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Abstract

Nectar represents the most effective reward provided by entomophilous plants
to pollinators, and investigations into plant-pollinator mutualisms mediated by
nectar characteristics have emerged as one of the most active domains within
contemporary pollination biology. The original nectar secreted by flowering
plants is sterile; however, microorganisms can colonize nectar through airborne
transmission or (and) via contact with pollinators’ proboscises, subsequently
exploiting nectar nutrients for rapid proliferation. The hyperosmotic environ-
ment of nectar constrains microbial species diversity, resulting in relatively low
richness of microorganisms (yeasts, bacteria). Furthermore, both biotic factors
(pollinator assemblage composition, inter-microbial competition) and abiotic fac-
tors (osmotic pressure, sugar composition, secondary metabolites, antimicrobial
compounds, available nitrogen sources, temperature, pH) shape the assembly of
nectar microbial communities. Microbial metabolic activities within nectar mod-
ify its physical (temperature, viscosity) and chemical (pH, H,O, content, sugar
composition and concentration, amino acid profile and concentration, and odor)
properties, consequently influencing pollinator foraging behavior and plant re-
productive fitness. Accordingly, research on nectar microorganisms and their
ecological functions has garnered substantial attention among pollination biolo-
gists in recent years. Building upon a synthesis of existing literature, we propose
that future investigations should integrate molecular biological and chemical an-
alytical techniques to further uncover the mechanistic underpinnings of factors
governing nectar microbial communities, while providing more comprehensive
elucidation of how nectar microorganisms alter nectar physicochemical prop-
erties and plant-pollinator interactions, and particularly advancing our under-
standing of the ecological functions that nectar microorganisms fulfill within
ecosystems.
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Abstract

Floral nectar, a sweet, aqueous secretion consisting mainly of sugars and to
a lesser extent amino acids, is an effective reward that entomophilous plants
provide for their pollinators. Plant-pollinator relationships mediated by nectar
characteristics have become one of the most active research areas in pollination
biology. Although initially sterile, floral nectar can harbor yeasts and bacterial
species that are dispersed via air or by flower-visiting insects such as pollinators,
which then utilize nectar nutrients for rapid proliferation. The high osmotic pres-
sure environment of nectar results in relatively low microbial species diversity.
Pollinator composition, microbial competition, and abiotic factors also influence
nectar microbial community formation. Microbial metabolic activities can alter
nectar’ s physical properties, sugar composition and concentration, and amino
acid profiles, thereby affecting pollinator foraging behavior and plant reproduc-
tive fitness. Research on nectar microorganisms and their ecological functions
has attracted considerable attention from pollination biologists. Based on a
synthesis of published studies, future research should combine molecular biol-
ogy and chemical analysis techniques to further elucidate the mechanisms un-
derlying potential factors affecting nectar microbial communities, provide more
detailed explanations of how nectar microorganisms alter nectar physicochem-
ical characteristics and plant-pollinator interactions, and particularly advance
our understanding of the ecological functions of nectar microorganisms in ecosys-
tems.

Keywords: nectar-dwelling microorganisms; nectar characteristics; pollinator
behavior; reproductive fitness
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1. Main Microorganisms in Nectar
1.1 Yeasts in Nectar

Microbiologists have long recognized that microorganisms are ubiquitous in flo-
ral nectar, with studies dating back to the late 19th century. However, it was
only with deeper pollination biology research that nectar microorganisms began
attracting attention from pollination biologists. While freshly secreted nectar
is initially sterile, certain microorganisms—primarily yeasts and bacteria—can
colonize nectar through air dispersal or contact with pollinator mouthparts,
subsequently utilizing nectar nutrients for rapid proliferation.

Published studies indicate that yeasts occur at relatively high frequencies in
plant nectar. Jimbo found yeast occurrence rates of 67.8% in nectar samples
from Japan, with individual plant species showing rates between 0%-100% and
an average of 54.4%. Sandhu and Waraich reported yeast occurrence rates of
39.5%-92.1% in nectar from cultivated plants in northwestern India, with an
average of 51.3%. De Vega et al. documented a 43.2% yeast occurrence rate
in South African forest and grassland plants. Herrera et al. surveyed 316 plant
species in southwestern Spain and 635 species in Mexico’ s Yucatan Peninsula,
finding yeast occurrence rates of 37.4% and 39.8%, respectively. Mittelbach et
al. reported that 32% of 740 nectar samples from bird-pollinated plants in the
Canary Islands contained culturable yeasts. Overall, yeast occurrence rates in
floral nectar across different regions range from 30% to 70%.

Yeast densities in nectar are typically high, though species diversity remains low,
with most nectar samples containing only 1-2 yeast species. The most commonly
isolated yeasts belong to the family Metschnikowiaceae within the phylum As-
comycota, particularly the osmotolerant species Metschnikowia reukaufic and M.
gruessii. Basidiomycetous yeasts are rare and may result from contamination
from other plant parts. Recent work suggests that ascomycetous yeasts dom-
inate sucrose-rich nectars, while hexose-dominated nectars favor basidiomyce-
tous yeasts. Other genera such as Candida (Ascomycota) and Rhodotorula,
Cryptococcus, and Sporobolomyces (Basidiomycota) also occur, albeit at lower
frequencies. Most yeast species found in nectar are not nectar specialists and
likely invade through contact with floral corollas or visiting insects.

Spatial and temporal distribution patterns of nectar yeasts have become a re-
cent focus. Studies reveal significant variation in yeast occurrence, density, and
diversity across different spatial scales: among geographic regions, populations,
individual plants, flowers on the same plant, and even among nectaries within
the same flower. Temporal variation also exists across years, flowering periods,
and sexual phases. For example, in Helleborus foetidus, yeast occurrence and
density varied among populations and flowering stages, with higher rates during
early flowering (100%) compared to female-phase flowers (4%). These patterns
appear driven primarily by pollinator composition and activity.
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1.2 Bacteria in Nectar

Bacteria are also common nectar inhabitants. Surveys in Mediterranean and
South African plants show bacterial occurrence rates of 20%-80%, with densities
reaching up to 10? CFUs/mm?®. Bacterial diversity is similarly low, with most
nectar samples containing only 1-2 species. Nectar bacteria primarily belong
to Proteobacteria, Actinobacteria, and Firmicutes, with novel species such as
Acinetobacter nectaris, A. boissieri, and Rosenbergiella spp. identified. Bacteria
often co-occur with yeasts, possibly through complementary nutrient utilization.

Nectar bacteria exhibit specialized physiological traits, including tolerance to
high sucrose concentrations (10%-30%), low oxygen conditions, and the presence
of HyO,. These adaptations enable survival in nectar’ s harsh environment.

2. Factors Influencing Nectar Microbial Communities

Nectar microbial communities typically consist of phylogenetically clustered,
low-diversity assemblages whose occurrence, density, and composition show sig-
nificant spatiotemporal variation. These patterns likely result from interactions
between biotic and abiotic factors.

2.1 Biotic Factors

Microbes colonize nectar primarily through pollinator vectors, making pollinator
composition and activity crucial determinants of microbial community structure.
Flower density, nectar characteristics, and flowering phenology influence polli-
nator visitation patterns, thereby indirectly affecting microbial dispersal. For
instance, in Mimulus aurantiacus, fungal occurrence correlated positively with
flower density. In Helleborus foetidus, pollinator composition explained spatial
and temporal variation in yeast communities.

Microbial interactions also shape community assembly. Early colonizers can
reduce nectar sugar concentration and osmotic pressure, facilitating establish-
ment of non-osmotolerant species. Competition among yeasts for resources can
exclude inferior competitors, particularly among closely related species. The
metabolic activities of established microbes further modify nectar chemistry,
influencing subsequent colonization.

2.2 Abiotic Factors

Nectar’ s high sugar content and low water activity create a selective environ-
ment that filters microbial colonists. The “nectar filtering hypothesis” proposes
that high osmotic pressure, secondary metabolites, and antimicrobial proteins
limit microbial diversity, favoring only the most adapted strains. While some
secondary compounds like alkaloids and glycosides show limited antimicrobial
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effects, high sugar concentrations strongly inhibit non-osmotolerant microbes,
explaining why most nectar yeasts belong to osmotolerant Ascomycota.

Carbon-to-nitrogen ratios also influence community composition. Nectar is typi-
cally carbon-rich but nitrogen-poor, making nitrogen a limiting resource. Pollen
grains in nectar may provide essential nitrogen through amino acid release. En-
vironmental factors such as relative humidity, rainfall, and temperature affect
nectar secretion, sugar concentration, and pollinator behavior, thereby indi-
rectly shaping microbial communities. Temperature directly impacts microbial
growth rates, with nectar yeasts showing broad thermal tolerance (8-30°C).

3. Effects of Nectar Microorganisms on Nectar Physico-
chemical Characteristics

Nectar microorganisms can alter physical properties (temperature, viscosity),
chemical composition (sugars, amino acids, H,O,), and scent. Yeast metabolism
generates heat, raising nectar temperature and reducing viscosity, which benefits
cold-weather foragers. In Helleborus foetidus, temperature increase correlated
positively with yeast density.

Microbial fermentation significantly modifies sugar profiles. Inoculation experi-
ments with Mimulus aurantiacus showed that both bacteria and yeasts reduced
total sugar and sucrose concentrations, with bacteria causing greater reduc-
tions. Field surveys revealed species-specific relationships between yeast density
and sugar composition. Yeasts also decreased concentrations of specific amino
acids (proline, valine, tyrosine), suggesting they utilize amino acids as nitrogen
sources.

Microbial activity alters nectar scent. While plants produce some volatile or-
ganic compounds (VOCs), yeasts like Metschnikowia spp. produce ethanol and
other volatile alcohols that contribute to nectar’ s fermented odor. In Silene
caroliniana, nectar with microorganisms contained more aromatic compounds
than sterile nectar, with yeasts producing the volatile alcohols responsible for
the floral wine-like scent.

4. Effects on Pollinator Behavior and Plant Fitness

Nectar microorganisms influence pollinator foraging and plant reproductive suc-
cess by modifying nectar quality. Early studies showed mixed results: bees
could not always distinguish yeast-inoculated nectar, while some yeasts produc-
ing high ethanol concentrations deterred wasps. More recent work demonstrates
that bumblebees prefer yeast-inoculated Delphinium barbeyi nectar, possibly be-
cause yeasts provide proteins and amino acids or produce attractive volatiles.
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Microbial effects on plant fitness are context-dependent. In Helleborus foetidus,
Metschnikowia reukaufii increased bumblebee visitation but reduced female fit-
ness by decreasing pollen tube growth and seed set. In Delphinium nuttallianum,
high yeast densities enhanced male fitness by increasing pollen export without
affecting female fitness. In Mimulus aurantiacus, nectar bacteria (but not yeasts)
reduced female fitness by decreasing seed production per fruit.

These effects depend on floral morphology, breeding system, and pollen limita-
tion. Microbial fermentation produces ethanol and other volatiles that can alter
pollinator behavior, while spatial variation in microbial communities within
plant species may create “risky” flowers that deter pollinators, potentially re-
ducing pollination services.

5. Future Directions
Despite progress, several knowledge gaps remain:

1. Phenotypic and genotypic diversity: Nectar microbes likely possess
broad ecological niches and high phenotypic plasticity. Molecular studies
of genotype diversity in nectar yeasts and bacteria are needed to under-
stand population structure and adaptation.

2. Broader ecological interactions: Research has focused on pollinators,
but effects on nectar robbers, herbivores, and other flower visitors remain
unexplored. Nectar microbes may influence biological control systems by
affecting predators and parasitoids that feed on nectar.

3. Microbe-pollinator coevolution: Pollinators may derive nutritional
benefits from nectar microbes, and microbes may aid in nectar digestion.
Understanding these mutualisms could reveal tripartite plant-pollinator-
microbe interactions.

4. Plant defense mechanisms: Plants likely evolved antimicrobial de-
fenses to protect nectar quality. Identifying antimicrobial proteins and
secondary compounds in nectar and testing their efficacy will clarify mech-
anisms controlling microbial diversity.

5. Chemical ecology: Microbial volatiles influence pollinator attraction.
Comparative analysis of nectar scent profiles before and after microbial
inoculation will elucidate how microbes mediate plant-pollinator commu-
nication.

Nectar microorganisms represent a dynamic component of plant-pollinator sys-
tems, possessing unique adaptations to thrive in harsh nectar environments and
exerting important ecological functions that warrant continued investigation.
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