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ABSTRACT

Variation in dispersal ability among taxa affects community assembly and biodiversity maintenance within
metacommunities. Although fungi and bacteria frequently coexist, their relative dispersal abilities are poorly understood.
Nectar-inhabiting microbial communities affect plant reproduction and pollinator behavior, and are excellent models for
studying dispersal of bacteria and fungi in a metacommunity framework. Here, we assay dispersal ability of common
nectar bacteria and fungi in an insect-based dispersal experiment. We then compare these results with the incidence and
abundance of culturable flower-inhabiting bacteria and fungi within naturally occurring flowers across two coflowering
communities in California across two flowering seasons. Our microbial dispersal experiment demonstrates that bacteria
disperse via thrips among artificial habitat patches more readily than fungi. In the field, incidence and abundance of
culturable bacteria and fungi were positively correlated, but bacteria were much more widespread. These patterns suggest
shared dispersal routes or habitat requirements among culturable bacteria and fungi, but differences in dispersal or
colonization frequency by thrips, common flower visitors. The finding that culturable bacteria are more common among
nectar sampled here, in part due to superior thrips-mediated dispersal, may have relevance for microbial life history,
community assembly of microbes, and plant–pollinator interactions.
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INTRODUCTION

Variation in dispersal ability among species can affect the com-
position and function of individual communities and biodi-
versity maintenance within metacommunities (Mouquet and
Loreau 2003; Leibold et al. 2004). Dispersal ability, here, defined
as realized dispersal, the product of emigration, transport and
establishment in a new habitat, is well documented for macroor-
ganisms. Increasing evidence suggests that microbial taxa,
including fungi and bacteria, can also be dispersal limited (Lin-
dow and Andersen 1996; Peay et al. 2012; Brown and Jumpponen
2014; Albright and Martiny 2018; Svoboda et al. 2018). Despite the
fact that bacteria and fungi often co-occur within communities,
few studies have directly examined their relative dispersal abil-
ities (but see Barberán et al. 2015), limiting the ability to predict
the relative importance of dispersal for microbial community
ecology and assembly dynamics. In addition, it is likely that pro-
cesses underlying microbial community assembly and dynam-
ics differ from those structuring communities of macroorgan-
isms (Koskella, Hall and Metcalf 2017). Characterizing dispersal
differences of microbial taxa under realistic conditions is impor-
tant to understanding how dispersal may shape microbial com-
munity assembly (Schmidt et al. 2014).

The microbial community in floral nectar—a sugar-rich
reward that plants provide to pollinators—is ecologically impor-
tant and a tractable model system for comparing bacterial and
fungal dispersal limitation (Chappell and Fukami 2018; Vannette
2020). The composition of bacteria and fungi in flowers can influ-
ence plant reproduction (Herrera, Pozo and Medrano 2013; Scha-
effer and Irwin 2014), either directly (Alexander and Antonovics
1988; Ngugi and Scherm 2006) or indirectly through effects on
pollinator behavior and health (Vannette, Gauthier and Fukami
2013; Lenaerts et al. 2017; Sobhy et al. 2018). Bacteria and fungi
both frequently occur in nectar (Herrera et al. 2009; Fridman et al.
2012) where they can attain high abundance (Fridman et al. 2012;
Tsuji and Fukami 2018). The bacteria and fungi that grow in nec-
tar are a small subset of the microbial communities introduced
to nectar (Herrera et al. 2010; Belisle, Peay and Fukami 2012; Pozo,
Lachance and Herrera 2012; Álvarez-Pérez and Herrera 2013) and
exhibit traits that may enhance fitness in nectar environments
(Álvarez-Pérez, Herrera and de Vega 2012; Pozo, Lachance and
Herrera 2012; Dhami, Hartwig and Fukami 2016).

Despite strong initial environmental filtering, nectar-
inhabiting microbial communities are ideal for examining
dispersal limitation for a few reasons. First, communities in
nectar undergo primary succession (Chappell and Fukami
2018). Few culturable microbes are found in nectar of newly
opened flowers that have not received visitation by animals
(Brysch-Herzberg 2004; Vannette and Fukami 2017; von Arx et al.
2019; Morris et al. 2020), but flower visitors introduce bacteria
and fungi that successfully colonize floral nectar (Lachance
et al. 2001; Herrera, Garcia and Perez 2008). Second, in a previous
study, taxa detected using culture-based method for bacteria
and fungi in nectar largely overlap with those detected using
shotgun sequencing (Morris et al. 2020). Third, both bacteria
and fungi (consisting mainly of yeasts) in nectar are thought to
depend on phoresy via flower visitors (Brysch-Herzberg 2004;
Vannette and Fukami 2017; Morris et al. 2020). Fourth, plant
species differ in flower morphologies associated with variation
in nectar accessibility to wind and animal pollinators.

In addition, the assembly processes shaping nectar micro-
bial communities are thought to depend on differential disper-
sal limitation. Laboratory experiments and field observations

suggest that inhibitory priority effects (interactions in which
species arrival order determines their outcome) influence com-
munity structure in floral nectar (Vannette and Fukami 2014;
Tucker and Fukami 2014; Toju et al. 2018) via differential disper-
sal of species to flowers (Mittelbach et al. 2016). However, posi-
tive interactions among nectar-inhabiting taxa have been sug-
gested (Álvarez-Pérez and Herrera 2013), so the relative influ-
ence of dispersal and species interactions (including competi-
tion) on nectar microbe metacommunities is not clear. Eluci-
dating patterns of bacteria and fungi dispersal limitation and
co-occurrence in nectar would shed light on the mechanisms
underlying their community assembly, inform the competitive
environments experienced by bacteria and fungi in nectar, and
have implications for microbial effects on interactions between
plants and floral visitors.

Here, we test the hypothesis that nectar-inhabiting bacte-
ria and fungi differ in dispersal and occupancy among individ-
ual flowers in two coflowering communities. We assess real-
ized dispersal—which integrates the components of emigration
(leaving a habitat), survival during transport and establishment
in a new habitat (flower)—that ultimately determines commu-
nity membership (Baguette, Benton and Bullock 2012). First, we
examined microbial dispersal ability empirically using thrips,
which are common visitors to flowers (Bryan and Smith 1956).
Second, we assessed occupancy (incidence) and abundance of
culturable bacteria and fungi in individual nectar samples of
>1800 flowers, spanning 43 species of plants at two sites to
examine the following: (i) do bacteria or fungi differ in dis-
persal ability by a common flower-visiting insect; (ii) are pat-
terns of bacterial and fungal incidence or abundance in nec-
tar similar across a plant community; (iii) does microbial pres-
ence or abundance differ among plant species or with floral
accessibility (flower morphology); and (iv) does season, year
or site predict patterns of bacterial or fungal incidence and
abundance?

MATERIALS AND METHODS

Insect-based microbial dispersal assay

To empirically test whether nectar microbes differ in their dis-
persal ability, we developed an assay of microbial dispersal
resulting from the feeding activity of western flower thrips
(Frankliniella occidentalis). Thrips are common and abundant
flower visitors in all major California plant communities and are
associated with at least 139 naturally occurring plant species,
45 plant families and 23 plant orders (Bryan and Smith 1956).
Regionally, in the San Francisco Bay Area (within 120 km of
study sites), thrips reach densities of up to 400 thrips per 100
flowers, in natural plant communities in the spring (Bryan and
Smith 1956). Although morphologically and behaviorally dis-
tinct from more commonly studied vectors of microbes to flow-
ers like bees, birds or even beetles, thrips attain high densi-
ties in flowers, readily move among flowers and are known vec-
tors of bacteria and viruses, making them likely important vec-
tors of microbes in flowers. Thrips were sourced from a colony
held by Diane Ullman (see Fig. S1 and Methods S1, Supporting
Information, for assay method details). Before each assay, thrips
were sterilized by feeding them a diet containing rifampicin (0.2
mg/mL) and cycloheximide (0.4 mg/mL) for 48 h, followed by vor-
texing in ethanol (30%) and bleach (5%), followed by a rinsing in
sterile water three times (see Fig. S1, Supporting Information).
The assay consisted of five sterilized adult female thrips freely
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foraging within a 96-well plate in which one-third of wells con-
tained a microbial suspension (200 μL, 10 000 cells/μL) in sweet-
ened tryptic soy broth (TSB; adding 15% sucrose and 15% fruc-
tose) and the remaining two-thirds of wells were filled with ster-
ile sweetened TSB (200 μL). Microbial isolates from field sam-
pling in this study (see later and Table S1, Supporting Informa-
tion) and other nectar-associated microbe collections were used,
with separate assays for each strain (six bacteria, five fungi).
After thrips foraged for 24 h at 30◦C under 16L:8D light, thrips
were killed by adding a total of 320 μL of ethyl acetate in 10
μL drops to the space between individual wells on the plate.
The media was then incubated for 5 additional days. Control
replicates with thrips and no added microbes were included in
all trials to ensure adequate sterilization and trial consistency.
Following incubation, we assessed microbial occupancy of ini-
tially sterile wells by calculating the deviation of optical den-
sity (OD600nm) from a blank control plate (no thrips, no microbes)
with an occupancy threshold equal to the mean OD of control
wells + six standard deviations.

Coflowering community sampling for bacteria and
fungi

To assess patterns of microbial incidence and abundance, we
sampled standing crop floral nectar during 2016 and 2017 at
two sites in northern California: Stebbins Cold Canyon Reserve
(38.49806◦, –122.09931◦, 140 m; hereafter Stebbins) in Winters,
CA, and at flowering plots maintained at the Laidlaw Honey Bee
Facility (38.53653◦, –121.78864◦, 19 m; hereafter Bee Biology) in
Davis, CA, which hosts an active apiary. The sites are ∼30 km
apart, and differ in pollinator species composition and anthro-
pogenic influence, but share a subset of plant species. Both sites
receive frequent visitation by thrips, honey bees, bumble bees,
solitary bees, beetles, ants, butterflies and skippers among other
taxa, but we did not systematically quantify visitation rate or
composition among plant species.

Between late February and early July, plant communities
were sampled every 2–4 weeks. We collected ∼10 flowers from
each abundant plant species. In some cases, fewer than 10 flow-
ers were collected when a plant’s floral abundance was low to
protect plant populations. When possible, flowers were sampled
from multiple individual plants and subpopulations or plots
(Table S2, Supporting Information). Flowers were sampled in late
morning, to allow the opportunity for floral visitation and micro-
bial immigration to flowers. Individual inflorescences were col-
lected, placed upright in humidified boxes and kept cool until
nectar extraction and plating, no more than 5 h later. In the
lab, flowers were destructively sampled. Nectar was collected
using 10 μL microcapillary tubes, and its volume was quanti-
fied. Nectar was diluted in 30 μL of sterile water (D0) so dilu-
tions could be used for other downstream chemical analyses,
then diluted 10-fold and 100-fold (D1 and D2, respectively) in
sterile phosphate-buffered saline (Dulbecco’s; pH 7.1–7.5). To
assess fungal and bacterial abundance, 50 μL of the 10-fold dilu-
tion (containing 5 μL of D0) and 50 μL of the 100-fold dilu-
tion (containing 0.5 μL of D0) were plated on yeast media agar
(YMA, BD, Franklin Lakes, NJ, USA) containing the antibacterial
chloramphenicol and Reasoner’s agar containing the antifun-
gal cycloheximide (R2A Oxoid formula with 16% sucrose, Oxoid,
Nepean Ontario, Canada), respectively. All samples were plated
on the day of collection. For convenience, we refer to the total
number of colonies on YMA as ‘fungi’ and colonies on R2A as
‘bacteria’ throughout this manuscript although some colonies

on each media type may be comprised of microbes resistant
to the antimicrobial compounds used here (e.g. bacteria resis-
tant to chloramphenicol; Dhami et al. 2018). Based on dilu-
tion curves, we were able to detect colony-forming units (CFUs)
on plates at ∼101 live cells in the original nectar sample for
YMA and 102 cells for R2A (Methods S2 and Fig. S2, Supporting
Information).

Negative controls were plated for each sampling bout to
detect potential contamination and samples were discarded if
contamination was detected (detected for one collection date;
these samples were removed from the analysis). Agar plates
were incubated at 28◦C and CFUs were counted after 48–72 h.
The total number of CFUs and CFU density for each nectar
sample was calculated based on dilutions and original sam-
ple volume. Over the course of the study, 1825 nectar sam-
ples were collected and plated on two media types. In 2016,
colonies were picked haphazardly from plates collected over the
entire season including all sites and plant species and frozen in
glycerol.

Nectar accessibility: flower corolla length

Microbial dispersal to nectar is likely affected by the location
and accessibility of floral nectar within the flower. Specifically,
nectar that is not enclosed by flower tissue may be more eas-
ily accessed via wind dispersal and may also be accessible to
a greater diversity of insect visitors. On the other hand, nec-
tar protected by flower tissues comprising the perianth (non-
reproductive structures of the flower) may be less accessible
via wind dispersal and contacted only when flowers are vis-
ited by long-tongued birds or insects (Kingston and McQuillan
2000; Lara and Ornelas 2001). We examined if bacterial or fun-
gal incidence or abundance depended on nectar location within
the flower (flower corolla length). Nectar within flowers of each
species was classified as ‘exposed’ (no corolla/exposed nectary),
or contained within ‘short’ (1–5 mm), ‘mid’ (5–15 mm) or ‘long’
(15+ mm) perianth, based on the corolla tube length (Table S2,
Supporting Information).

Microbial identification: culture-based and
culture-independent analyses

A subset of microbial strains from glycerol stocks were plated
on initial isolation media and identified using matrix-assisted
laser desorption/ionization and time of flight mass spectrom-
etry (MALDI-TOF). Briefly, colony material was plated, subcul-
tured, colonies chosen were spotted on a steel plate, extracted
with 1 μL of 70% formic acid and overlaid with α-Cyano-4-
hydroxycinnamic acid (HCCA) matrix. Spectra were obtained
on a Bruker ultrafleXtreme MALDI-TOF and compared with
Bruker Bacteria and Eukaryote libraries and a custom in-house
database curated from previously identified microbial isolates
from nectar (Methods S3, Supporting Information). In addi-
tion, we used a culture-independent sequencing approach to
characterize diversity in full-length regions of the rRNA genes,
including16S for bacteria and internalt transcribed spacer (ITS)
sequences from 24 nectar samples, each pooled from an average
of 60 flowers in each sample, range of 13–116 flowers per sam-
ple, each contributing 2 μL of D0. Pooled samples represented
multiple sampling dates at each site from 2016. Pooled nectar
samples were extracted using the NucleoSpin Microbial DNA
kit (Macherey-Nagel, Bethlehem, PA) and submitted for full-
length PacBio16S and ITS sequencing performed at Dalhousie
IMR. Recovered sequences were processed using dada2 pipeline
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for full-length rRNA genes (Callahan et al. 2016, 2019) for recov-
ery of actual sequence variants (ASVs). Briefly, primer sequences
were removed, and resulting sequences were quality filtered,
error corrected and denoised followed by taxonomy assignment
using SILVA v. 138 training set (Quast et al. 2012) for bacteria and
UNITE 4/2/2020 release for fungi (Kõljalg et al. 2005) followed by
chimera detection and removal (see Dryad https://doi.org/10.253
38/B8403V for bioinformatics scripts). ASVs annotated as chloro-
plast or plant, and those that were also obtained from extraction
blanks were removed. Following removal of chloroplast DNA,
insufficient bacterial reads were recovered for analysis but we
present a summary of ITS data below, and both are available
online.

Statistical analysis

To examine if microbes differed in dispersal ability in our exper-
imental setup, the proportion of wells colonized by a microbe
within a plate (calculated using OD as described above; plates as
replicates) was analyzed using a binomial GLMM (package lme4)
to compare bacterial and fungal dispersal plates with strain as
a random effect. A t-test was also used to compare bacteria and
fungi by the mean proportion of wells colonized by each strain
across eight replicate plates.

To examine the relationship between bacterial and fun-
gal incidence and abundance in individual nectar samples,
we used Pearson correlations. In addition, we report directly
calculated conditional probabilities and a χ2 test to test for
nonindependence of bacterial and fungal incidence amongst
flowers.

To compare whether plant species differed in bacterial or
fungal presence or abundance, we used logistic regression and
linear regression with plant species as a predictor. To compare if
nectar accessibility quantified using corolla length category was
associated with bacterial or fungal presence or abundance, we
used logistic regression and linear regression with nectary loca-
tion (exposed, short corolla, mid corolla or long corolla) as a pre-
dictor.

To determine whether bacteria and fungi differ in incidence
in floral nectar with Julian date, between sites or between years,
we used a logistic regression implemented using ‘glm’, using
bacteria or fungal presence as a response and site, year and plant
species, and their two-way interactions, as predictors. We com-
pared among models containing all interactions, models with
nonsignificant interactions removed and models with no inter-
actions using Akaike information criterion (AIC), and from the
best-fit model, significance of each term was assessed using like-
lihood ratio tests. To determine whether bacteria or fungi differ
in abundance in floral nectar across years or sites, or with Julian
date, we used a linear regression implemented using ‘lm’, with
log10(CFUs + 1) as a response and site, Julian date and year as
predictors. Model selection was performed on bacteria and fungi
separately using AIC as described above, and significance was
assessed using likelihood ratio tests.

We assessed the frequency with which microbial genera
were detected using MALDI-TOF among flower morphologies, or
across the season (early, mid or late; see the Supporting Informa-
tion for details) using a χ2 test for contingency tables. Microbial
composition from PacBio sequencing is presented to compare
taxonomic composition with MALDI-TOF data but due to limited
numbers of samples successfully sequenced, no formal analysis
was performed. All analyses were conducted using RStudio and
R v. 3.6.3.

RESULTS

Insect-based dispersal assay

Fungi were less able to disperse among wells than bacteria in the
thrips dispersal assay (Fig. 1). Using strain-level averages to com-
pare dispersal abilities between kingdoms, bacteria colonized
31% more wells than did fungi over 24 h of thrips activity (t-test,
strains as replicates, t = 4.31, P = 0.002). Results from the GLMM
confirm this difference between fungal and bacterial average
dispersal ability (z-value = −4.66, P < 0.001). Control treatments
that included thrips had detectable, but low levels of contami-
nation of thrips-associated microbes (Fig. 1) that were identified
by Sanger sequencing in preliminary trials. We did not detect
microbial growth in plates without thrips or without microbes
added in any trial.

Patterns of bacterial and fungal incidence and
co-occurrence in floral nectar

Floral nectar samples from the field contained colonies on R2A
media (hereafter ‘bacteria’) in 49% of samples, whereas colonies
on YMA (hereafter, ‘fungi’) were detected in only 20% of sam-
ples (microbe LRT = 21.07; P < 0.001; Fig. 2). Fungi and bacte-
ria co-occur in flowers nearly 1.5 times as frequently as would
be expected by chance given their individual incidence across
the landscape (14% of flowers contain both, compared with
9% of flowers’ estimated joint probability if independent; χ2

= 94.37, P < 0.001). Along with the difference between bacte-
rial (49%) and fungal (20%) incidence across the landscape, this
elevated frequency of co-occurrence results in a discrepancy
between the likelihoods that fungi or bacteria find themselves
co-occupying a flower (conditional probabilities of co-occupancy
for each microbe). Fungi (mostly yeasts) are most often found in
flowers alongside bacteria (P[bacteria present | fungi present] =
69%). On the other hand, bacteria only occasionally co-occupy a
flower with fungi (P[fungi present | bacteria present] = 29%).

Moreover, fungi and bacteria demonstrate a positive corre-
lation in CFU abundance across flowers (Pearson correlation, r
= 0.27, P < 0.001), which persists even when investigating only
flowers that contain both bacteria and fungi (Pearson correla-
tion, r = 0.24, P < 0.001). Within plant species, fungal and bac-
terial incidence and abundance are most often positively corre-
lated, but only significantly in four species (Fig. S3, Supporting
Information).

Nectar location associated with variation in microbial
incidence and abundance

Plant species differed in microbial incidence (bacteria LRT = 306,
P < 0.001; fungi LRT = 271.09, P < 0.001) and abundance (bacterial
CFUs F41,1816 = 9.3, P < 0.001; fungal CFUs F41,1816 = 7.3, P < 0.001)
in floral nectar (Fig. 3) ranging from an average of 20% to 100%
of sampled flowers containing bacteria. Nectar location within
a flower was associated with some of this variation (Fig. 4). Both
bacteria and fungi were more frequently detected in nectar of
plant species with an exposed nectary than those with short,
mid or long corollas (Fig. 4; bacteria LRT = 8.1, P = 0.04; fungi LRT
= 52.9, P < 0.001). Microbial abundance also varied with flower
traits, but bacteria and fungi differed in their responses. Bacteria
were more abundant in flowers with exposed nectar (F3,1813 =
4.65, P = 0.003), whereas fungal CFUs were most abundant when
nectar is contained within a long corolla (Fig. 4; F3,1810 = 29.1; P
< 0.001) compared with other flower morphologies.
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Figure 1. Western flower thrips (F. occidentalis) disperse bacteria between artificial nectar habitats more readily than fungi. Each bar shows the relative success of
a different isolate of a bacterium or fungus in colonizing wells on a 96-well plate through the activity of sterilized thrips (N = 8–12 plates per isolate). Microbes
with superscript ‘Fo’ were isolated from F. occidentalis. The control bar represents trials in which all wells began sterile and only thrips were added, representing
contamination levels from thrips only. Bar heights report mean values (±1 SE) for the proportion of available wells colonized after 24 h of thrips activity and a

subsequent 6 days of culturing in an incubator.

Figure 2. Bacterial and fungal incidence in nectar in the two flowering plant communities sampled. The figure shows the relative incidence of bacteria and fungi
in individual nectar according to shaded areas and their proportions of flower occupancy. Bacteria occur in more flowers than fungi across the landscape. The two
kingdoms co-occur within nectar more often than would be predicted by chance. Fungi rarely occur in the absence of bacteria, but bacteria frequently occur in the
absence of fungi.

Sources of variation in bacterial and fungal incidence
and abundance

Microbial incidence differed between geographic sites and years,
and changed through the season (Julian date) (Table S3 and
Fig. S4, Supporting Information). Bacteria and fungi differed in
which site each was more detectable and abundant, with bac-
teria more frequently detected and abundant at the Bee Biol-
ogy site (Table S3, Supporting Information) and fungi more fre-
quently detected and abundant at the natural reserve site (Table
S3, Supporting Information). The probability of detection of both

bacteria and fungi changed across the season—increasing with
Julian date in 2017—and across sites relatively similarly (Fig. S4,
Supporting Information), whereas patterns of fungal and bac-
terial abundance tended to differ in response to seasons and
years.

Microbial identification and genus-specific patterns

Bacteria from the genus Acinetobacter were the most common
bacterial taxa detected based on MALDI identification (Table S4
and Fig. S5, Supporting Information). Yeasts from the genera
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Figure 3. Plant species vary in (top) the proportion of total nectar samples containing colonies or (bottom) the average calculated abundance of CFUs in microbial-
colonized nectar on R2A media with antifungal compound (bacteria, blue) or colonies on YMA media with antibacterial (fungi, orange), ordered by increasing incidence

of bacteria in samples. N = 6–211 per species; median = 23 nectar samples per species.

Metschnikowia and Candida were the most commonly identified
fungi using MALDI and sequencing (Table S4 and Fig. S5, Sup-
porting Information). Filamentous fungi are not able to be iden-
tified using MALDI, but Penicillium, Cladosporium and Epicoccum
were detected using PacBio sequencing of the ITS region.

Microbial genera differed in their patterns of incidence
among flowers of different morphologies. The bacterial genus
Acinetobacter was significantly overrepresented in flowers with
short corollas (Table S4, Supporting Information), whereas Pseu-
domonas and the yeast Metschnikowia were significantly overrep-
resented in flowers with long corollas. Seasonal patterns were
also observed: Lactobacillus and Pseudomonas were significantly
overrepresented in the early season, whereas Acinetobacter and
Metschnikowia were significantly underrepresented in flowers
during the early season (Table S5, Supporting Information).

DISCUSSION

In our survey, culturable bacteria were more commonly detected
in floral nectar than were fungi, and greater dispersal ability of
bacteria in the experimental dispersal assay provides support

for the hypothesis that differences in dispersal ability shape bac-
terial and fungal occupancy of coflowering communities sam-
pled in northern California. Although inferring dispersal lim-
itation from incidence data could be biased if habitats (here,
nectar from different flowers) vary in suitability for establish-
ment, our results indicate that all plant species can support at
least some live bacteria (Fig. 3). We note that incidence esti-
mated using culture-based techniques may be a conservative
estimate of incidence and abundance (Methods S2 and Fig. S2,
Supporting Information). We emphasize that our conclusions
are limited to cultivable taxa, which in some studies align well
with culture-independent sequencing results, but we could not
assess the extent of bias introduced by culture methods in the
current study.

Nectar-inhabiting bacteria and fungi are both likely to rely
on and exhibit adaptations for frequent dispersal (Madden et al.
2018; Vannette 2020) because individual flowers typically per-
sist for a short time (hours to days) (Primack 1985). Bacteria
from the dominant genera found in nectar (e.g. Acinetobacter
and Rosenbergiella) form sticky biofilms (Irie and Parsek 2008;
Jung and Park 2015; Álvarez-Pérez, Lievens and Fukami 2019),

D
ow

nloaded from
 https://academ

ic.oup.com
/fem

sec/article/97/12/fiab150/6430164 by C
ornell U

niversity Library user on 14 February 2022



Vannette et al. 7

Figure 4. Microbial incidence and abundance in nectar vary by location of the

nectar (corolla length). Average microbial abundance in flowers was calculated
using CFUs counted on R2A (bacteria, blue) and YMA (fungi, orange) media
and adjusted based on nectar volume. Microbial CFU abundance was calculated

using only those nectar samples containing detectable microbial growth. Note
the difference between y-axes between bacteria and fungi in microbial abun-
dance.

which could enhance adhesion to insect vectors. Yeasts com-
mon to nectar exhibit cell morphology that may improve adhe-
sion to insect or bird mouthparts (e.g. ‘airplane’ cells in the
yeast Metschnikowia gruessii; Brysch-Herzberg 2004) and pro-
duce stress-tolerant spores that enhance desiccation resistance
(Francisco et al. 2019) and survival during transport between
flowers. The emission of microbial volatile compounds (Van-
nette, Gauthier and Fukami 2013; Rering et al. 2018) affects vector
attraction to flowers and visit duration (reviewed in Crowley-Gall
et al. 2021). The greater dispersal ability of bacteria observed here
could be due to differential vector attraction (more attractive,
less avoided or attracting different organisms); ease of attach-
ment to insect vectors; persistence in association with, survival
on or localization within hosts (Perilla-Henao and Casteel 2016);
or more efficient colonization success or rapid growth in nec-
tar. Indeed, microbial taxa likely differ in primary vectors. For
example, Metschnikowia yeasts have been associated with bum-
ble bee vectors in previous work (Herrera, Pozo and Medrano
2013; Jacquemyn et al. 2021). In contrast, thrips, long ignored as
potential microbial vectors among flowers, are also competent
vectors of nectar microbes, particularly bacteria. Given their fre-
quent high abundance in flowers, thrips’ role in shaping nec-
tar microbe communities may be important but currently over-
looked. Dispersal via wind, water or even plant vascular tissue
may be possible for some microbial taxa, but yeasts are rare in
airborne samples (Last and Price 1969) and both fungi and bacte-
ria may require specific adaptations for airborne dispersal. It is
likely that variation in floral visitor composition, abundance and
microbial communities vectored can explain variation in nectar

microbial composition within individual plants and communi-
ties (Brysch-Herzberg 2004; de Vega et al. 2021; Zemenick, Van-
nette and Rosenheim 2021).

Not only dispersal, but also variation in flower characteristics
that affect microbial growth could affect the patterns observed
in our field study (Figs 3 and 4). In some plant species, flo-
ral nectar contains antimicrobial compounds (González-Teuber
and Heil 2009), including antifungal and antibacterial enzymes
(Thornburg et al. 2003; Carter and Thornburg 2004; Roy et al.
2017; Schmitt et al. 2018), some of which could differentially
reduce bacterial or fungal growth. Other floral traits, including
corolla length, nectar production rate, UV exposure (Plowright
1987) and flower longevity, could differentially affect yeast
and bacterial establishment, growth and interactions between
them.

Distinct patterns of bacterial and fungal presence and abun-
dance in floral nectar documented here have a few specific
implications for the ecology and evolution of the nectar micro-
biome. For more prevalent nectar bacteria, interkingdom com-
petition may be less important in the evolution of bacterial traits
and life history than for fungi, which are frequently exposed
to competition with bacteria (Fig. 2), but experimental work is
lacking. In contrast, experimental and genomic evidence sug-
gests that Metschnikowia reukaufii benefits from rapid nutrient
assimilation and population growth (Pozo, Lachance and Herrera
2012; Dhami, Hartwig and Fukami 2016), suggesting that maxi-
mizing propagule abundance is an important strategy for nec-
tar microbial populations (Hibbing et al. 2010). Our data do not
reveal negative correlations between fungi and bacterial abun-
dance in nectar, either among or within species (Fig. S3, Support-
ing Information), suggesting that interference competition may
not be strong in our focal populations. Instead, positive correla-
tions between fungal and bacterial abundance at the flower level
could indicate shared dispersal vectors, similar habitat require-
ments for culturable nectar microbes or the possibility of facil-
itation that could be promoted by bacterial enhancement of
nutrients in nectar from pollen or other plant sources (Chris-
tensen, Munkres and Vannette 2021).

Here, we show experimentally that thrips more effectively
vector bacteria compared with yeasts and the survey demon-
strates that fungi are less frequently detected in flowers. Our
results suggest that bacteria and fungi differ in dispersal prob-
ability via a common insect vector, although we caution that
this difference likely depends on the particular flower visi-
tor species examined. Previous work has shown that dispersal
can be important in structuring bacterial community assem-
bly (Albright and Martiny 2018), and generates the possibility of
historically contingent competitive outcomes in microbial com-
munities (Fukami 2015; Svoboda et al. 2018). Further study of
the consequences of variation in dispersal differences between
bacterial and fungal taxa may inform the types and temporal
dynamics of interactions between them, and consequences for
interactions in flowers.
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