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Abstract

Background Pollen is a crucial source of nutrients and energy for pollinators. It also provides a unique habitat
and resource for microbiota. Previous research on the microbiome of pollen has largely focused on angiosperm
systems, with limited research into coniferous gymnosperms. This study characterises the pollen microbiome

and metabolome associated with one of the world’s most widely grown tree species, Pinus radiata. Trees were sam-
pled from locations across Canterbury, New Zealand. Repeated collections were undertaken in 2020 and 2021.

Results Metabolomic analysis revealed the main compounds present on P, radiata pollen to be amino acids (princi-
pally proline), and carbohydrates (fructose, glucose, and sucrose). Although phenolic compounds such as p-coumaric
acid and catechin, and terpenoids such as dehydroabietic acid, were present at low concentrations, their strong
bioactive natures mean they may be important in ecological filtering of microbiome communities on pollen. The

P radiata pollen microbiome was richer in fungal taxa compared with bacteria, which differs from many angiosperm
species. Geographic range and annual variation were evaluated as drivers of microbiome assembly. Neither sampling
location (geographic range) nor annual variation significantly influenced the fungal community which exhibited
remarkable conservation across samples. However, some bacterial taxa exhibited sensitivity to geographic distances

unique core members were unidentified at genus level.
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and yearly variations, suggesting a secondary role of these factors for some taxa. A core microbiome was identi-
fied in P, radiata pollen, characterized by a consistent presence of specific fungal and bacterial taxa across samples.
While the dominant phyla, Proteobacteria and Ascomycota, align with findings from other pollen microbiome studies,

Conclusion This tree species-specific microbiome assembly emphasizes the crucial role of the host plant in shap-
ing the pollen microbiome. These findings contribute to a deeper understanding of pollen microbiomes in gymno-
sperms, shedding light on the need to look further at their ecological and functional roles.

Background

It is well established that plants harbour a wide diver-
sity of microorganisms in the phyllosphere and other
above-and below-ground tissues [82]. Until recently,
however, the microbiome associated with plant
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reproductive organs has been largely overlooked. Yet
emerging research is showing that pollen, for example,
can be host to diverse communities of bacteria, fungi,
viruses, and other microbiota [54]. The discovery that
pollen has a microbiome has implications not only for
individual plants and their reproductive success [88], but
also complex, ecosystem-level outcomes [83].

Studies on the microbiome of pollen have largely
focussed on angiosperm systems (i.e. flowering plants)
and has been shown to impact ecosystems via influ-
ences on pollinator ecology [18]. For example, it has been
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posited that global decline in bees is linked to the use of
agricultural chemicals resulting in dysbiosis of the pol-
len microbiome that pollinators require and/or have an
immune defence against [88]. As pollen is a major dietary
resource for bee larvae, the microbial community on pol-
len is a major factor influencing the health and fitness of
these pollinator species [20]. Additionally, links between
pollen microbiome and human allergenicity are evident
[53]. Bacterial toxins can add to the load of allergens on
pollen with outcomes on human health [51, 59]. Thus,
from complex and idiosyncratic impacts on structure and
functioning of ecosystems through to public health, the
implications of the pollen microbiome are profoundly
impactful yet vastly understudied.

Pollen represents a vital transport shuttle for move-
ment of microorganisms onto and among plants, and
among tissues within individual plants. It facilitates dis-
persal of microorganisms within macro-ecosystems and
transmission across larger geographic ranges [75]. The
pollen microbiome is, of course, ideally situated for colo-
nisation of the ovule and seed after pollination [4]. This
supplies a direct path for vertical (paternal) microbiome
inheritance and coevolution with the host [58, 81, 84].
Similarly, this process provides a pathway for pathogens
or other symbionts to enter and impact plant organs
grown for productive purposes such as nuts and fruits
[11, 21]. Pollen can contain significant amounts of mono-
and oligo-saccharides (sugars), nitrogen, protein, micro-
nutrients such as K, S, Cu, Fe, Zn, and other metabolites
[16, 28]. During transport in the environment, this may
provide resources that sustain epiphytic microbial cells.
Conversely, other microorganisms actively parasitise pol-
len, utilising the material as a resource base per se, and
as a source of transported inoculum for decomposition
of litter and other debris within the wider ecosystem [36].

Forest plantations are an important source of ecosys-
tem services such as wood and fibre. The fast growth
rate of plantation forest trees enables them to supply of
35% of world’s wood supply while comprising only 5%
of global forest area [25]. Increases in demand for wood
and other services, including biofuel, food, and other for-
est bioproducts can come either at the expense of large
natural ecosystems or more intensively managed produc-
tive forests [26]. In order to grow the global bioeconomy,
increased utilisation of highly productive planted-forests
may not only provide raw carbon-neutral resources
but avoid biodiversity loss and other ecosystem impacts
associated with sourcing materials from natural (e.g. old
growth) forest systems.

Pinus spp. are extensively used in planted forests
globally [24]. When plantation forests are grown as
monocultures, these areas of intensive Pinus spp. can
be responsible for massive pulses of pollen into the
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ecosystem annually; indeed, this can comprise a key phe-
nological event occurring in forested ecosystems (e.g.
[46, 72]). In New Zealand, for example, approximately
90% of the entire planted forests comprise of Pinus
radiata [29]. This single species covers an extent of 1.6
MHa of land area and, based on the estimates of Fielding
[27], may release ~300 million kg of pollen each spring
(~270 kg per ha, depending on site, environment, silvi-
cultural regime, and tree genetics). This constitutes a
massive input of carbohydrate, nitrogen, other nutrients,
into the environment [34, 36]. It might also facilitate an
exchange of microbiomes from the tree to the local and
broader surroundings. From a public health perspective,
this is certainly nothing to sneeze at. However, the wider
ecological significance of such a heavy pulse of pollen
and its microbiome into the environment have yet to be
investigated.

The purpose of this study is to fill a critical knowledge
gap on the occurrence of pollen microbiome of conifer-
ous (gymnosperm) tree species. Conifers are important
globally, dominating the composition of boreal forests
which comprise 24% of total global tree cover alone.
Conifers are also important in temperate forest systems
that span Europe, Asia, the Americas, Africa, and Aus-
tralasia. With a few exceptions, most conifers are needle-
leaved evergreen trees; these make up ~38% of the trees
present globally [49]. Given the focus of (already limited)
pollen microbiome studies towards angiosperm spp.,
this helps addresses a huge gap in our knowledge per se.
This work focuses on Pinus radiata as it provides a useful
model system for tree-microbiome research, and in par-
ticular, conifer microbiome research [1-3]. In addition
to describing the pine pollen microbiome, we aimed to
determine how much of the community is variable ver-
sus stable/conserved by sampling trees across a wide geo-
graphic range and across two consecutive seasons (years).
Finally, given the focus on exploration of a new micro-
biome habitat, we used a non-targeted metabolomics
approach to determine the range of potential metabolites
on the surface of Pinus radiata pine pollen that may pro-
vide resources, or inhibitory molecules, that may support
microbial growth or provide a filter for microbiome com-
munity composition.

Methods and materials

Sample collection

Twenty-four Pinus radiata trees were randomly
selected across the Canterbury region in New Zealand
(Fig. 1). This region provides a diverse range of loca-
tions ranging from coastal areas, planted and natural
forests, recreational parks, agricultural land, rivers, and
foothill environments. The selected trees were mature,
exhibited good health without observable indications
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Fig. 1 A Locations of the 24 Pinus radiata trees from which pollen was sampled from. Green pine symbols denote the locations of the trees
and the name of the location is next to this symbol. The map is a satellite image of Canterbury based on Google Earth imagery for September 2021.
B A cluster of P radiata catkins (microsporangiate strobili) in September 2021, showing the catkins at pollen-release stage. C Scanning electron

microscope (SEM) image of a P, radiata pollen grain; scale bar 10 um

of stress or disease, and had accessible male cones
(microsporangiate strobili) at the beginning of spring
(September) when they begin to open and release pol-
len. The male cones of P. radiata are often referred to
as catkins [64], however these differ to catkins typi-
cally associated with angiosperm trees such as birches,
alders, willows and others. Unless stated otherwise, we
use the term catkin in respect to Pinus-type microspo-
rangiate strobili. Pollen from the same trees was sam-
pled in 2020 and again in 2021.

For each tree, a group of catkins clustered along a
stem were excised off the branch using sterilised scis-
sors. These were placed in a sterile tube and pollen was
removed from the catkins by gentle shaking. The tubes
were chilled until returned to the laboratory where they
were stored in a — 80 °C freezer until all samples were
collected.

Surface features and observation of microbial pres-
ence on P. radiata pollen was examined under a scan-
ning electron microscope (SEM). Fresh pollen grains
were initially sputter-coated with palladium (Emitech
K975X coater) before being placed in a JEOL JSM
IT-300 variable pressure SEM. Microscopy was con-
ducted at the University of Canterbury Electron
Microscopy Centre (Earth and Environmental Sci-
ences Department). Similar to other Pinaceae species,
P radiata has bisaccate pollen, in which two air sacs

protrude from the pollen wall. These sacs facilitate long
distance wind dispersal [74].

The metabolome resource available for microorgan-
isms on the surface of P radiata pollen was character-
ised. Specimen P. radiata trees, growing adjacent to a
commercial plantation forest at McLeans island (Fig. 1A)
were sampled in 2023. At the site, 12 samples of pollen
were collected from 4 aspects of 3 trees. Tubes contain-
ing pollen were gently rotated in 3:3:2 ACN:IPA:H,O
(acetonitrile, isopropanol, water) solution to extract polar
and non-polar metabolites off the pollen surface. The
ACN:IPA:H,O extractant was processed by West Coast
Metabolomics (California, USA) and compounds were
separated and identified using gas chromatography—
time-of-flight—mass spectrometry (GC-TOF-MS). Data
was provided as normalised peak heights to represent the
relative semi-quantification of each compound.

DNA extraction, library preparation and amplicon
sequencing

The pollen was carefully processed to prevent cross-con-
tamination. Due to pollen’s static nature only one sample
tube was opened at a time, thorough cleaning of gloves
and pipettes in between samples was performed, and
sterile filter tips were used. Genomic DNA was extracted
from 50-100 mg of pollen using the DNeasy PowerSoil
DNA Extraction Kit (Qiagen, Germany). Pollen was
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transferred to a tissue disruption tube by adding the ini-
tial buffer directly to the pollen containing tubes, facili-
tating easier pipetting and minimizing airborne dispersal.
The rest of the DNA extraction protocol was followed as
per the manufacturer’s recommended instructions. DNA
was processed for bacterial and fungal sequencing, tar-
geting the respective 16S rRNA and ITS housekeeping
gene regions. The primers used to amplify these genes
were based on protocols from the Earth Microbiome
Project [10]. The 16S rRNA primers were 515F (5’ -GTG
YCAGCMGCCGCGGTAA-3") and 806R (5'-GGACTA
CNVGGGTWTCTAAT-3") [62], amplifying the V4-V5
hypervariable region and ITS amplification used primers
ITS1f (5'-CTTGGTCATTTAGAGGAAGTAA-3") [37]
and ITS2 (5'-GCTGCGTTCTTCATCGATGC-3") [85],
amplifying the ITS1 region. Primers were barcoded using
the Golay 12-mer system, including Illumina adapters.
The no-template controls produced no amplification for
both 16S and ITS PCRs. Amplicons were cleaned using
a magnetic bead PCR clean-up kit (Geneaid, Taiwan),
quantified using Quant-iT"" PicoGreen" dsDNA Assay
Kit (Invitrogen, USA), and pooled to an equimolar mix.
The 16S and ITS libraries were sequenced using Illumina
MiSeq sequencing with 250 bp pair end (PE) read chem-
istry (16S) and 300 bp PE read chemistry (ITS); this was
conducted at the Australian Genome Research Facility
(AGRE).

Bioinformatics and data processing

Raw sequencing data was processed using the DADA2
pipeline outlined for 16S rRNA gene and ITS tag
sequences [9]. 16S and ITS reads were demultiplexed
using Illumina’s bcl2fastq (Version 2.20) with a barcode
mismatch allowance of 1 [38]. ITS Primers were trimmed
using cutadapt [55] with default parameters from the
DADA2 ITS Workflow (1.8). For filtering, the maximum
number of errors allowed were set to maxEE(2,5) for
both 16S and ITS, with other standard filtering param-
eters as per DADA2 workflow. Read length cut-off was
set to (250,230) for the forward and reverse reads for the
16S rRNA gene. Chimeric sequences were removed using
the removeBimeraDenovo tool provided by DADA?2, and
taxonomy was assigned to amplicon sequences variants
(ASVs) using the assignTaxonomy tool and the RDP ref-
erence database (Version 18) for 16S [15] and the UNITE
database (Version 8.3) for ITS [42] gene regions. Bacterial
and fungal ASV count and taxonomy tables were filtered
to remove unassigned sequences, groups other than Bac-
teria and Archaea (16S specific), singletons, and samples
with less than 150 reads. Additional filtering to remove
plastid sequences was performed for the 16S rRNA gene
dataset.
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Statistical analysis and graphs

Statistical analyses were performed in R version 4.0.5
[66] and PRIMER/PERMANOVA+ (PrimerE Ltd.). A
phyloseq object [56] was created in R by merging the
ASV count table, taxonomy table, and metadata,this
was the base for much of the subsequent data visualisa-
tion and statistical analysis. Rarefaction curves were pro-
duced with the vegan package [61]. Alpha-diversity was
assessed as observed richness of ASV’s [40] and p values
were computed using a Mann—Whitney test (between
two groups). Boxplots were created using GraphPad
Prism version 9.4.1 (GraphPad Software, USA).

To identify factors potentially influencing pollen
microbiome composition, PERMANOVA modelling [5]
was conducted with sampling year and cardinal loca-
tion (see later). This analysis was conducted using Bray—
Curtis calculated distances and performed in PRIMER/
PERMANOVA+. Non-metric MDS ordination were
generated in R. The metacoder package [30] was used
to compute the hierarchical distribution of taxonomic
groups in terms of abundance. The clustered heatmap
was computed using the pheatmap [41] package in R. The
core microbiome plots were generated using the UpsetR
[17] and microbiome packages [44]. All plots were gener-
ated using ggplot2 [86] unless otherwise stated.

In the initial PERMANOVA testing of main effects, the
influence of geographic location on microbiome com-
position was tested by grouping the samples together
based on splitting the sample area into cardinal loca-
tion quadrants from an approximate centroid. This test-
ing allowed for a ‘cardinal location’ term to be included
in the model alongside sampling year. However, this was
exploratory in nature and does not provide a consistent
means of investigating this variable. In order to identify
other underlying microbiome changes with location, geo-
graphic distances were calculated and correlated against
class-level calculated similarity distance matrices (Bray—
Curtis) using Spearman’s-rank correlation. Geographic
distances were computed using the Geographic Distance
Matrix generator [23] based on sample latitude and lon-
gitude input datum.

To partition which individual groups within the com-
munity exhibited distance-decay relationships, second-
ary testing was conducted using the BIO-ENV routine
[13, 14] in PRIMER/PERMANOVA+. In this approach,
distance matrices (Bray—Curtis) were created individual
and combinations of class-group of bacteria and rank-
correlations among these and geographic distance was
calculated. A permutation-based approach was then used
to test for significance of the effects.

Metabolome data were averaged across the 12 sam-
ples to obtain a single, representative, P radiata pol-
len metabolome. The data was classified into superclass
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groups and the relative quantifications of the compounds
were standardised as a percentage of total compounds
per sample. Note that this is purely descriptive analysis.
No formal testing of location or other effects were tested,
rather a typical signature of the pollen metabolome
generated.

Results

Bacterial and fungal microbiome richness

A total of 9,438,243 and 7,325,595 reads were processed
through the DADA2 pipeline for bacteria and fungi
respectively (Table S1). At the end of the pipeline remain-
ing reads were accounted for, of which 7,690,837 were
from bacteria and 4,551,793 were from fungi (Table S1).
Post DADAZ2, one or more of these routine filtering tech-
niques (i.e. removal of plastid sequences, unassigned
groups, Kingdoms other than Bacteria and Archaea (16S
Specific) were applied depending on the type of dataset
(i.e. Bacteria or Fungi) (Table S2). Filtering resulted in
the retrieval of 709 ASVs for bacteria and 2632 ASVs for
fungi from 9807 and 4,269,246 total filtered reads respec-
tively (Table S2) which was the basis for all figures.

The observed bacterial and fungal pollen microbiome
richness, across sampling years, is given in Fig. 2. Rich-
ness of fungal taxa on pollen was much greater than for
bacteria, averaging over 200 (2020=212; 2021=203)
ASV’s per sample compared, to less than 60 (2020=57;
2021 =44) for bacteria. For both fungi and bacteria, the
richness of microbiomes present on pollen was consist-
ent across the sampling years (Wilcoxon-test; bacteria
p=0.81, fungi p=0.96).
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As total microbiome richness per sample was rela-
tively low (i.e. tens- to hundreds of taxa per sample), we
expected the MiSeq sequencing runs to capture the full
extent of taxa present. Indeed, doing so can be important
for increasing the accuracy of alpha-diversity estimates as
well as down-stream investigation of community compo-
sition. To confirm this, rarefaction curves were generated
for samples that had undergone the routine filtering men-
tioned above post DADA?2; these are given in Figure S1.
The number of unique ASV’s per sample and total reads
recorded per sample for bacteria and fungi are given in
Table S3 and Table S4 respectively. The dominance of
plastid sequences (96.57% of total reads) (Table S2) in
the sequence libraries combined with relatively low bac-
terial richness (Fig. 2A), resulted in the majority of 16S
rRNA gene sequencing (28/33 samples) having<4,000
tag sequence reads (Table S3). For reference, the domi-
nant plastid sequence obtained is included in (Table S5).
Conversely, more fungal sequences passed through QC
(Table S1) and sequencing depth was greater, with all
samples having from 16,000 to 150,000 (Table S4) useful
reads for ASV generation and taxonomic assignment.

Composition of the Pinus radiata pollen microbiome

and defining the main taxa present

The microbiome of P radiata pollen is dominated by
fungi, having 3.7-fold greater ASV’s in comparison to
bacteria. These findings are in line with measures of
observed richness (i.e. Fig. 2). The fungal community
was dominated by Dothidiomycetes (Ascomycetes), and
Tremellomycetes (Basidiomycete). A few other sub-phyla
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Fig. 2 Observed richness of bacteria (left) and fungal (right) taxa present on Pinus radiata pollen (24 sampling sites) collected over 2 years
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including Mucoromyceta, Mortierellomycota, and Euro-
tiomycetes were also present, but at lower abundances
(Fig. 3).

The bacterial taxa present in the pollen microbiome
were more evenly distributed across the phyla and classes
present than was observed for the fungal microbiome.
However, trends were still evident. Within the Proteobac-
teria, Alpha-proteobacteria were numerically important.
Similarly, the taxa present in the phylum Actinobacte-
ria were concentrated within the class Actinobacteria
(Fig. 3). Thus, although a greater range of phyla was pre-
sent compared with fungi, the diversity within each phyla
was lower.

Data was retained at class-level aggregation for inspec-
tion of dominance and variation of taxa among samples
providing some context towards the observations in
Fig. 3. These are presented in Fig. 4A for bacteria, and
Fig. 4B for fungi.

The bacterial community of the P radiata pollen
microbiome is dominated by Proteobacteria, particularly
Alphaproteobacteria (Fig. 3A). The only other phyla to
have numerically meaningful abundances at class level
were Actinobacteria, Bacteroidetes (Sphingobacteriia
and Cytophagia), Firmicutes (Bacilli and Clostridia), and
Acidobacteria (GP_1). Each of these groups exhibited
sample-specific variation. For example, Betaproteobacte-
ria was the most abundant in the sample collected from
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the Glenroy 2020 collection (relative abundance >50%),
but was either absent or was only present in the range of
0.9 to 23.3% for all other samples. In contrast, Alphapro-
teobacteria was not only the most abundant amongst
the samples (ranging in relative abundance from 11 to
88.3%, Fig. 4A), but was also present in nearly all sam-
ples. The only exception was a sample collected from
Russel Flats in 2021; this was comprised entirely of
Gammaproteobacteria.

The fungal community was dominated by Ascomycota
and Basidiomycota taxa (Fig. 3B). Dothiodeomycetes were
the most abundant group across samples, ranging in rela-
tive abundance from 16.9 to 72.8% of the fungi present,
and next were Tramellomycetes (0.9 to 52.3% relative
abundance, Fig. 4B). As for the bacteria, individual pollen
samples exhibited anomalously high abundances of some
fungal groups. For example, samples collected from Ash-
ley Gorge in 2021 and View Hill in 2021 had 33.9% and
35.3% of Taphrinomycetes, respectively, but other sam-
ples had as little as 0.2% or up to 25.6%. A similar trend
was also observed across classes Eurotiomycetes and
Cystobasidiomycetes.

The pine pollen metabolome

The prominent metabolites present on the surface of P
radiata pollen are amino acids and organic oxygen com-
pounds (primarily carbohydrates and alcohols). These
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Fig. 3 Phylogenetically hierarchical distribution (‘metacoder plots’) for bacteria (left) and fungal (right) microbiomes present on Pinus radiata pollen.
Darker gradient fill indicates increase in ASV count of taxa on branches and leaves. Plots combine data for sites and years to indicate the overall

spectrum of taxa found. Size of nodes indicate ASV counts
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comprised ~ 81% of the pine pollen metabolome (Fig. 5).
At the compound level, proline was by far the most dom-
inant metabolite, present at 17.8%. Other amino acids
with notable abundances were alanine, y-aminobutyric
acid (GABA), valine, and oxoproline (1.4-3.8%). Of the
organic oxygen compounds, pinitol (a cyclic polyol that’s
been found to be associated with other pine trees) and
glycerol were both of high abundance, at ~5%. Fructose,
glucose and sucrose were the three most prominent sug-
ars at 2-3%. The most prominent lipids present were
two prenol lipds: dehydroabietic acid (3.19%) and abietic
acid (1.8%). Several phenolic compounds and flavonoids
such as p-coumaric acid and catechin were also found,
although at low concentrations (<0.1% per compound).

Does geographic distance or annual variation influence
pollen microbiome composition?

The influence of cardinal location or year of collection on
pollen microbiome composition was tested using PER-
MANOVA; summary results are presented in Table 1.
The pollen fungal community composition was stable

40.65% Organic acids compounds
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over the two sample time points (p=0.132) and with
cardinal location (p=0.601). No interaction effect was
detected between the two factors (Table 1). Similarly, in
the nMDS ordination, no structure or separation was
evident related to cardinal location nor year of collection
(Fig. 6). Thus, the pollen associated fungal community
was stable both over time of collection and with cardinal
location grouping.

Similarly, bacterial community showed no variation
directly related to sampling year (p=0.465), nor sampling
location (cardinal direction p=0.142) (Table 1). However,
an interaction term of year x cardinal direction was evi-
dent, and the variation component associated with this
was strong (YCV=14.944; p=0.028). Exploration of this
effect (pair-wise tests) suggested an influence of sampling
across the SW v NW quadrants in relation to microbiome
composition in 2020 (p=0.059) and in 2021 (p=0.074).

The grouping of samples into cardinal quadrants was
used to explore the broad influence of location in the
PERMANOVA based testing and apportion this variance
(if any) relative to year and test for interaction effects.

40.38 % Organic oxygen compounds

3.69% Organic
nitrogen
compounds

compounds
Benzenoids

8.98% Lipids

Organoheterocyclic

1.15% Non-metal
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0.24% Phenylpropanoids & polyketides

0.19% Nucleotides & nucleosides

Fig.5 Primary metabolite compounds found on the surface of Pinus radiata pollen. Compounds are grouped at superclass level and the relative
abundance of the metabolites are standardised as a percentage of total compounds from 12 pollen samples
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Table 1 Summary PERMANOVA results table, testing effects of year, cardinal location and their interaction on the bacterial and fungal

microbiome composition of Pinus radiata pollen

Taxa Year Cardinal direction Year X cardinal direction

JEV pperm JEV Pperm JEV pperm
Bacteria —-2518 0.465 6.547 0.142 14.944 0.028
Fungi 2987 0.132 —1.863 0.601 2472 0.321

Values in bold are Pperm values <0.05 and are statistally significant

YCV =square root of the component of variation associated for each term. Model residual YCV =27.1 for bacteria and ¥CV = 19.0 for fungi. Pperm = Probability statistic

derived from permutation (999 x)

(A) (B)

Bacterial community simmilarity
Stress = 0.1

NMDS2
NMDS2

I

NMDS1

-4 -3

Fungal community simmilarity

Stress =0.16

4

Direction
/ NE
\ e NwW
— ! . se
sw

-1 0 1 2
NMDS1

Fig.6 nMDS ordination plots showing similarity among samples of pollen in bacteria (A) and fungal (B) community composition by sampling
year (black line) and cardinal direction location (coloured dot). Samples from the same location are connected by year of sampling. Note that some
pollen samples had no bacterial microbiome in one of the sampling years; these locations therefore appear as single points

However, this grouping can be somewhat arbitrary and
may mask secondary underlying relationship among
biologic or abiotic factors associated with microbiome
assembly over this sampling area. For example, samples
collected at points close to the geographic centroid of the
collection range could be separated into NE, SE, NW, and
SW groups, yet would be effectively adjacent in absolute
distance. The opposite would be true at the edge of the
sampling area. As such, further analysis was conducted
based on calculated pair-wise distances among sample
locations to provide robust determination of the relation-
ships between change in biological communities with
geographic range.

Towards this, Mantel-based testing was used to for-
mally test for evidence of association (rank-correla-
tion) between the geographic and biological-based
distance matrices. For the fungal community, weak cor-
relation (p=0.089) was evident. However, evidence for

association between changes in bacterial community and
sampling range was stronger (p=0.227). Given this, only
bacterial community associations were further explored.
Using BIO-ENV matching, changes in bacterial com-
munity that were associated with spatial variation were
tested. Individual taxa exhibiting strongest distance-
dependent relationships were Clostridia (p=0.225),
candidate division WPS-1 (p=0.217), Sphingobacteriia
(p=0.213), and a non-classified Proteobacteria class
(ncC_Proteobacteria; p=0.184). Higher correlations were
present when bacterial groups were combined; the high-
est included either Sphingobacteriia in combination with
Clostridia (p=0.275), ncC_Proteobacteria (p=0.288)
and Alphaproteobacteria (p=0.258), andother groups.
Importantly, however, Sphingobacteriia and Clostridia
were both important but could often be exchanged for
each other in the models indicating that, as well as being
additively important (p=0.275; as before), they also
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explained similar variance when combined with other
taxa. The combination of taxa in which highest cor-
relation with geographic distance was found included
Sphingobacteriia, ncC_Proteobacteria, Clostridia, Oligo-
flexia and either Acidimicrobiia or Deinococci (p=0.346,
p=0.005). Relationships between change in taxa abun-
dances and geographic sampling are given in Fig. S2.

The core microbiome of Pinus radiata pollen

Core genera were defined as those having a minimum
50% prevalence and 0.01 detection threshold across sam-
ples [33, 39]. Detection threshold is the minimum relative
abundance (i.e. 1%) value at which groups are considered
present in the community while prevalence of 50% indi-
cates that groups must be present in at least 50% of the
samples to be considered a core member. The core micro-
biome conserved across all samples (locations and years)
are summarised in Table 2. Overall, fungi had twice as
many core genera compared to bacteria. An UpSet plot
showing core genera between and across years and high-
lighting subtle sampling time-based influences are shown
in Figure S3.

Discussion

Pine pollen hosts a fungal rich microbiome

Our results demonstrated that Pinus radiata pol-
len does host a microbiome, and this microbiome is an
order-of-magnitude richer in fungal taxa compared
with bacteria. This finding differs to currently reported
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angiosperm species where the pollen is typically richer
in bacterial taxa. Manirajan et al [52], for example,
investigated pollen grains from 8 species: birch/Betula,
canola/Brassica, rye/Secale, autumn crocus/Colchicum,
common hazel/Corylus, blackthorn/Prunus, common
mugwort/Artemisia, and cherry plum/Prunus. Each indi-
vidual plant species had a characteristic pollen micro-
biome and, among these, differences between wind and
insect-pollenated species were then present. Across these
plant species, the pollen’s bacteria and fungi had a similar
number of OTUs and the bacteria was more diverse than
the fungi. Similar findings were observed in the works of
[59] when looking at the pollen of birch (Betula) and tim-
othy grass (Phleum).

The finding that fungal rich pine-pollen microbiome
differs to that of angiosperm species is consistent with
the literature, in that different plant species, including
gymnosperms like Pinus radiata, host distinct pollen
microbiomes. It should also be noted, however, that rich-
ness does not equate to more abundance (sensu biomass)
of a particular group. For example, while the overall
number of fungal taxa on P, radiata pollen maybe greater
than bacteria, the total relative population size might be
considerably smaller. Fungal dominance maybe in species
present, not total abundance per se.

A unique attribute of pine pollen is the durable exte-
rior coating (exine) made of sporopollenin. Sporopol-
lenin is one of the most chemically inert biological
polymers known and helps ensure pollen is chemically

Table 2 The core bacterial and fungal genera, prevalent across at least 50% of the samples at a minimum of 0.01 detection threshold.
The relative abundance ranges from the lowest abundance in a sample to the highest abundance in a sample

Relative abundance %

Phylogenetic lineage

Bacteria
Robbsia
Sphingomonas

0.85-23.26%
2.22-23.23%

Hymenobacter 0.45-12.55%
Acidisoma 0.63-5.13%
Methylobacterium ~ 0.3-5.79%
Fungi

Microsphaeropsis 0.1-46.24%
Perusta 0.12-44.26%
Hormonema 0.12-34.01%
Taphrina 0.14-30.98%
Gelidatrema 0.02-24.76%
Naganishia 0.06-10.28%
Vishniacozyma 0.13-10.32%
Genolevuria 0.08-8.66%
Epicoccum 0.21-8.36%
Symmetrospora 0.17-4.88%

metrosporaceae

Proteobacteria; Betaproteobacteria; Burkholderiales; Burkholderiaceae
Proteobacteria; Alphaproteobacteria; Sphingomonadales; Sphingomonadaceae
Bacteroidota; Cytophagia; Cytophagales; Hymenobacteraceae

Proteobacteria; Alphaproteobacteria; Rhodospirillales; Acetobacteraceae
Proteobacteria; Alphaproteobacteria; Hyphomicrobiales; Methylobactericeae

Ascomycota; Dothideomycetes; Plenosporales; Didymosphaeriaceae

Ascomycota; Pezizomycotina; Dothideomycetes; Dothideomycetidae; Dothideomycetidae incertae sedis
Ascomycota; Pezizomycotina; Dothideomycetes; Dothideomycetidae; Dothideales; Dothioraceae
Ascomycota; Taphrinomycoting; Taphrinomycetes; Taphrinales; Taphrinaceae

Basidiomycota; Agaricomycotina; Tremellomycetes; Tremellales; Phaeotremellaceae

Basidiomycota; Agaricomycotina; Tremellomycetes; Filobasidiales; Filobasidiaceae

Basidiomycota; Agaricomycotina; Tremellomycetes; Tremellales; Bulleribasidiaceae

Basidiomycota; Agaricomycotina; Tremellomycetes; Tremellales; Bulleraceae

Ascomycota; Dothideomycetes; Pleosporales; Didymellaceae

Basidiomycota; Pucciniomycotina; Cystobasidiomycetes; Cystobasidiomycetes incertae sedis; Sym-
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resistant and environmentally durable [77]. Each pollen
exine has a unique and complex surface topology and
chemistry enabling specificity with stigmas of repro-
ductively compatible flowers. Immediately below the
exine is an ‘intine’ inner later. Intine is composed of cel-
lulose and hemi-cellulose, pectin and other proteins,
and callose, and supports and regulates the growth of
the pollen tube during fertilization. In some respects,
pine pollen should comprise a preferred habitat for
fungal colonisation. For example, the hydrophobicity
properties of the exine layer (also pectin within the pol-
len) can favour fungal groups possessing surface-active
hydrophobin proteins, allowing for attachment onto
hydrophobic and hydrophilic surfaces [79, 87], such as
pollen. Furthermore, antimicrobial peptides are present
on surfaces of some pollen [22]. These are hypothesised
to play a role in preventing self-pollination of angio-
sperms [57], but may also constrain the diversity of
bacteria present on pollen surfaces [88]. These factors
combined could initially be considered to facilitate col-
onisation of fungal groups over bacterial groups in this
unique microhabitat. However, many of these are prop-
erties typical of all pollen—not just those from conifers.
Furthermore, and as noted previously, most studies
describe a greater richness in bacterial species on pol-
len. As such, additional or alternative explanations
need to be considered. These could be, for example: (1)
strong host-level filtering based on selective chemicals,
such as peptides noted by Zasloff [88] but likely includ-
ing other groups, (2) the pollen microbiome is a reflec-
tion of the catkin microbiome or other microbiomes
present on the pine which is, in itself, fungal dominated
and contributes taxa to the pollen; (3) the environmen-
tal microbiome is a dominant contributor onto pollen
and unique properties of conifer-forest ecosystems that
result in fungal dominance are reflected in the assembly
of microbiomes on pollen.

Pine pollen is a known useful source of nutrients such
as carbohydrates, proteins, lipids, phenolics, and miner-
als, which are essential for the wider ecosystem micro-
biota [32, 63]. It is also used as nutrient supplements in
human health [12]. With this in mind, it is not surpris-
ing to find that pollen is a suitable habitat for growth of
a multitude of bacteria and fungi. Whilst there has been
considerable research on the chemical composition of
pine pollen, the nutrients present vary depending on the
pine species itself as well as environmental factors such
as altitude and soil characteristics [12]. Moreover, the
process of undertaking chemical analysis can be destruc-
tive and, as such, the final data set often includes intracel-
lular nutrients/metabolome as well. Given this, it is not
always evident what metabolites are surficial on pollen
and available for the microbes inhabiting this habitat.
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Our analysis found that the P radiata pollen surface
metabolome contained a high percentage of amino acids
and sugars, both of which are important nutrient and
energy resources for microbial growth. Of particular note
was proline being, by far, the most abundant metabolite
present. Other pine pollens also exhibit significantly high
levels of proline, including Pinus jeffreyi (Jeffrey pine)
and Pinus contorta (Lodgepole pine), [7]. The accumu-
lation of proline in plants has been observed as a reac-
tion to environmental stresses, including exposure to UV
radiation [71, 78]. As pollen is transported by the wind, it
becomes exposed to UV radiation. The presence of pro-
line may serve as a protective mechanism for the haploid
genome within the pollen.

There were also several flavonoids and polyphenols
present and these are known to have antimicrobial prop-
erties that shape microbial communities on plant phyl-
lospheres. Specifically, p-coumaric acid was the most
abundant phenolic compound, which is a known anti-
bacterial agent [60], the presence of compounds like
this could result in fewer bacteria present on the pollen.
At this stage, however, this is purely speculative. Dehy-
droabietic acid (terpenoid) is found in resin and woody
material of pine species. It has a broad range of metabolic
and biological properties, including antimicrobial activ-
ity [35]. While a major constituent of resins and associ-
ated biomass burning and commercial lumber processing
mills [45], dehydroabietic acid is rarely reported in pol-
len. A notable exception is Jeffrey pine pollen [7]. In addi-
tion to potential implications for microbiome selection/
filtering on pollen, the presence of dehydroabietic acid
on pollen needs to be considered in terms of its interac-
tion with hydroxyl radicals and subsequent influence on
atmospheric chemistry [7].

Geographic range and time are secondary influences

of microbiome assembly

The environment is a natural and important source of
microbiomes for plant tissues [75]. Indeed, there is ongo-
ing bi-directional exchange of the microbiome between
plants and the environment such that the systems are,
in effect, an intimately interconnected meta-holobiont
[81]. However, whilst this is apparent for tissues such
leaves and roots [75], the connection between the pollen
and environment isn’t as well defined. The work of Ober-
steiner et al. [59] demonstrated that even on different
plant species occurring in the same location, the micro-
biome is most likely originating from the host plant,the
environment was a second-order driver, with plant
host-specific factors being most important. Similarly,
Manirajan et al. [54] assessed the pollen microbiome of
plant species situated in and across different geographic
areas and found pollen microbiomes were primarily
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host-specific. These studies indicate that the pollen
microbiome assembly is primarily influenced by factors
associated with the host plant.

We explored if different sampling locations influenced
assembly of pine pollen microbiome. In this study, P
radiata was collected within a 2500 km? sampling area
and included trees in general proximity to a wide range of
land uses. We initially grouped samples to cardinal loca-
tions relative the centre point of sampling [as noted ear-
lier, these groupings were subjectively assigned and only
used for exploratory analysis]. Sampling location/envi-
ronment had no direct influence on the bacterial nor fun-
gal microbiome on P. radiata pollen. We further tested
to see if geographic distances among sampling locations
was related to microbiome assembly. For example, in our
sampling region the eastern areas are coastal and have a
drier and warmer climate than those close to the moun-
tainous (further west). In this analysis, effects of sample
location could be determined, but were weak. Impor-
tantly, the dominant part of the pine pollen microbiome
(i.e. the fungi), exhibited stability or conservation in
community structure irrespective of sampling location.
No change in geographic-related sampling was evident.
Rather, it was components of the bacterial community in
which changes in the abundance of some taxa occurred
in association with sampling distance.

Clostridia was the most notable taxa to change in
abundance over space, exhibiting a roughly west-to-east
gradient in distribution (from high to low abundance,
respectively). Sphingobacteriia was the most abundant
species and was present in nearly all samples, whereas
Acidimicrobiia, Deinococci and Oligoflexia were only
present in 1-3 samples with no obvious correlation. In
these instances, we hypothesise that environmental fil-
tering of specific bacterial taxa may be occurring, where
perhaps factors related to tree health or other stochastic
influences within the environment are influencing colo-
nisation onto tree tissues. We observe the legacy of this
within the pollen microbiome simply as a surface where
microbes from the environment are deposited.

Likewise, there were no significant differences in fun-
gal and bacterial community composition across the two
annual time points. However, with regards to bacteria,
some distinctions emerged. In 2020, certain classes such
as Verrucomicrobiae, Thermomicrobia, Phycisphaerae,
Oligoflexia, Acidiimicrobia, and Acidobacteria Groups 3,
6, and 7 were exclusively detected, while classes includ-
ing Methanobacteria, Gemmatimonadetes, and Bacte-
roidia were only identified in 2021. Some changes to the
microbiome are expected, whether arising from random
fluctuations or variations in sampling from 1 year to the
next. It is notable, however, that like the results for the
geographic distance testing, that changes over years were
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observed in the bacterial and not fungal component of
the microbiome. This provides additional support for the
bacterial microbiome being of secondary significance to
the overall pollen microbiome; its assembly isn’t as tightly
regulated or consistent as that for fungi. The pine bacte-
rial microbiome is under more stochastically influence
by environmental site or sampling time than that of the
fungal community. It’s important to note that the sam-
pling methods remained consistent between the two time
points, and the timing of the sample collection was the
same. However, factors like the pollen release from cat-
kins, seasonal changes and weather conditions are all var-
iable. Overall, it is evident that neither sampling year nor
geographic distance are the main dominant drivers of the
pine pollen microbiome, particularly the dominant fun-
gal community component which demonstrated remark-
able stability.

Is the microsporangiate a primary source of the pollen
microbiome?

Examination of the P, radiata catkins and pollen by SEM
revealed that catkins had visibly rich microbial growth
on its surface. Relative to the catkins, pollen grains them-
selves exhibited relatively sparse microbial presence
(Suppl. Fig S4). Pollen is formed within, and released
from, the male microsporangiate strobili. Microsporan-
gia within the pollen cones produce microspores through
meiosis and these develop into pollen grains. As such, the
formation of pollen occurs within the enclosed cones,
being isolated from the external environment until the
cones mature and open for pollen release. Accordingly,
the opportunity for external colonisation of pollen with
microbiome is limited; microbiomes present on pol-
len are likely to be sourced from the surrounding catkin
material. It is likely, therefore, that movement of micro-
biomes from the catkin to the pollen is an important pri-
mary source of the pollen microbiome. Indeed, there has
been a long history of use of bleach treatment of catkins
to reduce mould and other growth on pine pollen [80],
further demonstrating fungi present on pollen originates
from surface of the catkins. If validated, host influence of
the pollen microbiome may occur via properties related
to the chemistry and ecology of the catkin structure
itself, and focus on the metabolome and ecology of this
tissue may shed light on processes affecting assembly and
transmission of the pollen microbiome.

Not all the microbiome may reside on the surface of
pollen. Following sterilisation, growth of endophytic
microbiota, such as Enterobacter cloacae, has been
demonstrated in a range of Pinus spp [50]. The func-
tional significance of these isolates is unknown, how-
ever strong co-evolutionary processes typically drive
plant-endophytic associations [43, 48] and, as such,
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shared fitness outcomes are likely for both the plant and
microorganism.

Pine pollen has a core microbiome

There was a consistent presence of specific fungal and
bacterial taxa across P radiata pollen samples; this
indicates that pine pollen holds symbiosis with a core
microbiome. This core microbiome is, axiomatically, the
stable fraction being consistently present (see below) over
2 years of sampling and across locations spanning broad
geographic range and proximity to land uses. Indeed, the
term ‘core microbiome’ is described as one that hosts
anywhere from 30 to 95% of microbial taxa [68] across
samples, depending on the habitat being investigated. In
our study, we define a core member as having a 50% prev-
alence and 0.01% relative abundance detection threshold
[33, 39]. From these parameters, five bacterial and ten
fungal core genera were identified. At a higher taxonomic
level such as phyla, the dominant bacterial and fungal
phyla on radiata pollen was Proteobacteria and Asco-
mycota, which are also dominant on pollen for a range
of wind and insect pollinating plants [52]. At the genera
level, Robbsia, Sphingomonas, Hymenobacter, Acidisoma
and Methylobacterium were the dominant genera of the
core bacterium community. Of these, Robbsia and Meth-
ylobacterium have been found on birch and canola pollen
previously [52, 76], and Sphingomonas are well docu-
mented as a core bacterium in pollen collected by bees
[19]. Methylobacterium are a genus of well-documented
phyllosphere epiphytes that secrete cytokinins and auxin
plant hormones [70]. Hymenobacter and Acidisoma have
not yet been reported to be associated with pollen, but
are known plant phyllosphere bacteria [6, 67].

The core fungal genera were Genolevuria, Micro-
sphaeropsis, Gelidatrema, Epicoccum, Perusta, Taphrina,
Vishniacozyma, Hormonema, Naganishia, and Symmet-
rospora. The fungal families Didymosphaeriaceae and
Dothioraceae, Taphrinaceae were also found in the 8 pol-
len species studied by Manirajan et al. [52], with Dothio-
raceae being prominent throughout most of the pollen
species. This aligns with our study of pine pollen too,
where Dothideomycetes was the most abundant class of
fungi present.

The presence of Dothideomycetes is not surprising as
it contains a wide range of plant-associated fungi with
ecological roles ranging from saprophytes, pathogens,
to endophytes [73]. It is also the dominant fungal group
on P. radiata needles [1, 2]. Not surprisingly there were
more fungal core groups compared to bacterial groups,
which is expected due to the sheer number of fungal
groups recorded compared to bacterial groups. These
results support those of Manirajan et al. [52] who report
more core fungi than bacteria on pollen from eight plant
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species, despite these pollens all having greater bacterial
richness.

Comparing our results to the core microbiomes from
the species of pollen Manirajan et al. [52] studied, of
which there were 33 fungal core genera and 12 bacte-
rial core genera, only Vishniacozyma and Taphrina fungi
were shared with these other pollen species. This shows
that the pollen microbiome is indeed species specific,
giving rise to unique groups especially at finer taxonomic
resolution such as genera. As before, this provides sup-
port that the host plant is key in supplying/recruiting or
maintaining specific and stable microbiome community.
At a higher taxonomic level such as phyla, taxonomic lin-
eages of both bacteria and fungi in this study (i.e. domi-
nance of Proteobacteria and Ascomycota) appear to be
consistent across other pollen microbiome studies. It is
also not surprising, therefore, that the pollen microbiome
of a gymnosperm species, such as P radiata, might be
considerably different to that of angiosperm plant species
described to date.

Methodological considerations

The presence of plant organelle DNA (e.g. chloro-
plast and mitochondrial) can be a problematic and an
unwanted component of 16S rRNA generated libraries in
plant microbiome research. In some regards these plant
organelles are part of the ‘phytobiome’ per se, extending
our understanding of host associations across the contin-
uum from opportunistic/casual, through to enriched (e.g.
rhizosphere), to tissue colonising, endophytic and ances-
tral endosymbionts. In this study however, the DNA from
these ancient cellular symbionts were unwanted.

Although there are no chloroplasts in pollen, pollen
does contain non-photosynthetic plastids which popu-
lated the 16S rRNA libraries of this study; these were
accounted for using deep sequencing followed by bioin-
formatic subtraction of the unwanted plastid reads. We
ensured there was sufficient sequencing depth to cover
the 16S rRNA sequences of the pollen microbiome, and
this was confirmed by inspection of rarefaction curves
which had surpassed asymptote. This approach is the
most commonly used in plant microbiome research,
providing an unbiased and comprehensive view of the
microbiome.

We have previously tested pPNA and mPNA-based
plant blockers [47] for 16S rRNA gene based microbiome
characterisation of Pinus radiata material [1, 2]. The use
of these reduced plastid origin sequences on NGS librar-
ies by approximately 23%. However, they also introduced
strong sequences biases, significantly altering community
composition relative to reference samples. Furthermore,
given the blockers were not 100% effective, bioinformatic
identification and removal of plastid origin sequences are
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still required. As potential benefits were outweighed by
biases introduced into the sequencing, we avoid these
for P. radiata microbiome research [1, 2]. Furthermore,
we also evaluated different 16S rRNA primer combina-
tions. While these reduced chloroplast amplification,
we found an increase in mitochondrial DNA amplifica-
tion. These issues are widely recognised [31]. In short,
the primers described in our study (515F and 806R) com-
bined with deep sequencing and bioinformatic filtering of
subsequent NGS libraries offers a balanced approach to
capturing microbial diversity on and in P radiata plant
tissues.

Limitations and future research

Due to the experimental system used, this study was
conducted on field-collected pollen specimens from P
radiata. Control of tree genotype was not conducted, nor
age of trees measured. However, all likely originated from
commercial stock of P. radiata domesticated from parent
material originally sourced from California via Australia
[8]. Given the findings reaffirm the seminal role of the
host (as opposed to the environment) in shaping pollen
microbiome communities, further work should consider
inclusion of host genotype in their design (i.e. in situa-
tions where host genotypes likely vary). Further to this,
locations in which trees were sampled ranged from road-
side shelterbelts to small stands of trees, and to individ-
ual specimens in recreational parks. These factors were
not (and could not be) formally tested within the analy-
sis, yet possibly contribute to some of the total variation
captured in the ‘environmental’ testing. However, as this
was found to be of limited importance in microbiome
assembly we propose that further investigation of this
may not be generally needed (e.g. structured sampling of
pines based on adjacent land use) for general pine micro-
biome characterisation. Finally, only visibly heathy trees
were chosen for this study. Thus, influence of stress from
factors such as drought, disease, pollution etc. could not
be assessed, but may be important [59]. These should be
considered in future research.

The domestication and economic importance of the
species means that a wealth of information continues to
be generated on its wider biology, including physiology
and genetics. Robust systems are in place for propaga-
tion, transformation and other experimentation on Pinus
radiata, and a wide network of existing trials are in place
to test aspects of the tree’s phenotype and fitness in diverse
environments [8]. Similarly, an increasing wealth of infor-
mation is being built on the microbiome of P radiata
including needles, roots, wood, and rhizosphere [1, 2, 65,
69]. The results presented here have shown the importance
of considering the pollen microbiome when examining the
overall microbiome of trees. Further research investigating
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whether this microbiome is passed down vertically to
seeds and seedlings will be important. Moreover, exploring
whether the influx of microbes each spring plays a role in
shaping the phyllosphere, litter layer, or soil microbiomes,
as well as in the dissemination of pathogens. This work will
go towards answering key questions related to the assem-
bly and function of the P. radiata tree-microbiome system,
improving the fitness and resilience of forests in a rapidly
changing world.
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