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Background Fresh vegetables harbor an assemblage of different microorganisms on their surfaces. The phyllosphere
microbiota is important for maintaining plant health and managing crop quality before and after harvest. However,
the diversity and ecology of fungal communities are largely unexplored in fresh vegetables. This study investigated
the phyllosphere mycobiota of field-grown broccoli florets (n =66) collected from 22 farms across four regions in
Korea, using culturing, amplicon sequencing of the internal transcribed spacer region, and microbial network analysis.

Results Microbial network analysis identified core genera (Purpureocillium, Filobasidium, Cystofilobasidium, Papili-
otrema, Aureobasidium, and unclassified genera of Capnodiales) specific to the broccoli phyllosphere. The composi-
tion and network complexity of core and unique populations varied among farming regions, and was associated with
local agro-meteorological conditions. The complexity of microbial associations was higher in mature communities
than in immature communities, but complexity was lost upon development of plant pathogenic disease. Broccoli
mycobiota were classified according to the dominance of Purpurecillium. While Purpurecillium-type microbiota were
prevalent in normal samples, Filobasidium-type microbiota were frequently observed in immature, damaged, or post-

Conclusions Together, fungal communities were important components of phyllosphere microbiota on fresh veg-
etables, and have substantial potential for exploitation to enhance and stabilize plant health and growth.

Keywords Phyllosphere mycobiota, Preharvest microbiome, Broccoli, Microbial diversity, Metagenomics

Background

Plants harbor diverse and abundant microorganisms
on their surfaces, and have co-evolved mutually ben-
eficial interactions with their microbial communities
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[1]. Host—microbe interactions play an important role
in stabilizing plant growth and health [2], and these
interactions have substantial potential to be utilized for
enhancement of crop production in horticulture and
agriculture [3, 4]. Fresh vegetables harbor different types
of microbial populations on their leaf surfaces dur-
ing growth [5, 6], and the phyllosphere microbiota vary
according to host development [7], farming region [8, 9],
agricultural practice [10, 11], and climate [9, 12]. Previ-
ous research has widened our knowledge of bacterial
communities on fresh vegetables [5, 13]; however, fungal
communities remain largely unexplored.

Food loss in fresh produce represents nearly half of all
food wastage [14], with major losses occurring during
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postharvest storage [15]. A range of fungi is known to
adversely affect food spoilage, and food losses due to
fungal spoilage account for up to 10% of all losses [16].
Hence, studies of fungal microbiota have focused pri-
marily on postharvest fungi, particularly plant pathogens
[17]. Importantly, microbial communities that develop
during plant growth persist long after harvest [11], and
the initial composition and diversity of preharvest micro-
biota have an important influence on the communities
that develop during postharvest storage [18]. Further-
more, preharvest microbiota have also been shown to
contribute to food spoilage in harvested crops [19], via
antagonistic or agonistic interactions between commen-
sal and pathogenic community members [3, 20]. Such
interspecies interactions can be exploited to suppress the
growth of potential plant pathogens and improve crop
quality by treatment with biocontrol strains in the field
and during postharvest storage [21]. Understanding the
diversity and ecology of the phyllosphere mycobiota at
the preharvest stage provides a foundation for strategies
to maintain the quality and safety of fresh vegetables in
the food industry [22, 23].

The ecology of plant-associated microbiota reveals
strong dependencies on host and environmental fac-
tors, resulting in high complexity and variability of plant
microbiota [24]. Nonetheless, plants harbor a subset of
core taxa that are persistently and directly associated
with a variety of different conditions [25]. The pervasive
nature of core microbiota provides an expectation that
they play important roles in the regulation of host physi-
ology and immunity [26], and can be viewed as micro-
bial resources for the development of biological control
agents in economically important crops, including fresh
vegetables [21]. Constructing microbial associations can
facilitate the prediction of inferred interactions between
co-habiting members in a community and contribute
to disentangling the complexity of microbial communi-
ties under a broad array of host and environmental con-
ditions [27]. It is also considered that diverse microbial
communities likely have a high probability of contain-
ing microorganisms potentially antagonistic to plant
pathogens, or agonistic to host plants as a result of co-
evolution [28]. Therefore, identifying co-occurrence
relationships between community members provides an
opportunity to elaborate core keystone species and to
predict their ecological functions with the aim of devel-
oping biocontrol strategies.

Here, 66 broccoli florets were collected at the point of
harvest from 22 local farms in four regions of Jeju Island,
Korea, and used to characterize the diversity and ecol-
ogy of the phyllosphere mycobiota on field-grown broc-
coli. Broccoli (Brassica oleracea var. italic) is a valuable
Brassica vegetable with global popularity, and Jeju Island
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is a major producer of broccoli in Korea with up to 80%
of market share [29, 30]. Comparison of fungal com-
munities identified the variability of fungal community
composition according to farming region, disease occur-
rence, and host development stage, and the construction
of microbial association networks allowed variation in
interspecies associations of fungal communities under
different conditions to be understood, revealing the core
taxa of phyllosphere mycobiota on field-grown broccoli.

Methods

Sample collection and preparation

All procedures for sample collection and preparation
were described precisely [8, 31]. Briefly, 66 florets of
broccoli were collected from 22 farms distributed in
four regions of Jeju Island (six farms in Daejeong [A],
five farms in Hallim [B], five farms in Jocheon [C], and
six farms in Seongsan [D]) during harvest season from
November 2014 to February 2015 (Additional file 1: Fig.
S1). The florets were collected from immature plants
grown for 8-9 weeks after seedlings planted in the soil
(weight, 80—120 g) at one of each region, and mature
plants grown for 15-16 weeks (250-400 g) at the remain-
ing farms of each region. The Agricultural Research and
Extension Services of Jeju reported that broccoli plants
at five farms in region C were physically damaged by
black rot and downy mildew in late 2014 before sam-
pling. Retail samples (n=40) were collected from ten
local grocery stores of Jeju Island from November 2014
to January 2015, and November 2015. Three sections
(approximately 10 g per section) were taken using a ster-
ile knife and pooled to be 30 g per sample. Floret samples
were mixed with 120 ml of 0.1% buffered peptone water
(Difco, Becton Dickinson, Sparks, MD, USA), and soni-
cated for 10 min at maximum power (Powersonic420,
Hwashin Technology, Republic of Korea). Microbial pel-
lets were obtained by centrifugation at 16,000 x g at 4 °C.
Agro-meteorological data (temperature, relative humid-
ity, precipitation, insolation, wind speed, soil temperature
and soil moisture) at the sampling date were provided by
the Jeju Agricultural Research and Extension Services
(https://ipm.agri.jeju.kr/develope/weather/weather0102.
php). The weather observation stations are located within
3.4£1.6 km (4.410.6 km for region A, 3.24+0.4 km for
region B, 0.9+ 0.6 km for region C, and 4.6+ 1.0 km for
region D) at the shortest direct distance from the local
farms (Additional file 2: Table S1).

DNA extraction and internal transcribed spacer
sequencing

Metagenomic DNAs were extracted from microbial
pellets using a PowerSoil DNA Isolation Kit (MO-BIO
Laboratories Inc., Carlsbad, CA, USA). The internal
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transcribed spacer 2 (ITS2) region was amplified using
ITS86F and ITS4 primers with Illumina sequencing over-
hang adapters [32]. PCR was performed, as described
previously [33]. DNA extraction and PCR amplification
were unsuccessful for 15 samples (A5, A9, A13, A17, A18,
B27, B29, B32, B33, C34, C43, C48, D54, D55, and D58)
which were excluded from sequencing. Five PCR repli-
cates were purified using a QIAquick PCR Purification
Kit (Qiagen, Valencia, CA, USA), and sequenced using
[lumina MiSeq sequencing (2 x 300 bp) (Illumina, San
Diego, CA, USA).

Internal transcribed spacer sequence analysis

[lumina sequences were analyzed using QIIME2 (version
2018.11) [34], as described previously [33]. Briefly, primer
sequences were trimmed, and conserved regions flanking
the ITS2 region were removed using ITSxpress [35, 36].
Divisive Amplicon Denoising Algorithm 2 (DADA?2) [37]
was used to identify amplicon sequence variants (ASVs).
Samples were even-depth rarefied to 15,000 sequences,
and ASVs with<6 sequences were removed. Fungal tax-
onomies were defined using the UNITE QIIME release
for Fungi (clustering at 99% similarity, release 2020-
02-04) [38]. The number of ASVs, Shannon index, and
Pielou’s evenness were estimated. Beta-diversity was
determined based on Bray—Curtis dissimilarity and Jac-
card distance. Global clustering was performed based on
Jensen-Shannon divergence using partitioning around
medoids clustering algorithm [39, 40]. The optimal num-
ber of clusters was selected with the highest value of Cal-
inski-Harabasz index.

16S ribosomal RNA gene sequence analysis

The 454 pyrosequencing data of 16S rRNA amplicon in
our previous study [8] were reassessed using QIIME2.
Primer sequences were trimmed away, and quality-filter-
ing, error correction, and removal of chimeric sequences
were performed using DADA2. The taxonomy of ASVs
was defined using the de-replicated sequences (99%
similarity) of Greengenes database (2013-08 release).
Mitochondria or chloroplast ASVs were filtered out. The
sequencing depth was rarefied to 500 sequences, and
ASVs with < 2 sequences were excluded.

Co-occurrence network analysis

Spearman correlations were calculated using CCREPE
[41], and positive and negative correlations with sta-
tistical ~ significance  (correlation  coefficient>0.4,
P-value<0.01) were used. A microbial association net-
work was visualized using Compound Spring Embedder
Layout in Cytoscape 3.8.2, with global graph properties
including total nodes, total edges, average neighbors, and
cluster coefficient. Fungal data were further rarefied to
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500 sequences, and retained ASVs with >2 sequences for
the construction of fungal and bacterial co-association
networks.

Enumeration of fungal and bacterial cells

Total numbers of viable fungal and bacterial cells were
determined by counting colony-forming units (CFUs).
Sample mixture was serially diluted and spread on tryp-
tic soy agar (Difco, Becton Dickinson) for total bacteria,
and potato dextrose agar (Difco, Becton Dickinson) for
total fungi. Plates for fungi and bacteria were incubated
at 30 °C for 72 h and at 37 °C for 48 h, respectively.

Statistical analysis

P-value 0f<0.05 were considered significant. Two-tailed
Mann-Whitney U, Kruskal-Wallis tests with Dunn’s
post-hoc, and one-way ANOVA with Tukey’s post-hoc,
X’-test, and Fisher’s exact test were performed using
GraphPad Prism version 5.0 for Windows (Graph-
Pad Software, SD, USA). Principal coordinate analysis
(PCoA) was performed using R package ‘vegan’ and ‘ade4’
[42]. Statistical significance for distance matrices was
assessed using the ‘adonis’ function of ‘vegan’ package,
and significance for pairwise comparisons was assessed
using the ‘pairwise.adonis’ function of ‘pairwiseAdonis’
package. A z-score was used for standardization of agro-
meteorological variables. Spearman correlation between
distance matrices was calculated using the ‘mantel’” func-
tion of ‘vegan’ package. Procrustes analysis between
ordinations was performed using the ‘protest’ of ‘vegan’
package. Distance-based redundancy analysis (db-RDA)
was performed using the ‘capscale’ of ‘vegan’ package.
The best-fit model was calculated using forward selection
of ordiR2step in ‘vegan’ package. The abundance of ASVs
was correlated with the axes of constrained ordination
using the ‘add.spec.scores’ of ‘BiodiversityR’ package, and
statistical significance was achieved using the ‘envfit’ of
‘vegan. Discriminant analysis was identified using LEfSe
analysis [43].

Results

Taxonomic uniqueness of fungal populations

in the broccoli phyllosphere

In total, 66 florets of field-grown broccoli were col-
lected from 22 farms located on Jeju Island over two
years (Fig. 1) [8]. On average (*s.d.), 86,992+52,077
high-quality reads of the ITS2 region were obtained per
sample (n=51), and ASVs representing species-level
biological variants were defined. Samples were rarefied
to minimize the effect of variable sequencing depth, and
ASVs with very low abundance were filtered out (see
Methods). Finally, a total of 710 ASVs were obtained,
with 34+24 ASVs produced per sample (Additional



Kim and Park Environmental Microbiome (2023) 18:15

Page 4 of 16

Chujado

Q Biyangdo ;

Hallim

Chagwido
Hangyeong

Daejeong
¥ 2505

Gapado

Marado

A Andeok

() C Udo
ﬁ Gujwa
Jocheon

Jeju City D
.p A
Aewol S
Pyoseon
Namwon

Jungmun  Seogwipo

\ 12.6 km |

Fig. 1 The sample collection sites of broccoli florets, Jeju island, Korea (downloaded from http://www.visitjeju.net/en/index.jto). Red circles indicate

weather observation stations that are the nearest to the sampling sites

file 2: Table S1). Most (89.3%) of the ASVs belonged to
256 genera of the Ascomycota (66.7 £ 31.4%) and Basidio-
mycota (32.6+31.0%) phyla. Thirteen genera conformed
to the following two conditions and were regarded to as
core genera: 1) observed at>0.4% average relative abun-
dance, and 2) found in>39% of samples (Fig. 2A). The
most abundant core genera (>1%) were Purpureocil-
lium (52.0+38.8%), Cystofilobasidium (10.31+12.6%),
Filobasidium (9.8 +13.4%), Sporobolomyces (3.9 £10.1%),
Aureobasidium (1.5+7.9%), Alternaria (1.3 +4.7%), and
Papiliotrema (1.2+£2.0%). These core genera have not
been previously been observed at high frequency in fresh
produce [3, 44—51], suggesting that field-grown broccoli
harbors unique fungal populations on their surfaces.

Regional variation in the fungal communities

of the broccoli phyllosphere

In total, 710 ASVs were used to compare the composition
of fungal communities on field-grown broccoli based on
Bray—Curtis dissimilarity for ASV abundance and Jaccard
distance for ASV occurrence. The fungal communities
differed significantly among farming regions with respect
to ASV occurrence (Adonis, p =0.001), but not to ASV
abundance (p=0.209) (Fig. 2B). Regional differences

(See figure on next page.)

were further assessed using pairwise comparisons, and
post-hoc analysis revealed that significant differences
were found for all pairs of fungal communities for Jac-
card distance (p <0.05) (Additional file 1: Fig. S2A). These
results indicate that fungal communities of field-grown
broccoli differ among farming regions.

Fungal community members were stratified to iden-
tify influential ASVs driving regional variation of the
broccoli mycobiota. Interestingly, the majority of fungal
ASVs were allocated exclusively to one of the regions
(Fig. 2C). Specifically, 35 ASVs (4.9%) regarded as “core”
ASVs were shared among all farming regions, whereas
551 ASVs (77.6%) regarded as “unique” were observed
only in single regions (Fig. 2B). Relative abundance of
core and unique ASVs were examined to determine their
dominance or rarity in their communities. The core and
unique ASVs showed total abundance averages (+s.e.m.)
of 22+0.1% and 0.2+0.1%, respectively, and the core
ASVs were significantly more abundant than the unique
ASVs (p<0.0001) (Additional file 1: Fig. S2B). These data
reveal that rare populations are a main driver for regional
variation in the fungal communities.

Influential ASVs contributing to regional variation
of the fungal communities were also identified from

Fig. 2 Fungal community composition in field-grown broccoli florets. A The genus-level core members of the broccoli mycobiota. Abundant
(>0.4% average relative abundance) and prevalent (>39% samples) fungal genera are shown using a rank abundance plot. The prevalence of
fungal genera indicates in parentheses. Box and whisker plots are shown to min and max. B The fungal communities of four farming regions
were compared using Principal coordinates Analysis with Bray—Curtis dissimilarity (left panel) and Jaccard distance (right panel). C Venn diagram
showing shared ASVs among the farming regions. D Farming region-discriminant ASVs were predicted by correlation with the constrained axis of
distance-based redundancy analysis with Jaccard distance for farming region (r>0.4, P<0.01)
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abundant ASVs. Fungal ASVs (>0.1% average abundance)
were identified that significantly correlated with the first
two axes of db-RDA constrained to farming region. Three
ASVs belonging to the core genera had significant cor-
relations with the first or second axis of the constrained
db-RDA for Jaccard distance (r>0.4, p<0.05) (Fig. 2D).
The Purpureocillium® ASV was frequently observed in
regions A and C (Additional file 1: Fig. S2C). One Cystofi-
lobasidium ASV was abundant in region B, and the other
Cystofilobasidium ASV was abundant in regions A and D
(Additional file 1: Fig. S2C). Thus, dominant core popu-
lations also contribute to regional variation in the fungal
communities.

Agro-meteorology is associated with regional variation

in the fungal communities

Samples were collected from multiple farms within the
same region, and fungal communities can be presumed
to be influenced by farm-based local environments. Dis-
similarities between samples collected from the same
farm or region were significantly smaller than those from
different farms or regions (»<0.05), but dissimilarities
between samples collected from different farms were
not smaller than those from different regions (Fig. 3A),
indicating that region-based conditions may prevail over
farm-based conditions with respect to fungal community
composition.

Agricultural meteorology is a key contributory fac-
tor influencing diversity of plant-associated microbiota
[24], and we hypothesized that fungal community com-
position was affected by the climate conditions of each
region. Agro-meteorological parameters (temperature,
relative humidity, precipitation, insolation, wind speed,
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soil temperature, and soil moisture) were collected at
the sampling time from weather observation stations at
an average distance of 3.4+1.6 km from the sampling
locations (Additional file 2: Table S1). First, the Euclid-
ean distance matrix of the agro-meteorological param-
eters was compared with the Jaccard distance matrix of
the fungal communities using a Mantel test, and sig-
nificant Mantel statistics were observed for the matrix
comparisons (r=0.2329, p=0.006). This provides evi-
dence that agro-meteorological conditions are associ-
ated with regional variation in the fungal communities.

Next, the best-fit model of Jaccard distance-based
db-RDA plot constrained to optimized number of agro-
meteorological parameters was developed using redun-
dancy analysis with forward selection. The model fitted
by six parameters (soil moisture, temperature, soil tem-
perature, relative humidity, wind speed, and insolation
in sequential order) was finally selected (p <0.05), with
18.0% explained variance (Fig. 3B). Next, two db-RDAs
constrained to farming region and the best-fit agro-
meteorological model were compared using Procrustes
analysis, revealing two ordination plots that were
very strongly correlated with one another (r=0.9171,
p=0.001) (Fig. 3C). The db-RDA correlations were
further tested after removing either core or unique
ASVs. This analysis showed that db-RDAs excluding
unique ASVs (r=0.9223, p=0.001) were more highly
correlated than both db-RDAs excluding core ASVs
(r=0.7918, p=10.001) and db-RDAs including all ASVs
(r=0.9171, p=0.001) (Additional file 2: Fig. S3). These
results prove that agro-meteorology has a large impact
on the diversity of the fungal communities, particularly
on core populations.
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Fig. 3 The influence of agro-meteorology on regional variation of fungal communities. A Comparison of Jaccard distance within and between
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Microbial networks are associated with the health

of the host

ASV co-occurrence was used to construct a microbial
association network that inferred interspecies interac-
tions of fungal populations [52]. In total, 95 correlations
connecting 33 ASVs were predicted (r>0.4 and P<0.01),
most of which were positive (91 positive and four nega-
tive correlations), showing that communities were domi-
nated by fungal populations supporting each others’
fitness. Next, the microbial network was separated by
farming region by selecting region-specific ASVs (>0.03%
average abundance and found in>30% of regional sam-
ples). Four networks were established comprising 38,
37, 15, and 63 correlations connecting 17, 16, 13, and 22
ASVs for regions A, B, C, and D, respectively, and com-
prised two subnetworks (Purpureocillium and Filoba-
sidium) that were negatively associated with one another
(Fig. 4A). The region D network had the most micro-
bial associations and the region C network had the least
(Fig. 4B). The number of average neighbors per node
was lowest in the region C network and was highest in
the region B and D networks (Fig. 4B). Clustering coef-
ficient for the average ratio of observed connections to all
possible connections in nodes was higher in the region
B and D networks than in the region A and C networks
(Fig. 4B). These data indicate that microbial associations
were simple and sparse in regions A and C, compared
with regions B and D.

Weak associations between community members
reflect a lack of community fitness in the host, leading
to low total abundance of the whole community [53].
Because microbial biomass is historically used as an
indicator of microbial perturbations [53-55], these rela-
tionships were verified by comparing total abundance
of fungal communities using cultivation. Total num-
ber of fungi was the largest in regions B (5.93+1.11
log CFUs per gram) and D (6.26 +1.65 log CFUs per
gram), followed by region A (3.53 +£1.12 log CFUs per
gram), and region C (1.58+0.82 log CFUs per gram)
(p<0.05) (Fig. 4C), showing that regional variation in
the composition of fungal communities was expanded
to differences in microbial associations and total quan-
tity of the fungal communities. At the time of sam-
pling, black rot and downy mildew occurred in region
C before sampling, consistent with low floret weights in
region C samples (approximately 250 g) compared with
those of other regions (400 g). This was also consistent
with total fungal abundance in healthy, retail broccoli
(5.24+1.55 log CFUs per gram) (p<0.05) (Fig. 4C).
Disease-associated damage likely reduced the carrying
capacity of the host plants in region C, leading to the
development of low density fungal communities with
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low network stability. Together, these results suggest
that microbial networks and total abundance of fungal
communities are associated with the health of the host
plant in broccoli.

Host development enriches the species of core genera

in fungal communities

Broccoli plants from the initial sampling locations were
cultivated for 6-7 fewer weeks than plants from other
farms, and these samples were considered immature.
Immature florets had lower mass (80-120 g) than flo-
rets from mature plants (250-400 g). Fungal commu-
nities were separated by farming region and compared
according to host development. The fungal communi-
ties of immature samples significantly differed from
those of mature samples across the regions in the PCoA
plots with Bray—Curtis (Fig. 5A) and Jaccard distances
(Additional file 1: Fig. S4A) (p <0.05), except for region
D with Bray—Curtis dissimilarity. These results suggest
that the fungal community changes along with host
development in field-grown broccoli.

To further investigate the interspecies associations
within fungal communities, co-occurrence was exam-
ined in fungal ASVs and used to construct microbial
networks. Microbial networks were separated accord-
ing to sample maturity by using only group-specific
ASVs (>0.05% average abundance, >30% samples). As
illustrated in Fig. 4, similar network structures were
exhibited in both samples (Fig. 5B). The immature com-
munity network comprised fewer nodes and edges than
the mature community network (Fig. 5B). The number
of average neighbors per node and clustering coef-
ficient were also lower in the immature community
network (Fig. 5B). These data further suggest that inter-
activity among community members increases with
host development.

The effect size of developmental stage was significantly
larger with Bray—Curtis dissimilarity (r=0.2753+0.1119)
than with Jaccard distance (r=0.1214+0.0239) (two-
tailed Student ¢ test, p =0.0360), and we therefore sought
fungal ASVs that were differentially abundant between
immature and mature samples using LEfSe analysis [43].
In total, 21 differentially abundant ASVs were identified
(LDA score>3.0, p<0.05), four of which were enriched
in mature samples, and 17 of which were enriched in
immature samples (Additional file 1: Fig. S4B). The ASVs
enriched in mature samples not only belonged to the
core genera, but had an average abundance of >1%. ASVs
enriched in immature samples had an average abundance
0of<0.5% (14 ASVs) or were not from core genera (11
ASVs). In conclusion, fungal populations of core genera
may be selectively enriched during host development.
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Fig. 4 The microbial association networks of fungal communities of the farming regions. A Co-occurrence networks were constructed in terms

of four regions. Red and blue lines indicate negative and positive correlations, respectively (r>0.4, P<0.01). The size of the node proportionally
corresponds to relative abundance of ASVs. B Comparison of network properties between fungal communities of four regions. Yellow in the graph
of total nodes indicates the number of nodes with > 1% average relative abundance. C Total viable fungi were compared by farming region. All data

are mean = s.d. Statistical significance was determined by one-way ANOVA with Tukey's multiple comparison test

Purpureocillium is a key player in the assembly of broccoli farming conditions or host development. Specifically,
mycobiota the eigenvalues of the first axis of Bray—Curtis (3.8% of
The first axis of the unsupervised Bray—Curtis and Jac-  total variance) and Jaccard (4.5%) db-RDA constrained
card PCoA plots accounts for the largest variance of the  to farming region did not reach those of Bray—Curtis
broccoli mycobiota, but no correlations were found with  (41.6%) and Jaccard PCoA (7.7%). Similar results were
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seen for host development, where the first axis eigen-
values of db-RDA (8.6% for Bray—Curtis and 2.7% for
Jaccard) constrained to developmental stage were even
lower than those of the PCoA plots (41.9% for Bray—Cur-
tis and 8.1% for Jaccard). To understand the source of the
largest variation in the fungal communities, cluster num-
bers were optimized, where between-cluster distances
were larger than within-cluster distances, using k-mean
algorithm-based PAM clustering [40].

Two clusters were observed: clusters 1 and 2, with 20
(39.2%) and 31 samples (60.8%), respectively (Additional
file 1: Fig. S5A). Using relative ASV abundance, the rep-
resentative taxa of the two clusters were identified as
Filobasidium ASV for cluster 1 and Purpureocillium
ASV? for cluster 2 (Additional file 1: Fig. S5B). The abun-
dance of Purpureocillium ASV? strongly correlated with
sample variation along the first axis of the Bray—Curtis
PCoA plot (r=0.9801, p<0.0001), and the abundance of
the Filobasidium ASV was moderately correlated with
the first axis of the Bray—Curtis PCoA plot (r=— 0.5934,
p<0.0001) (Additional file 1: Fig. S5C), confirming
their negative relationship (r=— 0.5196, p<0.0001),

as indicated in the microbial networks (Fig. 4). No dif-
ferences were observed in the total abundance of fun-
gal communities (Additional file 1: Fig. S5D). However,
Shannon diversity was higher in cluster 1 than in clus-
ter 2, which seems attributable to an increase of Pielou’s
evenness rather than to the number of ASVs (Additional
file 1: Fig. S5E). This was consistent with the observed
microbial networks, where the Filobasidium ASV was
found to be co-abundant with all ASVs but the Purpureo-
cillium ASVs was not.

To investigate this further, a dataset from 37 posthar-
vest samples was incorporated and the optimal number
of clusters was reassessed [33]. Two clusters remained
clearly identified (Fig. 6A), with the Filobasidium and
Purpureocillium® ASV still representative of each cluster
(Fig. 6B). The two ASVs also remained negatively corre-
lated with one another in the extended analysis (Spear-
man correlation, »=— 0.5175, p<0.0001), confirming
that an antagonistic relationship between Purpureocil-
lium and Filobasidium caused the largest variation within
the fungal communities. No difference was observed in
total abundance of fungal communities (Additional file 1:
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Fig. 6 The global clustering of fungal communities of postharvest and field-grown broccoli. A The optimal number of clusters were defined

based on Calinski-Harabasz index (lower right panel), and fungal communities were globally clustered into two groups (F for Filobasidium and P for
Purpureocillium). Red diamond and green circle indicate postharvest and field-grown samples, respectively. B The abundant ASVs of Filobasidium
(upper panel) and Purpureocillium (lower panel) types are shown using a rank abundance plot. Box and whisker plots are shown to 2.5% and 97.5%.
The sample distribution of Filobasidium and Purpureocillium types was compared in terms of postharvest (C), farming region (D), maturity (E), and
health (F). Statistical significance was evaluated using chi-square test, chi-square test for trend, or Fisher’s exact test

Fig. S6A), and Shannon diversity supported by Pielou’s respectively. All the postharvest samples belonged to
evenness was higher in the Filobasidium cluster than in  the Filobasidium type, and the Purpureocillium type was
the Purpureocillium cluster (Additional file 1: Fig. S6B).  found only in field-grown samples (p <0.0001) (Fig. 6C),
Thus, global comparison of the fungal communities suggesting that a shift from the Purpureocillium to
demonstrated that the broccoli phyllosphere harbored  Filobasidium type occurred after crop harvest. Second,
two distinct types of fungal communities, dominated by  the distribution of samples of the two types was inde-
either Filobasidium or Purpureocillium. pendent of farming region, although the Filobasidium

Fifty-two (59.1%) and 36 (40.9%) samples were attrib-  type was found more in regions A and C than in regions
uted to the Filobasidium and Purpureocillium types, B and D (Fig. 6D). Third, 15 field-grown samples (29.4%)
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Fig. 7 The microbial association networks of Filobasidium and Purpureocillium types. A Co-occurrence networks were constructed according to
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Comparison of the number of positive and negative associations between Filobasidium (F) and Purpureocillium (P) types

were included in the Filobasidium type, with immature
samples more likely to be of this type than mature sam-
ples (»p=0.009) (Fig. 6E), indicating an association of
the Filobasidium type with under-developed communi-
ties. Forth, the distribution of samples of the two types
also seemed independent of host health (Fig. 6F), but the
damaged samples most likely belong to the Filobasidium
type after transforming into absolute abundance profiles
(Fig. 4C). These observations suggest that two different
types of broccoli mycobiota are associated with host-
associated factors.

Last, microbial networks were constructed for the
Filobasidium and Purpureocillium types using fungal
and bacterial ASVs (>30% samples per type, only field-
grown samples). The 16S rRNA amplicon data of field-
grown broccoli were re-analyzed [8], and bacterial ASVs
were combined with fungal ASVs. Overall, the Filoba-
sidium network of 15 field-grown samples was loose and
sparse, whereas the Purpureocillium network was dense

and interactive (Fig. 7A), as corroborated by the ratio of
total edges to total nodes, average neighbor number, and
clustering coefficient (Fig. 7B). Furthermore, the number
of inter-kingdom associations (Fig. 7C) and the ratio of
negative to positive associations (Fig. 7D) were higher in
the Purpureocillium network than in the Filobasidium
network. Overall, comparison of microbial networks
demonstrated that the two types of broccoli mycobiota
exhibited differences in robustness in their microbial net-
works [56].

Discussion

Our study demonstrated that environment and host-asso-
ciated sources of variation interact in complex ways to
influence fungal communities in the phyllosphere, reveal-
ing the specificity, stability, and variability of phyllosphere
mycobiota of field-grown broccoli. Fungal communi-
ties changed during host development from immature
to mature plants, and also developed differently among
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diverse farming regions that varied in their agro-meteor-
ological conditions. Upon disease-induced damages, the
fungal communities experienced abnormal development
in their overall community size and microbial network
structure. Microbial co-occurrence networks illustrated
the core phyllosphere mycobiota of field-grown broccoli,
and mainly comprised members of six genera (Purpureo-
cillium, Filobasidium, Cystofilobasidium, Papiliotrema,
Aureobasidium, and unclassified genera of Capnodiales)
that were not observed in other fresh fruits and vegeta-
bles [4, 10, 20, 47, 50, 57-59]. Using Purpureocillium spp.
as an indicator, the broccoli mycobiota were classified
into two distinct types, one of which was more frequently
observed in immature, damaged, or postharvest samples.

The distinct fungal communities observed in different
farming regions represented distinct responses to vari-
ation associated with diverse environmental conditions.
The majority of fungal ASVs were unique to their farm-
ing region (54.8+6.9% per region), and these were the
major contributors to the regional variation of the fun-
gal communities. In general, microbial dispersal from the
surrounding environments such as soil [60] and near-
surface atmosphere [61] were the main sources for the
phyllosphere microbiota in plants. Of these, the phyllo-
sphere microbiota is particularly subject to aerial sources
through stochastic dispersal [61, 62], precipitation [63],
and wind dust [9] during cultivation. Previous research
found that leaves from plants grown in a glasshouse had
low species richness compared with those from field-
grown plants [64], providing additional evidence for the
importance of aerial sources in the phyllosphere micro-
biota. While members of the phyllosphere microbiota
are acquired initially from their surroundings, relatively
few species are maintained and selectively enriched dur-
ing plant maturation [61, 65], indicating the operation of
niche-based deterministic processes during the assem-
bly of phyllosphere microbiota. Region-specific unique
ASVs were rare (2.24+0.9%) and in very low abundance
(0.02+£0.1%), suggesting that they may be transient and
environmentally derived. Given that allochthonous
microbes are likely to be dependent on the local environ-
ment of the sampling region, including climate [66], the
association of fungal communities with regional agro-
meteorology supports the hypothesis that unique micro-
biota are locally derived. Thus, a large proportion of
region-specific, unique mycobiota may reflect the impor-
tance of the specific field environment in the formation
of phyllosphere mycobiota on field-grown broccoli.

The prevalent and abundant fungal ASVs also contrib-
uted to regional variation of the phyllosphere mycobiota.
Variations in the abundance of three populations of the
core genera (Cystofilobasidium and Purpureocillium)
were significantly correlated with regional differences,
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and the composition of the core ASVs strongly co-varied
with agro-meteorological factors, suggesting that the
core mycobiota of field-grown broccoli may be assem-
bled preferentially by a local niche-based deterministic
process. Interestingly, soil moisture and soil tempera-
ture were identified as contributing attributes to explain
regional variation in the fungal communities. For exam-
ple, the relatively high percentage of soil moisture in
region D separated its fungal communities from those
from other regions (20.4% of total variance, P=0.002).
This finding is consistent with Zarraonaindia et al. [67],
who described the two main factors driving leaf micro-
biota diversity in grapevine. First, nearly 80% of the soils
in Jeju Island are covered by volcanic ash soils, Andis-
ols, which contain a large quantity of Si that readily dis-
solves in soil solutions [68]. The central and southeastern
regions (regions B and D) of the island are covered by
Andisols, whereas the coastal and middle areas of the
western and northern regions (region A, B and C) mainly
contain non-Andisols [69]. Second, annual precipitation
is high in the central and southeastern regions of the
island, whereas precipitation is relatively low and evapo-
transpiration is high in the coastal and middle-moun-
tainous areas of the western and northern regions [68].
Together, these data indicate that microbial community
assembly in the broccoli phyllosphere was influenced by
regional variation in edaphic and meteorological proper-
ties throughout the sampling area [64, 70]. Collectively,
habitat-dependent variation is present in the fungal com-
munities of field-grown broccoli as well as in the bacterial
communities [8].

Purpureocillium spp. are core components of fungal
communities on field-grown broccoli across a range of
geographical, developmental, and physical conditions.
Purpureocillium ASVs were observed predominantly
(82.5%) and abundantly (59.74+35.7%) in mature sam-
ples, and Purpureocillium was the most influential taxon
discriminating the fungal communities. Purpureocil-
lium spp. are endophytic plant colonizers [71] that have
plant growth promoting effects [72], yet the dominance
of Purpureocillium spp. in plant-associated fungal com-
munities has not been previously reported in plants,
including fresh vegetables. Notably, lower Purpureo-
cillium colonization was associated with higher levels
of network instability, as in immature and postharvest
samples, suggesting a potential role for Purpureocillium
spp. in establishing healthy mycobiota in the broccoli
phyllosphere. Purpureocillium was detected in less than
a half (45.4%) of immature samples, and the abundance
of Purpureocillium increased during development from
immature (23.8 +38.2%) to mature (59.5+ 35.6%) plants,
suggesting mutual interactions between Purpureocillium
and the host during cultivation. Purpureocillium spp. are
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frequently detected in the rhizosphere of wide range of
crops [72], suggesting that the rhizosphere might influ-
ence the colonization of Purpureocillium during the early
stages of broccoli development. However, the ecology
of Purpureocillium spp. remains unclear and requires
further elucidation. For example, different broccoli sam-
ples originating from the same farm sometimes had very
different Purpureocillium spp. levels (Additional file 1:
Fig. S6C), indicating high inter-sample variability in the
abundance of Purpureocillium spp. on broccoli grown
under the same cultivation conditions. This inter-sam-
ple variation may be driven by hitherto unrecognized
smaller-scale factors impacting the crop in addition to
larger-scale factors such as host identity, farming loca-
tion, and agricultural method.

All genera of the Fillobasidium subnetwork had nega-
tive relationships with Purpureocillium. Microbial net-
work analysis found that five core genera (Filobasidium,
Cystofilobasidium, Papiliotrema, Aureobasidium, and
Capnodiales) were the main components of the Filloba-
sidium subnetwork across diverse geographical, devel-
opmental, and physical conditions. By contrast, genera
that were neighbors to the core genera were diverse
across different conditions. For example, Bulleromy-
ces was found in regions A, B, and D, and Sporobolomy-
ces and Leucosporidium were found in regions B and D.
Aureobasidium and Leucosporidium were enriched in
mature communities compared with immature commu-
nities. Additional fungal genera such as Stemphylium,
Vishniacozyma, Dioszegia, and Tausonia were sometimes
observed as neighbors. At the species-level, all members
had positive relationships with one another, indicating
sharing of niches and resources and/or positive interspe-
cies interactions. However, the Filobasidium subnetwork
became looser and less complex in the absence of Pur-
pureocillium, predicting that their positive relationship
may represent high niche and/or resource overlap, rather
than cooperative interactions. Hernandez et al. [56] dem-
onstrated that the dominance of positive associations can
easily propagate perturbations in a community through
positive feedback loops, resulting in unstable communi-
ties with lower network connectivity. In this study, the
Filobasidium subnetwork exhibited substantial variability
under different host and agricultural conditions. Dur-
ing maturation, the microbial networks of fungal com-
munities became more complex; however, complexity
was reduced after disease occurrence. The connectivity
of Filobasidium subnetwork members contributed to
both these situations. Communities dominated by posi-
tive co-occurrences likely accounts for the high variabil-
ity of the Filobasidium subnetwork compared with the
Purpureocillium subnetwork. Low complexity of inter-
species associations also coincided with low abundance

Page 13 of 16

of fungal communities. Given that microbial community
size is used as a proxy for overall microbial activities [53,
54], this suggests that a decrease in host carrying capac-
ity may not support the growth of Filobasidium subnet-
work members after disease occurrence. This was also
consistent with the Hernandez study [56], which firstly
demonstrated that network complexity decreased with
microbial abundance and diversity in unstable microbial
communities, suggesting a relationship between micro-
biota stability and network properties in the phyllosphere
ecosystem. Collectively, interspecies associations of the
Filobasidium subnetwork could be indicative of microbial
perturbations and of host quality in field-grown broccoli,
underscoring the importance of microbe—microbe and
host—microbiota interactions in understanding the ecol-
ogy of the phyllosphere mycobiota.

Microbiota on the surfaces of fresh vegetables poten-
tially increase vegetable degradation and decomposi-
tion [15]. Indigenous pathogens present in harvested
vegetables, rather than external microorganisms, have
been recently examined as spoilage organisms [3, 20,
49, 73-75]. Correspondingly, the observation of plant
pathogenic Alternaria and Botrytis spp. in the original
broccoli mycobiota supports the importance of investi-
gating the preharvest microbiota of fresh vegetables. The
original community is vulnerable to postharvest changes
such as deficiency in host controls and long-term storage
at low temperature, and alterations in the original com-
munity are likely to facilitate the development of indig-
enous pathogens [70]. For instance, we recently reported
enrichment of Alternaria spp. from preharvest to post-
harvest [33]. Further studies are needed to determine
whether the enrichment of such genera necessarily result
in disease development, or whether the observed species
or strains of such genera are indeed pathogenic to fresh
vegetables. Furthermore, construction of agonistic and
antagonistic associations in preharvest fungal popula-
tions may provide an opportunity to identify putative
biocontrol agents for indigenous pathogens.

Conclusion

The phyllosphere microbiota is a newly-emerging fac-
tor capable of influencing quality of agricultural crops,
including fresh vegetables, and the diversity and func-
tion of phyllosphere microbiota should be considered
within the context of the agricultural landscape. A large
variety of environmental, agricultural, and host condi-
tions influence the formation of phyllosphere microbiota
[24], and preharvest microbiota persist through harvest,
during postharvest storage, and finally to the consumer
[11]. This study determined the main structure of prehar-
vest broccoli mycobiota across a range of environmental,
agricultural, and host conditions, and highlighted the
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importance and functionality of constructing micro-
bial associations to complement microbial composition
data and disentangle the diversity of fungal communi-
ties in the phyllosphere of fresh vegetables [76]. Further
in-depth analysis encompassing a wide variety of fresh
vegetables would enhance our knowledge of the phyllo-
sphere mycobiota of fresh vegetables and provide insight
into the ecological drivers of the phyllosphere mycobiota.
Understanding phyllosphere mycobiota networks will
also facilitate the development of biocontrol strategies
aimed at strengthening plant health and stabilizing crop
production upon exposure to biotic and abiotic stresses.
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Additional file 1: Fig. S1. The images of the farms, broccoli plants and
flower heads are provided (Kim et al,, 2018). Fig. S2. (A) The statistics of
pairwise comparison among the fungal communities of the farming
regions on the basis of Bray-Curtis dissimilarity and Jaccard distance.
Statistical significance was evaluated with Bray-Curtis dissimilarity using
PERMANOVA (B) Comparison of relative abundance of core and unique
ASVs in the farming regions. Statistical significance was evaluated using
two-tailed Mann-Whitney U test. (C) The relative abundance of three
discriminant ASVs for regional variation were shown. Fig. $3. Commu-
nity-level associations between Jaccard distance-based db-RDA plots
constrained to farming region and six selected agrometeorological factors
were performed using Procrustes analysis. The db-RDA plots constrained
to farming region were generated by excluding either core ASVs (A) or
unique ASVs (B). Fig. S4. (A) Immature and mature fungal communities
were compared by using Principal coordinates Analysis based on Jaccard
distance. (B) Effect size scores of linear discriminant analysis calculated
for differences in fungal ASVs abundance between mature and immature
samples (logarithmic LDA score >3.0). Fig. S5. The clustering of fungal
communities of field-grown broccoli. (A) The optimal number of clusters
were defined based on Calinski-Harabasz index (lower right panel), and
fungal communities were clustered into two groups. Two ASVs that had
the strongest correlations with the first axis of PCoA were shown (r > 0.5,
P <0.01). (B) The abundant ASVs of cluster 1 (upper panel) and 2 (lower
panel) types are shown using a rank abundance plot. Box and whisker
plots are shown to min and max. (C) The relative abundances of Purpu-
reocillium and Filobasidium ASVs were correlated with the first axis of
unsupervised PCoA plot for Bray-Curtis dissimilarity. Statistical significance
was determined by Pearson correlation. Total number of viable fungi (D)
and diversity indices (E) of fungal communities of the two clusters were
compared. All data are mean =+ SD. Statistical significance was determined
by two-tailed Mann-Whitney U test. Fig. S6. Total number of viable fungi
and bacteria (A), and fungal diversity indices (B) were compared between
Filobasidium and Purpureocillium types. All data are mean = SD. Statisti-
cal significance was determined by two-tailed Mann-Whitney U test. (C)
The abundance of the Purpureocillium ASV in the communities of four
farming regions. Dots colored in red, orange, green, and purple indicate
samples originated from the same farm.

Additional file 2: Table S1. The information of sampling locations.
Table S2. Sequence processing.
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