbed foraging behavior of insect 
metacommunity, the population consisted of 40 plant individuals, from which 20 individuals were 
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chosen for the use throughout the experiment and covered simultaneously during the experimental 
trials. The experiment was replicated 4 times (n=80) on 4 days. The main inflorescences of the 20 
randomly selected plant individuals were prepared in advance as follows: All cymes insisting at the 
focal branch were marked with different colored rings. Beginning from the uppermost cyme, colors 
were assigned to all cymes alternately, following the convolute architecture of the inflorescences. 
The most upper color mark was chosen randomly. To avoid a systematic effect of the cyme position 
on bumblebee foraging strategies in inflorescence architectures, we randomly exchanged 
assignments of inoculations to color codes in each replicate, so that all experimental treatments 
were presented to foragers in different heights and positions in inflorescences. 
At the beginning of each trial of the experiment, all open flowers of focal branches were removed 
carefully. To prevent bee foraging on buds, we covered the inflorescences prepared for the 
experiment with sterile gauzes. After 24 hours, we carefully added 0.5 µL of sterile nectar media (1 
x YNB + 30% sugar w/l: 70% sucrose, 16% glucose, 14% Fructose) to nectar droplets of all newly 
opened flowers and flowers in enhanced bud stages (average number of flowers per inflorescence: 
15, range: 11-26). Inoculations were assigned consequently to color codes within individual plants 
and days and contained approx. 1000 cells (2000 cells/µL) of either M. reukaufii or C. victoriae, or 
were yeast-free as negative control. Droplets of the inoculation substances were carefully placed 
with a laboratory pipette at the bottom of corolla tubes below the base of the central anther where 
naturally secreted nectar droplets are naturally presented. After the inoculations, branches were 
carefully covered again for 24 hours. After assuring that bumblebees were actively foraging at 
uncovered plants in the experimental population, the first gauze was removed. The foraging trial of 
the first visitor was recorded using a regular video camera (Nikon P100,). Visits by honeybees or 
interrupted foraging trials were discarded and plants were excluded from data analysis. One 
foraging trial was defined as all floral interactions of one individual bumblebee at the focal 
inflorescence, beginning with the first visit or rejection. The trial ended when the observed 
individual probed at a flower of another inflorescence or left the population entirely. In order to 
quantify the bout-length and probabilities of visits, the videos were inspected visually. To assure 
successful colonization by inoculated yeasts and to evaluate probable contaminations, we randomly 
choose 15 flowers (5 of each treatment) after each experimental replicate and plated the nectar on 
agar plates containing yeast media (0.3% w/v Yeast extract, 0.5% w/v Peptone, 0.3% w/v Malt 
extract, 1% w/v Glucose, 1% w/v Fructose and 1% w/v Sucrose, 2% w/v Agar) following a 
standard protocol (Mittelbach et al., 2015). All plates showed positive growth of the expected 
species and visual estimations of colony forming units (CFU) revealed only minor contaminations 
(5 of 60 control plates of flowers inoculated with or without yeast, and max 3 colonies in sampled 
flowers). Statistical procedures are explained in the Supplementaries. 
 
Acknowledgments 
The authors thank M. Pennekamp for assistance during the experiments, T. Eltz for critical 
discussion, and M.-A. Lachance and anoymous reviewers for valuable comments on the manuscript. 
Special thanks go to T. Stützel and the botanical garden of the Ruhr-University Bochum. M. Nepi 
and D. Nocentini kindly provided data on nectar chemistry of E. plantagineum. 
 
Author contributions 
MM planned, conducted and analyzed the experiment with consultancy of DB. The hypothesis was 
developed by MM and AY. MM wrote the manuscript with assistance of AY and DB. 
 
References 
Brysch-Herzberg, M. (2004). Ecology and Taxonomy of Yeasts associated with the Plant-

Bumblebee Mutualism in Central Europe. FEMS Microbiol. Ecol. 50, 87–100. 

not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which wasthis version posted November 16, 2016. ; https://doi.org/10.1101/088179doi: bioRxiv preprint 

https://doi.org/10.1101/088179


Crypsis in nectar-borne yeast 
doi:10.1016/j.femsec.2004.06.003. 

Fonseca, A., Boekhout, T., and Fell, J. W. (2011). “Cryptococcus Vuillemin.,” in The Yeasts, a 
taxonomic study, eds. C. P. Kurtzman, J. W. Fell, and T. Boekhout (Amsterdam: Elsevier 
Amsterdam), 1661–1737. 

Fonseca, A., and Inácio, J. J. S. (2006). “Phylloplane Yeasts,” in Biodiversity and Ecophysiology of 
Yeasts, Series: The Yeast Handbook, eds. C. A. Rosa and G. Peter (Springer Berlin / 
Heidelberg), 263–301. 

Good, A. P., Gauthier, M.-P. L., Vannette, R. L., and Fukami, T. (2014). Honey Bees Avoid Nectar 
Colonized by Three Bacterial Species, But Not by a Yeast Species, Isolated from the Bee Gut. 
PLoS One 9, e86494. doi:10.1371/journal.pone.0086494. 

Golonka, A. M., Johnson, B. O., Freeman, J., and Hinson, D. W. (2014). Impact of Nectarivorous 
Yeasts on Silene caroliniana’s Scent. East. Biol. 3, 1–26. 

Gruess, J. (1915). Die Anpassung eines Pilzes (Anthomyces Reukaufii) an den Blu�tenbau und den 

Bienenru�ssel. Ber. Dtsch. Bot. Ges. 35, 746–762. 

Herrera, C. M., Canto, A., Pozo, M. I., and Bazaga, P. (2010). Inhospitable sweetness: nectar 
filtering of pollinator-borne inocula leads to impoverished, phylogenetically clustered yeast 
communities. Proc. Biol. Sci. 277, 747–754. doi:10.1098/rspb.2009.1485. 

Herrera, C. M., Garcia, I. M., and Perez, R. (2008). Invisible floral larcenies: Microbial 
communities degrade floral nectar of bumble bee-pollinated plants. Ecology 89, 2369–2376. 

Herrera, C. M., and Pozo, M. I. (2010). Nectar yeasts warm the flowers of a winter-blooming plant. 
Proc. R. Soc. B-Biological Sci. 277, 1827–1834. doi:10.1098/rspb.2009.2252. 

Herrera, C. M., Pozo, M. I., and Medrano, M. (2013). Yeasts in nectar of an early-blooming herb: 
sought by bumble bees, detrimental to plant fecundity. Ecology 94, 273–279. 

Herrera, C. M., and Vega, C. De (2012). Zooming-in on floral nectar: a first exploration of nectar-
associated bacteria in wild plant communities. FEMS Microbiol Ecol 80, 591–602. 
doi:10.1111/j.1574-6941.2012.01329.x. 

Junker, R. R., and Keller, A. (2015). Microhabitat heterogeneity across leaves and flower organs 
promotes bacterial diversity. FEMS Microbiol. Ecol. 91, 1–9. doi:10.1093/femsec/fiv097. 

Junker, R. R., Romeike, T., Keller, A., and Langen, D. (2014). Density-dependent negative 
responses by bumblebees to bacteria isolated from flowers. Apidologie 45, 467–477. 
doi:10.1007/s13592-013-0262-1. 

Kevan, P. G., Eisikowitsch, D., Fowle, S., and Thomas, K. (1988). Yeast-Contaminated Nectar and 
its Effects on Bee Foraging. J. Apic. Res. 27, 26–29. 

Lachance, M.-A. (2006). “Yeast biodiversity: how many and how much?,” in Biodivers. 
Ecophysiol. Yeasts, Ser. Yeast Handb., eds. C. A. Rosa and G. Péter (Springer Berlin / 
Heidelberg), 1–9. 

McAulay, M. K., Otis, G. W., and Gradish, A. E. (2015). Honeypot visitation enables scent learning 
and heightens forager response in bumblebees (Bombus impatiens). Learn. Motiv. 50, 1–10. 
doi:10.1016/j.lmot.2014.11.001. 

Mittelbach, M., Yurkov, A. M., Nocentini, D., Nepi, M., Weigend, M., and Begerow, D. (2015). 
Nectar sugars and bird visitation define a floral niche for basidiomycetous yeast on the Canary 

not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which wasthis version posted November 16, 2016. ; https://doi.org/10.1101/088179doi: bioRxiv preprint 

https://doi.org/10.1101/088179


Crypsis in nectar-borne yeast 
Islands. BMC Ecol. 15, 2. 

Mittelbach, M., Yurkov, A. M., Stoll, R., and Begerow, D. (2016). Inoculation order of nectar-
borne yeasts opens a door for transient species and changes nectar rewarded to pollinators. 
Fungal Ecol. 22, 90–97. 

Nepi, M. (2014). “Nectar: Plant Interface for Complex Interaction with Biotic Environment,” in 
Reproductive Biology of Plants, eds. K. Ramawat, J. Mérillon, and K. Shivanna (CRC Press), 
268–283. 

Peay, K. G., Belisle, M., and Fukami, T. (2012). Phylogenetic relatedness predicts priority effects in 
nectar yeast communities. Proc. R. Soc. B Biol. Sci. 279, 749–758. 
doi:10.1098/rspb.2011.1230. 

Pozo, M. I., de Vega, C., Canto, A., and Herrera, C. M. (2009). Presence of yeasts in floral nectar is 
consistent with the hypothesis of microbial-mediated signaling in plant-pollinator interactions. 
Plant Signal. Behav. 4, 1102–1104. doi:10.4161/psb.4.11.9874. 

R Development Core Team (2008). R: A language and environment for statistical computing. 
Available at: http://cran.r-project.org/. 

Ruxton, G. D. (2009). Non-visual crypsis: a review of the empirical evidence for camouflage to 
senses other than vision. Philos. Trans. R. Soc. B Biol. Sci. 364, 549–557. 
doi:10.1098/rstb.2008.0228. 

Schaeffer, R., and Irwin, R. E. (2014). Yeasts in nectar enhance male fitness in a montane perennial 
herb. Ecology 95, 1792–1798. 

Schaeffer, R. N., Phillips, C. R., Duryea, M. C., Andicoechea, J., and Irwin, R. E. (2014). Nectar 
Yeasts in the Tall Larkspur Delphinium barbeyi (Ranunculaceae) and Effects on Components 
of Pollinator Foraging Behavior. PLoS One 9, e108214. doi:10.1371/journal.pone.0108214. 

Schaeffer, R. N., Mei, Y. Z., Andicoechea, J., Manson, J. S., and Irwin, R. E. (2016). Consequences 
of a nectar yeast for pollinator preference and performance. Funct. Ecol. doi:10.1111/1365-
2435.12762. 

Vannette, R. L., Gauthier, M.-P. L., and Fukami, T. (2013). Nectar bacteria, but not yeast, weaken a 
plant-pollinator mutualism. Proc. Biol. Sci. 280, 20122601. doi:10.1098/rspb.2012.2601. 

Wiens, F., Zitzmann, A., Lachance, M.-A., Yegles, M., Pragst, F., Wurst, F. M., et al. (2008). 
Chronic intake of fermented floral nectar by wild treeshrews. Proc. Natl. Acad. Sci. U. S. A. 
105, 10426–10431. doi:10.1073/pnas.0801628105. 

Yurkov, A. M., Inácio, J. J. S., Chernov, I. Y., and Fonseca, A. (2015). Yeast Biogeography and the 
Effects of Species Recognition Approaches: The Case Study of Widespread Basidiomycetous 
Species from Birch Forests in Russia. Curr. Microbiol. 70, 587–601. 

Zuur, Alain, F., Savaliev, A. A., and Ieno, E. N. (2012). Zero Inflated Models and Generalized 
Linear Mixed Models with R. Highland Statistics Ltd. 

Zuur, A. F., Ieno, E. N., and Elphick, C. S. (2010). A protocol for data exploration to avoid 
common statistical problems. Methods Ecol. Evol. 1, 3–14. doi:10.1111/j.2041-
210X.2009.00001.x. 

 
 

not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which wasthis version posted November 16, 2016. ; https://doi.org/10.1101/088179doi: bioRxiv preprint 

https://doi.org/10.1101/088179


Crypsis in nectar-borne yeast 
Figure legends 
Figure 1 (A) Schematic diagram of foraging responses of pollinators to microbial growth in floral 
nectar, based on available literature (a,b) and own foraging experiments (c-f). The baseline is set to 
the response to control flowers (either inoculated with sterile medium or not manipulated) in each 
of three scenarios, respectively. The first section (a) shows the choice between controls (blue) and 
flowers inoculated with Metschnikowia reukaufii (green). In the second (b) and third (c) scenario 
either bacteria (yellow) or allochthonous yeasts (red) are added as choice to foragers. (B) Estimated 
effects in pollinator experiments of inoculation of yeast species (specialist species: M. reukaufii, 
transient species: Cryptococcus victoriae) on foraging behavior of bumblebees in flowers of Echium 
plantagineum. We show the probability of floral visitation (d) and the time spent in flowers (e) 
calculated using hurdle GLMMs. Wald's z statistics are shown in bold (*: p<= 0.05). 
 
 
Table 1 Summary of published results on effects of nectar-borne microbial organisms on 
pollination and pollinator foraging. Only significant results (p <= 0.05) are considered as effect. 
Species names are abbreviated: Bacteria: (As) Asaia and (Er) Erwinia (both Gram negative 
bacteria), (Ba) Bacillus (Fa) Falsibacillus (La) Lactobaccillus (Sa) Salirhabdus (Gram positive 
bacterium), (Glu) Gluconobacter (Proteobacteria); Fungi: (M) Metschnikowia, (Ca) Candida (both 
Ascomycota), (Cry) Cryptococcus (Basidiomycota); Insects: (B) Bombus, (A) Apis, (X) Xylocopa 
(all Apidae); Birds: (S) Selasphorous,  (Cal) Calypte (both Trochilidae); Plants: (H) Helleborus and 
(D) Delphinium (both Ranunculaceae), (Mi) Mimulus (Scrophulariaceae), (As) Asclepias 
(Apocynaceae), (E) Echium (Boraginaceae). 
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Plant Pollinator Microbe Medium Exp. setup Measured variables Results Effects on plants Reference

As. syriaca A. mellifera misc. no effect

B. terrestris

M. reukaufii *** positive effect

M. gruessii positive effect

Ca. bombi not reported

H. foetidus M. reukaufii field experiment consumed nectar

M. reukaufii

20% sucrose stigma closure

no effect no effect

Cal. anna

M. reukaufii

field experiment consumed nectar

no effect

A. mellifera

As. astilbes

field experiment consumed nectar
Er. tasmaniensis no effect

La. kunkeei

nectar from 
As. syriaca &

syrup

choice experiments 
in flight tents

pollinator choices & 
foraging routes

Kevan et al. 
(1988)

artificial 
flowers

12% sucrose,
 0.3% glucose,
 0.3% peptone,

 0.3% yeast extract

choice experiments 
in flight cages

proportion of effective visits 
to respective treatments

Herrera et al., 
(2013)

B. terrestris, 
B. pratorum

13% sucrose, 
13% glucose, 
13% fructose, 
0.5% peptone,

0.2% 118 MgSO4, 
0.3% KH2PO4

***
 lower nectar

 volume remaining

***
less number of pollen tubes in 

styles,
decreased % of fruit 

and seed set,
lower seed size

Mi. 
aurantiacus

Cal. anna
S. sasin
S. rufus

B. vosnesenskii
X. micans

potted plants in
 field experiment

Vannette et 
al.,

(2013)

Glu. spp.
*** 

less flowers with 
closed stigmas

***
less seeds per capsule

artificial 
flowers

nectar from 
Mi. auranthicus & 

Musa spp.Glu. spp. ***
less nectar removed

artificial 
flowers

15% sucrose, 
0.32mM amino acids

***
less nectar removed

Good et al.,
(2014)

***
less nectar removed
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Plant Pollinator Microbe Medium Exp. setup Measured variables Results Effects on plants Reference

A. mellifera

M. reukaufii

field experiment consumed nectar

no effect

M. reukaufii 50% sucrose

consumed nectar

D. barbeyi M. reukaufii 50% sucrose
pollinator choices

foraging time on single flowers no effect

B. terrestris 20% sucrose motivation to consume

B. impatiens M. reukaufii 30% sucrose

pollinator choices

foraging time on single flowers

M. reukaufii
probability of floral visitation no effect

foraging time on single flowers no effect

Cry. victoriae
probability of floral visitation *** lower probability

foraging time on single flowers *** lower probability

artificial 
flowers

15% sucrose, 
0.32mM amino acids

Good et al.,
(2014)

D. 
nuttallianum

B. appositus, 
B. balteatus, 

B. californicus, 
B. flavifrons, 
B. frigidus,  

B. nevadensis,
S. platycercus

natural 
populations

***
 lower nectar

 volume remaining Schaeffer 
and Irwin,

(2014)pollen deposited 
on stigma

***
more pollen deposited

***
enhanced male reproduction,

no effect on female 
reproduction

B. appositus,
B. flavifrons

foraging exp. in 
portable glasshouse

***
positive effect on visits Schaeffer et 

al.,
(2014)

filter paper
sugar 

solutions

Ba. spp.
Fa. spp.
Sa. spp.

choice experiments 
with fixated bees

*** density dependent 
discrimination between 

bacterial species
Junker et al.,

(2014)

Artificial  
flowers

choice experiments 
in flight cages

***
positive effect on visits

Schaeffer et 
al., (2016)***

positive effect on 
foraging time

E.
plantagineum

B. agrorum
B. lapidarus
 B. terrestris

nectar of
E. plantagineum 
+ nectar medium

foraging 
experiments in 

experimental plant 
populations

Mittelbach et 
al. (this study)
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