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Microbial generalists as keystone species: 2
constructing core network modules in the
anthosphere of twelve diverse wild plant

species
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Abstract

Background The anthosphere, also known as the floral microbiome, is a crucial component of the plant reproductive
system. Therefore, understanding the anthospheric microbiome is essential to explore the diversity, interactions,

and functions of wildflowers that coexist in natural habitats. We aimed to explore microbial interaction mechanisms
and key drivers of microbial community structures using 144 flower samples from 12 different wild plant species
inhabiting the same natural environment in South Korea.

Results The microbial diversity of the anthosphere showed plant dependence, with the highest diversity observed

in Forsythia koreana, indicating microbial dynamics in relation to plant species. Caulobacter, Sphingomonas,
Achromobatcter, Epicoccum, Cladosporium, and Alternaria were anthosphere generalists, suggesting that the local plant
anthosphere had a similar microbial composition. Ecological network analysis revealed that anthosphere generalists
were tightly coupled to each other and constructed core modules in the anthosphere. Functions associated with
parasites and pathogens were commonly observed in the anthosphere, particularly in Capsella bursa-pastoris and
Brassica juncea.

Conclusion Overall, the anthosphere depends on the plant species and microbial generalists function as keystone
species to support and connect the anthospheric microbiome in natural habitats.
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Background

The plant microbiome is an integral component of the
plant holobiont and exerts a significant influence on
plant growth, immunity, and evolutionary processes [1,
2]. Among the various parts of the plant microbiome, the
anthosphere, also known as the floral microbiome, pos-
sesses a distinctive property owing to the relatively short
lifespan of flowers compared to that of other plant parts
[3]. In addition, the structural complexity of flowers and
presence of nectar contribute to the formation of distinct
microbial communities in the anthosphere [3, 4]. These
dynamic microbial communities interact with various
biotic and abiotic factors, such as pollinators, and play
crucial roles in plant reproductive ecology and floral evo-
lution [5, 6].

In natural ecosystems, as opposed to cultivated envi-
ronments, a diverse array of flowers bloom concurrently,
attracting a variety of pollinators that visit multiple plant
species rather than concentrating on a single species [7].
However, most anthosphere-related studies have focused
on individual plant species or have compared only a few
species [3, 8—10]. For instance, Qian et al. [9] focused on
four wild plant species that grew together in the same
environment and observed that the fungal community
composition exhibited species-specificity, whereas the
bacterial composition did not. Therefore, conducting
studies targeting wildflowers that bloom concurrently in
the same environment is necessary.

The anthosphere possesses a unique microbial com-
munity compared to that of other plant compartments,
the origin and dispersal routes of the anthosphere have
become a significant research focus [11]. Pollinators
attracted by flowers, such as honeybees and butterflies,
play crucial roles in the transmission and dispersal of
various microbes between anthospheres by carrying
their own microbial communities and transferring them
from one anthosphere to another [5, 8, 12]. For instance,
honeybees can carry phytopathogenic bacteria, such as
Erwinia persicina, from beehives to flowers and flower
to flower, thereby spreading fire blight disease [13]. In
addition, the anthosphere is influenced by abiotic factors,
such as temperature, wind, and rain, resulting in changes
in its composition [11, 14, 15]. Russell and McFrederick
[16] demonstrated that temperature can influence nec-
tar properties, thereby affecting microbial community
structure.

Recent advances in metagenomic and bioinformatic
analyses have helped in uncovering complex interactions
within plant holobionts [9, 17, 18]. Because microbial
interactions are important for shaping ecological dynam-
ics, network analysis is an effective bioinformatic tool for
exploring potential microbial interactions within com-
plex communities [19, 20]. Qian et al. [9] employed net-
work analysis to reveal the co-occurrence patterns and
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interactions within the anthospheres of four plant spe-
cies. Consequently, tools such as PICRUSt2, FAPROTAX,
and FUNGuild have been developed to translate commu-
nity structure data into functional data. Therefore, apply-
ing advanced metagenomics and bioinformatics analyses
to anthosphere research is essential for unraveling com-
plex microbial interactions and understanding their roles
in the anthosphere [17].

In this study, we focused on investigating the antho-
spheres of 12 commonly observed but understudied plant
species in South Korea during this season. The aim of this
study was to elucidate the microbial generalists and spe-
cialists of the anthosphere from 12 different plant spe-
cies coexisting in the same environment and investigate
whether conserved or unique interactions are present via
network analysis, thereby identifying the ecological roles
of these anthosphere. In addition, we present the first
anthospheric study of six different plant species: Veronica
polita, Taraxacum mongolicum, Forsythia koreana, Chel-
idonium majus subsp. asiaticum, Prunus x yedoensis, and
Viola mandshurica.

Methods

Obtaining flower samples and compiling plant
characteristics

Spring is one of the major periods in temperate cli-
mates, characterized by a wide variety of blooming flow-
ers and the simultaneous activity of many pollinators.
Anthosphere sampling was conducted on April 8, 2022,
in Gurye, South Korea (35.19°N, 127.47°E) (Supplemen-
tary Fig. Sla). The average monthly temperature of the
study area was 14.1+3.1 °C, with abundant diversity of
plant species (Supplementary Fig. S1b). A phylogenetic
tree and the corresponding images of the 12 plant spe-
cies are shown in Fig. 1 and Supplementary Fig. Slc. We
collected a total of 144 flower samples, with 12 flower
samples collected from 12 distinct individuals of each of
the 12 different plant species, which are the most com-
monly observed wildflowers in this region. The charac-
teristics and species of these plants are summarized in
Table 1, based on the available literature [21-23]. Based
on their life cycles, the 12 flowering plants were divided
into four groups: two annual forbs, four biennial forbs,
four perennial forbs, and two perennial trees. The heights
of the flowering plants ranged from 5 to 1,200 cm. V.
polita and D. indica were in the group of shorter plants,
whereas P. x yedoensis and E koreana were in the group
of taller plants. Although all these plant species engage
in insect-mediated pollination, species within the order
Capparales, such as B. juncea and C. bursa-pastoris,
also undergo self-pollination. Samples were collected
from the entire flower, including the receptacle. To pre-
vent cross-contamination, all sampling tools were steril-
ized with 80% ethanol before and after sample collection.
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Brassica rapa (LR031593)

Fig. 1 Phylogenetic tree of the plant species and representative photographs of flowers used in this study. Zygodon viridissimu and Takakia lepidozioides

were used as outgroups

After collection, the flower samples were immediately
frozen at -80°C to preserve them until DNA extraction in
the laboratory.

DNA extraction, PCR amplification, and sequencing

For DNA extraction, we used the FastDNA™ SPIN Kit for
Soil (MP Biomedicals, CA, USA) to isolate genomic DNA.
Subsequently, the purity and concentration of DNA were
measured using a Nanodrop 2000 UV spectrophotometer
(Thermo Fisher Scientific, DE, USA). The extracted DNA
was used to construct the Illumina amplicon libraries for
bacteria and fungi. The primer set 341 F (5'-TACGGGG
GGCAGCAG-3’) and 805R (5'-GGACTACCGGGGTAT
CT-3’) was used to amplify the V3-V4 region of bacterial
16S rRNA genes [24]. For the fungal internal transcribed
spacer 1 (ITS1) region, universal primers ITSIF_KYO1
(5’- CTHGGTCATTTAGAGGAASTAA-3') and ITS2_
KYO2 (5'- TTYRCTRCGTTCTTCATC-3’) were used
[25]. Ex Taq™ Hot Start Version (Takara Bio Inc., Otsu,
Japan) was used for PCR. To reduce the host DNA ampli-
fication, antimitochondrial peptide nucleic acid (mPNA:

5-GGCAAGTGTTCTTCGGA-3') and antiplastid pep-
tide nucleic acid (pPNA: 5'-GGCTCAACCCTGGACA
G-3’) were introduced, each at a final concentration of
0.25 pM [26]. DNA dimers and residues were removed
using Agencourt AMPure XP beads (Beckman Coulter,
CA, USA) following the manufacturer’s guidelines. To
quantify the DNA, we used the Quant-iT dsDNA HS
Assay Kit (Thermo Fisher Scientific). Sequencing was
conducted using the MiSeq Reagent Kit version 3 (Illu-
mina, CA, USA) for long paired-end reads (2 x 300 bp) at
Macrogen Corporation (Seoul, South Korea).

Bioinformatic analysis

The raw reads obtained were processed using the
DADAZ2 Pipeline Tutorial version 1.16 for bacterial 16S
rRNA genes (https://benjjneb.github.io/dada2/tutorial.ht
ml) and the ITS Pipeline Workflow version 1.8 for fungal
ITS genes (https://benjjneb.github.io/dada2/ITS_workf
low.html), and amplicon sequence variants (ASVs) were
identified [27]. The latest Silva database (release 138.1)
was used to assign the sequences of the 16S rRNA genes
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[28]. For fungi, the UNITE general FASTA release for
fungi (version 9.0) was applied [29]. After classifying the
sequences, ASVs belonging to the mitochondrial, chlo-
roplast, and non-target sequences were removed. Addi-
tionally, to eliminate rare taxa, ASVs with fewer than 10
reads across all samples were excluded from the analysis.
After trimming, eight T. mongolicum and three V. polita
bacterial samples and four L. purpureum fungal samples
were excluded from further analysis because of the lim-
ited number of total reads (<100 reads). Consequently,
133 bacterial and 140 fungal samples were analyzed.
The raw sequences and metadata were deposited in the
Sequence Read Archive of NCBI under the project acces-
sion number PRJNA983070 [30]. Using the “rarecurve”
function within the “vegan” package, rarefaction curves
were generated [31]. Rarefaction curves reached asymp-
totes at all taxonomic levels, indicating that sequencing
saturation was attained (Supplementary Fig. S2). A phy-
logenetic tree of the plant species was constructed using
the neighbor-joining algorithm [32] in MEGA11 [33]
based on mitochondrial sequences obtained from the
bacterial 16S rRNA genes dataset in this study (Fig. 1 and
Supplementary Fig. S1c). The phylogenetic tree revealed
that one-third of the plant species (V. polita, E kore-
ana, L. amplexicaule, and L. purpureum) were classified
within the Lamiales group, whereas the four plant spe-
cies belonged to a single order (Fig. 1 and Supplementary
Fig. S1c). We categorized ASVs into generalists and spe-
cialists to explore their niche dynamics within the antho-
sphere. Since we also aimed to explore how the identified
generalists and specialists contribute to the microbial
network and to uncover their roles within it, we included
only ASVs that appeared in more than half of the samples
for a given plant species and represented at least 0.1% of
the total microbial community. ASVs present in more
than 10 of the 12 plant species surveyed were categorized
as generalists. In contrast, those that appeared in only
one or two plant species were classified as specialists.
The identified generalists and specialists were visualized
using the “UpSetR” package in R [34], and their distribu-
tion across the floral samples was depicted using a Venn
diagram.

Network analysis and microbial function prediction

To identify keystone species and discerning conserved
or recurrent patterns within the network [17], we used
the sparse inverse covariance estimation for ecological
association inference (SPIEC-EASI) method to construct
a cross-domain interaction network between bacterial
and fungal ASVs in the anthosphere [35, 36]. To filter out
rare ASVs, we retained those observed in at least three
flower samples per plant species, with an average relative
abundance exceeding 0.1%. Calculations were performed
according to the following settings: (1) thresh=0.005;
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(2) lambda.min.ratio=0.001; (3) nlambda=100; (4)
method =mb. To identify conserved interactions within
the anthosphere, we combined 12 individual networks
into a single network, referred to as the “recurrent net-
work’, following the methodology described in our pre-
vious study [37]. Networks were visualized using the
open-source tool Cytoscape version 3.8.2 [38]. Network
topological features were analyzed using the “Networ-
kAnalyzer” plugin in Cytoscape and R software package
“igraph” [39, 40]. In the recurrent network, module iden-
tification was performed using the Louvain algorithm
in R (package: igraph) [40, 41]. Modules appearing in at
least ten individual networks were defined as “core mod-
ules” in this study. To predict the potential functions of
the anthosphere, we performed FAPROTAX analysis
for bacteria [42] and FUNGuild analysis for fungi using
default settings [43].

Statistical analysis

Heatmap and dendrogram analyses were performed
using the heatmap.3 function in the “stats” package [44].
The relative abundances of the bacterial and fungal ASVs
were subjected to arcsine transformation before con-
structing a heatmap. The dendrogram was calculated
using Euclidean distance. Diversity (Shannon index) and
richness (Chaol index) were calculated using the “vegan”
package [31, 45, 46]. One-way analysis of variance
(ANOVA) was conducted to assess differences in antho-
sphere diversity among plant species, followed by Schef-
fe’s post hoc test. Non-metric multidimensional scaling
(NMDS) was constructed using the “metaMDS” function
(using monoMDS engine) in the “vegan” package, based
on bacterial and fungal community composition data
separately. The ‘envfit’ function in the ‘vegan’ package
was then utilized to fit the characteristics of each plant
species. The response variable for NMDS was microbial
composition, while the explanatory variables included
the characteristics of each plant species, with only those
showing a significance level of p <0.05 being retained and
visualized. Various characteristics of the plant species
were categorized into ordinal scales for analysis (Supple-
mentary Table S1). For example, flowering height was
classified as 1 (<30 cm), 2 (30—100 cm), and 3 (> 100 cm),
and flower size as 1 (<5 mm), 2 (5-20 mm), 3 (20—
30 mm), and 4 (>30 mm). To confirm differences among
the anthosphere groups, permutational multivariate anal-
ysis of variance (PERMANOVA) and analysis of similar-
ity (ANOSIM) were performed using the “adonis2” and
“anosim” functions, respectively, within the “vegan” pack-
age. Both analyses were based on the Bray-Curtis dissim-
ilarity metric, with microbial community composition as
the response variable and plant species as the explana-
tory variable. A total of 999 permutations were used to
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assess the statistical significance of group differences and
the extent of separation.

Results

Bacterial and fungal community composition

The total number of bacterial ASVs distributed in the
surveyed anthospheres was 1,192 with 561,701 reads.
The dominant bacterial phyla included Proteobacteria
(76.4+22.23%) and Firmicutes (12.3+21.6%). Notably,
Caulobacter sp. (ASV0001; 8.8+6.9%) and Ralstonia sp.
(ASV0002; 8.6+7.5%) were the most prevalent genera
(Fig. 2a). Specific associations were observed with Esch-
erichia sp. (ASV0010) dominating in L. purpureum, and
Pantoea (ASV0020) predominantly in B. juncea. Den-
drogram analysis showed that microbial community
structures were influenced by characteristics of the plant
species such as life cycle, grouping similar life forms
together, which contrasted the phylogenetic classifica-
tions (Fig. 2b, Supplementary Fig. S3).

In total, 1,521 fungal ASVs were classified using
a combined total of 3,332,819 reads. Ascomycota
(88.56 £11.42%) and Basidiomycota (9.99 +11.33%) were
the most abundant fungal phyla. Genera like Epicoc-
cum sp. (ASV0033), Cladosporium sp. (ASV0034), and
Alternaria sp. (ASV0035) dominated, together compris-
ing more than half of the fungal community structure
(Fig. 2a). However, distinct distribution patterns were
noted; for instance, presence of Epicoccum presence sig-
nificantly decreased in T. mongolicum, V. mandshurica,
and D. indica.

We categorized the ASVs into generalists and special-
ists (Fig. 3, Supplementary Tables S1 and S2) and iden-
tified eight generalists and 64 specialists (Fig. 3a and b).
Among the generalists, four were detected in more than
50% of the flower samples collected from each plant spe-
cies, except for T mongolicum. For example, Caulobacter
(BASV0001) appeared in all plant species with a high
occurrence rate ranging from 75 to 100% in different
plant species (Supplementary Table S2), with an average
relative abundance of 8.7+ 7% in total bacterial commu-
nity. Two generalist bacteria belonging to the Sphingo-
monadaceae family were identified, and the remaining
one was classified as Achromobacter (Fig. 3c and Supple-
mentary Table S2). Four fungal ASVs, namely Epicoccum,
Cladosporium, and Alternaria, were identified as gener-
alist fungi (Fig. 3d and Supplementary Table S3). Notably,
Cladosporium (FASV0002) was present in all collected
flower samples with relative abundances ranging from 4.2
to 55.7%. Ceratobasidium (FASV0023) exhibited a high
occurrence exclusively in T. mongolicum, whereas Aureo-
basidium (FASV0043) and Periconia (FASV0048) showed
high occurrence rates in . koreana.
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Alpha and beta biodiversities of the anthosphere

The diversity and richness indices of the anthosphere
were calculated to identify differences in microbial com-
position (Fig. 4). Notably, E koreana exhibited the highest
bacterial diversity and richness according to the Shan-
non index (3.2 0.6, ANOVA; F=20.05, p<0.001) and the
Chaol index (63.7£19.4, ANOVA; F=16.65, p<0.001),
whereas C. bursa-pastoris and B. juncea, both belonging
to Capparales, showed relatively low bacterial diversity
and richness (Fig. 4a and b). Regarding fungal diver-
sity, the indices did not vary significantly among antho-
spheres according to the Shannon index (Fig. 4c and d,
ANOVA; F=7.40, p=0.001); however, differences were
observed in the richness indices according to the Chaol
index (ANOVA; F=17.46, p<0.001) (Fig. 4d). The aver-
age fungal Shannon index was 2.0+ 0.4, which was lower
than the bacterial index (2.4+0.6). P. x yedoensis and D.
indica, both of which belong to the order Rosales, showed
relatively high levels of fungal diversity and richness
according to both Shannon and Chaol indices. Similar
to that in bacteria, anthosphere in E koreana showed the
highest fungal richness but not fungal diversity according
to the Chaol index.

To investigate the major drivers of the anthosphere,
NMDS ordination was performed using the characteris-
tics of plant species (Fig. 5). ANOSIM and PERMANOVA
indicated that bacterial and fungal anthospheres differed
significantly according to the plant species (bacteria:
ANOSIM, R=0.39, p=0.001; PERMANOVA, R*=0.28,
F=4.20, p=0.001; fungi: ANOSIM, R=0.56, p=0.001;
PERMANOVA, R?>=0.31, F=5.21, p=0.001). The char-
acteristics of 12 different plant species were fitted to the
NMDS plots, revealing that more than half of these char-
acteristics significantly influence the bacterial and fungal
anthospheres (Supplementary Table S4). For instance,
characteristics such as life cycle, flowering height, pol-
linators, and inflorescences played crucial roles in shap-
ing both communities, whereas attributes such as flower
composition did not have a significant influence. The
color and symmetry of the flowers influenced the bacte-
rial anthosphere (Fig. 5a), whereas the number of pistils
and stamens affected the fungal anthosphere (Fig. 5b and
Supplementary Table S4).

Microbial network, modules, and microbial function
prediction

In this study, we investigated the possible interac-
tions between microbes across and within kingdoms by
employing the correlation of co-occurrence patterns
using network analysis (Fig. 6). The number of nodes and
edges of the individual anthospheric networks ranged
from 5 to 108 and 3-97, respectively (Fig. 6a; Table 2).
The topological properties of the anthospheric network
are summarized in Supplementary Table S5. Notably, F
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Fig. 2 The bacterial and fungal community composition. (a) Bar plots showing the relative abundances of bacterial (upper panel) and fungal (lower
panel) genera in the anthosphere, and (b) heatmap showing the major amplicon sequence variants (ASVs) in the anthosphere.'B'and 'F'in front of ASVs
represent bacteria and fungi, respectively



Kim et al. Environmental Microbiome (2025) 20:6

(a) 3 Sphingomonadaceae
Bacteria

6 _Achromobacter

L. amplexicaule, 2 Sphingomonas

C. bursa-pastoris V. mandschurica

1_Caulobacter
V. polita 4_Bacillus 39 Merhylobacterium-
v F. koreana Methylorubrum
B pcidosiona)
(J’m fomonas Bix yedoesis ? 17_Rhizobium cluster
y
¥ ’
. £
- L. purpureum 13_Frischeiia O%' C. majus subsp. asiaticum
7 5 .
66_Burkholderia 40 Gilliamalld % B Ralstonia
~Caballeronia 5 :
2 S1_Methy jum- 93 Chroococeidiopsis
Methylorubrum SAG 2023
9_Escherichia-Shigella o i oo
22_Ralstonia 298_Truepera SAG o

34_Lactobacillus
91_Snodgrassella T

T. mongolicum 96_Chroococcidiopsis

SAG 2023 i
< 59_Bacteria
65 Sphingomonas B. juncea
92_Psendomonas 52_Rhizorhapis
33_Pseudarthrobacter 18, Pantoea . A9 ' 44 Bosen
90_Rathayibacter A6_Pelomonas.
14_Rickerrsia 2

328_Pseudomonas
150_Nocardioides

38 Buchnera
D. indica

(c)

2.5

Intersection Size

0.0

C. bursa-pastoris
C. majus subsp. asiaticum
V. polita

L. amplexicaule
P. x yedoensis

B. juncea

L. purpureum

D. indica

1. mongolicum

V. villosa

V. mandschurica
F. koreana

15 10 5 0
Set Size

Page 8 of 16

(b)

1_Epicoccum 2_Cladosporiun  7_Cladosporium

Fungi

I. mongolicum

V. mandschurica

2 lelwﬂn.'gﬂu
23_Ceratobasidium W
2

+

F. koreana P. x yedoensis _3_Alternaria

43_Aureobasidium
82_Phacosphaeriaceae

30_Pleosporales 111_dureobasidium

o . 27_Selenophoma
51_Visimiacozyma 39_Cladosporium
= 94_Taphrina - 24
61_T ¥ a . 48_Periconia
_Tausonia 13_Didvmella \_Papi
38_Cystofilobasidium A
25 Vishniacozyma 18_Didymella -
. ““ L. purpureum
14_Epicoccum
96_Cystofilobasidium
- 15_Phaeosphaeria
20_Septoria -
C. majus subsp. asiaticum o ioposi 8. x B. jancea
. 5 Epicoccim
32 Mrakia 54_Hannaella
& »
- 35 Bullera ] C. bursa-pastoris
34_Leptobacillium
24_Stagonosporapsis v
V. polita L. amplexicaule
D. indica [V 3
49_Malassezia
..
@ &
(d X6
7]
=}
S
o
2
£ 2
2
|

0 1

V. villosa

V. mandschurica
B. juncea

C. majus subsp. asiaticum
I.. amplexicaule
L. purpureum

C. bursa-pastoris
V. polita

P. x yedoensis
F. koreana

1. mongolicum
D. indica

1510 5 0
Set Size

Fig. 3 Microbial generalists and specialists across different flowers. (a) and (b) Venn diagrams of the bacterial and fungal generalists and specialists within
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species. Horizontal bars (set sizes) show the total number of taxa found in each individual plant species. The connected dots below the bars indicate the

specific combinations of sample sets where attributes are shared

koreana showed the most complex network, whereas the
networks of V. polita and L. purpureum displayed only
three connections. After combining the individual antho-
spheric networks into a recurrent network, the modules
were calculated to identify any conserved interactions in
the anthosphere. Fourteen modules were identified. Con-
served recurrent interactions were identified in two core
modules (modules 10 and 12; Table 2). Modules 10 and
12 were primarily composed of generalist fungal and bac-
terial ASVs, respectively (Fig. 6b). Specifically, in module
10, FASV0002 (Cladosporium), FASV0003 (Alternaria),
and FASV0006 (Epicoccum) exhibited conserved inter-
actions with FASV0001 (Epicoccum). BASV0002
(Sphingomonas) interacted at least five times with both
BASV0001 (Caulobacter) and BASVO0003 (Sphingo-
monadaceae) in module 12. On the other hand, several

specific modules were identified, including module 5 in E
koreana and module 11 in D. indica.

FAPROTAX and FUNGuild analyses were performed
to infer functional profiles using the identified ASVs
(Fig. 7). For bacteria, chemoheterotropic functions
showed relatively high abundance throughout the antho-
sphere, and these functional groups were dominated by
various bacteria, such as Achromobacter, Caulobacter,
and Sphingomonas (Fig. 7a). Photosynthetic functions
driven by Chroococcidiopsis were particularly high in E
koreana and V. mandshurica. Functions related to patho-
gens or parasites were identified in specific anthospheres,
including those of C. bursa-pastoris and B. juncea (order
Capparales), which contained ASVs belonging to the
genera Rickettsia and Pantoea. Some species assigned
to these genera have been reported to exhibit intracel-
lular parasitic effects and plant pathogenic effects. For
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post-hoc analysis

fungi, functional groups exhibited more complex func-
tional clusters than those of bacteria (Fig. 7b). Functional
groups with the highest proportions included patho-
gens, parasites, and saprotrophs (Supplementary Fig. S4).
Notably, the highest proportion of functions belonged

to the animal pathogen-plant pathogen—undefined
saprotroph group at 35.7+21.3%, followed by those of
the endophyte-lichen parasite—plant pathogen—unde-
fined saprotroph group at 17.6+13.9%, accounting for
more than half of the total functionality. In contrast,
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endomycorrhizal fungi performed 1.1+5.6% of the total
functions in the anthosphere.

Discussion

The anthosphere is one of the most unique components
of the plant holobiont, interacting dynamically with
various biotic and abiotic factors, including pollinators
[6, 47]. These interactions significantly influence the
composition and function of the anthosphere [5]. The
anthospheric composition exhibited significant interspe-
cies variation, which is indicative of distinct microbial
assemblages associated with different plant species (Fig. 2
and Supplementary Fig. S3). For instance, Caulobacter,
Sphingomonas, and Achromobacter were assigned as bac-
terial generalists and were consistently abundant across
all plant species, whereas Bacillus, Escherichia, Pantoea,
and Erwinia were highly abundant in specific plant.
These results are consistent with those of previous stud-
ies [48-50]. For example, Rebolleda Gémez and Ashman
[49] identified Acinetobacter, Pseudomonas, Bacteroides,
Corynebacterium, Erwinia, and Lactobacillus as core
bacteria in the anthosphere of Mimulus guttatus (yellow
monkeyflower). Similarly, Pseudomonas, Pantoea, and
Sphingomonas were found to have higher relative abun-
dances in the flowers than in the leaves of Ranunculus
acris (meadow buttercup) and Trifolium pratense (red
clover) in grasslands [48]. These results suggest that the
primary microbial communities of flowers from different

regions were similar and that the intrinsic characteristics
of the plant species themselves had a stronger influence
than that of the external factors.

The prevalence of specialists, which are dominant in
different plant species, emphasizes the intricate interplay
between bacterial communities and their host plants,
which is likely driven by unique floral traits and micro-
environmental conditions [51, 52]. Even within the same
environment, microbial community variations were
observed in the anthospheres of flower samples collected
from the same plant species, highlighting the complex
microbial dynamics associated with individual plant spe-
cies. For instance, Pantoea was detected in only one-
fourth of the flower samples collected from B. juncea,
but it dominated these flower samples, reaching a maxi-
mum relative abundance of 94.1% (Fig. 2a), which dem-
onstrates the variability of microbial communities within
individual plant species. Despite the consistent presence
of similar plant species within the same locality, complex
interactions between plants and their microbial commu-
nities lead to unique microbial assemblages, a phenom-
enon that contrasts with the relatively homogeneous
and simple anthosphere typically observed in cultivated
fields [50, 53]. This result indicates that the anthosphere
is influenced not only by plant species, but also by ran-
domly occurring external factors, such as visits from pol-
linators, even for the same plant species inhabiting the
same environment.
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Table 2 Frequency of module occurrences derived from network analysis. Nodes that appeared in more than 50% of the members of each module were marked with a circle (O),
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In this study, the honeybee-related microbes Achro-
mobacter, Frischella, Gilliamella, and Lactobacillus were
identified in various plant species [54, 55]. Interestingly,
among the 12 plant species, the generalist Achromobacter
demonstrated dominance in 11 plant species, whereas
the specialists Frischella, Gilliamella, and Lactobacillus
showed a pronounced presence exclusively in E kore-
ana, which exhibited the highest microbial diversity and
numerous unique specialists (Figs. 3 and 4 and Supple-
mentary Tables S2 and S3). The specialist genera Frisch-
ella, Gilliamella, and Lactobacillus are typically found in
the gut of honeybees and play crucial roles in modifying
the honey composition and degrading potentially toxic
carbohydrates [37, 56]. Although these genera are fre-
quently found in flowers and honeybees, previous stud-
ies have shown that they comprise only a minor portion
of the honeybee microbiome [5, 57], which is consistent
with our findings. In this study, FE koreana, a peren-
nial tree intentionally planted for landscaping purposes
in South Korea, was located approximately 100 m away
from other sampled plant species. This separation in geo-
logical location may explain why honeybee-associated
microbes were more abundant in F koreana compared
to the other 11 plant species. Additionally, previous
research has demonstrated that honeybees tend to prefer
taller plants, likely due to reduced competition at greater
heights, a concept known as the “effective pollination
hypothesis” [58, 59].

Previous studies have shown that E koreana contains
various phytochemicals, including lignans, flavonoids,
diterpenes, and oxygenated monoterpenes [52, 60], while
D. indica is rich in phytochemicals such as phenolic
acids and their derivatives, flavonoids, terpenoids, tan-
nins, lignins, and sterols [51]. Since phytochemicals play
key roles in plant defense and ecological interactions and
have an impact on shaping microbial communities [61,
62], the unique phytochemical compositions of different
plant species may contribute to shaping their specialized
microbial communities and driving complex interactions
between plant chemistry and microbial ecology in the
anthosphere.

Interactions among microbes play crucial roles in shap-
ing microbial communities, as well as the characteris-
tics of plant species and environmental factors [63, 64].
However, our understanding of these interactions in the
anthosphere remains limited [17, 20, 65]. Network analy-
sis is widely used and has proven to be highly valuable for
studying such biological interactions [19, 66]. Our results
revealed that the anthosphere network was relatively
simpler than other plant-associated networks, such as the
rhizosphere [17]. This phenomenon is likely due to the
fact that the flower provides a unique and limited space
for microbial communities compared to other plant com-
partments [67].
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The generalist fungus Cladosporium was identified as
one of the core microbes and dominated the core module
(module 10), which was repeatedly connected with two
other generalist fungi, Epicoccum and Alternaria. Consis-
tent with our results, Cladosporium was also identified as
a core microbe in the pollen of eight different plant spe-
cies [20]. Several species belonging to Cladosporium have
been reported to be isolated from the flowers of various
plant species and found in air particles [15, 68]. Since
Cladosporium produces various antifungal metabolites,
such as cladosporin and 5'-hydroxyasperentin [69], these
metabolites may serve as a strategy to dominate other
fungal groups. Consequently, Cladosporium, as a core
microbe with unique survival strategies, may serve as a
key driver of microbial diversity within the anthosphere
through its interactions with other core species.

When specific groups of plant-associated microorgan-
isms, such as those involved in nutrient supply, stress
resistance, and bioactive metabolite production, are iden-
tified in relatively high proportions, it suggests that these
microbes potentially play a vital role in the overall health
and metabolic activities of plants [70]. For instance,
chemoheterotrophy was the major bacterial function
observed in most flowers in this study (Fig. 7a). These
functions are primarily carried out by plant growth-
promoting rhizobacteria (PGPRs) such as Caulobacter,
Pseudomonas, Bacillus, and Sphingomonas. Previous
studies have indicated that PGPRs attract pollinators by

releasing scents from flowers and can delay senescence of
flowers [71, 72]. In other studies, bacteria such as Pseu-
domonas and Bacillus have been shown to help increase
the number of flowers on plants, promote flowering,
and extend the flowering period [73, 74]. These findings
highlight the crucial role that PGPRs in flowers play in
enhancing plant growth and reproductive success. Given
their significant functions, PGPRs in the anthosphere
could possibly be transmitted to subsequent plant gen-
erations through the floral pathway via the stigma of the
parent plant, which allows both horizontal and vertical
transmission [75], thereby influencing the overall health
and productivity of plants across generations. Further-
more, specific anthospheric environments, such as those
observed in C. bursa-pastoris and B. juncea from the
Brassicaceae family, exhibit the characteristics of intra-
cellular parasites and human or plant pathogens (Fig. 7a).
The genera Bacillus and Pantoea were observed to be
specialists in C. bursa-pastoris and B. juncea (Figs. 2 and
3a; Table 1), respectively. Certain types of bacteria from
Bacillus and Pantoea can cause diseases in plants belong-
ing to the Brassicaceae [76, 77]. C. bursa-pastoris and
B. juncea are traditionally consumed as crops in Korea.
From our observations at the study site, there were no
signs of human presence, such as footprints or other evi-
dence of interaction. This suggests that human handling
is unlikely to have contributed directly to the presence of
disease-related functions in the plants. However, plants
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frequently exposed to human contact may carry such
taxa within their holobionts, potentially passing them on
through seeds and generations. Additionally, pollinators
from nearby cultivated areas could have transferred these
taxa during the pollination process.

The relative abundances of fungi varied widely, and
accordingly, their functionality also exhibited com-
plex tendencies across plant species (Figs. 2 and 7 and
Supplementary Fig. S4). Generally, ectomycorrhizal
and saprotrophic fungi dominate other compartments
of plants [78, 79]. However, in the present study, func-
tions related to animal or plant pathogens accounted for
approximately half of the functional roles in the antho-
sphere, whereas ectomycorrhizal functions accounted for
approximately 1% (Fig. 7b and Supplementary Fig. S4).
These results suggest that, unlike in other compartments
of the plant, the floral fungal community is influenced by
and interacts with various organisms, potentially induc-
ing unique functionalities in the anthosphere. Further-
more, various types of saprotrophic fungi have been
identified, which perform over half of the functional roles
in the anthosphere. However, undefined saprotrophs
were the major group of saprotrophic fungi (Fig. 7b and
Supplementary Fig. S4). Previous studies have suggested
that floral volatile organic compounds change the func-
tion of the anthospheric fungal community in Osmanthus
fragrans [64]. Further studies are required to determine
the specific roles of these undefined saprotrophic fungi in
anthosphere.

Conclusion

This study highlighted the complex and dynamic nature
of the wildflower anthosphere. We examined 12 differ-
ent plant species and uncovered significant variations in
microbial communities influenced by unique floral traits
and interactions with external factors, such as pollina-
tors. Generalist microbes such as Caulobacter and Sphin-
gomonas form a foundational core across plant species,
whereas Bacillus and Pantoea, classified as specialists,
exhibit plant-specific microbial interactions. The high
microbial diversity of E koreana, potentially influenced
by honeybee attraction and unique phytochemicals, sug-
gests a role for plant-pollinator interactions in shaping
anthospheric communities, although further evidence
is needed to fully establish these drivers. Future stud-
ies should focus on understanding the specific interac-
tions and roles of anthospheric microbes, particularly the
undefined saprotrophic fungi, to deepen our knowledge
of anthosphere and their contributions to plant repro-
ductive success and biodiversity.
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