& frontiers

’ @ Check for updates ‘

OPEN ACCESS

EDITED BY
Hao Zheng,

China Agricultural University,
China

REVIEWED BY

Fuming Shi,

Hebei University,

China

Chunsheng Hou,

Institute of Bast Fiber Crops (CAAS), China
Renwen Zheng,

Anhui Agricultural University,

China

*CORRESPONDENCE
Jordan G. Kueneman
jk2899@cornell.edu

SPECIALTY SECTION
This article was submitted to
Microbial Symbioses,

a section of the journal
Frontiers in Microbiology

RECEIVED 29 September 2022
ACCEPTED 13 December 2022
PUBLISHED 09 January 2023

CITATION

Kueneman JG, Gillung J, Van Dyke MT,
Fordyce RF and Danforth BN (2023) Solitary
bee larvae modify bacterial diversity of
pollen provisions in the stem-nesting bee,
Osmia cornifrons (Megachilidae).

Front. Microbiol. 13:1057626.

doi: 10.3389/fmicb.2022.1057626

COPYRIGHT

© 2023 Kueneman, Gillung, Van Dyke,
Fordyce and Danforth. This is an open-
access article distributed under the terms
of the Creative Commons Attribution
License (CC BY). The use, distribution or
reproduction in other forums is permitted,
provided the original author(s) and the
copyright owner(s) are credited and that
the original publication in this journal is
cited, in accordance with accepted
academic practice. No use, distribution or
reproduction is permitted which does not
comply with these terms.

Frontiers in Microbiology

Frontiers in Microbiology

TvpPe Original Research
PUBLISHED 09 January 2023
Dol 10.3389/fmicb.2022.1057626

Solitary bee larvae modify
bacterial diversity of pollen
provisions in the stem-nesting
bee, Osmia cornifrons
(Megachilidae)

Jordan G. Kueneman?, Jessica Gillung’?, Maria T. Van Dyke!,
Rachel F. Fordyce! and Bryan N. Danforth!

'Danforth Lab, Department of Entomology, Cornell University, Ithaca, NY, United States, 2Lyman
Entomological Museum, McGill University, Sainte-Anne-de-Bellevue, QC, Canada

Microbes, including diverse bacteria and fungi, play an important role in the
health of both solitary and social bees. Among solitary bee species, in which
larvae remain in a closed brood cell throughout development, experiments
that modified or eliminated the brood cell microbiome through sterilization
indicated that microbes contribute substantially to larval nutrition and are in
some cases essential for larval development. To better understand how feeding
larvae impact the microbial community of their pollen/nectar provisions,
we examine the temporal shift in the bacterial community in the presence
and absence of actively feeding larvae of the solitary, stem-nesting bee,
Osmia cornifrons (Megachilidae). Our results indicate that the O. cornifrons
brood cell bacterial community is initially diverse. However, larval solitary bees
modify the microbial community of their pollen/nectar provisions over time
by suppressing or eliminating rare taxa while favoring bacterial endosymbionts
of insects and diverse plant pathogens, perhaps through improved conditions
or competitive release. We suspect that the proliferation of opportunistic plant
pathogens may improve nutrient availability of developing larvae through
degradation of pollen. Thus, the health and development of solitary bees
may be interconnected with pollen bacterial diversity and perhaps with the
propagation of plant pathogens.

KEYWORDS

bees, brood cell, Megachilidae, development, pollen, microbiome,
larvae—development, plant pathogen

Introduction

Both solitary and social bees have been shown to host diverse communities of microbial
taxa both in their guts, as well as in their pollen/nectar provisions (Gilliam et al., 1989;
Mattila et al., 2012; Anderson et al., 2014; Kwong and Moran, 2016; Dharampal et al., 2020).
While the adult gut microbiome may play an important role in adult fitness (Koch and

01 frontiersin.org


https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fmicb.2022.1057626%EF%BB%BF&domain=pdf&date_stamp=2023-01-09
https://www.frontiersin.org/articles/10.3389/fmicb.2022.1057626/full
https://www.frontiersin.org/articles/10.3389/fmicb.2022.1057626/full
https://www.frontiersin.org/articles/10.3389/fmicb.2022.1057626/full
https://www.frontiersin.org/articles/10.3389/fmicb.2022.1057626/full
https://www.frontiersin.org/articles/10.3389/fmicb.2022.1057626/full
https://www.frontiersin.org/journals/microbiology#editorial-board
https://www.frontiersin.org/journals/microbiology#editorial-board
https://doi.org/10.3389/fmicb.2022.1057626
mailto:jk2899@cornell.edu
https://doi.org/10.3389/fmicb.2022.1057626
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

Kueneman et al.

Schmid-Hempel, 2011; Kwong and Moran, 2015; Raymann et al.,
2017; Rutkowski et al., 2021), it is the bacterial community of the
pollen/nectar provisions that plays a key role in larval growth and
development (Dharampal et al., 2020). Mounting evidence across
diverse bee species suggests that the pollen/nectar provisions in
both solitary and social bees host diverse bacterial and fungal taxa
(Gilliam, 1979a,b, 1997; Gilliam et al., 1990; Rosa et al., 2003;
Pimentel et al., 2005; Vannette et al., 2013; McFrederick et al.,
2014) and that these microbes are vital to larval development
(Vannette et al., 2013; Steffan et al., 2019; Dharampal et al., 2020),
immune function (Mattila et al., 2012; Kaltenpoth and Engl, 2014;
McFrederick et al., 2014), resistance to disease (Raymann and
Moran, 2018), and overall fitness (Steffan et al., 2017; Dharampal
et al., 2019, 2020; Voulgari-Kokota et al., 2019a,b; Cohen et al,,
2020; Rothman et al., 2020).

The bacterial diversity from brood cell provisions of species of
Megachilidae are particularly well-studied because megachilids
construct above-ground, stem- and cavity-nests that can be easily
sampled. For example, Mohr and Tebbe (2006) documented the
bacterial community in pollen provisions of Osmia bicornis and
found several bacterial genera including Sphingomonas, Ralstonia,
Burkholderia, and Acinetobacter. Studies on the nest chambers of
Osmia bicornis found bacterial families Burkholderiales,
Clostridiaceae, Enterobacteriaceae, and Acetobacteraceae, and
bacterial genera Bacillus and Paenibacillus (Keller et al., 2013;
Voulgari-Kokota et al., 2019¢c), whereas, a study of cultured
bacteria from nest contents of Osmia cornuta, revealed seven
prevalent bacterial genera: Bacillus, Lactobacillus, Paenibacillus,
Clostridium, Serratia, Pantoea, and Curtobacterium (Lozo et al.,
2015). Additionally, a comparative study of larvae and pollen
provisions from three genera of Megachilidae found a
monophyletic Lactobacillus clade shared by this group
(McFrederick et al., 2017). Thus, there is both overlap and variable
bacterial diversity across the pollen provisions of related
megachilid species. These bacterial taxa are largely considered to
be of environmental origin, obtained primarily through foraging
for pollen and nectar on host-plant flowers (Vannette, 2020; Keller
etal., 2021). Furthermore, through comparisons of field collected
samples, several studies have documented changes in the bacterial
community in both the pollen provisions and larvae (Mohr and
Tebbe, 2006; Keller et al., 2013; Voulgari-Kokota et al., 2019b), but
these studies lacked a standardized experimental design and a
direct comparison of pollen provisions with and without larvae.
Therefore, the influence of developing bee larvae on the microbial
environment of pollen provisions has yet to be fully assessed.

Bees have been shown to depend on microbial symbionts that
colonize their gut and on microbes fermenting and metabolizing
pollen provisions. Notably, past studies using trophic biomarkers
have shown that microbes may be direct prey for bees making bees
omnivorous (feeding on both plant and microbial-derived food)
rather than strictly herbivorous (Steffan et al., 2019). This appears
to be true for solitary bees where microbes have been shown to
be an important source of larval nutrition and the microbial
activity in pollen provisions helps unlock nutrients, trapped
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within the rigid, indigestible exine of the pollen (Steffan et al.,
2019). Experiments in which microbes are eliminated from the
pollen provisions through sterilization indicate that the presence
of the naturally occurring microbial community is essential for
larval growth and development (Dharampal et al., 2019, 2020).

Given the importance of the brood cell microbiome to larval
growth and development, one might expect solitary bee adults and
larvae to influence the richness and composition of the brood cell
microbiome. However, while adult derived inputs, such as
glandular secretions, have been shown to produce select
antimicrobial properties in pollen microbiome (Cane, 1983), no
previous study has directly examined the impact of larval feeding
on the microbial community of pollen provisions. In this study,
we set out to explore how solitary bee larvae impact the brood cell
microbiome in a common, easily manipulated, solitary, stem-
nesting bee, Osmia cornifrons (Megachilidae). We conducted an
experiment to determine (1) the temporal shift of larval and
pollen bacterial communities through larval development and (2)
whether actively feeding larvae modify the brood cell bacterial
community through feeding.

Materials and methods
Preparation for bee experimentation

Long term nesting aggregations of Osmia cornifrons in the
vicinity of Ithaca, NY were used as a source of brood cells for our
experiments. In Spring 2018, local populations of adult
O. cornifrons established nests in wooden nesting shelters housing
collections of 70-140 empty cardboard tubes with paper nest
inserts purchased from Crown Bees (Woodinville, WA,
United States). In June 2018, completed nests were overwintered
at ambient conditions. In February 2019, nests were examined via
x-ray imaging, and nests with parasites or high levels of mortality
were excluded from the experiment (Pitts-Singer, 2004). Parasite-
free nests were established in the field in March 2019 alongside
unused nesting tubes. Following emergence of adult males and
females, nesting shelters were surveyed daily for nest completion.
Once unused nesting tubes were closed by a female, we brought
these tubes into the laboratory for our experiments. Closed nests
were collected between May 6 and May 27th from two localities.

Bee sampling and processing

We opened recently completed nests of Osmia cornifrons
containing freshly provisioned pollen and recently laid eggs. Each
nest was carefully opened by slicing the paper nest inserts
horizontally on each side with a sterile scalpel and removing the
top portion to reveal the nest contents. Damaged eggs or larvae
were excluded from the experiment. Pollen provisions
(approximately 10 per tube; see Figure 1A), were extracted with
sterile forceps. Tools were flame sterilized between each sample
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FIGURE 1

Samples and study design. (A) The exposed cells of Osmia
cornifrons. (B) Experimental overview shows sampling time
during our experiment: points; (t=0=day O; t=1=day 3; t=2=day
6; t=3=day 9; t=4=day 12; and t=5=day 15). Only Day 3, 9, and 15
were selected for bacterial diversity analysis.

and working areas were cleaned before and after dissections with
10% bleach.

Undamaged pollen provisions were collected in pairs. Eggs
were gently removed and then the two pollen provisions from
neighboring cells in the nest were homogenized together using a
sterile micro-spatula (Kimura spatula; World Precision
Instruments). Pollen balls were combined from brood cells of the
same sex, which was determined visually by the mass of the
pollen/nectar provision, the size of the brood cell, and the position
within the nest. Pollen provisions destined for female offspring are
much larger and placed farther from the nest entrance than those
destined for males (Figure 1A). The homogenized pollen ball was
split in two equal parts and placed into 48-well tissue culture
plates (purchased from Falcon). The pollen was gently compacted
into the bottom of the well to minimize desiccation and empty
wells were used to separate pairs of samples. Subsequently, a male
or female egg was returned to one of the pair (pollen from the
same sex as the egg), and the other was left without the egg (later
described as “pollen with larvae” and “pollen without larvae;
respectively). Plates were stored in an incubator (Percival 500,365)
at 27°C. We tracked larval development daily. Pollen and larvae
were sampled from the tissue culture plates at 3-day intervals, and
we analyze samples for bacterial diversity on day 3, 9, and 15. Most
larvae completed development and began spinning cocoons on
day 15, so the last sample was taken at the beginning of the
spinning larval stage. Samples of pollen and larvae were stored in
sterile 2.0ml screw-cap vials, immediately frozen in liquid
nitrogen, and then stored at —80°C for later analysis and
amplicon sequencing.
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From the pairs of pollen samples described above, we selected
representative pairs (no contamination, no parasites, or death) for
downstream processing. Sample sizes per group are as follows: day
3, pollen with larvae and pollen without larvae (N =24, 12 pairs)
and larvae only (N =12); day 9, pollen with larvae and pollen
without larvae (N =23, 11 pairs) and larvae (N =12); day 15,
pollen with larvae and pollen without larvae (N =7, and N =11,
respectively) and larvae only (N =11; See Figure 1B for
experimental design). Total sample numbers by type: pollen with
larvae N =30, pollen without larvae N =35, and larvae only
N =35. Sample numbers were slightly reduced at the final
observation day, due to the number of individuals that had
completely consumed pollen provisions on, or before, sample
collection day 15.

DNA extraction

We extracted DNA from each sample (approximately 100 mg)
using Qiagen PowerPlant kits, following manufacturers protocol,
including the recommended 10 min of bead beating with the lysis
buffer (Galimberti et al., 2014). We homogenized the sample using
the Bead Ruptor Elite, set at 1.15m/s, for 10 min. We found this
setting was sufficient for complete mixing and mechanical
disruption of the pollen sample and the larvae. An extraction
control was added during each extraction event, approximately
once every 48 extractions (once per 50 reaction kit), and these
extraction controls were included in library preparation and
sequencing. Our final elution volume was 60 pl, chosen to increase
DNA concentration and improve quantification and down-

stream sequencing.

Sequence processing

To assess the microbiome of samples collected throughout
our experiment, 100 pollen and bee larval samples were
submitted for 16S amplicon sequencing. Library preparation
and sequencing was performed at the UC Davis Department of
Medical Microbiology laboratory using the following protocol.
Primers 799F (CMGGATTAGATACCCKGG) and 1193R
(AGGGTTGCGCTCGTTG) were used to amplify the V5-V7
domain of the 16S rRNA using a two-step PCR procedure. This
region was chosen to minimize amplification of plant
chloroplasts (Beckers et al., 2016; Thijs et al., 2017). A detailed
description of our two step PCR procedure is provided in the
Supplementary materials. The final product was quantified on a
Qubit instrument using the Qubit High Sensitivity dsDNA kit
(Invitrogen), and individual amplicons were pooled in equal
concentrations. The pooled library was cleaned utilizing
Ampure XP beads (Beckman Coulter) and then checked for
quality and proper amplicon size on an Agilent 2100 Bioanalyzer
(Agilent Technologies). The library was quantified via qPCR
followed by 300-bp paired-end sequencing using an Illumina
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MiSeq instrument (Illumina) in the Genome Center DNA
Technologies Core, University of California at Davis, CA,
United States.

The amplicon sequence data was exported as Fastq files and
were demultiplexed with dbcAmplicons from https://github.com/
msettles/dbcAmplicons using miniconda. Then, the input files
barcode sheet, primer sheet, and sample metadata were validated.
The resulting amplicon sequence data was imported into QIIME2
(v2021.4, Bolyen et al,, 2019). We truncated forward reads at
260bp and reverse reads at 160bp, based on the length of our
fragment and visual inspection of the error profiles and quality
scores. We used DADAZ2 to join reads, de-noise, and dereplicate
sequences, including the removal of chimeric sequences, quality
filtering, and joining of paired ends (Callahan et al, 2016).
Taxonomy was assigned using the vsearch referencing SILVA
version silval38 with 99% identity (Bokulich et al, 2018).
We extracted reference ASV with “classify-sklearn” and aligned
sequences with MAFFT (align-to-tree-mafft-fasttree) generating
a rooted phylogenetic tree (Bolyen et al., 2019). Following
taxonomy assignments all sequences matching to chloroplast,
mitochondria, and any sequences left as unspecified were
removed. Bee larval samples experienced moderate host
amplification and these sequences were identified in the 16S
dataset and filtered from those samples. DNA extraction control
samples returned little to no amplification, did not exhibit
evidence of contamination and were subsequently excluded from
downstream analyses. We filtered out ASVs with <10 sequences
per sample.

Richness, evenness, and composition
analyses

Alpha and beta diversity metrics were calculated using
QIIME2 (2021.4) and computed using the diversity plugin in
QIIME2. To assess differences in alpha diversity and evenness
we report and visualize “observed features,” the total number of
unique ASVs calculated by sample type. We utilize this metric
to capture shifts in richness that consider nearly all microbes
found in pollen, including changes in the presence and absence
of comparatively rare microbes between and across sample
types. The significance of differences for all alpha diversity and
evenness metrics were calculated using Kruskal-Wallis tests,
followed by pairwise Wilcoxon rank-sum tests with Benjamini-
Hochberg FDR (BH) corrections, when significant differences
were observed (Kruskal and Wallis, 1952; Benjamini and
Hochberg, 1995).

To analyze compositional differential abundance between
groups, we investigated the bacterial community structure, using
weighted and unweighted UniFrac metrics (Lozupone and Knight,
2005; Lozupone et al., 2007). Significant differences for beta
diversity metrics were calculated using a permutational
multivariate ANOVA (PERMANOVA) followed by pairwise
PERMANOVAs with BH correction when significant differences
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were observed over more than two factors. To visualize differences
in beta diversity metrics, we used principal coordinate
analysis (PCoA).

Proportional abundance tables of pollen
without larvae, pollen with larva, and
larvae

To visualize and compare the overall taxonomic structure
of the bacterial communities in our experiment, we plotted the
relative abundance of ASVs matching to the top 10 most
abundant bacterial genera by sample type (pollen without
larvae, pollen with larvae, and larvae only). We consider the
top 10 most abundant bacterial genera by sample type to
be the dominant bacterial taxa. To compare proportional
abundance by sample type and by experimental time point,
tables in QIIME2. While
we summarize the data tables at the level of genera, several

taxonomic were grouped
taxa were not identified to the level of genus and remain
described at the order and family level. The dominant bacterial
taxa were generally shared across sample types. To visualize
the bacterial composition of pollen and larvae across time,
we plotted the relative abundance of the combined 12 most
dominant bacterial taxa in R.

Differential abundance testing

To analyze differential abundance of bacterial taxa between
pollen samples with and without larvae, we first compare
samples from day 9 and day 15. These sampling days
independently reveal significant differences in bacterial
diversity between sample types (pollen with and without larvae)
and combined they offer a more robust analysis of differential
features between the two sample types.

We analyze differential features using a compositionally aware
method Songbird QIIME2 plugin (Morton et al., 2019). This
approach works from our unrarefied dataset and includes all 41
relevant samples: pollen with larva (N =18) and pollen without
larvae (N =23). First, the sample data were split into a test set and
a training set. Songbird trains a null model and a multinomial
model on the training data for each set of metadata explored then
predicts and tests this against the test dataset. We quantify the
model’s performance, compare the models, and visualize the
model’s ability to differentiate between the pollen groups in
question. Microbes that significantly contribute to differences
between pollen with and without larvae were extracted. Next,
we use DESeq2 package in Phyloseq available in R (R Core Team,
2021) following Kapheim et al. (2021). This approach uses a
rarified data table and calculates the differential abundance of taxa
specified at desired taxonomic levels and significance thresholds.
Here, we calculate the maximum log fold change for differential
taxa and visualize the data (R Core Team, 2021).
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FIGURE 2

The number of unique bacterial ASVs summarized by the three
treatment groups and sampling time points. Significance is
denoted by (A-C). Significant differences in bacterial richness
across time points were found using a Kruskal Wallis test for
larvae only (H=4.69, p =0.096) and pollen with larvae (H=11.53,
p =0.003), but not for pollen without larva (H=0.358, p =0.836).

Results

Research questions and objectives
overview

The goal of our experiment was to document the natural
progression of microbial community growth over time in bee
brood cells for: pollen with larvae, pollen without larvae, and for
larvae only (Figure 1). Our analyses of pollen with larvae, pollen
without larva, and larvae only fell into five primary sets of
comparisons. To determine the temporal change in bacterial
diversity in the absence of larvae we compared (1) pollen only
through the experiment. To determine the temporal change in
bacterial diversity in the presence of larvae we compared (2)
pollen with larvae through the experiment. To determine temporal
change in bacterial diversity in larvae we compared (3) larvae only
through the experiment. To assess whether actively feeding larvae
modify the brood cell bacterial community through time,
we compared (4) alpha and beta diversity metrics of bacterial
diversity of pollen, both with and without larvae, through the
experiment. Finally, we (5) identified bacterial taxa with
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differential abundance between samples of pollen with and
without larvae.

We find that the presence of a bee larva exerts a selective force
on the bacterial diversity of pollen throughout bee development
(Figures 2-4). After initial filtering, our dataset comprised 99
samples and the resulting 16S ASV table held 4,751,528 sequences,
with a median frequency of 38,221 sequences per sample and
13,518 unique bacterial features. After reviewing alpha rarefaction
plots, we were able to capture most of the bacterial diversity using
a rarefaction depth of 4,690 sequences per sample which only
resulted in one sample (pollen without larvae on day 3) dropping
below that threshold (Supplementary Figure 1). This rarefaction
depth maximizes our exploration of community composition while
excluding only a minimal number of samples from our experiment.

Richness and compositional assessment
of brood cell bacterial diversity

We first compare the richness of pollen with larvae, pollen
without larvae and larvae only by combining all samples and all
time points in our experiment (Supplementary Figure 2A).
We calculate the richness of observed ASVs and evaluated them
with Kruskal-Wallis and then pairwise Wilcoxon rank-sum tests
with Benjamini-Hochberg corrections. At this level of comparison,
we see significant differences in the richness of all three sample types
(Kruskal Wallis; H=53.45, p =2.44) and all pairwise comparisons
are significant: pollen with larvae compared with pollen without
larvae (H=3.01, p =8.26 e—12), pollen with larvae compared with
larvae only (H=29.97, p =4.38 e-8), and lastly pollen without larvae
compared with larvae only (H=45.51, p =1.52 e—11). We calculate
the richness of sample types across three timepoints (day 3, day 9,
and day 15) and find that the richness of pollen with larvae and
larvae only change significantly throughout larval development, but
pollen without larvae is unchanged throughout our experiment
(Figure 2). Pollen with larvae was significantly different between day
3 and day 9 (H=8.02, p =0.0046), and day 3 and day 15 (H=7.78,
p =0.005), but not significantly different between day 9 and day 15
(H=0.593, p =0.441). The overall difference of pollen with larvae
across the three time points was significant (H=11.53, p =0.003).
Pollen without larvae was not significantly different across any of
the three time points, and the overall difference across groups was
not significant (H=0.358, p =0.836). Larvae only were significantly
differentiated between day 3 and day 15 (H=4.908, p =0.027),
however, overall differences between all three-time points were not
significant (H=4.69, p =0.096).

To compare and visualize the bacterial composition of the bees
in our study, we plot the proportional abundance of the 12 most
abundant bacterial taxa (referred to as “dominant” bacteria) and
grouped all additional taxonomic groups into the category “other”
(Figure 3). We found that most dominant taxa identified remain
relatively equivalent and consistent across sample types and through
time. However, the proportional abundance of Ralstonia increases
considerably over time in pollen with larvae. Conversely, the
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proportional abundance of Sodalis decreases with time in all groups.
One bacterial taxon, identified only to the level of Comamonadacae
was considered dominant only in samples with larvae, and another
bacterial taxon, Erwinia, was considered dominant only in samples
without larvae. Most importantly, the proportional abundance of all
“other” taxa decreases in time for all groups and this is particularly
evident for pollen with larvae (Figure 3). Additionally, we confirm
that Ralstonia, a dominant member of our pollen microbial
community, is a valid member, and we verified that larval feces were
not a significant contributor to bacterial shifts that occur in the
pollen microbiome during larval development. For brevity, results
regarding the diversity of Ralstonia and feces in pollen samples are
available in the Supplementary results.

Composition assessment of pollen with
and without larvae, and larvae only

To assess the bacterial composition of our sample types and
differences in beta diversity between and among groups,
we analyzed weighted UniFrac distance matrices and visualized
the beta diversity using PCoA. We use weighted UniFrac because
it is robust against modest changes in the abundance of individual
bacterial taxa. When we compare overall differences in our sample
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types (pollen with larvae and without larvae, and larvae only),
we observed significant differences type
(Supplementary Figure 2B; F =10.93, p =0.001). Next,
we compared our sample types across three sampling events in our
experiment (day 3, day 9, and day 15). We find that pollen with

in sample

and without larvae, and larvae only, all change across sampling
days (Supplementary Figure 3). However, pollen with larvae
changed the most (F =5.560, p =0.001) and larvae only changed
the least (F =2.42, p =0.012).

Pollen with and without larvae at each
sampling day

To better assess the direct effect of larval development on
pollen masses with and without larval development, we paired
these samples at each time point (Figure 4; see methods for
homogenized pollen masses). First, we compare the bacterial
richness (observed features) for these paired samples at each of
the three time points (day 3, day 9, and day 15). We find no
significant difference at day 3 (H=0.592), but significant
differences between pollen with and without larvae on day 9
(H=6.06, p =0.0138) and day 15 (H=4.93, p =0.0264). Second,
we compared Pielou evenness between paired samples.
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We detect no significant difference between the bacterial
evenness on day 3 (H=0.592, p =0.442), and only a moderately
significant reduction in evenness of pollen with, compared to
pollen without larvae, for time point day 9 and day 15 (H=2.97
p =0.085: and H=2.81, p =0.094), respectively. Third,
we compared the bacterial composition (beta diversity) using
weighted UniFrac, and we detect no significant difference
between pairs of samples using PERMANOVA at day 3, or at
day 9 (F =0.86, p =0.5 and F =1.40, p =0.1, respectively).
However, marginally significant differences were detected
between sample pairs at day 15 (F =2.03, p =0.06). A similar
pattern is observed for unweighted UniFrac, which considers all
taxa equally, regardless of their abundance. Again, we detected
no significant difference between pairs of samples using
PERMANOVA at day 3 (F =0.79, p =0.82). However, significant
differences were detected between pairs of samples at day 9 and
day 15 (F=1.52, p=0.011 and F =1.70, p =0.012, respectively).
Differences between pollen without larvae and pollen with
larvae are even more evident when samples collected on days 9
and 15 are combined (Supplementary Figure 4).
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Taxonomic differences between pollen
with and without larvae

We employ two approaches to explore taxa that significantly
and non-significantly differentiate samples of pollen with and
without larvae. Because differences between these groups are
detected at day 9 and consistent on day 15, we combine these days
to increase our ability to detect bacterial taxa with differential
abundance between these two-sample types. A detailed
justification is provided in the Supplementary materials. In our
first approach, we extracted the taxa from the numerator of the
balance table generated using Qurro plots (Quantitative Rank/
Ratio Observations) that integrate the Songbird model differentials
that predicted samples of pollen with and without larvae. The
predictive model explains 22 percent more variation than the null
model. The differential table produced with Qurro highlights 27
taxa that contribute to the predictive power of the multinomial
model. The bacterial taxa identified are summarized in
Supplementary Figure 5. Using a second approach, DESeq2 in
phyloseq, we again identified the taxa that differed between
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samples of pollen with and without larvae. This approach assigns
a direction to the features differential abundance, and we present
this data with two figures: (Supplementary Figure 6A) shows taxa
that are significantly different (p =0.05) between the two groups
and (Supplementary Figure 6B) shows the general pattern (p =0.5)
observed across diverse bacterial families. While there is
significant overlap in the taxa that contribute most to differences
between the groups identified using Qurro and DESeq2 (e.g.,
genera Gaiella, Massilia, Pseudomonas, and Bradyrhizobium, as
well as unidentified; 17-14, and MNDI1), each approach also
reveals additional bacterial taxa that separately contribute to
differences in the sample types. Importantly, the results of DESeq2
suggest Ralstonia had only a modest increase in abundance, and
the results of Qurro confirm that Ralstonia contributes little to
differences between the sample types. Thus, Ralstonia is more of a
constant than it appears and observed differences in its
proportional abundance are, in part, the result of decreases in
other taxa.

Discussion
General overview

Solitary bees, and their associated mutualistic and beneficial
microbes, support plant diversity and the health of diverse
ecosystems (Frison et al., 2011; Vanbergen and Initiative, 2013).
Understanding how microbes interact with developing bee larvae,
and vice versa, is essential for understanding how microbes
impact bee health (Engel et al., 2016). General principles regarding
interactions between pollen and larval microbes through bee
development are limited yet needed to better understand the
biology of solitary bees. To the best of our knowledge, no previous
studies have evaluated the bacterial diversity of pollen provisions
through time while controlling for the presence of larvae.
Furthermore, no previous study has described the bacterial
diversity of pollen provisions or the larval microbiome of Osmia
cornifrons, an agriculturally important pollinator.

Our study utilized a controlled experimental design to assess
the impact of larval development on pollen microbes and that of
pollen microbes on larval gut microbes. By characterizing the
bacterial diversity of pollen provisions with and without larvae, as
well as the bacteria within larvae, sampling repeatedly throughout
larval bee development, we obtained important insights into the
microbial ecology within the closed “mini ecosystem” of the bee
brood cell (Biani et al., 2009). Our study, like all other published
work on Osmia microiomes, did not amplify fungal and micro
eukaryotic members of the brood cell. However, only a limited
scope of published work, pertaining to a specialized social
stingless bee, found fungi to be a critical component to larval
nutrition (Menezes et al., 2015). Rather we contend, apart from
several fungal pathogens, bacterial diversity of the pollen provision
is most relevant to Osmia developmental biology. Here, we found
abundant bacterial diversity in pollen provisions of Osmia

Frontiers in Microbiology

08

10.3389/fmicb.2022.1057626

cornifrons, higher than what has previously been reported for bees
in the family Megachilidae, and we found that the bacterial
diversity in larvae is a reduced subset of what is available in the
pollen provision. Additionally, we found evidence suggesting that
developing larvae exert a selective pressure on the pollen
microbiome through time—Ilarval feeding appears to diminish the
rare bacterial taxa in the pollen community. Furthermore,
we discovered many bacterial taxa in the pollen provisions of
O. cornifrons that correspond to known plant pathogens,
suggesting that the bee brood cell provisions may serve as a
repository for plant pathogens (Rothman et al., 2019; Kapheim
etal., 2021).

A comparison of the bacterial diversity
across Osmia species

The bacterial diversity within pollen provisions of Osmia
corniforns partially matches what is known about the bacterial
diversity of other Osmia species, as well as bees within the family
Megachilidae more broadly. For example, we find higher bacterial
richness in the provisions of O. corniforns compared with several
other Osmia species (Keller et al., 2013; McFrederick et al., 2014;
Lozo et al., 2015; Voulgari-Kokota et al., 2019a,b), yet, similar to
richness found in O. lignaria and O. ribifloris (Rothman et al.,
2020). Like our central finding, that larvae reduce bacterial
diversity of pollen provisions, decreasing bacterial diversity in the
pollen provisions of O. caerulescens through larval development
was reported (Voulgari-Kokota et al., 2019a) Additionally,
bacterial structure across sample types was paralleled in our
results, such that some proportionally abundant bacteria were
present in pollen (e.g., Erwinia), but not in larvae (Voulgari-
Kokota et al., 2019b). Indeed, bacterial taxonomy of O. corniforns
with the
aforementioned studies of Osmia species. Specifically, bacterial

pollen provisions was generally congruent
phylum Actinobacteria, Firmicutes, and Proteobacteria were
considered dominant in O. cornifrons and abundant in other
Osmia, and at higher resolution, bacterial orders Burkholderiales,
Enterobacteriales, Clostridiales, and Pseudomonadales, as well as
bacterial genera Pantoea, Sodalis, and Massilia were also shared
(Keller et al., 2013; Lozo et al., 2015; Rothman et al., 2019, 2020;
Voulgari-Kokota et al., 2019b; Cohen et al., 2020). Further,
Paenibacillus, a bacterial pathogen of honey bees (Ebeling et al.,
2016) and a potential pathogen of O. bicornis (Keller et al., 2013,
2021) was also consistently found in low abundance across

samples of O. cornifrons pollen and larvae.

Bacterial taxa and diversity patterns of
Osmia not found in Osmia cornifrons

Despite general similarities in bacterial diversity patterns and

bacterial taxa found across species of Osmia, there exist notable
differences in the results from this study compared to previous,
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primarily field-based, studies. For example, one study reported
increasing bacterial diversity in the larvae of O. caerulescens and
the pollen and larvae of O. bicornis through time (Voulgari-Kokota
etal., 2019b). This is dissimilar to our experimental results, which
showed decreasing bacterial diversity through time, and thus
inconsistent with our view of a closed mini-ecosystem, and our
findings that microbial diversity is lost in the presence of a larva.

In our study, more bacterial orders contribute to the total
bacterial diversity of pollen provisions, compared with other
studies. Nevertheless, several bacterial groups were
underrepresented compared with other studies of Osmia (Keller
et al., 2013; Lozo et al., 2015; McFrederick et al., 2017; Rothman
et al, 2019; Vuong and McFrederick, 2019). Specifically,
Acinetobacter (a common flower bacteria), reported in Osmia
(Keller et al,, 2013; Cohen et al., 2020), was generally absent in our
experimental samples. Such differences could arise from biological
differences of species of bees and their microbes as well as in their
pollen provisions. Similarly, Lactobacillus a common microbial
member in bee nest environments and adult bees was minimal in
O. cornifrons when compared with microbial studies of other
Osmia and other Megachilidae (McFrederick et al., 2017; Vuong
and McFrederick, 2019; Voulgari-Kokota et al., 2019¢). The lack
of a dominant Lactobacillus and the more specifically
Apilactobacillus is curious, and perhaps calls into question the
generality of this bee-microbe association across diverse groups of
solitary bees. Likewise, bacterial genera Bartonella and Bacillus
which include both symbionts and generalist pathogens (Bulla
etal., 1975; Gilliam, 1997; Segers et al., 2017), found frequently in
both social and solitary bees (Engel et al., 2012; Keller et al., 2013;
Lozo et al.,, 2015), were absent in O. cornifrons.

Conversely, many bacterial taxa found in our experimental
analysis of O. cornifrons are absent from published studies of
Osmia or related Megachilidae. However, there is limited utility in
reporting all bacterial taxa not identified elsewhere, and rather,
we emphasize that the diversity of O. cornifrons is robust, and
potential plant pathogens make up a substantial proportion of the
bacterial composition in pollen provisions. This is particularly
evident in the presence of a feeding larva, a result not highlighted
elsewhere. While we have yet to determine the consequences of
these microbes on larval development or the transmission of these
taxa back to plants in the spring, we provide a synthesis of the
relevant taxa below.

Bacterial diversity assessment of Osmia
cornifrons brood cells

We compared both the richness and the composition of the
bacterial community for pollen with larvae, pollen without larvae
and of larvae only (Supplementary Figures 2A,B). We found
significant differences in the richness and composition across
these groups of samples and all pairwise comparisons. These
results suggest that larvae feeding on pollen significantly reduce
the richness of bacteria in the pollen provisions. The nearly 2-fold
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reduction in bacterial richness between pollen with and without
larvae, compared to the richness found in the larval samples
themselves, suggests that larvae are not taking up and maintaining
pollen bacteria in their gut indiscriminately. Rather, only a portion
of the total bacterial diversity is detected in their gut. While it is
possible that O. cornifrons gains little from the microbial
environment of the brood cell, existing evidence from a congeneric
species suggests that most bacterial taxa are consumed and
microbe-derived amino acids and lipids are detectible at high
levels in the musculature and fat body of adult bees (Dharampal
et al., 2020). Due to the way larvae feed, consuming nearly all
pollen in the stored pollen provisions, it is unlikely that they are
Rather,
we hypothesize that (1) rare taxa are lost during metabolism, (2)

selectively feeding on certain microbial taxa.
that their gut is selective against nearly all microbes and only the
dominant bacterial taxa are recovered, and/or, (3) the chemistry
of the larval gut selects against certain bacterial taxa, favoring
others. When we compared the species richness of pollen with and
without larvae, and larvae only through our experiment we also
see evidence that larvae exert a selective force on the pollen
microbiome. This may occur due to selection against microbes
caused by larvae, perhaps through secretions, or because some
bacterial taxa are able to replicate in this mini-ecosystem and
other are not. Reduced pollen mass through feeding may also
haphazardly remove rare microbes, but this is likely insufficient to
fully explain the decrease in pollen bacterial diversity, as sufficient
pollen material was recovered at all time points, and we presume
the distribution of bacterial diversity in the pollen mass is
generally homogeneous. Taken together, we found that the
bacterial richness of larvae only and pollen with larvae are
significantly reduced through time. This was not the case with
pollen provisions incubated without larvae, which remained
unchanged over time.

Pollen with and without larvae at each
time point

To better understand the influence of developing larvae on the
microbiome of pollen provisions, we utilized direct comparisons
of pollen with and without larvae through time. We found a
significant reduction in the bacterial richness of pollen with
larvae, compared to pollen without larvae by day 9 and, while still
declining through day 15, the difference between day 9 and 15 was
non-significant. This suggests that the larval effect on the bacterial
diversity of pollen is minimal at first but is substantial by day 9. It
also suggests that the reduction in pollen bacterial diversity, driven
by larval development is bounded, and that at least 1/3rd of the
bacterial diversity is resilient and can withstand the impact of
larval feeding. Similarly, we found a moderately significant
reduction in the evenness of the bacterial community of pollen
with feeding larvae, compared to pollen without larvae by day 9.
A decline in evenness implies that some bacterial taxa are
becoming increasingly common, and we observe that the diverse
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rare taxa are declining or disappearing; a result supported by our
comparisons of bacterial richness in pollen provisions with and
without larvae. We find that bacterial composition (weighted
UniFrac) shows only a marginally significant difference between
pollen with and without larvae by day 15. Taken together the
bacterial composition of pollen with larvae appears to
be increasingly differentiating from that of pollen without larvae
over time, but the largest shifts occur around the mid-point of
larval development.

Taxonomic differences between pollen
with and without larvae

We combined samples of pollen with and without larvae by
day 9 and 15 to increase our ability to detect differences in the
bacterial community composition in the presence and absence of
feeding larvae. Utilizing this more robust approach, we detected 16
taxa that are significantly differentiated (Supplementary Figure 6A),
and only three taxa that were enhanced. Thus, the presence of
larvae does not enhance very many microbes, in fact only two taxa
strongly benefit from larval presence. One of these, the genus
Cutibacterium (known anaerobic bacteria), likely colonizes the
larvae itself, and the other, the genus Massilia (an aerobic bacteria
previously found to be plant associated Ofek et al., 2012), may
increase as the result of reduced competition within the pollen
microbiome. The differential abundance of microbial species
reflects the central finding of our experiment—larvae are selecting
against diverse groups of bacteria, many of which are rare to begin
with. This would explain why individual taxa are not significantly
differentiated, but the sum of these reduced taxa is significantly
driving the bacterial diversity between these two sample types. To
further illustrate this effect, we plotted the families of bacteria that
are nonsignificantly (p =0.5) differentiated between pollen with
and without larvae (Supplementary Figure 5). Indeed, most
bacterial families are reduced in the presence of a larva, while
comparatively few are increasing.

Composition assessment of pollen with
and without larvae, and larvae only

We examined the taxonomic composition of bacteria in
pollen provisions with and without larvae and larvae only to
compare the dominant 12 bacterial taxa found across all sample
types. Here, we observed similar taxonomic structure of pollen
with larvae and larvae only, and we did not observe several
dominant taxa shared by these two groups in pollen without
larvae. Specifically, we do not find bacteria in the genera
Exiguobacterium and Comamonadaceae to be dominant in pollen
alone. These results suggest that the influence of larval feeding is
observable both inside and outside the larva. In larvae only,
we observe little to no change in the taxonomic composition of
bacteria across sampling days, except for a modest reduction in
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the proportional abundance in the genus Sodalis, which is a
common insect endosymbiont (see below; Dale et al., 2001; Chari
etal,, 2015). Additionally, bacteria in the genus Cutibacterium are
only found in the larvae, and the isolated nature of Cutibacterium
suggests that this bacterium is utilizing the host itself. Conversely,
bacteria in the genus Massilia are only found in the pollen and do
not appear to persist in the larvae.

In pollen without larvae, we again saw a relatively modest
difference in composition across sampling days and a slight
reduction in the proportional abundance of Sodalis. This reduction
in the proportional abundance of Sodalis, as well as its presence in
all sample types, suggests that it was specifically introduced by the
adult mother at the time of pollen provisioning. We detected 20
unique sequences of Sodalis. When we blast the most abundant
sequences, we detected sequences closely related to several
endosymbionts of insects including an endosymbiont of a chestnut
weevil (Curculio sikkimensis; Higaki, 2005), an endosymbiont of a
parasitic wasp (Spalangia cameroni; Betelman et al., 2017), an
endosymbiont of a neotropical mealybug (Puto barberi;
Szklarzewicz et al., 2018), and endosymbionts of stinkbugs
(Nezara antennata and Piezodorus hybneri; Hosokawa et al., 2015,
2016). The specificity of Sodalis in solitary bees is currently
unknown, and future work may uncover strains of Sodalis to
be bee specific or even bee species specific. Furthermore, the near
complete absence of Wolbachia, a common insect endosymbiont,
may suggest potential within-host competition occurs between
the two genera.

One notable difference in pollen without larvae is the constant
presence of Erwinia (a common plant associate and pathogen).
Erwinia is a genus within the bacterial family Enterobacteriaceae
and is generally the sole genus within the family found to
be commonly associated with Megachilidae (Voulgari-Kokota
et al., 2019b). This group of bacteria may be suppressed by the
presence of the larvae, which may aid in preserving the pollen
provision. Alternatively, or perhaps in concert with the timing of
developing larvae, Erwinia may be degrading pollen, thus
providing additional or accelerated nutritional value to pollen, a
process has been documented for several pollen and flower
associated bacteria (Christensen et al., 2021).

By contrast, in pollen with larvae, we see a dramatic increase
in the proportional abundance of bacteria in the genera Ralstonia
and Pantoea, and a decrease in Sodalis. Most other dominant taxa
in pollen with larvae remain relatively stable. The proportional
increase in Ralstonia, and, to a lesser degree Pantoea, appears to
result from the significant decrease in non-dominant bacterial
taxa, especially in the presence of larvae.

Plant pathogens in the pollen
microbiome

Our analysis of the pollen microbiome of Osmia cornifrons

revealed the presence of bacterial sequences that match closely to
diverse plant pathogens. These presumed pathogens make up a
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substantial portion of the total bacterial sequences in pollen
provisions, and are much higher in their proportional abundance
when compared with related bee species (Keller et al., 2013;
McFrederick et al., 2014; Lozo et al., 2015; Voulgari-Kokota et al.,
2019a,b; Dharampal et al., 2020). In our study, we identify 17
unique sequences matching to bacteria in the genus Erwinia, 443
matching to the genus Pantoea, 68 matching to the genus
Ralstonia, and 240 matching to the genera Pseudomonas. To
improve our understanding of pollen-associated bacterial
sequences that match plant pathogenic bacterial genera, we blasted
the dominant representative sequences from Erwinia, Pantoea,
Pseudomonas, and Ralstonia. In doing so, we uncovered sequence
matches to previously studied isolates of plant pathogens.
We provide a summary for the top five most abundant sequences
of each genus known to contain plant pathogens in
Supplementary Table 1.

Several of the potential pathogens identified in our study
have been reported in other studies of Osmia and related bees.
Most notably, Pantoea agglomerans (a pathogen of pome fruit
including apples, pears, nashi, and quince), and a causal agent
in fire blight was a dominant species in O. cornuta pollen
provisions (Lozo et al., 2015). Additionally, Pantoea more
generally was also detected in previous studies of O. bicornis,
O. lignaria, O. ribifloris, and Megachile rotundata (Keller et al.,
2013; Rothman et al., 2019, 2020). Erwinia, was also found
separately in association with Osmia lignaria (Cohen et al.,
2020), as well as a small carpenter bee, Ceratina calcarata
(McFrederick and Rehan, 2016; Dew et al., 2020). Ralstonia was
present in O. lignaria, O. ribifloris (Rothman et al., 2020), and
Osmia bicornis (Mohr and Tebbe, 2006) as well as Megachile
rotundata (Rothman et al., 2019). Pseudomonas was present in
Osmia bicornis (Keller et al., 2013) and in Megachile and Osmia
(McFrederick et al., 2017). Since Osmia cornifrons is native to
Japan, novel pathogenic bacterial associations are likely to exist,
and may have been co-introduced into the new range of Osmia
cornifrons (Hedtke et al., 2015). Indeed, O. cornifrons has
already been implicated in the introduction of Ascosphaera
naganensis a fungal pathogen of bees that may contribute to
declines in related native species (Hedtke et al., 2015; LeCroy
et al.,, 2020).

The discovery of diverse putative plant pathogens
accumulating in pollen provisions is intriguing, as the ability
of solitary bees to transmit pathogens of plants in orchards
and in natural environments represents a substantial
knowledge gap. Additionally, how plant pathogens may
function in both detrimental or beneficial ways for bees within
pollen provisions, and how bees may act in both detrimental
and beneficial ways for pathogen transmission dynamics in
the spring, are understudied areas. While we currently lack
data to test these interactions, we offer several hypotheses.
First, plant pathogens may help facilitate pollen degradation
that could improve nutritional quality of pollen for feeding
larvae. Indeed, experimental evidence of bacteria acting like
an external rumen, pre-digesting and enhancing the
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nutritional quality of pollen for O. ribifloris was laid out in
Steffan et al. (2019) and Dharampal et al. (2019, 2020), and
bacterial induced germination of pollen was further detailed
by Christensen et al. (2021). It is, therefore, reasonable to
assume that a similar mechanism may be at work in
O. cornifrons, and probable that these plant pathogens could
possess enzymes or metabolites that may help liberate
nutrients from pollen grains. Second, acquisition of potential
plant pathogens by O. cornifrons may simultaneously serve as
a sink and/or a source for plant pathogen transmission. By
collecting plant pathogens and storing them within brood
cells, O. cornifrons may alter transmission dynamics among
plants—a hypothesis also explored in Megachile rotundata
(Rothman et al., 2019). If these microbes are sequestered,
consumed, or do not survive or replicate, pathogen burden of
plants may be reduced. If however, O. cornifrons emerges from
their brood cells and carries spores or live cells (perhaps by
climbing through infected brood cells) in contact with plants,
they may be in part responsible for re-establishing
transmission dynamics in the spring. It is conceivable that
both processes may be taking place and should be considered
when assessing the microbial diversity of pollen provisions in
solitary bees. A discussion of horizontal transmission of
microbes that occur at flowers and subsequent microbial
filtering that may influence Osmia pollen bacterial diversity
can be found in the Supplementary materials.

Conclusion

Solitary bees are important pollinators of agricultural
crops and diverse flowering plants in natural landscapes.
Unlike many floral visitors (flies, moths, and beetles), solitary
bees collect and store pollen and nectar as food for their
developing offspring. Our experimental design sought to
uncover the direct effects of larval feeding on the pollen
bacterial community of one solitary bee species, Osmia
cornifrons that may be representative of bee species in the
larger bee family Megachilidae. We find that the bacterial
community of developing larvae are relatively stable over the
course of larval development, and that the larval microbiome
consists of a subset of the dominant bacterial taxa found
initially in the pollen provisions. Our results confirm that
contact with developing larvae results in a dramatic decrease
in bacterial richness of the pollen provision, a decrease in
microbial evenness of the pollen provision, and shift in the
bacterial composition. These changes in bacterial diversity
through larval development are likely the result of selection
against the rare bacteria in the system. Indeed, there appear to
be very few microbes that benefit from close association with
a developing larva and many bacterial taxa are lost along the
way. Thus, it does not appear that larval Osmia cornifrons
their
development, however larvae may benefit from bacteria as a

utilize specific bacteria internally to support
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source of nutrition, either directly or indirectly through
degradation of pollen. Lastly, bee-microbial interactions likely
confer substantial implications for plant pathogen propagation,
and still unknown are the feedback mechanisms and reciprocal
consequences of plant pathogen propagation for bee health,
development and ultimately bee conservation.

Data availability statement

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories and
accession number(s) can be found below: NCBI BioProject:
PRJNA893014.

Author contributions

All authors listed have made a substantial, direct, and
intellectual contribution to the work and approved it
for publication.

Funding

This project was supported by USDA NIFA (2018-08601) and
NSF (NSE-DEB 1929499).

References

Anderson, K. E., Carroll, M. ], Sheehan, T. I. M., Mott, B. M., Maes, P, and
Corby-Harris, V. (2014). Hive-stored pollen of honey bees: many lines of evidence
are consistent with pollen preservation, not nutrient conversion. Mol. Ecol. 23,
5904-5917. doi: 10.1111/mec.12966

Beckers, B., Op De Beeck, M., Thijs, S., Truyens, S., Weyens, N., Boerjan, W,, et al.
(2016). Performance of 16s rDNA primer pairs in the study of rhizosphere and
endosphere bacterial microbiomes in metabarcoding studies. Front. Microbiol.
7:650. doi: 10.3389/fmicb.2016.00650

Benjamini, Y., and Hochberg, Y. (1995). Controlling the false discovery rate: a practical
and powerful approach to multiple testing. J. R. Stat. Soc. Ser. B Methodol. 57, 289-300.

Betelman, K., Caspi-Fluger, A., Shamir, M., and Chiel, E. (2017). Identification
and characterization of bacterial symbionts in three species of filth fly parasitoids.
FEMS Microbiol. Ecol. 93. doi: 10.1093/femsec/fix107

Biani, N. B., Mueller, U. G., and Wcislo, W. T. (2009). Cleaner mites: sanitary
mutualism in the miniature ecosystem of neotropical bee nests. Am. Nat. 173,
841-847. doi: 10.1086/598497

Bokulich, N. A, Kaehler, B. D., Rideout, J. R., Dillon, M., Bolyen, E., Knight, R.,
et al. (2018). Optimizing taxonomic classification of marker-gene amplicon
sequences with QIIME 2’s q2-feature-classifier plugin. Microbiome 6, 1-17. doi:
10.1186/540168-018-0470-z

Bolyen, E., Rideout, J. R., Dillon, M. R., Bokulich, N. A., Abnet, C. C,
Al-Ghalith, G. A, et al. (2019). Reproducible, interactive, scalable and extensible
microbiome data science using QIIME 2. Nat. Biotechnol. 37, 852-857. doi: 10.1038/
s41587-019-0209-9

Bulla, L. A. Jr,, Rhodes, R. A., and St. Julian, G. (1975). Bacteria as insect
pathogens. Annu. Rev. Microbiol. 29, 163-190. doi: 10.1146/annurev.mi.29.100175.
001115

Callahan, B. J., McMurdie, P. J., Rosen, M. J., Han, A. W, Johnson, A. J. A., and
Holmes, S. P. (2016). DADA2: high-resolution sample inference from Illumina
amplicon data. Nat. Methods 13, 581-583. doi: 10.1038/nmeth.3869

Frontiers in Microbiology

12

10.3389/fmicb.2022.1057626

Acknowledgments

We would like to thank Corrie Moreau for use of Bead beater
and John Sanderson and Corrie for hosting Osmia nest boxes.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fmicb.2022.1057626/

full#supplementary-material

Cane, J. H. (1983). Chemical evolution and chemosystematics of the Dufour’s
gland secretions of the lactone-producing bees (hymenoptera: Colletidae,
Halictidae, and Oxaeidae). Evolution, 657-674.

Chari, A., Oakeson, K. E, Enomoto, S., Jackson, D. G., Fisher, M. A., and Dale, C.
(2015). Phenotypic characterization of Sodalis praecaptivus sp. nov., a close non-insect-
associated member of the Sodalis-allied lineage of insect endosymbionts. Int. J. Syst. Evol.
Microbiol. 65, 1400-1405. doi: 10.1099/ijs.0.000091

Christensen, S. M., Munkres, 1., and Vannette, R. L. (2021). Nectar bacteria
stimulate pollen germination and bursting to enhance microbial fitness. Curr. Biol.
31, 4373-4380.€6. doi: 10.1016/j.cub.2021.07.016

Cohen, H., McFrederick, Q. S., and Philpott, S. M. (2020). Environment shapes
the microbiome of the blue orchard bee, Osmia lignaria. Microb. Ecol. 80, 897-907.
doi: 10.1007/s00248-020-01549-y

Dale, C,, Young, S. A., Haydon, D. T., and Welburn, S. C. (2001). The insect
endosymbiont Sodalis glossinidius utilizes a type III secretion system for cell
invasion. Proc. Natl. Acad. Sci. 98, 1883-1888. doi: 10.1073/pnas.98.4.1883

Dew, R. M., McFrederick, Q. S., and Rehan, S. M. (2020). Diverse diets with

consistent core microbiome in wild bee pollen provisions. Insects 11:499. doi:
10.3390/insects11080499

Dharampal, P. S., Carlson, C., Currie, C. R,, and Steffan, S. A. (2019). Pollen-borne
microbes shape bee fitness. Proc. R. Soc. B 286:20182894. doi: 10.1098/rspb.
2018.2894

Dharampal, P. S., Hetherington, M. C., and Steffan, S. A. (2020). Microbes make
the meal: Oligolectic bees require microbes within their host pollen to thrive. Ecolog.
Entomol. 45, 1418-1427. doi: 10.1111/een.12926

Ebeling, J., Knispel, H., Hertlein, G., Fiinthaus, A., and Genersch, E. (2016).
Biology of Paenibacillus larvae, a deadly pathogen of honey bee larvae. Appl.
Microbiol. Biotechnol. 100, 7387-7395. doi: 10.1007/s00253-016-7716-0

Engel, P, Kwong, W. K., McFrederick, Q., Anderson, K. E., Barribeau, S. M.,
Chandler, J. A, et al. (2016). The bee microbiome: impact on bee health and model

frontiersin.org


https://doi.org/10.3389/fmicb.2022.1057626
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://www.frontiersin.org/articles/10.3389/fmicb.2022.1057626/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmicb.2022.1057626/full#supplementary-material
https://doi.org/10.1111/mec.12966
https://doi.org/10.3389/fmicb.2016.00650
https://doi.org/10.1093/femsec/fix107
https://doi.org/10.1086/598497
https://doi.org/10.1186/s40168-018-0470-z
https://doi.org/10.1038/s41587-019-0209-9
https://doi.org/10.1038/s41587-019-0209-9
https://doi.org/10.1146/annurev.mi.29.100175.001115
https://doi.org/10.1146/annurev.mi.29.100175.001115
https://doi.org/10.1038/nmeth.3869
https://doi.org/10.1099/ijs.0.000091
https://doi.org/10.1016/j.cub.2021.07.016
https://doi.org/10.1007/s00248-020-01549-y
https://doi.org/10.1073/pnas.98.4.1883
https://doi.org/10.3390/insects11080499
https://doi.org/10.1098/rspb.2018.2894
https://doi.org/10.1098/rspb.2018.2894
https://doi.org/10.1111/een.12926
https://doi.org/10.1007/s00253-016-7716-0

Kueneman et al.

for evolution and ecology of host-microbe interactions. MBio 7, €02164-e02175.
doi: 10.1128/mBi0.02164-15

Engel, P, Martinson, V. G., and Moran, N. A. (2012). Functional diversity within
the simple gut microbiota of the honey bee. Proc. Natl. Acad. Sci. 109, 11002-11007.
doi: 10.1073/pnas.1202970109

Frison, E. A., Cherfas, J., and Hodgkin, T. (2011). Agricultural biodiversity is
essential for a sustainable improvement in food and nutrition security. Sustain. For.
3,238-253. doi: 10.3390/5u3010238

Galimberti, A., De Mattia, F, Bruni, I, Scaccabarozzi, D., Sandionigi, A.,
Barbuto, M., et al. (2014). A DNA barcoding approach to characterize pollen
collected by honeybees. PLoS One 9:¢109363. doi: 10.1371/journal.pone.0109363

Gilliam, M. (1979a). Microbiology of pollen and bee bread: the genus bacillus.
Apidologie 10, 269-274. doi: 10.1051/apido:19790304

Gilliam, M. (1979b). Microbiology of pollen and bee bread: the yeasts. Apidologie
10, 43-53. doi: 10.1051/apido:19790106

Gilliam, M. (1997). Identification and roles of non-pathogenic microflora
associated with honey bees. FEMS Microbiol. Lett. 155, 1-10. doi: 10.1016/
$0378-1097(97)00337-6

Gilliam, M., Prest, D. B., and Lorenz, B. J. (1989). Microbiology of pollen and bee
bread: taxonomy and enzymology of molds. Apidologie 20, 53-68. doi: 10.1051/
apido:19890106

Gilliam, M., Roubik, D. W,, and Lorenz, B. J. (1990). Microorganisms associated
with pollen, honey, and brood provisions in the nest of a stingless bee, Melipona
fasciata. Apidologie 21, 89-97. doi: 10.1051/apid0:19900201

Hedtke, S. M., Blitzer, E. J., Montgomery, G. A., and Danforth, B. N. (2015).
Introduction of non-native pollinators can lead to trans-continental movement
of bee-associated fungi. PLoS One 10:€0130560. doi: 10.1371/journal.
pone.0130560

Higaki, M. (2005). Effect of temperature on the termination of prolonged larval
diapause in the chestnut weevil Curculio sikkimensis (Coleoptera: Curculionidae).
J. Insect Physiol. 51, 1352-1358. doi: 10.1016/j.jinsphys.2005.08.006

Hosokawa, T., Kaiwa, N., Matsuura, Y., Kikuchi, Y., and Fukatsu, T. (2015).
Infection prevalence of Sodalis symbionts among stinkbugs. Zoolog. Lett. 1:5. doi:
10.1186/540851-014-0009-5

Hosokawa, T., Matsuura, Y., Kikuchi, Y., and Fukatsu, T. (2016). Recurrent
evolution of gut symbiotic bacteria in pentatomid stinkbugs. Zoolog. Lett. 2, 24-29.
doi: 10.1186/540851-016-0061-4

Kaltenpoth, M., and Engl, T. (2014). Defensive microbial symbionts in
hymenoptera. Funct. Ecol. 28, 315-327. doi: 10.1111/1365-2435.12089

Kapheim, K. M., Johnson, M. M., and Jolley, M. (2021). Composition and
acquisition of the microbiome in solitary, ground-nesting alkali bees. Sci. Rep. 11,
2993-2911. doi: 10.1038/s41598-021-82573-x

Keller, A., Grimmer, G., and Steffan-Dewenter, 1. (2013). Diverse microbiota
identified in whole intact nest chambers of the red mason bee Osmia bicornis
(Linnaeus 1758). PLoS One 8:78296. doi: 10.1371/journal.pone.0078296

Keller, A., McFrederick, Q. S., Dharampal, P, Steffan, S., Danforth, B. N., and
Leonhardt, S. D. (2021). Hitchhikers through the network: the shared microbiome
of bees and flowers. Curr. Opin. Insect Sci. 44, 8-15. doi: 10.1016/j.cois.2020.09.007

Koch, H., and Schmid-Hempel, P. (2011). Socially transmitted gut microbiota
protect bumble bees against an intestinal parasite. Proc. Natl. Acad. Sci. 108,
19288-19292. doi: 10.1073/pnas.1110474108

Kruskal, W. H., and Wallis, W. A. (1952). Use of ranks in one-criterion variance
analysis. J. Am. Stat. Assoc. 47, 583-621. doi: 10.1080/01621459.1952.10483441

Kwong, W. K., and Moran, N. A. (2015). Evolution of host specialization in gut
microbes: the bee gut as a model. Gut Microbes 6, 214-220. doi:
10.1080/19490976.2015.1047129

Kwong, W. K., and Moran, N. A. (2016). Gut microbial communities of social
bees. Nat. Rev. Microbiol. 14, 374-384. doi: 10.1038/nrmicro.2016.43

LeCroy, K. A., Savoy-Burke, G., Carr, D. E., and Delaney, D. A. (2020). Decline of
six native mason bee species following the arrival of an exotic congener. Sci. Rep. 10,
18745-18749. doi: 10.1038/s41598-020-75566-9

Lozo, J., Beri¢, T., Terzi¢-Vidojevi¢, A., Stankovi¢, S., Fira, D., and Stanisavljevic, L.
(2015). Microbiota associated with pollen, bee bread, larvae and adults of solitary
bee Osmia cornuta (hymenoptera: Megachilidae). Bull. Entomol. Res. 105, 470-476.
doi: 10.1017/S0007485315000292

Lozupone, C. A., Hamady, M., Kelley, S. T., and Knight, R. (2007). Quantitative
and qualitative? Diversity measures lead to different insights into factors that
structure microbial communities. Appl. Environ. Microbiol. 73, 1576-1585. doi:
10.1128/AEM.01996-06

Lozupone, C., and Knight, R. (2005). UniFrac: a new phylogenetic method for
comparing microbial communities. Appl. Environ. Microbiol. 71, 8228-8235. doi:
10.1128/AEM.71.12.8228-8235.2005

Frontiers in Microbiology

13

10.3389/fmicb.2022.1057626

Mattila, H. R, Rios, D., Walker-Sperling, V. E., Roeselers, G., and Newton, I. L.
(2012). Characterization of the active microbiotas associated with honey bees
reveals healthier and broader communities when colonies are genetically diverse.
PLoS One 7:¢32962. doi: 10.1371/journal.pone.0032962

McFrederick, Q. S., Mueller, U. G., and James, R. R. (2014). Interactions between
fungi and bacteria influence microbial community structure in the Megachile
rotundata larval gut. Proc. R. Soc. B Biol. Sci. 281:20132653. doi: 10.1098/
rspb.2013.2653

McFrederick, Q. S., and Rehan, S. M. (2016). Characterization of pollen and
bacterial community composition in brood provisions of a small carpenter bee. Mol.
Ecol. 25,2302-2311. doi: 10.1111/mec.13608

McFrederick, Q. S., Thomas, J. M., Neff, J. L., Vuong, H. Q., Russell, K. A,,
Hale, A. R,, et al. (2017). Flowers and wild megachilid bees share microbes. Microb.
Ecol. 73, 188-200. doi: 10.1007/s00248-016-0838-1

Menezes, C., Vollet-Neto, A., Marsaioli, A. J., Zampieri, D., Fontoura, I. C,,
Luchessi, A. D., et al. (2015). A Brazilian social bee must cultivate fungus to survive.
Curr. Biol. 25, 2851-2855. doi: 10.1016/j.cub.2015.09.028

Mobhr, K. L, and Tebbe, C. C. (2006). Diversity and phylotype consistency of
bacteria in the guts of three bee species (Apoidea) at an oilseed rape field. Environ.
Microbiol. 8, 258-272. doi: 10.1111/j.1462-2920.2005.00893 .x

Morton, J. T., Marotz, C., Washburne, A., Silverman, J., Zaramela, L. S.,
Edlund, A., et al. (2019). Establishing microbial composition measurement
standards with reference frames. Nat. Commun. 10, 1-11. doi: 10.1038/
s41467-019-10656-5

Ofek, M., Hadar, Y., and Minz, D. (2012). Ecology of root colonizing Massilia
(Oxalobacteraceae). PLoS One 7:¢40117. doi: 10.1371/journal.pone.0040117

Pimentel, M. R., Antonini, Y., Martins, R. P, Lachance, M.-A., and Rosa, C. A.
(2005). Candida riodocensis and Candida cellae, two new yeast species from the
Starmerella clade associated with solitary bees in the Atlantic rain forest of Brazil.
FEMS Yeast Res. 5, 875-879. doi: 10.1016/j.femsyr.2005.03.006

Pitts-Singer, T. L. (2004). Examination of ‘pollen balls’ in nests of the alfalfa
leafcutting bee, Megachile rotundata. /. Apic. Res. 43, 40-46. doi: 10.1080/00218839.
2004.11101108

R Core Team (2021). R: a language and environment for statistical computing.

Raymann, K., and Moran, N. A. (2018). The role of the gut microbiome in health
and disease of adult honey bee workers. Curr. Opin. Insect Sci. 26, 97-104. doi:
10.1016/j.c0is.2018.02.012

Raymann, K., Shaffer, Z., and Moran, N. A. (2017). Antibiotic exposure perturbs
the gut microbiota and elevates mortality in honeybees. PLoS Biol. 15:€2001861. doi:
10.1371/journal.pbio.2001861

Rosa, C. A., Lachance, M.-A.,, Silva, J. O., Teixeira, A. C. P,, Marini, M. M.,
Antonini, Y,, et al. (2003). Yeast communities associated with stingless bees. FEMS
Yeast Res. 4, 271-275. doi: 10.1016/S1567-1356(03)00173-9

Rothman, J. A., Andrikopoulos, C., Cox-Foster, D., and McFrederick, Q. S. (2019).
Floral and foliar source affect the bee nest microbial community. Microb. Ecol. 78,
506-516. doi: 10.1007/s00248-018-1300-3

Rothman, J. A., Cox-Foster, D. L., Andrikopoulos, C., and McFrederick, Q. S.
(2020). Diet breadth affects bacterial identity but not diversity in the pollen
provisions of closely related Polylectic and Oligolectic bees. Insects 11:645. doi:
10.3390/insects11090645

Rutkowski, D., Litsey, E., Maalouf, I., and Vannette, R.L. (2021). Bee-associated
fungi mediate effects of fungicides on bumble bees. bioRxiv. doi: 10.1101/2021.
09.06.459164

Segers, E H., Ke$nerova, L., Kosoy, M., and Engel, P. (2017). Genomic changes
associated with the evolutionary transition of an insect gut symbiont into a blood-
borne pathogen. ISME J. 11, 1232-1244. doi: 10.1038/ismej.2016.201

Steffan, S. A., Dharampal, P. S., Danforth, B. N., Gaines-Day, H. R,
Takizawa, Y., and Chikaraishi, Y. (2019). Omnivory in bees: elevated trophic
positions among all major bee families. Am. Nat. 194, 414-421. doi:
10.1086/704281

Steffan, S. A., Dharampal, P. S., Diaz-Garcia, L., Currie, C. R., Zalapa, ., and
Hittinger, C. T. (2017). Empirical, metagenomic, and computational techniques
illuminate the mechanisms by which fungicides compromise bee health. JoVE. 127:
e54631. doi: 10.3791/54631

Szklarzewicz, T., Kalandyk-Kotodziejczyk, M., Michalik, K., Jankowska, W., and
Michalik, A. (2018). Symbiotic microorganisms in Puto superbus (Leonardi, 1907)
(Insecta, Hemiptera, Coccomorpha: Putoidae). Protoplasma 255, 129-138. doi:
10.1007/s00709-017-1135-7

Thijs, S., Op De Beeck, M., Beckers, B., Truyens, S., Stevens, V., Van Hamme, J. D.,
et al. (2017). Comparative evaluation of four bacteria-specific primer pairs for 16S
rRNA gene surveys. Front. Microbiol. 8:494. doi: 10.3389/fmicb.2017.00494

Vanbergen, A. ], and Initiative, T. I. P. (2013). Threats to an ecosystem service:
pressures on pollinators. Front. Ecol. Environ. 11, 251-259. doi: 10.1890/120126

frontiersin.org


https://doi.org/10.3389/fmicb.2022.1057626
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.1128/mBio.02164-15
https://doi.org/10.1073/pnas.1202970109
https://doi.org/10.3390/su3010238
https://doi.org/10.1371/journal.pone.0109363
https://doi.org/10.1051/apido:19790304
https://doi.org/10.1051/apido:19790106
https://doi.org/10.1016/S0378-1097(97)00337-6
https://doi.org/10.1016/S0378-1097(97)00337-6
https://doi.org/10.1051/apido:19890106
https://doi.org/10.1051/apido:19890106
https://doi.org/10.1051/apido:19900201
https://doi.org/10.1371/journal.pone.0130560
https://doi.org/10.1371/journal.pone.0130560
https://doi.org/10.1016/j.jinsphys.2005.08.006
https://doi.org/10.1186/s40851-014-0009-5
https://doi.org/10.1186/s40851-016-0061-4
https://doi.org/10.1111/1365-2435.12089
https://doi.org/10.1038/s41598-021-82573-x
https://doi.org/10.1371/journal.pone.0078296
https://doi.org/10.1016/j.cois.2020.09.007
https://doi.org/10.1073/pnas.1110474108
https://doi.org/10.1080/01621459.1952.10483441
https://doi.org/10.1080/19490976.2015.1047129
https://doi.org/10.1038/nrmicro.2016.43
https://doi.org/10.1038/s41598-020-75566-9
https://doi.org/10.1017/S0007485315000292
https://doi.org/10.1128/AEM.01996-06
https://doi.org/10.1128/AEM.71.12.8228-8235.2005
https://doi.org/10.1371/journal.pone.0032962
https://doi.org/10.1098/rspb.2013.2653
https://doi.org/10.1098/rspb.2013.2653
https://doi.org/10.1111/mec.13608
https://doi.org/10.1007/s00248-016-0838-1
https://doi.org/10.1016/j.cub.2015.09.028
https://doi.org/10.1111/j.1462-2920.2005.00893.x
https://doi.org/10.1038/s41467-019-10656-5
https://doi.org/10.1038/s41467-019-10656-5
https://doi.org/10.1371/journal.pone.0040117
https://doi.org/10.1016/j.femsyr.2005.03.006
https://doi.org/10.1080/00218839.2004.11101108
https://doi.org/10.1080/00218839.2004.11101108
https://doi.org/10.1016/j.cois.2018.02.012
https://doi.org/10.1371/journal.pbio.2001861
https://doi.org/10.1016/S1567-1356(03)00173-9
https://doi.org/10.1007/s00248-018-1300-3
https://doi.org/10.3390/insects11090645
https://doi.org/10.1101/2021.09.06.459164
https://doi.org/10.1101/2021.09.06.459164
https://doi.org/10.1038/ismej.2016.201
https://doi.org/10.1086/704281
https://doi.org/10.3791/54631
https://doi.org/10.1007/s00709-017-1135-7
https://doi.org/10.3389/fmicb.2017.00494
https://doi.org/10.1890/120126

Kueneman et al.

Vannette, R. L. (2020). The floral microbiome: plant, pollinator, and microbial
perspectives. Annu. Rev. Ecol. Evol. Syst. 51, 363-386. doi: 10.1146/annurev-
ecolsys-011720-013401

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

Voulgari-Kokota, A., Ankenbrand, M. J., Grimmer, G., Steffan-Dewenter, L., and
Keller, A. (2019a). Linking pollen foraging of megachilid bees to their nest bacterial
microbiota. Ecol. Evol. 9, 10788-10800. doi: 10.1002/ece3.5599

Frontiers in Microbiology

14

10.3389/fmicb.2022.1057626

Voulgari-Kokota, A., Grimmer, G., Steffan-Dewenter, L, and Keller, A. (2019b).
Bacterial community structure and succession in nests of two megachilid bee
genera. FEMS Microbiol. Ecol. 95:fiy218. doi: 10.1093/femsec/fiy218

Voulgari-Kokota, A., McFrederick, Q. S., Steffan-Dewenter, 1., and Keller, A.
(2019c¢). Drivers, diversity, and functions of the solitary-bee microbiota. Trends
Microbiol. 27, 1034-1044. doi: 10.1016/j.tim.2019.07.011

Vuong, H. Q,, and McFrederick, Q. S. (2019). Comparative genomics of wild bee
and flower isolated lactobacillus reveals potential adaptation to the bee host.
Genome Biol. Evol. 11, 2151-2161. doi: 10.1093/gbe/evz136

frontiersin.org


https://doi.org/10.3389/fmicb.2022.1057626
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.1146/annurev-ecolsys-011720-013401
https://doi.org/10.1146/annurev-ecolsys-011720-013401
https://doi.org/10.1098/rspb.2012.2601
https://doi.org/10.1002/ece3.5599
https://doi.org/10.1093/femsec/fiy218
https://doi.org/10.1016/j.tim.2019.07.011
https://doi.org/10.1093/gbe/evz136

	Solitary bee larvae modify bacterial diversity of pollen provisions in the stem-nesting bee, ﻿Osmia cornifrons﻿ (Megachilidae)
	Introduction
	Materials and methods
	Preparation for bee experimentation
	Bee sampling and processing
	DNA extraction
	Sequence processing
	Richness, evenness, and composition analyses
	Proportional abundance tables of pollen without larvae, pollen with larva, and larvae
	Differential abundance testing

	Results
	Research questions and objectives overview
	Richness and compositional assessment of brood cell bacterial diversity
	Composition assessment of pollen with and without larvae, and larvae only
	Pollen with and without larvae at each sampling day
	Taxonomic differences between pollen with and without larvae

	Discussion
	General overview
	A comparison of the bacterial diversity across ﻿Osmia﻿ species
	Bacterial taxa and diversity patterns of ﻿Osmia﻿ not found in ﻿Osmia cornifrons﻿
	Bacterial diversity assessment of ﻿Osmia cornifrons﻿ brood cells
	Pollen with and without larvae at each time point
	Taxonomic differences between pollen with and without larvae
	Composition assessment of pollen with and without larvae, and larvae only
	Plant pathogens in the pollen microbiome
	Conclusion

	Data availability statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note

	﻿References

