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Abstract

Flowers at times host abundant and specialized communities of bacteria and
fungi that influence floral phenotypes and interactions with pollinators. Eco-
logical processes drive variation in microbial abundance and composition at
multiple scales, including among plant species, among flower tissues, and
among flowers on the same plant. Variation in microbial effects on floral
phenotype suggests that microbial metabolites could cue the presence or
quality of rewards for pollinators, but most plants are unlikely to rely on mi-
crobes for pollinator attraction or reproduction. From a microbial perspec-
tive, flowers offer opportunities to disperse between flowers, but microbial
species differ in requirements for and benefits received from such disper-
sal. The extent to which floral microbes shape the evolution of floral traits,
influence fitness of floral visitors, and respond to anthropogenic change is
unclear. A deeper understanding of these phenomena could illuminate the
ecological and evolutionary importance of floral microbiomes and their role
in the conservation of plant—pollinator interactions.
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INTRODUCTION

Pollination is most frequently viewed as a bipartite interaction between plants and pollinators.
However, it is now clear that many other organisms influence the ecology and evolution of plant—
pollinator interactions (Strauss & Whittall 2006). Flowers frequently contain abundant microbial
populations, which can influence pollination in many ways. From what we know of floral mi-
crobes, these organisms have their own fascinating ecologies, which reflect their ability to colo-
nize ephemeral flowers, associate with flower visitors including effective pollinators, and metabo-
lize unique nutrient sources in flowers. In this review, I describe current understanding of which,
when, and how microbial communities form on and within flowers; how microbes affect floral
phenotypes and plant—pollinator interactions; and how microbes disperse out of flowers. I suggest
that a defining feature of the floral microbiome is its variability, which generates specific conse-
quences for both flowering plants and flower visitors. I conclude by outlining promising areas
for future study of the floral microbiome, with specific reference to pollinator conservation and
agricultural sustainability.

HISTORICAL INTEREST IN THE FLORAL MICROBIOME

A microbiome is the community of bacteria, fungi, protozoa, viruses, and phage in a given envi-
ronment. Hereafter, I use the term microbes to refer to organisms within this community. Within
flowers, bacteria and fungi have received the most study and therefore are the main subjects of
this review.

Interestin the flower microbiome has recently intensified, but flower microbes have been stud-
ied for over a century. One of the best-studied flower-inhabiting microbes is the bacterium Erwinia
amylovora. Native to North American flowering trees in the family Rosaceae (which includes many
commercially important fruits), E. amylovora spread rapidly to the related species of apple, pear, and
quince soon after their seventeenth-century introduction to the continent (Schroth et al. 1974).
The bacterium infected trees through flowers and other open vascular tissues, causing a disease
known as fire blight that is characterized by rapid limb browning and tree death. Although rain
events and insect visitation to flowers were known to be associated with spread of fire blight among
trees, the cause of the disease remained elusive. The 1877 discovery that E. amylovora caused fire
blight established for the first time that bacteria were able to produce disease in plants (Schroth
etal. 1974, Vanneste 2000). Despite identification of its cause, fire blight was not easily controlled.
Unscrupulous agents sold remedies for fire blight, leading the Missouri Agricultural Experiment
Circular to declare that “driving rusty iron nails intro trees and hanging horse shoes among the
branches will not control fire blight” (Talbert 1925, p. 8) Fire blight continued to cause widespread
damage in the eastern United States and decimated pear production on the West Coast into the
1900s. Since that time, fire blight has spread worldwide and continues to cost hundreds of mil-
lions of US dollars in microbe control and crop losses yearly in apples, pears, and their botanical
relatives and to limit the geographical extent of their cultivation (Schroth et al. 1974, Vanneste
2000).

The past few decades have seen exciting progress in characterizing the microbiome of flowers
in greater breadth and depth than was previously possible, as is true for microbiomes generally.
Multiple disciplines have contributed to the growing interest in floral microbiomes. In the search
for novel yeast species, flowers and their insect visitors have been recognized as rich sources of
biodiversity (Brysch-Herzberg 2004, Lachance et al. 2001). In community ecology, nectar mi-
crocosms have been used to examine drivers of community assembly (Chappell & Fukami 2018,
Herrera et al. 2010, Peay et al. 2012). In conservation biology, pollinator declines and increas-
ing recognition of the role of pathogens have led to the identification of flowers as transmission
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sites for important pollinator pathogens (Durrer & Schmid-Hempel 1994, Figueroa et al. 2019).
In plant pathology, floral surfaces have yielded biocontrol agents for floral pathogens, enhancing
sustainable pathogen control in orchards (Lindow & Suslow 2003, Pusey 1999). Together, these
disparate studies show that the floral microbiome both is a useful model system for the study
of ecology and evolution and could have wide-ranging effects on the ecology and evolution of
flowering plants and animals that visit flowers.

WHEN AND HOW DO MICROBES ARRIVE TO FLOWERS?

Newly opened flowers are not sterile. Microbes are nearly always present on at least some flower
tissues. But flowers vary, often substantially, in the abundance and composition of microbial com-
munities. Many methods can determine microbial presence and identity, and each yields different
types of information subject to different bias (Table 1). Nevertheless, surveys of flowers largely
converge on the following three generalities about flower microbial communities.

First, bacteria and fungi are present early in a flower’s life. Even before anthesis (flower open-
ing), flower buds and nectar in unopened flowers can contain detectable bacterial and fungal
species (Shade et al. 2013, von Arx et al. 2019). Petals of newly opened flowers contain detectable,
culturable microbial communities (Junker et al. 2011). Flower stigmas and hypanthia (the flo-
ral cup containing the nectar) of newly opened apple blossoms also yield culturable bacteria and
fungi, although microbial incidence can be low, with 8-35% of samples yielding microbial growth
at anthesis (Pusey et al. 2009). Filamentous fungi can be isolated or detected within ovaries in
grasses (Hinton & Bacon 1985) and in the pollen of forbs (Hodgson et al. 2014) early in floral
development.

Second, microbial incidence and abundance increase over time on individual flowers. The
clearest demonstrations come from characterization of microbes inhabiting nectar and the sur-
face of the pistil. In the night-blooming plant species Datura wrightii and Agave palmeri, bacterial
and fungal colony-forming units in nectar were found in low abundance in preanthesis flowers
and then increased exponentially over time (von Arx et al. 2019). In the hummingbird-pollinated
flower Mimulus aurantiacus, yeasts were detected in the nectar of 20% of 1-day-old flowers sampled
and between 60 and 80% of older (3- to 6-day-old) flowers (Peay et al. 2012). Similarly, bacterial
incidence and abundance increased over time in nectar of the shrub Epilobium canum (Morris et al.
2020) and on stigmas and hypanthia of apple blossoms (Pusey et al. 2009). In a whole-flower
survey of apple flowers, sequence-read abundance (an imperfect proxy for microbial abundance)
increased with flower age, at least early in flower life span (Shade et al. 2013). Not all studies of
flower microbiomes examine change in microbial abundance over time, and data are notably miss-
ing from most studies of petal and pollen microbiomes. To investigate if this pattern is common
across flower tissues or plant species, future studies should take care to use methods that assess
microbial abundance (e.g., quantitative polymerase chain reaction, microscopic examination, or
other quantitative methods; see Table 1).

Third, animal visitation to flowers alters floral microbiomes. Although microbes can be
present on flowers that have apparently not been visited, abundant evidence supports a role
for animal visitors as major vectors of bacteria, fungi, and other microorganisms to and among
flowers. As early as 1884, Boutroux documented the increased presence of fermentative yeasts in
flowers that had been visited by bees compared to those not visited (Boutroux 1884). More recent
work demonstrates that flowers do not contain ascomycete yeasts when bees and large-bodied
pollinators are excluded, but these yeasts are abundant in nectar of pollinator-visited flowers
(Belisle et al. 2012; Herrera et al. 2008, 2010). Specific pollinator species can be implicated
in dispersal among flowers in some cases (Brysch-Herzberg 2004, Lachance et al. 2001). In
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Table 1 Commonly used techniques to characterize the floral microbiome, along with benefits and drawbacks

associated with each method

Cell culture and Metabarcoding Shotgun
Technique plating (amplicon sequencing) Visualization metagenomics
Definition Isolating living Sequencing short Visualization using light | Untargeted sequencing
microorganisms on barcode regions to microscopy, electron of DNA within a
media plates in the characterize bacterial microscopy, or other sample
laboratory or fungal communities methods
Benefits Many floral bacteria and | Identifies microbial Allows for quantification | Can reveal taxonomy
yeasts are culturable strains to genus or in of microbial cells and and functional
on standard lab media some cases species, may inform potential of bacteria,
(Morris et al. 2020) including those not localization within fungi, and other
Allows relative culturable using flowers organisms in the same
quantification of standard lab media run
living cells High throughput, Avoids most primer bias
Allows taxonomic, allowing Can recover
genomic, and characterization of high-quality genomes
phenotypic entire communities in of abundant
description of living a single sample organisms that enable
organisms Standard methods and taxa-function pairing
Living organisms can be sequence data formats
archived and used for allow comparison
experiments among studies
Drawbacks Not all microbes are Low microbial biomass Additional staining More costly than
readily culturable on individual flowers, necessary to reveal if amplicon sequencing,
Many media types may so polymerase chain cells are alive or dead particularly for high
be necessary to reaction—based Probes or specialized coverage
characterize approaches can be methods are required Relies on assembly or
communities subject to for microbial annotation of short
adequately contamination identification reads
Relatively low Does not quantify For some flower tissues,
throughput; colonies microbial cells high abundance of
must be individually Sequencing yields host plant DNA may

identified using
Sanger sequencing or
other methods

proportional data
No information on
microbial function
Differences among
microbial species in
DNA extraction
efficiency, primer
biases, or sequencing
can affect estimates of
species composition
and relative
abundance

be problematic

the hummingbird-pollinated species Mimulus aurantiacus and Epilobium canum, nectar bacteria

are detected more frequently and in higher abundance in flowers visited by hummingbirds or
large insects (Morris et al. 2020, Vannette & Fukami 2017). Nitidulid beetles vector particular
species of large-spored ascomycete yeasts (Lachance et al. 2001), and ants, florivores, and other

nonmutualistic floral visitors have been shown to disperse flower-colonizing bacteria and yeasts
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(de Vega & Herrera 2013, Samuni-Blank et al. 2014). Small insects may be important but unrec-
ognized vectors of nectar microbes. For example, microbiomes of thrips comprise the bacterial
genera Rosenbergiella and Pantoea (Chanbusarakum & Ullman 2008), which are also isolated from
preanthesis flowers (von Arx et al. 2019) and pollen (Manirajan et al. 2016).

Although most evidence that microbial dispersal depends on animal vectors comes from nectar
microbes, floral visitors also influence microbial communities on petals, stigmas, pollen, and other
parts of the flower. Bumble bees deposit bacteria mainly on the petals and stamens (Russell et al.
2019). Bee feces that contain microbes are frequently detected on flower tissues, including within
the corolla and outside the corolla, and on surrounding bracts and nearby leaves. The location of
feces varies depending on flower morphology and bee species (Figueroa et al. 2019). Insects have
been implicated in the species composition of the pollen microbiome (Manirajan et al. 2016), but
further study is necessary to confirm the importance of vectors for pollen microbes.

WHICH MICROBES ARE FOUND ON FLOWERS?

The microbes that are found on flowers can come from a few different sources (Table 2). Bacteria
and fungi that are commonly found in air, soil, and other habitats can be detected on flower buds
and early-stage petals (Morris et al. 2020, Shade et al. 2013). These environmentally common
microbes are among the first to be detected once the flower opens but typically do not attain high
abundance in flowers (Brysch-Herzberg 2004, Morris et al. 2020).

Microbes from a plant’s vegetative tissues can also colonize its flowers (Table 2). Plant endo-
phytes (bacteria or fungi that grow asymptomatically within plant tissues), pathogens, and phyllo-
sphere microbes (which colonize plant surfaces) can colonize floral tissues via multiple routes. Fun-
gal hyphae have been visualized growing from vegetative parts to flower tissue in grasses (Hinton
& Bacon 1985). Bacteria can also travel within plant vascular tissues, including from flowers to
vegetative or reproductive tissues (An et al. 2020, Kim et al. 2019, Vanneste 2000). Specialized
xylem-dwelling bacteria can be exuded from water pores (hydathodes) (An et al. 2020), suggesting
that exudation into nectar may also be possible depending on nectary type (Roy etal. 2017), but no
evidence for this specific phenomenon has been published to date. Plant epiphytes disperse from
leaves to flowers, or from another common source to both leaves and flowers, by wind, flowing
water, rain droplets, or arthropods that traverse vegetative and floral tissues. Studies that compare
epiphytic bacterial communities on leaves to those on petals or whole-flower tissues find similar
bacterial species composition (Junker et al. 2011, Massoni et al. 2019, Wei & Ashman 2018), but
flower communities are often characterized by lower species richness and evenness than leaves. Ev-
idence from these studies is consistent with movement of microbe populations on leaves to flowers
or to both from a shared source pool. Dispersal of microbes from flowers to the leaf phyllosphere
is also possible but may be less common due to the shorter life span of flowers. Although leaves
and flowers are often similar in microbial species composition, it is unclear if microbial strains
differ between habitats. Insights into microbial source pools and microbial adaptation to life on
flowers could be gained from individual cell lineage tracking or genomic comparisons between
flower and leaf isolates.

Another group of bacteria and fungi is common and can become abundant in flowers but is
not typically found on leaves or other plant environments. Here, I refer to these microbes as
flower specialists (Table 2), although they may be referred to elsewhere as autochthonous mi-
crobes (Lachance et al. 2001). Flower specialists are also detected in the crop (honey stomach) of
bees and in stored pollen, but the abundance of flower specialists is typically low outside of flowers
(Brysch-Herzberg 2004, Pozo et al. 2012). Although the strongest evidence of habitat specializa-
tion of floral specialists is their limited occurrence outside of nectar, flower specialist microbes
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also exhibit a range of traits hypothesized to be adaptations to floral or nectar environments, in-
cluding nutrient scavenging and rapid growth (Dhami et al. 2016), ability to survive high and vary-
ing osmotic conditions (Herrera et al. 2010), and ability to metabolize flower-specific resources
(Lachance et al. 2001, Pozo & Jacquemyn 2019). However, comparative and experimental studies
are required to examine which microbial traits are adaptations to living in flowers or particular
flower tissues (Pozo et al. 2012).

Animal-associated microbes are frequently found on flowers (Table 2). These bacteria, fungi,
and viruses, which can also be isolated from animal digestive tracts (Corby-Harris et al. 2014),
mouthparts (Belisle et al. 2012, Pozo et al. 2012), or colony or natal environments (Brysch-
Herzberg 2004, McFrederick et al. 2012, 2017), may be beneficial, commensal, or pathogenic
to pollinators or other floral visitors. Typically, these microbes do not attain high abundance on
flowers (Lachance et al. 2001) but can survive at least temporarily on floral surfaces, in some cases
long enough to encounter a new animal host. Although experiments demonstrate that pollinators
can be infected by pathogens after floral contact, the importance of flowers compared to other
locations for transmission of animal-associated microbes to new hosts requires further study.

Microbial life history and niche breadth (Table 2) can be difficult to assign for a few reasons.
The short rRNA regions frequently used in amplicon sequencing cannot distinguish bacterial or
fungal species or strains, so ecologically distinct taxa can appear identical at this barcoding region
(Dhami et al. 2018). Moreover, microbial detection in the environment is difficult, so determining
where microorganisms are (and are not) present is time-consuming and often nearly impossible.
Finally, microbial lineages likely vary from primarily animal associated to primarily plant associ-
ated, either in ecological or evolutionary time. For example, Lactobacillus (McFrederick etal. 2012),
Acinetobacter, and yeasts in the Starmerella clade (Lachance et al. 2001, Rosa et al. 2003) each con-
tain species thought to be primarily animal or flower associated, although the tempo or frequency
of transitions between host types remains poorly understood.

PROCESSES DRIVING VARIATION IN MICROBIAL ABUNDANCE
AND COMPOSITION ON FLOWERS

Variation in floral microbial abundance and composition has been noted at multiple levels: among
plant species (Herrera et al. 2009), among tissues of an individual flower (Junker & Keller 2015,
Rebolleda Gémez & Ashman 2019), and among individual flowers on a given plant individual or
species (Herrera etal. 2009, Vannette & Fukami 2017). Like all ecological communities, floral mi-
crobiomes are shaped by multiple processes (Table 3). Below, I describe how dispersal (movement
of species) and selection (deterministic fitness differences between species) influence community
assembly of microbial communities at the scale of individual flowers. Depending on the ecological
scale considered, specific mechanisms of dispersal or selection may be more important (Table 3).
Across longer time periods—including across flowering seasons—additional processes like drift
(stochastic change in species abundance) and speciation are probably also important. Although
longer-term dynamics of flower microbes have received scant empirical attention and are beyond
the scope of this review, they seem a promising area for future research.

Dispersal

Because many flowers are relatively short-lived, dispersal is likely a major determinant of species
abundance, composition, and function in flowers. Dispersal from different sources outlined in
Table 2, including wind, water, plant tissues, or animal visitors, can bring different pools of mi-
crobial species. Given the short life span of most individual flowers (Primack 1985) and variability
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Table 3 Drivers of variation in microbial abundance and composition in flowers at multiple scales

Scale Process?® Mechanisms involved Quantifiable variables Reference(s)
Among plant Dispersal Microbial species pool Visitation rate and Herrera et al. 2009,
species composition of flower Ushio et al. 2015,
visitor community Zemenick et al. 2019
Selection Resource availability Nutrient availability Hypothesized here
Selection Environmental filtering | Plant chemistry (volatile | Hypothesized here and
and nonvolatile) by Fridman et al.
2012, Junker & Tholl
2013
Dispersal and selection Environmental Flower morphology Figueroa et al. 2019,
filtering/exposure Russell & Ashman
2019
Among flower Selection Resource availability Plant nutrient Hypothesized here
tissues within availability
a plant Selection Environmental filtering | Plant chemistry (volatile | Boachon etal. 2019,
species and nonvolatile) Huang et al. 2012
Selection Environmental filtering Environmental exposure | Figueroa etal. 2019
Dispersal Microbial species pool, Contact with flower Rebolleda Gémez &
dispersal rate visitors Ashman 2019, Russell
etal. 2019
Among flowers Dispersal Microbial species pool Presence and identity of | Morris et al. 2020, Ushio
on the same flower visitors etal. 2015, Vannette
plant species & Fukami 2017
or individual Dispersal Microbial species Arrival order of flower Mittelbach et al. 2016,
interactions, historical visitors or microbes Peay et al. 2012,
contingency Tucker & Fukami
2014, Vannette &
Fukami 2014
Dispersal and selection Microbial growth, Flower age Morris et al. 2020, Peay

species interactions,
changes in flower

physiology

etal. 2012

Dispersal

Metacommunity
dynamics, pollinator
foraging behavior

Spatial proximity

Belisle et al. 2012,
Smessaert et al. 2019

Dispersal and selection

Direct toxicity to
microbes, indirect
effects on flower
visitor behavior or
abundance

Environmental drivers
(e.g., nutrient
availability, pollutants,
agrochemical
application)

Bartlewicz et al. 2016,
Schaeffer et al. 2017

*Processes likely apply at multiple scales but are included where they are predicted to be the most apparent.

in the presence and activity of floral visitors, some flowers may never be visited at all, or not by

a particular species of visitor. Contact between flower surfaces and floral visitors can vary with

flower morphology or among tissue types, resulting in differential abundance of microbes de-

posited on flower surfaces (Russell et al. 2019). Variation in which microbial species arrives to

a flower first can introduce the possibility of historically contingent assembly patterns (Fukami
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2015), with consequences for species richness within individual flowers and the maintenance of
microbial diversity across plant populations (Vannette & Fukami 2017).

Selection: Environmental and Floral Traits

Not all microbes that arrive at flowers persist there (Herrera et al. 2010). Microbial establishment
and persistence in flowers are restricted by a combination of environmental stressors, host plant
traits, and competition among microbial taxa, which result in ecological selection of microbial
communities in flowers. Environmental challenges that are similar to those in phyllosphere en-
vironments, including UV radiation, desiccation, and patchy nutrient availability, limit microbial
colonization of petal or sepal surfaces. As a result, longevity of some microbes on floral surfaces
is thought to be short. For the bee pathogen Crithidia bombi—one of the few species in which
the temporal patterns of survival on flowers have been examined experimentally—the pathogen
is infective after being defecated onto petals and sepals, but it survives only hours after deposi-
tion (Figueroa et al. 2019). This short life span on flowers has been hypothesized to be due to
environmental exposure (Figueroa et al. 2019), but plant traits described below could also reduce
microbial survival on floral surfaces.

Floral traits, including chemical, developmental, and morphological phenotypes, can influence
microbial growth on flowers (Table 3). Although floral traits are typically thought to be adap-
tations that enhance animal attraction to pollinators, it is likely that some floral traits enhance
plant fitness by affecting microbial growth. When considered, it is typically hypothesized that flo-
ral traits should decrease microbial growth in flowers (e.g., Adler 2000, Gonzilez-Teuber & Heil
2009, Rivest & Forrest 2019). However, even if floral traits are adaptations to microbes, not all
flower-inhabiting microbes are pathogens (Table 2), so it is not clear that flower traits should
always evolve to reduce microbial growth. I return to a discussion of flower adaptation to mi-
crobes after an overview of the plant traits demonstrated or suspected to influence flower microbial
communities.

Many flowers produce abundant volatile organic chemicals, and some of these volatiles af-
fect microbial growth. Flowers of Arabidopsis thaliana produce the volatile sesquiterpene (E)-B-
caryophyllene, which inhibits the growth of Pseudomonas syringae, a common leaf-inhabiting bac-
terium and plant pathogen (Huang et al. 2012), and prevents bacterial damage to the stigma. The
volatile (E)-B-caryophyllene is commonly produced in floral volatile bouquets (Dobson 2006) and
can be induced in other plant tissues following attack by herbivores or pathogens. Other volatiles,
including phenylacetonitrile, 2-phenylethyl alcohol, and linalool, can differentially affect bacterial
growth rates (Burdon et al. 2018, Hua et al. 2014, Junker et al. 2011). However, in these studies,
bacteria isolated from flowers did not always tolerate floral volatiles better than bacteria from
leaves did, suggesting that those specific floral volatiles do not necessarily play a large role in
structuring floral microbiomes. Nevertheless, some parts of the flower that are particularly sensi-
tive to microbial growth could be defended to a greater extent than others. Flower tissues can vary
in volatile composition and emission rate (Boachon et al. 2019, Raguso 2004), and recent evidence
suggests complex interplay of volatile emissions and floral morphology that can influence micro-
bial growth. In Petunia hybrida, volatile sesquiterpenes are produced before floral anthesis and
accumulate on the stigma, effectively fumigating this vulnerable reproductive tissue and altering
microbial abundance, diversity, and composition on stigmas (Boachon et al. 2019).

Plant secondary metabolites (nonvolatile chemical compounds not involved in primary
metabolism) are also present in flower tissues and may influence microbial growth on flowers
(Table 3). Floral secondary metabolite composition and concentration differ among plant species
and tissues; pollen often contains nearly ten times higher concentrations of secondary metabolites
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than nectar (Palmer-Young et al. 2019). Secondary metabolites have been conjectured to have
evolved to reduce microbial growth in flowers, among other adaptive explanations (Adler 2000,
Rivest & Forrest 2019), but scant evidence to date supports this. In studies that experimentally
challenged nectar microbes with secondary compounds, no negative effects on microbial growth
were detected (Fridman et al. 2012, Pozo et al. 2012, Vannette & Fukami 2016). However, re-
cent demonstration of the antitrypanosomal activity of callulene, a metabolite isolated from floral
nectar of Calluna vulgaris (Koch et al. 2019), suggests that other novel metabolites may yet be
discovered. Alternatively, it may be that secondary metabolites, in addition to other floral charac-
teristics, reduce flower colonization by environmental or animal-associated microbes (Table 3) to
a greater extent than floral specialist or phyllosphere microbes, but this hypothesis remains to be
tested using in-plant assays.

Additional floral traits have been shown to influence microbial abundance and composition in
flower tissues, nectar, and pollen. Within nectar, high osmolarity (Herrera et al. 2010), biochemical
conditions maintaining high concentrations of reactive oxygen species (Thornburg et al. 2003),
and plant production of small proteins structurally similar to antimicrobial peptides (Schmitt et al.
2018) can limit the growth of some microbes, including generalized fungal pathogens (Carter et al.
1999, Schmitt et al. 2018) and animal-associated microbes (Herrera et al. 2010). Proteins are found
in the nectar of many but not all plant species (Gonzilez-Teuber & Heil 2009, Roy et al. 2017) and
can maintain oxidative environments that are antimicrobial or suppress specific activity of fungal
enzymes (Naqvi et al. 2005).

Some of the strongest evidence of plant adaptation to reduce microbial growth in flowers
comes from the study of plant-induced defenses, including immune responses to floral pathogens
(Eastgate 2000). In pepper plants, floral tissue challenged by the pathogen Xanthomonas campestris
pv. vesicatoria upregulated the antimicrobial enzymes chitinase and p-1,3-glucanase faster and to a
greater extent than did leaf tissue (O’Garro & Charlemange 1994). Similarly, genomic investiga-
tion of apple cultivars that vary in resistance to the pathogen E. amylovora have revealed that genes
underlying plant immunity and defense pathways are key mediators of variation in plant resistance
(Khan et al. 2012). It is unclear if such responses by plants are induced only by coevolved plant
pathogens or if other types of floral microbes (Table 2) could induce similar changes in plant
physiology or defense phenotypes.

Floral traits can affect microbial growth. But have these floral traits been under selection as
defenses against microbes? Current evidence is scant. To address this question, studies must ex-
amine the variation and heritability of floral traits and the strength of selection, including the
relative importance of microbes compared to other selective pressures. In the case of pathogens,
the evolution of plant defense is likely, including immune responses described above or other flo-
ral traits thought to be under selection by pollinators. For example, larger flowers of the plant
Dianthus silvester received higher spore deposition of the pathogen Microbotryum violaceum (for-
merly Ustilago violacea) compared to smaller flowers of the same species, suggesting that pathogens
and pollinators exert opposing selection on floral display (Shykoff et al. 2017). However, for other
putatively antimicrobial floral traits, including nectar chemistry and floral volatiles, intraspecific
variation has been documented, but heritability and the strength of selection imposed by floral
microbes compared to other factors remain unknown (Parachnowitsch et al. 2018).

Selection: Interactions Among Microbes

Interactions among microbes within flowers influence microbial species composition. Microbial
species in nectar and on floral stigmas compete for limiting resources. Species that arrive ear-
lier or in higher abundance can preempt these resources, limiting the growth of later-arriving
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species (Dhami et al. 2016, Peay et al. 2012, Wilson & Lindow 1994). Microbes can also mod-
ify floral environments (e.g., nectar pH or stigmatic surface chemistry) such that later-arriving
species are no longer able to establish (Pusey et al. 2011, Vannette & Fukami 2014). Likely as
a result of strong competition and niche modification, microbial communities within individual
nectar samples are often species-poor and typically numerically dominated by a single yeast or
bacterial species (Belisle et al. 2012, Herrera et al. 2010). Because of these interactions, nectar and
stigma communities may be prone to historically contingent assembly (Chappell & Fukami 2018,
Fukami 2015). For microbial communities on petals or pollen, the role of species interactions
in determining composition and relative abundance has received less attention. Here, interactions
among microbes could include competition for space or other types of antagonism, including pro-
duction of antimicrobial compounds (e.g., Kearns & Hale 1995), and may occur on small spatial
scales, as seen in phyllosphere communities. Finally, the floral traits outlined above, along with
variation in dispersal, can mediate or moderate the outcome of species interactions. For example,
nectar sugar or nutrient content can influence the outcome of competition between yeast species
(Vannette & Fukami 2014). In contrast, flowers that receive frequent visitation by animals (and as
a result, frequent microbial dispersal) may experience weaker species sorting and maintain more
microbial species within individual flowers.

MICROBIAL EFFECTS ON FLOWER PHENOTYPE
AND ATTRACTIVENESS TO POLLINATORS

After microbes arrive to and successfully colonize flowers, their growth and metabolism can mod-
ify floral rewards (nectar and pollen) or phenotypes that attract pollinators. In this section, I review
how microbes affect floral rewards and display, and thus plant—pollinator interactions.

How Do Microbes Affect Floral Rewards for Pollinators?

Most flowering plants produce food rewards that attract pollinators, but microbes can al-
ter the quality and quantity of these products directly and indirectly. Floral pathogens can
change floral reward phenotypes, including nectar concentration or volume, and alter or elim-
inate host plant pollen altogether, likely through changes in plant metabolism. Plant species
Silene latifolia and Silene dioica colonized by the anther smut fungus M. violaceum produced less
nectar, and that nectar had a lower sugar concentration compared to uncolonized plants (Biere &
Honders 2006). In contrast, the floral pathogen Fusarium verticilloides did not affect nectar volume
or sugar concentration of Moussonia deppeana flowers, but it did extend flowering time (Lara &
Ornelas 2003), increasing nectar production and the time over which nectar rewards were avail-
able to pollinators.

Nectar-inhabiting microbes directly alter chemical properties of nectar through their
metabolic activity. Nectar yeasts and bacteria typically consume nectar sugars, reducing the sugar
concentration (de Vega etal. 2009, Herrera etal. 2008). Nectar microbe metabolism often converts
nectar from disaccharide (sucrose) dominated to monosaccharide (glucose and fructose) domi-
nated (Canto et al. 2008, Schaeffer et al. 2015, Vannette & Fukami 2017). Microbial metabolism
also affects the concentration and composition of amino acids (Vannette & Fukami 2018) and
other chemical constituents, and effects vary depending on microbial identity (Lenaerts etal. 2017,
Rering et al. 2018). Although microbial effects on nectar chemistry are often studied in the labo-
ratory using extracted or artificial nectar (e.g., Vannette et al. 2013, Lenaerts et al. 2017), in-flower
inoculations can reveal effects not detectable in laboratory assays (Vannette & Fukami 2018). For
example, flowers inoculated with Neokomagataea (Gluconobacter) sp. had lower nectar volume than
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controls (perhaps due to accelerated floral senescence) (Vannette & Fukami 2018). Differences
between in vivo and in vitro results on nectar sugars and amino acids (Vannette & Fukami 2018)
suggest that plant hosts can moderate microbial effects on nectar chemistry. Direct and indirect
microbial effects on available calories, nectar taste, or micronutrient composition could plausibly
influence pollinator nutrition or foraging (Martinez del Rio 1990). Observations that yeasts in
nectar reduce available nectar sugars led to the hypothesis that yeasts compete with pollinators
for floral resources (Herrera et al. 2008). In the section titled Consequences of Variation in Floral
Microbial Communities, I review evidence for this hypothesis.

Floral microbes could affect pollen quality or quantity, with consequences for plants or ani-
mals that consume pollen. Some pathogens have striking effects: The host-sterilizing fungus M.
violaceum infects host plants in the Caryophyllaceae including the genus Silene, where it elimi-
nates female reproductive function of its host and replaces pollen with fungal spores (Alexander
& Antonovics 1988). For most microbial groups (Table 2), however, evidence for effects on pollen
is thin. Most nonpathogenic fungi and bacteria colonize the exterior of pollen after anther dehis-
cence, so they presumably do not affect pollen production but could affect pollen quality for plants
or for pollinators. In the milkweed Asclepias syriaca, the presence of nectar-inhabiting microbes de-
creased the viability of pollen in nectar (Eisikowitch et al. 1990). In this plant species, fertilization
occurs via the nectary when pollinia (masses of pollen grains) are deposited into nectar, where they
germinate and grow. Nectar yeasts can benefit from pollen nutrients (Pozo & Jacquemyn 2019),
but reduced pollen viability could decrease plant reproduction in A. syriaca. However, pollen re-
ception via nectaries is relatively rare among plant species, so the extent of nectar microbe effects
on male fitness among plant species is unclear. Outside of nectar, filamentous fungi invade pollen,
using pollen nutrients to fuel invasion of other plant tissues, including leaves (Fokkema 1971) and
reproductive tissues (Huang & Kokko 1985). Pollen consumed by fungi could affect plant repro-
duction, but this may depend on whether pollen had already been lost from a plant’s reproductive
pathway (Inouye et al. 1994).

Microbial effects on pollen could also influence pollen-eating animals. Although this topic has
received almost no empirical attention, microbes could plausibly affect pollen scent (often used by
foraging animals), nutrition, or physiology. After animals gather pollen, it is consumed or, for some
insects, stored to feed to offspring. During storage by bees, microbes can spoil nectar and pollen
(Batra et al. 1973). Whether soilborne microbes or floral microbes are responsible for spoilage
is not understood. Moreover, microbial capacity to access nutrients within pollen could conceiv-
ably affect pollen-feeding animals (Roulston & Cane 2000). Pollen is notable in its resistance to
degradation. One proposed mechanism of bee pollen digestion is the use of microbial enzymes
(Roulston & Cane 2000). Multiple bee-associated bacterial genera contain pectinase genes, whose
products cleave bonds in pectin, a complex polysaccharide that makes up the pollen intine (Engel
etal. 2012, Vuong & McFrederick 2019); similar genes are also found in the bacterial genera Acine-
tobacter (T.A. Hendry & R.L. Vannette, unpublished data) and Rosenbergiella (Laviad-Shitrit et al.
2020), which are commonly found in nectar and on pollen. Determining whether the metabolic
activity of floral microbes improves or reduces pollinator ability to access pollen nutrients, how-
ever, requires empirical work.

Floral Display

Floral visitors often rely on floral display traits (e.g., floral scent or color) as foraging cues instead
of assessing rewards directly. Microbes growing on petals or in nectar (Raguso 2004) are often
found to influence floral scent. Bacteria and fungi growing on flowers can both contribute volatile
compounds to floral blends or metabolize volatiles produced by plants (thus removing them from
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the floral headspace (Farré-Armengol et al. 2016). Flower bacteria can metabolize components of
the floral volatile blend detectable to insects, including linalool or 1,2-propanediol (Helletsgruber
et al. 2017). In contrast, antimicrobial application reduced terpene emission by nearly 60% in
elderberry flowers, suggesting microbes could contribute to terpene emissions (Pefiuelas et al.
2014). The nectar yeast Metschnikowia reukaufii produces fruity and floral esters (Golonka et al.
2014, Rering et al. 2018). Microbial volatiles produced by nectar specialists (Table 2) and phyl-
losphere microbes can be detected by honey bees and bumble bees (Rering et al. 2018, Schaeffer
et al. 2019) and can influence nectar foraging (described in the following section on pollinator
foraging). For example, ascomycete yeasts that grow on flowers produce 2-phenylethanol (Rering
etal. 2018), a common component of floral blends that is attractive to bumble bees at some doses
(Galen et al. 2011) and is antimicrobial at some doses (Hua et al. 2014). Increased emission of the
bacterial volatile acetoin has been associated with enhanced attraction of floral visitors (Schaeffer
etal. 2019), but this compound has not been validated as an attractant. Actively growing microbes
can be isolated from pollen, stigmas, and other floral tissues, but whether these microbes affect
volatile composition of entire flowers or tissue-specific volatiles is unclear. Although it is clear that
microbes can influence floral scent and volatile-mediated pollinator attraction to flowers in some
cases (see examples above), understanding microbial effects on pollinator foraging may be more
complex than recognizing innately attractive compounds or competition for floral resources, as I
address in the next section.

CONSEQUENCES OF VARIATION IN FLORAL MICROBIAL
COMMUNITIES

Microbes likely contribute to the extensive variation observed in floral and nectar characteristics,
including nectar volume and composition (Junker et al. 2018, Parachnowitsch et al. 2018). For
nectar bacteria and yeasts, abundance is strongly associated with sugar concentration and compo-
sition within plant species and can explain up to 65% of the variance in nectar sugar composition
(Herrera et al. 2008, Vannette & Fukami 2017). Moreover, as discussed above, microbial identity
and abundance in nectar directly influence volatile composition and volatile emission rates (Rering
etal. 2018, 2020). Due to variation in microbial abundance and composition, foraging animals are
likely to encounter flowers containing few microbes and flowers that have been affected strongly
by microbial metabolism, both within and among plant species.

Because microbes generate variability in floral phenotype, microbial cues can covary with
floral reward quality or quantity. If yeasts or bacteria degrade floral nectar as proposed by the
competition hypothesis above, pollinators should avoid microbe-colonized nectar. In some cases,
honey bees, hummingbirds, parasitoid wasps, and bumble bees are deterred by bacteria or fungi
in nectar or nectar analogs (Rering et al. 2018, Sobhy et al. 2018, Vannette et al. 2013). However,
some nectar microbes promote pollinator visitation instead. Indeed, colonization of flowers by
nectar specialist ascomycete yeasts increase floral visitation by bumble bees and parasitoid wasps.
The nectar yeast Metschnikowia reukaufii increased visitation in multiple studies: by Bombus spp.
to the plant Delphinium nuttallianum in alpine meadows of the Rocky Mountains in the United
States (Schaeffer & Irwin 2014), by Bombus terrestris and Bombus pratorum to the early-blooming
Helleborus foetidus in woodlands in Spain (Herrera et al. 2013), and by Bombus friseanus to
Clematis akebioides in southwestern China (Yang et al. 2019). In each case, free-flying bumble
bees preferred microbe-colonized nectar to uncolonized nectar of the same plant species. These
ascomycete yeasts decrease available sugars, by nearly 60% in some cases (Herrera et al. 2008),
suggesting that bumble bees are foraging for lower-quality nectar—the opposite of the direction
proposed by the competition hypothesis. Moreover, when bumble bees or parasitoid wasps are
fed yeast-conditioned nectar in no-choice assays, negative effects on individual growth or survival
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are rarely documented, even under resource-limited conditions (Pozo et al. 2020, Schaeffer et al.
2017, Sobhy et al. 2018). On the contrary, floral yeasts present in the diet of the bumble bee
B. tervestris often enhanced bee colony size and decreased mortality (Pozo et al. 2020). Thus,
despite shared use of nectar resources by nectar microbes, bumble bees, and other floral visitors,
evidence for direct competition or clear antagonism remains scant.

An alternative, the honest cue hypothesis, proposes that nectar yeast metabolites act as infor-
mative (honest) cues of nectar rewards (Pozo et al. 2009, Raguso 2004, Schaeffer & Irwin 2014).
This hypothesis proposes that yeast metabolism may more accurately represent reward presence
or quality than do floral signals such as plant-produced floral volatiles. But is this hypothesis sup-
ported? In a laboratory experiment, naive and trained workers of B. impatiens initially used yeast
volatiles for foraging but reduced preference for yeast-colonized nectar over foraging bouts, pre-
sumably because visual cues were more informative of the presence of nectar (Schaeffer et al.
2017). This and other experiments have shown that bumble bees’ preferences for yeast volatiles
are not fixed; bees can prefer bacterial volatiles to yeast volatiles (Schaeffer et al. 2019) or learn
to associate either bacterial or yeast cues with the presence of a reward (Russell & Ashman 2019).
In addition, yeast volatile emission rate varies with nectar chemistry, suggesting that the amount
of volatile produced may change with nectar quality. In solutions of varying sugar concentration
(between 5% and 45% sugars), yeast volatile emission rate increased with sugar concentration
despite little change in yeast cell density among nectar types (Rering et al. 2020), suggesting that
volatile emission rate could cue the presence of higher sugar nectar rewards. However, support
for the honest cue hypothesis does not rule out other explanations for pollinator attraction to
yeasts. Yeasts could also contribute to nutrition, diet detoxification, pathogen protection, or addi-
tional mechanisms specific to the animals’ ecology (Pozo et al. 2020). The effects of other floral
microbes on floral visitor foraging have received less attention.

DO PLANTS BENEFIT FROM FLORAL MICROBES?

Floral microbes rarely benefit plants. Indeed, flower pathogens and some bacterial nectar mi-
crobes can reduce plant fitness, either directly or by decreasing pollinator visitation (Vannette et al.
2013). Furthermore, although nectar yeasts can increase pollinator visitation to flowers (summa-
rized above), increased visitation does not always benefit plant fitness. Nectar yeasts can increase
male fitness of colonized plants or pollen receipt by flowers (Schaeffer & Irwin 2014, Yang et al.
2019). However, yeast presence can also reduce seed set of yeast-colonized plants despite increased
pollinator attraction (Herrera et al. 2013), perhaps due to reduced pollen quality from self-pollen
transfer rather than outcrossed pollen. Although limited data are available, it may be that plants
benefit from microbe-enhanced visitation by pollinators only under a limited set of conditions.
Even in deceptive pollination systems, where plant reproduction depends on attracting vectors
to microbial volatiles, plants mimic microbial scents associated with carrion or decomposition
to attract flies or beetles instead of relying on microbes to produce those volatiles (Urru et al.
2011). However, a few documented cases suggest plant adaptation to promote microbial growth
in flowers. In one striking example, the bertam palm (Eugeissona tristis) from West Malaysia bears
long-lived (over 4 months in some cases), robust flowers that contain abundant yeast populations.
Yeast fermentation, which occurs in central chambers of the robust flower, generates floral nec-
tar containing nearly 4% ethanol. The palm’s mammal pollinators—tree shrews, squirrels, and
nocturnal murids—are adapted to chronic alcohol consumption (Wiens et al. 2008). Although
no conclusive evidence demonstrates that palms depend on microbes for pollinator attraction,
this example suggests that plants could exhibit morphological adaptations that promote microbial
growth in flowers and associate with pollinators adapted to consuming fermented nectar. Exten-
sive microbial growth can also be found in plant clades that rely on bird or mammal pollination
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(de Vega etal. 2009, Rourke & Wiens 1977). If floral microbes enhance plant fitness in these plant
species, they could be useful models for examining the potential for plant adaptations to enhance
microbial growth in flowers.

HOW DO MICROBES GET OUT OF FLOWERS?

Flowers are generally short-lived (Primack 1985), so flower microbes must colonize alternative
habitats or new flowers to maintain population growth. Some flower microbes invade plant vascu-
lar tissue (Table 2), infect seeds, or metabolize decaying flower tissue after abscission (Lachance
etal.2001). For microbes that can colonize plant or animal tissues, dispersal offers access to uncol-
onized hosts (plants or animals) and enables sexual reproduction (Roy 1993). For flower specialists,
transport to other flowers is essential, and flowers offer excellent opportunities for microbial dis-
persal: A potential vector arrives on average every 4 min, or for infrequently visited plant species,
up to every 14 h (Herrera 2020). The density of insects is also higher on flowers than on surround-
ing leaf tissue (Wardhaugh et al. 2012). Likely because of the frequency and diversity of potential
vectors at flowers, diverse microbes (Table 2) take advantage of dispersal opportunities there.

Some plant-associated microbes make their own dispersal opportunities by manipulating plants
to produce structures that physically and chemically resemble flowers (Roy 1993). The floral
pathogen Monilinia vaccinii-corymbosi induces blueberry host plants to form spore-containing
pseudoflowers on leaves and produce floral volatiles that attract bees (McArt et al. 2016). Even
rhizosphere plant bacteria may take advantage of dispersal opportunities at flowers. A strain of
Streptomyces bacteria, frequently found associated with strawberry roots, is able to translocate
through plant vascular tissues to flowers (Kim et al. 2019), where it is dispersed by pollinator
visitation. Growth of Streptomyces in flowers reduces growth of the pathogenic fungus Bosrytis
and, in honey bees, reduces mortality from a bacterial pathogen. This study suggests a complex,
dispersal-mediated mutualism among bees, plants, and bacteria (Kim et al. 2019).

As discussed in the previous section, microbes can increase or decrease attractiveness of flow-
ers (Vannette et al. 2013), but whether these changes influence microbial dispersal probability is
often presumed rather than quantified. For nectar yeasts, bumble bees preferentially visit yeast-
colonized flowers (Herrera et al. 2013, Yang et al. 2019), and yeasts are found in visited but not
in unvisited flowers. It is also plausible that microbes could produce chemical compounds that
attract specific vector species. Microbial specialization to particular vector animal species that ex-
hibit host plant fidelity could allow for microbial specialization to specific hosts and their chemical
traits. Although there are many documented examples of flower visitor species vectoring specific
microbial species or strains to flowers (Lachance et al. 2001, Morris et al. 2020, Ushio et al. 2015)
(see the section titled Dispersal), no evidence yet demonstrates that microbial species attract spe-
cific vector species to flowers and simultaneously rely on these animals for dispersal.

Besides attractiveness, microbes may affect other floral traits to increase dispersal probability.
The fungal pathogen Fusarium moniliforme increases floral longevity of its host plant, enhancing
visitation by birds and dispersal of fungal spores (Lara & Ornelas 2003). Many plant phyllosphere
yeasts and bacteria can produce plant hormones, including indole-3-acetic acid, which can influ-
ence floral development or longevity (Roy etal. 2017). However, whether the ability to affect floral
longevity is present or widespread among microbial species is unknown.

FUTURE DIRECTIONS
When and to What Extent Do Microbes Drive the Evolution of Floral Traits?

Pollinators are still regarded as the main drivers of the evolution of plant traits, but this review and
previous papers have outlined how floral traits can also affect microbial growth and hypothesized

Vannette



ES51CHI16_Vannette ARjats.cls August 10, 2020 12:54

a role for microbes in the evolution of floral traits (Adler 2000, McArt et al. 2014, Parachnowitsch
et al. 2018, Rebolleda-Gémez et al. 2019, Rivest & Forrest 2019). Scant progress has been made
in answering this question. To determine the role of microbes in the evolution of floral traits,
the answers to two questions are necessary. First, does heritable variation exist in floral traits that
influence microbial growth? Second, what is the strength (and direction) of selection by floral
microbes on plant traits, particularly compared to other known drivers of floral traits, including
pollinators and floral antagonists? Assuming that microbes do influence the evolution of floral
traits, are the targets of selection the same traits as those under selection by pollinators, such
that floral microbes could limit plant adaptation to pollinators, or are the traits largely distinct?
In addition, which groups of microbes (Table 2) most strongly influence the evolution of floral
traits?

Which Components of the Floral Microbiome Are Most or Least Variable?

I have argued that variability in microbial presence, abundance, and composition is a defining fea-
ture of the floral microbiome. Abundant evidence supports this assertion for microbes in nectar
and on stigmas, and to some extent on pollen and petals (Brysch-Herzberg 2004, Herrera et al.
2009, Pusey et al. 2009, Shade et al. 2013, Vannette & Fukami 2017). However, whether particu-
lar floral tissues, plant species, or geographic regions are more variable or consistent than others
(Rebolleda-Goémez et al. 2019) is not yet clear. Future work should strive to characterize microbial
abundance and composition of microbial species and strains across individual flowers and tissues
in addition to among plant species or communities to better understand where variation in the
microbiome exists. Despite the technical challenges in quantifying floral microbes at small scales
(Table 1), a better understanding of the scale of variability will inform the biology of nectar mi-
crobes, the types of interactions important in flowers, and how best to manage floral microbiomes
and their effects on plants and floral visitors.

Under What, If Any, Conditions Are Flower Microbes Beneficial for Plants?

Historically, work on floral microbes has focused on microbes pathogenic or detrimental to plants
or pollinators. It is quite conceivable, though, that some floral microbes can be beneficial under
specific conditions. For example, a better understanding of when floral yeasts could enhance pol-
lination, and specifically male fitness, might be useful in agricultural or restoration settings. It is
also plausible that floral microbial communities could provide protection against floral pathogens,
as has been demonstrated for phyllosphere microbial communities (Finkel et al. 2017). Microbial
biocontrol agents of floral pathogens E. amylovora and Monilinia spp. have been isolated from
leaf or floral surfaces and are used in agriculture (Lindow & Suslow 2003, Pusey 1999, Pusey
etal. 2009). However, it remains unknown if floral microbial communities offer natural pathogen
control and which biotic or abiotic conditions affect microbiome-mediated pathogen protection.
Future work could examine if particular characteristics of floral microbiomes (e.g., their diversity,
abundance, or species composition) enhance plant protection against floral pathogens.

Under What, If Any, Conditions Are Flower Microbes Beneficial for Pollinators
and Other Floral Visitors?

The effects of floral microbes on floral visitors, outside of direct pathogenic effects, remain poorly
understood. Nectar yeasts may enhance foraging efficiency and could enhance queen overwinter-
ing and colony growth (Pozo et al. 2020), although this may depend on whether yeasts are already
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present in the bumble bee colony (Schaeffer et al. 2017). Nectar-dwelling bacteria can also affect
longevity of adult parasitoid wasps (Lenaerts et al. 2017). However, in both cases the mechanisms
are poorly understood and may be context dependent. Flower microbes could affect other flower-
visiting animals, including those in egg or larval stages. For example, some solitary bee species
provision their eggs with nectar and pollen in chambers called brood cells. Provisions contain
microbes from nectar and pollen (Voulgari-Kokota et al. 2018), which grow on these stored re-
sources. It has been hypothesized that microbes, including those acquired at flowers, may ferment
these stored protein and carbohydrate sources, potentially preserving provisions by suppressing
the growth of fungi or bacteria that would otherwise spoil stored food resources (Batra etal. 1973,
Danforth et al. 2019, Voulgari-Kokota et al. 2020). Recent evidence also suggests that microbes
that grow on stored provisions make up part—in some cases, a major component—of the bee diet
(Steffan et al. 2019). Despite these intriguing results, effects of flower microbes on the ecology and
fitness of floral visitors in realistic conditions remain to be examined, and the mechanisms by which
microbes influence animal survival and growth remain to be described. Given the diversity of ani-
mal lineages that visit flowers—hoverflies, thrips, solitary and social bees and other Hymenoptera,
beetles, butterflies, birds, and lacewings, to name a few—the mechanisms and magnitude of effects
of floral microbes on foraging and fitness are also likely to vary.

CONCLUSIONS

Microbial inhabitants of flowers are common third-party players in pollination mutualisms that
influence both plants and pollinators on ecological and likely evolutionary timescales. As I have
described, however, microbial species vary in their ecologies and effects on pollination. A better
understanding of the drivers of microbial species composition on both small scales (e.g., on pollen)
and large scales (e.g., across flowering seasons for individual plant species, across species, or across
habitat types) will reveal the ecological strategies of microbes, the microbial landscape in which
flowers and pollinators interact, and the processes that shape complex multispecies interactions
among plants, microbes, and animals.

DISCLOSURE STATEMENT

The author is not aware of any affiliations, memberships, funding, or financial holdings that might
be perceived as affecting the objectivity of this review.

ACKNOWLEDGMENTS

I thank Judie Bronstein, Tadashi Fukami, Robert Schaeffer, Tory Hendry, Marshall McMunn,
Danielle Rutkowski, Meg Christensen, Amber Crowley-Gall, and members of the Vannette lab
for comments. This work was supported by the National Science Foundation (award number
DEB1846266), the United States Department of Agriculture Cooperative State Research, Edu-
cation, and Extension Service (Multistate NE1501), the Hellman Foundation, and the University
of California, Davis.

LITERATURE CITED

Adler LS. 2000. The ecological significance of toxic nectar. Oikos 91:409-20
Alexander HM, Antonovics J. 1988. Disease spread and population dynamics of anther-smut infection of Silene
alba caused by the fungus Ustilago violacea. 7. Ecol. 76:91-104

Vannette



ES51CHI16_Vannette ARjats.cls August 10, 2020 12:54

Alvarez-Perez S, Herrera CM, de Vega C. 2012. Zooming-in on floral nectar: a first exploration of nectar-
associated bacteria in wild plant communities. FEMS Microbiol. Ecol. 80(3):591-602

An S-Q, Potnis N, Dow M, Vorhélter F-J, He Y-Q, et al. 2020. Mechanistic insights into host adaptation,
virulence and epidemiology of the phytopathogen Xanthomonas. FEMS Microbiol. Rev. 44:1-32

Bartlewicz J, Pozo MI, Honnay O, Lievens B, Jacquemyn H. 2016. Effects of agricultural fungicides on mi-
croorganisms associated with floral nectar: susceptibility assays and field experiments. Environ. Sci. Pollut.
Res. 23(19):19776-86

Batra LR, Batra SWT, Bohart G. 1973. The mycoflora of domesticated and wild bees (Apoidea). Mycopathol.
Mycol. Appl. 49:13-44

Belisle M, Peay KG, Fukami T'. 2012. Flowers as islands: spatial distribution of nectar-inhabiting microfungi
among plants of Mimulus aurantiacus, a hummingbird-pollinated shrub. Microb. Ecol. 63:711-18

Biere A, Honders SC. 2006. Coping with third parties in a nursery pollination mutualism: Hadena bicruris
avoids oviposition on pathogen-infected, less rewarding Silene latifolia. New Phytol. 169:719-27

Boachon B, Lynch JH, Ray S, Yuan J, Caldo KMP, et al. 2019. Natural fumigation as a mechanism for volatile
transport between flower organs. Nat. Chem. Biol. 15:583-88

Boutroux L. 1884. Sur la conservation des ferments alcooliques dans la nature. Ann. Sci. Nat. Sér. IV Bot.
17:145-209

Brysch-Herzberg M. 2004. Ecology of yeasts in plant-bumblebee mutualism in Central Europe. FEMS
Microbiol. Ecol. 50:87-100

Burdon RC, Junker RR, Scofield DG, Parachnowitsch AL. 2018. Bacteria colonising Penstemnon digitalis show
volatile and tissue-specific responses to a natural concentration range of the floral volatile linalool.
Chemoecology 28:11-19

Canto A, Herrera CM, Medrano M, Perez R, Garcia IM. 2008. Pollinator foraging modifies nectar sugar
composition in Helleborus foetidus (Ranunculaceae): an experimental test. Am. 7. Bot. 95:315-20

Carter C, Graham RA, Thornburg RW. 1999. Nectarin I is a novel, soluble germin-like protein expressed in
the nectar of Nicotiana sp. Plant Mol. Biol. 41:207-16

Chanbusarakum L, Ullman D. 2008. Characterization of bacterial symbionts in Frankliniella occidentalis (Per-
gande), Western flower thrips. 7. Invertebr. Pathol. 99:318-25

Chappell CR, Fukami T. 2018. Nectar yeasts: a natural microcosm for ecology. Yeast 35:417-23

Corby-Harris V, Maes P, Anderson KE. 2014. The bacterial communities associated with honey bee (Apis
mellifera) foragers. PLOS ONE 9:¢95056

Danforth BN, Minckley RL, Neff JL, Fawcett F. 2019. The Solitary Bees: Biology, Evolution, Conservation.
Princeton, NJ: Princeton Univ. Press

de Vega C, Herrera CM. 2013. Microorganisms transported by ants induce changes in floral nectar composi-
tion of an ant-pollinated plant. Am. 7. Bot. 100:792-800

de Vega C, Herrera CM, Johnson S. 2009. Yeasts in floral nectar of some South African plants: quantification
and associations with pollinator type and sugar concentration. South Afi: J. Bot. 75:798-806

Dhami MK, Hartwig T, Fukami T. 2016. Genetic basis of priority effects: insights from nectar yeast. Proc. R.
Soc. B 283:20161455

Dhami MK, Hartwig T, Letten AD, Banf M, Fukami T. 2018. Genomic diversity of a nectar yeast clusters
into metabolically, but not geographically, distinct lineages. Mol. Ecol. 27:2067-76

Dobson HEM. 2006. Relationship between floral fragrance composition and type of pollinator. In Biology of
Floral Scent, ed. N Dudareva, E Pichersky, pp. 147-98. Boca Raton, FL: CRC Press

Durrer S, Schmid-Hempel P. 1994. Shared use of flowers leads to horizontal pathogen transmission. Proc. R.
Soc. B. 258:299-302

Eastgate JA. 2000. Erwinia amylovora: the molecular basis of fireblight disease. Mol. Plant Pathol. 1:325-29

Eisikowitch D, Lachance MA, Kevan PG, Willis S, Collins-Thompson DL. 1990. The effect of the natural
assemblage of microorganisms and selected strains of the yeast Metschnikowia reukaufii in controlling the
germination of pollen of the common milkweed Asclepias syriaca. Can. J. Bot. 68(5):1163-65

Engel P, Martinson VG, Moran NA. 2012. Functional diversity within the simple gut microbiota of the honey
bee. PNAS 109:11002-7

Farré-Armengol G, Filella I, Llusia J, Pefiuelas J. 2016. Bidirectional interaction between phyllospheric mi-
crobiotas and plant volatile emissions. Tiends Plant Sci. 21(10):854-60

www.annualreviews.org o The Floral Microbiome



ES51CHI16_Vannette

ARjats.cls August 10, 2020 12:54

382

Figueroa LL, Blinder M, Grincavitch C, Jelinek A, Mann EK, etal. 2019. Bee pathogen transmission dynamics:
deposition, persistence and acquisition on flowers. Proc. R. Soc. B 286:20190603

Finkel OM, Castrillo G, Paredes SH, Gonzilez IS, Dangl JL. 2017. Understanding and exploiting plant ben-
eficial microbes. Curr: Opin. Plant Biol. 38:155-63

Fokkema NJ. 1971. The effect of pollen in the phyllosphere of rye on colonization by saprophytic fungi and
on infection by Helminthosporium sativum and other leaf pathogens. Neth. 7. Plant Pathol. 77:1-60

Fridman S, Izhaki I, Gerchman Y, Halpern M. 2012. Bacterial communities in floral nectar. Environ. Microbiol.
Rep. 4:97-104

Fouks B, Lattorff HMG. 2011. Recognition and avoidance of contaminated flowers by foraging bumblebees
(Bombus terrestris). PLOS ONE 6(10):26328

Fukami T.2015. Historical contingency in community assembly: integrating niches, species pools, and priority
effects. Annu. Rev. Ecol. Evol. Syst. 46:1-23

Galen C, Kaczorowski R, Todd SL, Geib J, Raguso RA. 2011. Dosage-dependent impacts of a floral volatile
compound on pollinators, larcenists, and the potential for floral evolution in the alpine skypilot Polenzo-
nium viscosum. Am. Nat. 177:258-72

Golonka AM, Johnson BO, Freeman J, Hinson DW. 2014. Impact of nectarivorous yeasts on Silene caroliniana’s
scent. East. Biol. 3:1-26

Gonzilez-Teuber M, Heil M. 2009. Nectar chemistry is tailored for both attraction of mutualists and protec-
tion from exploiters. Plant Signal. Bebav. 4:809-13

Groen SC, Jiang S, Murphy AM, Cunniffe NJ, Westwood JH, et al. 2016. Virus infection of plants alters
pollinator preference: a payback for susceptible hosts? PLOS Pathog. 12(8):1005790

Helletsgruber C, Détter] S, Ruprecht U, Junker RR. 2017. Epiphytic bacteria alter floral scent emissions.
7 Chem. Ecol. 43:1073-77

Herrera CM. 2020. Flower traits, habitat, and phylogeny as predictors of pollinator service: a plant community
perspective. Ecol. Monogr: 90:e01402

Herrera CM, Canto A, Pozo MJ, Bazaga P. 2010. Inhospitable sweetness: nectar filtering of pollinator-borne
inocula leads to impoverished, phylogenetically clustered yeast communities. Proc. R. Soc. B 277:747-54

Herrera CM, Garcia IM, Perez R. 2008. Invisible floral larcenies: Microbial communities degrade floral nectar
of bumble bee-pollinated plants. Ecology 89:2369-76

Herrera CM, Pozo MI, Medrano M. 2013. Yeasts in nectar of an early-blooming herb: sought by bumble bees,
detrimental to plant fecundity. Ecology 94:273-79

Herrera CM, Vega C, Canto A, Pozo MJ. 2009. Yeasts in floral nectar: a quantitative survey. Ann. Bot. 103:1415—
23

Hinton D, Bacon C. 1985. The distribution and ultrastructure of the endophyte of toxic tall fescue. Can. 7.
Bot. 63:36-42

Hodgson S, de Cates C, Hodgson J, Morley NJ, Sutton BC, Gange AC. 2014. Vertical transmission of fungal
endophytes is widespread in forbs. Ecol. Evol. 4:1199-208

Hua SST, Beck JJ, Sarreal SBL, Gee W. 2014. The major volatile compound 2-phenylethanol from the bio-
control yeast, Pichia anomala, inhibits growth and expression of aflatoxin biosynthetic genes of Aspergillus
flavus. Mycotoxin Res. 30:71-78

Huang HC, Kokko EG. 1985. Infection of alfalfa pollen by Verticillium albo-atrum. Phytopathology 75(7):859-65

Huang M, Sanchez-Moreiras AM, Abel C, Sohrabi R, Lee S, et al. 2012. The major volatile organic compound
emitted from Arabidopsis thaliana flowers, the sesquiterpene (E)-B-caryophyllene, is a defense against a
bacterial pathogen. New Phytol. 193:997-1008

Inouye DW, Gill DE, Dudash MR, Fenster CB. 1994. A model and lexicon for pollen fate. Amz. 7. Bot. 81:1517—
30

Junker RR, Keller A. 2015. Microhabitat heterogeneity across leaves and flower organs promotes bacterial
diversity. FEMS Microbiol. Ecol. 91:iv097

Junker RR, Kuppler J, Amo L, Blande JD, Borges RM, et al. 2018. Covariation and phenotypic integration
in chemical communication displays: biosynthetic constraints and eco-evolutionary implications. New
Phytol. 220:739-49

Junker RR, Loewel C, Gross R, Détterl S, Keller A, Bliithgen N. 2011. Composition of epiphytic bacterial
communities differs on petals and leaves. Plant Biol. 13:918-24

Vannette



ES51CHI16_Vannette ARjats.cls August 10, 2020 12:54

Junker RR, Tholl D. 2013. Volatile organic compound mediated interactions at the plant-microbe interface.
7. Chem. Ecol. 39(7):810-25

Kearns L, Hale C. 1995. Incidence of bacteria inhibitory to Erwinia amylovora from blossoms in New Zealand
apple orchards. Plant Pathol. 44:918-24

Khan MA, Zhao YF, Korban SS. 2012. Molecular mechanisms of pathogenesis and resistance to the bacterial
pathogen Erwinia amylovora, causal agent of fire blight disease in Rosaceae. Plant Mol. Biol. Rep. 30:247-60

Kim D-R, Cho G, Jeon C-W, Weller DM, Thomashow LS, et al. 2019. A mutualistic interaction between
Streptomyces bacteria, strawberry plants and pollinating bees. Naz. Commun. 10:4802

Koch H, Woodward J, Langat MK, Brown MJF, Stevenson PC. 2019. Flagellum removal by a nectar metabo-
lite inhibits infectivity of a bumblebee parasite. Cur7: Biol. 29:3494-500.e5

Lachance MA, Starmer WT, Rosa CA, Bowles JM, Barker JSF, Janzen DH. 2001. Biogeography of the yeasts
of ephemeral flowers and their insects. FEMS Yeast Res. 1:1-8

Lara C, Ornelas JE. 2003. Hummingbirds as vectors of fungal spores in Moussonia deppeana (Gesneriaceae):
taking advantage of a mutualism? Amz. 7. Bot. 90:262-69

Laviad-Shitrit S, Izhaki I, Whitman WB, Shapiro N, Woyke T, et al. 2020. Draft genome of Rosenbergiella
nectarea strain 8N4 provides insights into the potential role of this species in its plant host. Peer7 8:¢8822

Lenaerts M, Goelen T, Paulussen C, Herrera-Malaver B, Steensels J, et al. 2017. Nectar bacteria affect life
history of a generalist aphid parasitoid by altering nectar chemistry. Funct. Ecol. 31:2061-69

Lindow SE, Suslow TV. 2003. Temporal dynamics of the biocontrol agent Pseudomonas fluorescens strain A506
in flowers in inoculated pear trees. Phytopathology 93:727-37

Manirajan BA, Ratering S, Rusch V, Schwiertz A, Geissler-Plaum R, et al. 2016. Bacterial microbiota associated
with flower pollen is influenced by pollination type, and shows a high degree of diversity and species-
specificity. Environ. Microbiol. 18:5161-74

Martinez del Rio C. 1990. Sugar preferences in hummingbirds: the influence of subtle chemical differences
on food choice. Condor 92:1022-30

Massoni J, Bortfeld-Miller M, Jardillier L, Salazar G, Sunagawa S, Vorholt JA. 2019. Consistent host and organ
occupancy of phyllosphere bacteria in a community of wild herbaceous plant species. ISME 7. 14:245-58

McArt SH, Koch H, Irwin RE, Adler LS. 2014. Arranging the bouquet of disease: floral traits and the trans-
mission of plant and animal pathogens. Ecol. Lett. 17(5):624-36

McArt SH, Miles TD, Rodriguez-Saona C, Schilder A, Adler LS, Grieshop MJ. 2016. Floral scent mimicry
and vector-pathogen associations in a pseudoflower-inducing plant pathogen system. PLOS ONE
11:e0165761

McFrederick QS, Thomas JM, Neff JL, Vuong HQ, Russell KA, et al. 2017. Flowers and wild megachilid bees
share microbes. Microb. Ecol. 73:188-200

McFrederick QS, Wcislo WT, Taylor DR, Ishak HD, Dowd SE, Mueller UG. 2012. Environment or kin:
Whence do bees obtain acidophilic bacteria? Mol. Ecol. 21:1754-68

Mittelbach M, Yurkov AM, Stoll R, 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

Morris M, Frixione N, Burkert A, Dinsdale E, Vannette RL. 2020. Microbial abundance, composition, and
function in nectar are shaped by flower visitor identity. FEMS Microbiol. Ecol. 96:£1aa003

Nagqvi SS, Harper A, Carter C, Ren G, Guirgis A, et al. 2005. Nectarin IV, a potent endoglucanase inhibitor
secreted into the nectar of ornamental tobacco plants. Isolation, cloning, and characterization. Plant
Physiol. 139:1389-400

O’Garro L, Charlemange E. 1994. Comparison of bacterial growth and activity of glucanase and chitinase in
pepper leaf and flower tissue infected with Xanthomonas campestris pv. vesicatoria. Physiol. Mol. Plant Pathol.
45:181-88

Palmer-Young EC, Farrell IW, Adler LS, Milano NJ, Egan PA, et al. 2019. Chemistry of floral rewards:
intra- and interspecific variability of nectar and pollen secondary metabolites across taxa. Ecol. Monogr:
89:¢01335

Parachnowitsch AL, Manson JS, Sletvold N. 2018. Evolutionary ecology of nectar. Ann. Bot. 123:247-61

Peay KG, Belisle M, Fukami T. 2012. Phylogenetic relatedness predicts priority effects in nectar yeast com-
munities. Proc. R. Soc. B 279:749-58

www.annualreviews.org o The Floral Microbiome

383



ES51CHI16_Vannette

ARjats.cls August 10, 2020 12:54

384

Pefiuelas J, Farré-Armengol G, Llusia J, Gargallo-Garriga A, Rico L, et al. 2014. Removal of floral microbiota
reduces floral terpene emissions. Sci. Rep. 4:6727

Pozo MI, de Vega C, Canto A, Herrera CM. 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—4

Pozo MI, Jacquemyn H. 2019. Addition of pollen increases growth of nectar-living yeasts. FEMS Microbiol.
Lett. 366:fnz191

Pozo MI, Lachance M-A, Herrera CM. 2012. Nectar yeasts of two southern Spanish plants: the roles of im-
migration and physiological traits in community assembly. FEMS Microbiol. Ecol. 80:281-93

Pozo MI, van Kemenade G, van Oystaeyen A, Aledén-Catald T, Benavente A, et al. 2020. The impact of yeast
presence in nectar on bumble bee behavior and fitness. Ecol. Monogr: 90:¢01393

Primack RB. 1985. Longevity of individual flowers. Annu. Rev. Ecol. Syst. 16:15-37

Pusey PL. 1999. Effect of nectar on microbial antagonists evaluated for use in control of fire blight of pome
fruits. Phytopathology 89:39-46

Pusey PL, Stockwell VO, Mazzola M. 2009. Epiphytic bacteria and yeasts on apple blossoms and their potential
as antagonists of Erwinia amylovora. Phytopathology 99:571-81

Pusey PL, Stockwell VO, Reardon CL, Smits TH, Duffy B. 2011. Antibiosis activity of Pentoea agglomerans
biocontrol strain E325 against Erwinia amylovora on apple flower stigmas. Phytopathology 101:1234-41

Raguso RA. 2004. Why are some floral nectars scented? Ecology 85:1486-94

Rebolleda Gémez M, Ashman T-L. 2019. Floral organs act as environmental filters and interact with pollina-
tors to structure the yellow monkeyflower (Mimulus guttatus) floral microbiome. Mol. Ecol. 28:5155-71

Rebolleda-Gémez M, Forrester NJ, Russell AL, Wei N, Fetters AM, et al. 2019. Gazing into the anthosphere:
considering how microbes influence floral evolution. New Phytol. 224:1012-20

Rering CC, Beck JJ, Hall GW, McCartney MM, Vannette RL. 2018. Nectar-inhabiting microorganisms in-
fluence nectar volatile composition and attractiveness to a generalist pollinator. New Phytol. 220:750-59

Rering CC, Vannette RL, Schaeffer RN, Beck JJ. 2020. Microbial co-occurrence in floral nectar affects
metabolites and attractiveness to a generalist pollinator. 7. Chem. Ecol. https://doi.org/10.1007/s10886-
020-01169-3

Rivest S, Forrest JRK. 2019. Defence compounds in pollen: Why do they occur and how do they affect the
ecology and evolution of bees? New Phytol. 225:1053-64

Rosa CA, Lachance M-A, Silva JOC, Teixeira ACP, Marini MM, et al. 2003. Yeast communities associated
with stingless bees. FEMS Yeast Res. 4:271-75

Roulston TAH, Cane JH. 2000. Pollen nutritional content and digestibility for animals. Plant Syst. Evol.
222:187-209

Rourke J, Wiens D. 1977. Convergent floral evolution in South African and Australian Proteaceae and its
possible bearing on pollination by nonflying mammals. Ann. Mo. Bot. Garden: 64:1-17

Roy BA. 1993. Floral mimicry by a plant pathogen. Nature 362:56-58

Roy R, Schmitt AJ, Thomas JB, Carter CJ. 2017. Nectar biology: from molecules to ecosystems. Plant Sci.
262:148-64

Russell AL, Ashman T-L. 2019. Associative learning of flowers by generalist bumble bees can be mediated by
microbes on the petals. Behav. Ecol. 30:746-55

Russell AL, Rebolleda-Gémez M, Shaible TM, Ashman T-L. 2019. Movers and shakers: Bumble bee foraging
behavior shapes the dispersal of microbes among and within flowers. Ecosphere 10:¢02714

Samuni-Blank M, Izhaki I, Laviad S, Bar-Massada A, Gerchman Y, Halpern M. 2014. The role of abiotic
environmental conditions and herbivory in shaping bacterial community composition in floral nectar.
PLOS ONE 9:¢99107

Schaeffer RN, Irwin RE. 2014. Yeasts in nectar enhance male fitness in a montane perennial herb. Ecology
95:1792-98

Schaeffer RN, Mei YZ, Andicoechea J, Manson JS, Irwin RE. 2017. Consequences of a nectar yeast for polli-
nator preference and performance. Funct. Ecol. 31:613-21

Schaeffer RN, Rering CC, Maalouf I, Beck JJ, Vannette RL. 2019. Microbial metabolites elicit distinct olfac-
tory and gustatory preferences in bumblebees. Biol. Lett. 15:20190132

Schaeffer RN, Vannette RL, Brittain C, Williams NM, Fukami T. 2017. Non-target effects of fungicides on
nectar-inhabiting fungi of almond flowers. Environ. Microbiol. Rep. 9:79-84

Vannette


https://doi.org/10.1007/s10886-020-01169-3

ES51CHI16_Vannette ARjats.cls August 10, 2020 12:54

Schaeffer RN, Vannette RL, Irwin RE. 2015. Nectar yeasts in Delphinium nuttallianum (Ranunculaceae) and
their effects on nectar quality. Fungal Ecol. 18:100-6

Schmitt AJ, Sathoff AE, Holl C, Bauer B, Samac DA, Carter CJ. 2018. The major nectar protein of Brassica rapa
is a non-specific lipid transfer protein, BrLTP2.1, with strong antifungal activity. 7. Exp. Bot. 69:5587—
97

Schroth MN, Thomson SV, Hildebrand DC, Moller W]. 1974. Epidemiology and control of fire blight. Annu.
Rev. Phytopathol. 12:389-412

Shade A, McManus PS, Handelsman J. 2013. Unexpected diversity during community succession in the apple
flower microbiome. 72Bio 4:00602-12

Shykoff JA, Bucheli E, Kaltz O. 2017. Anther smut disease in Dianthus silvester (Caryophyllaceae): natural
selection on floral traits. Evolution 51:383-92

Smessaert J, Van Geel M, Verreth C, Crauwels S, Honnay O, et al. 2019. Temporal and spatial variation
in bacterial communities of “Jonagold” apple (Malus x domestica Borkh.) and “Conference” pear (Pyrus
communis L.) floral nectar. MicrobiologyOpen 8(12):¢918

Sobhy IS, Baets D, Goelen T, Herrera-Malaver B, Bosmans L, et al. 2018. Sweet scents: Nectar specialist
yeasts enhance nectar attraction of a generalist aphid parasitoid without affecting survival. Front. Plant
Sei. 9:1009

Steffan SA, Dharampal PS, Danforth BN, Gaines-Day HR, Takizawa Y, Chikaraishi Y. 2019. Omnivory in
bees: elevated trophic positions among all major bee families. A7z Nat. 194:414-21

Strauss SY, Whittall JB. 2006. Non-pollinator agents of selection on floral traits. In Ecology and Evolution of
Flowers, ed. LD Harder, SCH Barrett, pp. 120-38. New York: Oxford Univ. Press

Talbert TJ. 1925. Fire blight of apples and pears. Circ. 137, Univ. Mo. Coll. Agric. Agric. Exp. Stn., Columbia,
MO

Thornburg RW, Carter C, Powell A, Mittler R, Rizhsky L, Horner HT'. 2003. A major function of the tobacco
floral nectary is defense against microbial attack. Plant Syst. Evol. 238:211-18

Tucker CM, Fukami T. 2014. Environmental variability counteracts priority effects to facilitate species coex-
istence: evidence from nectar microbes. Proc. R. Soc. B 281(1778):20132637

Urru I, Stensmyr MC, Hansson BS. 2011. Pollination by brood-site deception. Phytochemistry 72:1655—
66

Ushio M, Yamasaki E, Takasu H, Nagano AJ, Fujinaga S, etal. 2015. Microbial communities on flower surfaces
act as signatures of pollinator visitation. Sci. Rep. 5:8695

Vanneste JL. 2000. Fire Blight: The Disease and Its Causative Agent, Erwinia amylovora. New York: CABI Publ.

Vannette RL, Fukami T. 2014. Historical contingency in species interactions: towards niche-based predictions.
Ecol. Lett. 17:115-24

Vannette RL, Fukami T. 2016. Nectar microbes can reduce secondary metabolites in nectar and alter effects
on nectar consumption by pollinators. Ecology 97:1410-19

Vannette RL, Fukami T. 2017. Dispersal enhances beta diversity in nectar microbes. Ecol. Lett. 20:901-10

Vannette RL, Fukami T. 2018. Contrasting effects of yeasts and bacteria on floral nectar traits. Ann. Bot.
121:1343-49

Vannette RL, Gauthier M-PL, Fukami T. 2013. Nectar bacteria, but not yeast, weaken a plant-pollinator
mutualism. Proc. R. Soc. B 280:20122601

von Arx M, Moore A, Davidowitz G, Arnold AE. 2019. Diversity and distribution of microbial communities
in floral nectar of two night-blooming plants of the Sonoran Desert. PLOS ONE 14:0225309

Voulgari-Kokota A, Grimmer G, Steffan-Dewenter I, Keller A. 2018. Bacterial community structure and suc-
cession in nests of two megachilid bee genera. FEMS Microbiol. Ecol. 95:1iy218

Voulgari-Kokota A, Steffan-Dewenter I, Keller A. 2020. Susceptibility of red mason bee larvae to bacterial
threats due to microbiome exchange with imported pollen provisions. Insects 11(6):373

Vuong HQ, McFrederick QS. 2019. Comparative genomics of wild bee and flower isolated Lactobacillus reveals
potential adaptation to the bee host. Genomze Biol. Evol. 11:2151-61

Wardhaugh CW, Stork NE, Edwards W, Grimbacher PS. 2012. The overlooked biodiversity of flower-visiting
invertebrates. PLOS ONE 7:e¢45796

Wei N, Ashman T-L. 2018. The effects of host species and sexual dimorphism differ among root, leaf and
flower microbiomes of wild strawberries in situ. Sci. Rep. 8:5195

www.annualreviews.org o The Floral Microbiome

385



ES51CHI16_Vannette

ARjats.cls August 10, 2020 12:54

386

Wiens F, Zitzmann A, Lachance M-A, Yegles M, Pragst F, Wurst FM. 2008. Chronic intake of fermented
floral nectar by wild treeshrews. PNAS 105:10426-31

Wilson M, Lindow SE. 1994. Coexistence among epiphytic bacterial populations mediated through nutritional
resource partitioning. Appl. Environ. Microbiol. 60:4468-77

Yang M, Deng G-C, Gong Y-B, Huang S-Q. 2019. Nectar yeasts enhance the interaction between Clematis
akebioides and its bumblebee pollinator. Plant Biol. 21:732-37

Zemenick AT, Vannette RL, Rosenheim JA. 2019. Linked networks reveal dual roles of insect dispersal and
species sorting for bacterial communities in flowers. bioRxiv 847376. https://doi.org/10.1101/847376

Vannette


https://doi.org/10.1101/847376

