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Plants are associated with a large diversity of microbes, and these complex plant-
associated microbial communities are critical for plant health. Welsh onion
(Allium fistulosum L.) is one of the key and oldest vegetable crops cultivated in
Taiwan. The leaf of the Welsh onion is one of the famous spices in Taiwanese
cuisine, thus, it is crucial to control foliar diseases. In recent years, Welsh onion
cultivation in Taiwan has been severely threatened by the occurrence of leaf
blight disease, greatly affecting their yield and quality. However, the overall
picture of microbiota associated with the Welsh onion plant is still not clear as
most of the recent etiological investigations were heavily based on the isolation
of microorganisms from diseased plants. Therefore, studying the diversity of
fungal communities associated with the leaf blight symptoms of Welsh onion
may provide information regarding key taxa possibly involved in the disease.
Therefore, this investigation was mainly designed to understand the major fungal
communities associated with leaf blight to identify key taxa potentially involved in
the disease and further evaluate any shifts in both phyllosphere and rhizosphere
mycobiome assembly due to foliar pathogen infection by amplicon sequencing
targeting the Internal Transcribed Spacer (ITS) 1 region of the rRNA. The alpha
and beta-diversity analyses were used to compare the fungal communities and
significant fungal groups were recognized based on linear discriminant analyses.
Based on the results of relative abundance data and co-occurrence networks in
symptomatic plants we revealed that the leaf blight of Welsh onion in Sanxing, is a
disease complex mainly involving Stemphylium and Colletotrichum taxa. In
addition, genera such as Aspergillus, Athelia and Colletotrichum were
abundantly found associated with the symptomatic rhizosphere. Alpha-
diversity in some fields indicated a significant increase in species richness in
the symptomatic phyllosphere compared to the asymptomatic phyllosphere.
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These results will broaden our knowledge of pathogens of Welsh onion
associated with leaf blight symptoms and will assist in developing effective
disease management strategies to control the progress of the disease.

KEYWORDS

alpha-diversity, amplicon sequencing, beta-diversity, co-occurrence networks,
pathobiome, phyllosphere, rhizosphere

1 Introduction

All plants on Earth harbor a diverse set of microorganisms,
including many species from the kingdom of fungi, which play
different roles in plants, ranging from beneficial, and neutral to
detrimental. The mycobiome represents all the fungal communities
that inhabit the particular microhabitat of the plant, in the plant
metagenome (Chen et al., 2022). Pathogen invasion is one of the
most important biotic factors affecting plant microbiome assembly
(Kaushal et al., 2020; Lopez et al., 2020; Yang et al., 2020). Recent
studies have revealed that in nature, certain diseases involve the
interaction or cooperation of various pathogens causing complex
diseases (Lamichhane and Venturi, 2015). Consequently, the
concept of ‘pathobiome’ has emerged, challenging the traditional
‘one pathogen-one disease’ hypothesis, which proves insufficient to
explain processes involved in complex diseases (Mannaa and Seo,
2021). Studies on plant pathobiomes contribute significantly to
identifying not only the pathogens responsible for symptoms but
also other microbial species that collaborate with the primary
pathogen (Agler et al., 2016). For example, Musonerimana et al.
(2020) evaluated the role of the pathogens causing symptoms of rice
sheath rot in Burundi and found that rice sheath rot is a complex
disease caused by diverse pathogens under different environmental
conditions. In their study, Musonerimana et al. (2020) found that
Pseudomonas fuscovaginae was associated with the symptoms in the
highland areas, whereas Sarocladium oryzae was associated with
those in the lowland areas, especially in the wet season, indicating
that these pathogens can independently cause similar sheath rot
symptoms. Moreover, few symptomatic samples from lowlands
were found to be associated with a high abundance of several
well-known phytopathogens such as Bipolaris and Fusarium, while
the abundance of Sarocladium in those samples was very low. Thus,
exploring the members of the pathobiome is important for
understanding the pathogenesis, persistence, transmission, and
evolution of plant pathogens to develop microbiome-based
disease control strategies (Schlaeppi and Bulgarelli, 2015; Bez
et al,, 2021). Apart from that, next-generation sequencing (NGS)
technology has also broadened our understanding of early detection
of plant diseases (Yurgel et al., 2023). For instance, a recent study
has found significant differences in oomycete communities between
asymptomatic and symptomatic Kiwifruit plants affected by
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Kiwifruit vine decline syndrome in Italy. The results of Yurgel
et al. (2023) showed that Phytophthora sojae is the dominant taxa
found in symptomatic plants while some other newly identified
oomycete species such as Dactylonectria macrodidyma,
Phytopythium citrinum, and Thielaviopsis basicola are also
associated with the disease (Savian et al., 2022).

Welsh onion is a popular and economically important crop
globally, which is widely used as a spice, vegetable, and even as a
medicinal plant worldwide. In Taiwan, Sanxing township in Yilan
County is one of the major Welsh onion-growing areas in Taiwan
(Wang et al,, 2021, Wang et al., 2023). However, recently Welsh
onion cultivation in Sanxing has been seriously affected by leaf
blight symptoms causing significant yield losses. Recently, Wang
et al. (2021) found Stemphylium vesicarium species from Welsh
onion fields in Sanxing, which can cause leaf blight symptoms in
Welsh onion. Nevertheless, it has been reported that other fungal
taxa such as Colletotrichum spp. causing anthracnose (Yuan et al,
2023; Yu et al,, 2023), Alternaria porri causing purple blotch (Chang
and Huang, 1998) and Puccinia allii causing rust are also associated
with leaf blight symptoms of Welsh onion in Taiwan (Tzean et al.,
2019; Wang et al,, 2021). These observations indicate that etiology
of leaf blight disease of Welsh onion in Taiwan would be better
interpreted by the concept of pathobiome rather than by a
simplified model focusing on a single pathogen, given the absence
of a single dominant taxon (Mannaa and Seo, 2021).

Even though the recent discoveries regarding fungal pathogens
linked with leaf blight of Welsh onion, the knowledge about the
interaction between the diversity of the phyllospheric and
rhizospheric microbiota in asymptomatic and symptomatic Welsh
onion plants naturally observed under field conditions has been
poorly studied. In Taiwan, bacterial and fungal communities
associated with healthy Welsh onion plants have recently been
studied based on culture-dependent method by Wang et al. (2023).
Wang et al. (2023) identified Bacillus, Burkholderia, and Klebsiella
as the most dominant bacterial genera while Chaetomium,
Colletotrichum, and Aspergillus as the predominant fungal genera.
Nevertheless, culture-dependent methods display only a very
narrow percentage of the entire microbial variability within a
sample (Abdelfattah et al., 2018). On the other hand, with recent
advances in NGS technology, it has become possible to unravel the
diversity of the plant microbiome and its role in plant health and
stress tolerance (Ares et al., 2021). In fact, metabarcoding can be a
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valuable method for evaluation of the diversity of microbes present
in phyllosphere and rhizosphere and for recognition of key causal
agents responsible in the context of complex diseases such as leaf
blight as it delivers a broad image of the genetic variability existent
in a sample (Abdelfattah et al., 2018). This method has been widely
used in recent investigations to understand microbial communities
associated with various plant diseases (Bekris et al., 2021; Dastogeer
et al., 2022; Qiu et al., 2022).

In the present study, we hypothesized that fungal community
composition would differ between asymptomatic and symptomatic
Welsh onion, and that key fungal taxa or groups could serve as early
indicators of leaf blight symptoms. Thus, we used high-throughput
amplicon sequencing to investigate and compare the structure and
composition of fungal communities in the phyllosphere and
rhizosphere of Welsh onion affected by leaf blight symptoms to
identify the key taxa that might be related to leaf blight diseases of
Welsh onion under natural field conditions.

2 Materials and methods
2.1 Sample collection and preprocessing

Asymptomatic and symptomatic Welsh onion plants of ‘Si-Ji-
Cong’ cultivar were collected during early March 2022 from three
commercial Welsh onion fields in Sanxing township, Yilan county,
where the incidence of leaf blight symptoms had been more than
90% since 2018 (Field 1, 24°40°50.3”N 121°40°23.1”E; Field 2, 24°
40°44.4”N 121°40’19.2”E and Field 3, 24°40’12.9”N 121°38°04.1"E)
(Wang et al, 2021; Yu et al, 2023) (Supplementary Figure SI).
Asymptomatic plants with green leaves largely free of chlorotic and
necrotic symptoms were collected, whereas symptomatic plants
with leaves exhibiting extensive chlorotic and necrotic areas were
collected (Supplementary Figure S2). Plants at the same growth
stage (fourth-true-leaf stage), were collected in order to avoid
growth dependent variations in microbial community structures.
In total, 5 asymptomatic and 5 symptomatic plants were randomly
selected from each field. All tools used for sampling in the field were
cleaned using 70% ethanol after every time that a sample was
collected. All samples were immediately stored on dry ice in sterile
polythene bags and brought to the laboratory. A synopsis of the
plant part, plant condition, field name, and the sample names used
in the study are shown in Supplementary Table S1.

The leaves of asymptomatic and symptomatic plants and the
rhizosphere soil were targeted for the mycobiome experiments.
Leaves and rhizosphere soils were separated prior to DNA
extraction. The procedures included the following steps:
(1) Rhizosphere samples were composed of soil adhering to the
roots (up to 2.5 mm around the root) at a depth of 15-25 cm.
Initially, the roots were gently shaken to discard loosely attached
bulk soil, and then the adjacent rhizosphere soil was collected by
vigorously shaking the root (Koranda et al., 2011). (2) Plant samples
were washed under running tap water to remove soil particles for
about 5 minutes, thoroughly washed with sterile distilled water and
allowed to drain. From all the symptomatic plants, the proximal
part of the third leaf (5 cm region) covering the leaf blight
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symptoms was selected for total DNA extraction. Similarly, the
same region was cut from asymptomatic plants in order to reduce
the variations in the microbial community due to the plant
compartment. Leaf samples were surface disinfected by
immersing the samples in 75% ethanol for 30 seconds and rinsing
with sterile distilled water for 1 minute to remove the surface
epiphytic microbes (Espinoza et al., 2019; Wang et al.,, 2023).
Aliquots of the sterile distilled water (0.1 mL) used for rinsing
were spread on potato dextrose agar (PDA) (supplemented with 100
mg/L ampicillin) and incubated at 25°C to check that leaf surfaces
were thoroughly disinfected.

2.2 Total DNA extraction and
amplicon sequencing

Before DNA extraction, approximately 100 mg of plant material
and 400 mg of soil sample from each sample were ground into a fine
powder in the presence of liquid nitrogen using a sterile mortar and
pestle. Total DNA from plant leaves was extracted using the DNeasy
plant Minikit (Qiagen, Hilden, Germany) following the user’s manual
with slight modifications. Modifications include addition of six
autoclaved DNAase-free metal beads (diameter-2.381 mm)
(Bioman; Bioman Scientific Co., Ltd., New Taipei, Taiwan) to each
tube with leaf powder and AP1 buffer and grinding with the Geno/
Grinder homogenizer (USA) at 1500 rpm for 30 minutes at 5-minute
intervals and incubating the homogenized samples at 65 °C for one
hour while mixing by inverting the tube several times. Similarly, soil
gDNA was extracted using the PowerSoil DNA Isolation kit (Qiagen,
Hilden, Germany) using a protocol slightly modified from the
manufacturer’s recommendations. Modifications to the soil DNA
extraction protocol include, increasing the input sample amount up
to 400 mg, grinding with the Geno/Grinder homogenizer (USA) at
1500 rpm for 30 minutes at 5-minute intervals, incubating the
homogenized samples at 65°C for 1 hour while mixing and
washing the pellet with DNA using EA and C5 buffers twice. DNA
from leaf and soil samples were eluted in a final volume of 60 pL of
ultrapure, sterile double distilled water. Plant and soil DNA quality
and quantity were checked both by electrophoresis in 2% (w/v)
agarose gels and by using a NanoDrop ND-1000 spectrophotometer
(Thermo Fisher Scientific, Waltham, MA, USA).

The ITS1 region (Scibetta et al., 2018) of fungi in Welsh onion
leaves was amplified by two-step Polymerase Chain Reaction (PCR)
by using newly developed primers (Toju et al., 2012). Two-step PCR
with newly developed primers were carried out to reduce the
amplification of host plant DNA and maximize the fungal DNA
for sequencing. The PCR mixture of the first step contained the
following ingredients per sample: 5.0 uL of KAPA HiFi Buffer (5X),
0.75 uL KAPA dANTP Mix (mM), 0.5 uL of KAPA HiFi DNA
Polymerase (1 U/uL), 0.75 uL of each primer (10 uM),
approximately 2 ng of genomic DNA, and water to a final volume
of 25 uL. The second step PCR included 1 pL of the first PCR
product as the input, along with all the other ingredients mentioned
above in the first step of PCR. The primer pairs and the PCR
conditions used for each step are listed in Supplementary Tables 52
and S3 respectively. Sequencing of the fungal ITS1 region in the
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Welsh onion leaves was conducted at Tri-I Biotech, Inc. (New
Taipei City, Taiwan) and rhizosphere soil at BIOTOOLS Co., Ltd.
(Taipei, Taiwan) companies respectively using Illumina MiSeq 2x
300 bp paired-end sequencing.

2.3 Sequence data processing

The quality of the raw reads was assessed with FastQC
(Andrews, 2010) and the resulting raw data were analyzed using
the QIIME 2 version 2021.11.0 (Bolyen et al., 2019). In QIIME 2,
Cutadapt plugin was used to remove primer sequences while
DADA2 plugin was applied to filter, trim, denoise, to merge
forward and reverse reads and also to remove chimeras (Callahan
et al., 2016). Amplicon sequence variants (ASVs) were assembled
and taxonomically assigned into different classification levels using
VSEARCH consensus taxonomy classifier in QIIME2 (Rognes et al.,
2016) based on the UNITE ITS v8.2 reference database (Abarenkov
et al., 2020). ASVs not classified at kingdom and phylum level and
those classified as mitochondrial and chloroplast sequences were
removed from downstream analysis.

All statistical analyses and data visualizations for the resulting
ASVs were performed using the R package “phyloseq” v1.42.0
(McMurdie and Holmes, 2013) with ggplot2 package v3.4.2
(Wickham, 2016) in R environment v4.2.2 (R core team, 2022).
Rarefaction curves were constructed for the number of observed
ASVs using the package vegan v2.6.4 (Oksanen et al., 2020). Venn
diagrams were generated to visualize distinct and shared ASVs
between asymptomatic and symptomatic plants through the
“ps_venn” function in MicEco package v0.9.19 (Russel, 2021).
The total count of ASVs and assigned taxa for each taxonomic
rank were transformed to relative abundance and visualized using
ggplot2 package. Alpha-diversity was measured using the richness,
Chao 1, ACE and Shannon indices by the “estimate_richness”
function of phyloseq. Non-parametric Kruskal-Wallis and
pairwise Wilcoxon rank sum tests were used to identify
differences in diversity, species richness, and evenness among the
asymptomatic and symptomatic Welsh onion plants across the
three fields. A Principal coordinates analysis (PCoA) was performed
based on the Bray-Curtis distance. Significant differences in the
beta-diversity were tested with non-parametric “adonis2” function
of the vegan package with 999 permutations. A linear discriminant
analysis (LDA) effect size (LEfSe) with the Kruskal-Wallis and
Wilcoxon rank-sum tests, were used to identify the fungal taxa that
were significantly different between asymptomatic and
symptomatic plants (Segata et al., 2011). Statistical significance
was claimed at false discovery rate (FDR) of 0.05 for all Kruskal-
Wallis tests and Wilcoxon tests, and the threshold for the LEfSe
analysis score was set at 2.0.

Co-occurrence networks of phyllosphere and rhizosphere
fungal communities were constructed and compared for
asymptomatic and symptomatic samples with the R package
“NetCoMi” v1.1.0 using the taxonomic profiles at generic level
(Peschel et al., 2021). Covariates from the fields were confounded in
the network analysis because of the limitation of the covariate for
plant sampling. To simplify the networks, the top 50 most abundant
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ASVs were used. Correlation network analysis was computed with
the SparCC method. Eigenvector centrality was used for scaling
node size and picking hub taxa. Cluster patterns were detected by
the ‘cluster_fast greedy’ algorithm (Clauset et al., 2004) and nodes
with the same colors indicated that they were from the same cluster.
Hub taxa were determined using the threshold of 0.95 (Bhandari
et al., 2023). Correlation absolute values below 0.3 were filtered out.
Networks were compared using 1,000 permutations to estimate
statistical differences and the statistical significance was decided at
the Benjamini-Hochberg corrected p value of 0.01 (Benjamini and
Hochberg, 2000). Similarities and clustering between fungal
community networks were measured using the Adjusted Rand
Index (ARI) and the Jaccard index (Gates et al., 2019; Kong
et al., 2023).

3 Results

3.1 Fungal community differences
in leaves of asymptomatic and
symptomatic Welsh onion plants

Mycobiome analysis between asymptomatic and symptomatic
Welsh onion plants was performed in order to check how the plant
mycobiome can be affected by leaf blight symptoms. Amplicon
sequencing of fungal communities in Welsh onion leaves using the
Mumina MiSeq platform resulted in a total of 928,226 high-quality
reads with an average read length of 301 bp, across both
asymptomatic and symptomatic Welsh onion samples in the
three sampling locations.

After de-noising and quality filtering by DADA?2 in QIIME2, a
total of 688,645 sequences were obtained for leaf samples. The
sequence details after denoising are given in Supplementary Table
S4. For the leaf, 254 ASVs that belonged to the kingdom fungi were
left after 18 sequences (on average 6.62% of the total ASVs) that are
unassigned or belonging to plant chloroplast were removed. The
254 fungal ASVs were classified into three phyla, 13 classes, 26
orders, 60 families and 67 genera. To better understand differences
of the fungal communities between these two plant conditions,
some general features related to the fungal community structures
were analyzed. Initially, the number of shared and unique fungal
ASVs between asymptomatic and symptomatic leaves in each field
were presented in Venn diagrams (Supplementary Figure S3). In
field 1, 28 ASVs exclusive to the asymptomatic leaves, and 58 ASV's
exclusive to the symptomatic leaves were found. There were only 6
ASVs shared between the asymptomatic and symptomatic leaves. In
field 2, 47 ASVs were found only in asymptomatic leaves, whereas
11 ASVs were found exclusively in symptomatic leaves. There were
25 ASVs were shared between both symptomatic and asymptomatic
leaves in field 2. In field 3, 35 ASVs exclusive to the asymptomatic
leaves, and 87 ASVs exclusive to the symptomatic leaves. There
were only 9 ASVs shared between both asymptomatic and
symptomatic leaves in field 3.

To determine the differences in fungal community abundance
between the asymptomatic and symptomatic samples, the relative
abundance of fungi in each sample was calculated. At the phylum
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level, the mycobiome of Welsh onion leaves in all three fields was
overall dominated mainly by Ascomycota and Basidiomycota. In
fields 1 and 2, the relative abundance of Ascomycota was lower in
asymptomatic samples (field 1: 82%, field 2: 92%) compared to
symptomatic samples (field 1: 93%, field 2: 99%), whereas the
relative abundance of Basidiomycota was higher in asymptomatic
samples (field 1: 18%; field 2: 8%) compared to symptomatic
samples (field 1: 7%, field 2: 1%). Nevertheless, an opposite
pattern was observed in field 3, where the relative abundance of
Ascomycota was high in asymptomatic samples (94%) compared to
symptomatic samples (87%), and the relative abundance of
Basidiomycota was low in asymptomatic samples (6%) compared
to symptomatic samples (12%) (Figure 1A). At the class level, the
most prevalent fungal classes in both symptomatic and
asymptomatic Welsh onion leaves were Agaricomycetes,
Dothideomycetes, Microbotryomycetes, Sordariomycetes, and
Tremellomycetes. In all three fields, percentages of
Sordariomycetes and Agaricomycetes was high in asymptomatic
plants (field 1: 73%, field 2: 54%, field 3: 59% and field 1: 9%, field 2:
4%, field 3: 3%) whereas their percentage was comparatively low in
symptomatic plants (field 1: 45%, field 2: 48%, field 3: 48% and field
1: 0%, field 2: 0%, field 3: 0%). On the contrary, the percentage of
Dothideomycetes was high in symptomatic plants (48%, 51% and
39%) compared to asymptomatic plants (9%, 36% and 35%) in field
1, 2 and 3 respectively. Furthermore, members of the classes
Agaricostilbomycetes and Malasseziomycetes were unique to the
asymptomatic plants of fields 2 and 1 respectively (Supplementary
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Figure 54). At the order level, the most abundant fungal orders were
Glomerellales, Pleosporales and Polyporales. In all three fields, the
percentage of Glomerellales and Polyporales was high in
asymptomatic plants (field 1: 71%, field 2: 49%, field 3: 57% and
field 1: 9%, field 2: 2%, field 3: 3%), whereas their percentage was
comparatively low in symptomatic plants (field 1: 45%, field 2: 48%,
field 3: 48% and field 1: 0%, field 2: 0%, field 3: 0%). On the contrary,
the percentage of Pleosporales was high in symptomatic plants
(48%, 51%, 39%) compared to asymptomatic plants (9%, 36%, 35%)
in fields 1, 2 and 3 respectively. Furthermore, fungal orders such as
Cystofilobasidiales, Malasseziales and Sordariales were found only
in asymptomatic plants of field 2 (with the relative abundance of
3%, 3% and 2% respectively) (Supplementary Figure S5). At the
family level, the most predominant taxa in both asymptomatic and
symptomatic Welsh onion leaves were clustered in Pleosporaceae,
Glomerellaceae and Phaeosphaeriaceae. In all three fields, the
relative abundance of Glomerellaceae, and Phaeosphaeriaceae was
high in asymptomatic plants (field 1: 71%, field 2: 49%, field 3: 57%
and field 1: 4%, field 2: 11%, field 3: 1%) where as their percentage
was comparatively low in symptomatic plants (field 1: 45%, field 2:
48%, field 3: 48% and field 1: 0%, field 2: 0%, field 3: 0%)
(Supplementary Figure S6). At the genus level, Stemphylium and
Colletotrichum were the most predominant genera in all the
samples, collectively constituting more than 90% of the identified
amplicons. The abundance of Stemphylium was high in
symptomatic samples (47%, 48%, 38%) compared to
asymptomatic samples (3%, 25%, 35%) whereas the percentage of
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FIGURE 1

Relative abundance of the fungal communities in Welsh onion leaves. Stacked bar charts show the relative abundance divided according to the plant
condition and the field. (A) at phylum level, (B) at genus level. Taxa whose abundance was < 0.25% have been grouped into ‘Others’ category; taxa
that did not classify into a specific taxonomic level were grouped as ‘Unknown’. (C) Alpha-diversity estimations of the fungal communities in Welsh
onion leaves based on Observed, Chaol, ACE and Shannon indices. Box plot depicts median (central horizontal lines) and the inter-quartile ranges
(boxes). Asterisks indicate significant differences between two groups of samples based on Wilcoxon-test. * denotes p < 0.05, whereas 'ns’ denotes
no significant difference as determined by Wilcoxon-test (P-value <0.05). (D) Beta-diversity analysis of the fungal communities in Welsh onion
leaves. PCoA plot is based on the Bray—Curtis distances between symptomatic and asymptomatic plants in three different fields. Ellipses show
confidence intervals (Cl) of 95% for each sample type. Statistical significance has been inferred using PERMANOVA.
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Colletotrichum was high in asymptomatic plants (71%, 49% and
57%) compared to symptomatic plants (45%, 48%, 48%) in field 1, 2
and 3, respectively. Considering the fungi in asymptomatic plants,
Chaetomium, Hannaella and Itersonilia were found only in field 1
(2%, 3% and 3%) while Phaeosphaeria and Sterigmatomyces only in
field 2 (3%, 2%) and Dioszegia in field 3 (2%). The genus
Ganoderma was found in asymptomatic plants in both fields 1
(3%) and 2 (1%). Considering the fungi in symptomatic plants,
Sporobolomyces was only found in the asymptomatic plants of field
3 (6%) (Figure 1B).

LEfSe analysis was used to search for statistically significant
taxonomic and functional biomarkers between asymptomatic and
symptomatic leaf samples (Figure 2). In field 1, the fungal genera
Cladosporium, Filobasidium, Moesziomyces, Sporobolomyces and
Stemphylium were statistically enriched in symptomatic leaves
while Colletotrichum was statistically enriched in asymptomatic
leaves. In field 2, Filobasidium was significantly abundant in
symptomatic samples while an unidentified taxon belonging to
Ascomycota (Uncultured_p_Ascomycota) was significantly
abundant in symptomatic leaves. In field 3, contrary to field 1
and 2, Cladosporium, Filobasidium, Rhodotorula, and
Sporobolomyces were significantly enriched in asymptomatic
plants whereas none of the fungal genera were significantly
enriched in symptomatic samples.

Rarefaction curves based on the number of fungal species
reached a plateau when increasing the number of samples,
indicating that the sampling depth was sufficient to cover the
actual fungal diversity within the samples (Supplementary
Figure S7).

Alpha and beta-diversity metrics were calculated to assess the
effects of the plant condition and field location on Welsh onion
mycobiota assembly. In terms of alpha-diversity indices,
symptomatic plants had higher species richness than
asymptomatic plants in fields 1 and 3. In fields 1 and 3, except
for the ACE index in field 3. As for Shannon, field 3 was statistically
significant higher in asymptomatic leaves compared to
symptomatic leaves. (Figure 1C). To evaluate the differences in
the fungal composition of all symptomatic and asymptomatic
plants in the three fields, PCoA was performed based on Bray-
Curtis distances. The PERMANOVA showed that there is a
significant difference in putative ASVs between symptomatic and
asymptomatic samples in each field location (R*=0.70,
P <0.0001) (Figure 1D).
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Analysis of co-occurrence networks of fungal communities in
the Welsh onion leaves indicated that most of the global network
properties were almost similar between the asymptomatic and
symptomatic leaves except for the edge density, modularity, and
average dissimilarity which were significantly different between the
symptomatic and asymptomatic leaves (Supplementary Table S5).
The modularity was 0.75 and 0.40 for asymptomatic and
symptomatic leaves, respectively, indicating a relatively high
modularity (Newman, 2006). Networks had an average path
length of 1.59 and 1.65 and contained 89% and 73% positive
edges for asymptomatic and symptomatic leaves, respectively.
However, the betweenness centrality, eigenvector centrality and
hub taxa of the most influential nodes and the cluster patterns (ARI

-0.003, P value < 1.000) were not significantly different between
the two samples (Figure 3) (Supplementary Table S6). The unique
hubs in the asymptomatic network included fungal genera
(Leptosphaeria, Perenniporia and Phaeosphaeriopsis) while that of
the symptomatic network included fungal genera (Colletotrichum,
Paraphaeosphaeria and Stemphylium). Additionally, the most
abundant taxa (Colletotrichum, Stemphylium and Rhodotorula) in
the Welsh onion leaves were hubs in symptomatic networks,
suggesting that hub taxa may be important for symptom
development. Moreover, the number of connections (i.e., edges)
in fungal communities of the symptomatic leaves was higher than in
the asymptomatic leaves (Supplementary Table S5).

3.2 Fungal community differences in
rhizosphere of asymptomatic and
symptomatic Welsh onion plants

A total of 2,927,657 high quality raw sequences with an average
read length of 247 bp were generated from rhizosphere samples of
asymptomatic and symptomatic plants in the three sampling
locations. After de-noising and quality filtering by DADA2 in
QIIME2, a total of 2,418,353 sequences were obtained. The
sequence details after denoising are given in Supplementary Table
S7. Venn diagrams showed that, in field 1 and 2, 1005 and 1075
ASVs exclusive to the asymptomatic samples, 387 and 353 ASVs
detected only in symptomatic samples, and 357 and 331 ASVs
shared between asymptomatic and symptomatic samples
respectively. In field 3, asymptomatic samples and symptomatic
samples had 629 and 751 unique ASVs respectively while 243 ASV's
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LDA scores of fungal taxa enrichment between asymptomatic and symptomatic leaves of Welsh onion in (A) Field 1, (B) Field 2, (C) Field 3. Only
genera with a P value < 0.05 for the Kruskal-Wallis test and an LDA score > 2 are displayed.
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FIGURE 3

10.3389/fpls.2024.1352997

Co-occurrence network analysis of fungal communities in Welsh onion leaves. (A) asymptomatic samples, (B) symptomatic samples. Hubs are
highlighted by bold borders. Node sizes were determined with eigenvector centrality. Node color indicates the cluster determined by greedy
modularity optimization. Edge weights depict similarities between nodes. Edge color represents positive (green) and negative (red) correlations.

were shared between symptomatic and asymptomatic samples
(Supplementary Figure S8). For soil, 4054 fungal ASVs were left
for analysis after 100 non-fungal sequences (on average 2.40% of the
total ASVs) were removed. The taxonomic assignment of the fungal
ASVs in soil revealed 9 phyla, 30 classes, 88 orders, 312 families and
307 genera in all the samples.

Results indicated that the fungal species in the rhizosphere
samples were more diverse and differed in their relative abundance
with regard to the plant condition and field location. At the phylum
level, rhizosphere samples of asymptomatic and symptomatic plants
across the 3 fields were dominated by Ascomycota followed by
Basidiomycota, Mortierellomycota and Rozellomycota. In fields 1
and 2, the abundance of Ascomycota was higher in asymptomatic
plants (field 1: 87%, field 2: 88%) compared to symptomatic plants
(field 1: 83%, field 2: 53%), whereas in field 3, its percentage was low
in symptomatic plants (89%) compared to asymptomatic plants
(88%). Interestingly, the relative abundance of Basidiomycota was
relatively high in symptomatic plants in field 2 compared to any
other samples (44%) (Figure 4A). In the Welsh onion rhizosphere,
fungal classes such as Agaricomycetes, Dothideomycetes,
Eurotiomycetes, Leotiomycetes and Tremellomycetes were more
abundant. The percentage of Agaricomycetes was high in
symptomatic samples compared to asymptomatic samples in all
three fields, while in symptomatic plants in field 2, it was
remarkably high (42%) compared to other fields. In fields 1 and
2, the percentage of Dothideomycetes was higher in asymptomatic
samples (field 1: 11%, field 2: %) compared to symptomatic samples
(field 1: 8%, field 2: 4%), while in field 2, its percentage was lower in
asymptomatic samples (9%) compared to symptomatic samples
(11%) (Supplementary Figure S9). The most predominant fungal
orders in all the samples were Atheliales, Eurotiales, Glomerellales,
Helotiales, Hypocreales, Pleosporales, and Sordariales. Among
those, the percentage of Atheliales was high in symptomatic
plants in field 2 (41%) compared to the other two fields. Apart
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from that, the percentage of Glomerellales was remarkably high in
field 1 compared to the other two fields, and when comparing its
abundance between the two symptomatic states, its percentage was
higher in symptomatic plants (46%) compared to asymptomatic
plants (21%) (Supplementary Figure S10). At the family level,
several fungal families such as Aspergillaceae, Atheliaceae,
Glomerellaceae and Nectriaceae were more abundant. Among
those the relative abundance of Atheliaceae was very high in
symptomatic plants of field 2, compared to other fields (41%).
The percentage of Nectriaceae was high in asymptomatic plants
(19%, 26%, 56%) compared to symptomatic plants (9%, 17%, 41%)
in field 1, 2 and 3 respectively (Supplementary Figure S11). At the
generic level, the most abundant fungal genera were Athelia,
Aspergillus, Colletotrichum, Epicoccum, Fusarium, Plectosphaerella,
Talaromyces and Trichoderma. The genus Colletotrichum was
detected in high abundance in field 1 compared to other fields,
and its percentage was high in asymptomatic plants (40%)
compared to symptomatic (16%) plants, while Athelia was highly
abundant in the symptomatic plants of field 2 compared to other
samples (41%). In addition to that, in all three fields, the genus
Fusarium was more abundant in asymptomatic plants (field 1: 17%,
field 2: 25%, field 3: 52%) compared to symptomatic plants (field 1:
8%, field 2: 17%, field 3: 37%) (Figure 4B).

LEfSe identified several fungal taxa that were specifically
enriched in different fields under the asymptomatic and
symptomatic conditions. Notably, in field 1, the fungal genera
Alternaria, Aspergillus and Colletotrichum were significantly
enriched in rhizosphere soils of symptomatic plants, while
Clonostachys, Cyathus, Metarhizium, and Tetracladium were
statistically enriched in asymptomatic plants. In field 2, Athelia,
Botrytis, and Peziza were statistically abundant in symptomatic
plants while Epicoccum, Fusarium, Mortierella and Talaromyces
were statistically abundant in asymptomatic plants. In field 3, the
statistically significant genera in symptomatic samples were
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show confidence intervals (Cl) of 95% for each sample type. Statistical significance has been inferred using PERMANOVA.

Rhodotorula, Scytalidium and Trichoderma while in asymptomatic
plants were Ceratobasidium, Fusarium and Saitozyma (Figure 5).

Rarefaction curves showed that all rhizosphere soil samples of
asymptomatic and symptomatic plants were near saturation,
indicating that most ASVs from the rhizosphere fungal
communities were detected (Supplementary Figure S12).

In the case of the Welsh onion rhizosphere, species richness
(Observed, Chaol and ACE) was high in asymptomatic plants
compared to symptomatic plants in fields 1 and 2 and it is
statistically significant in field 2. In regard to Shannon diversity,
higher Shannon diversity was observed in asymptomatic plants in
fields 1 and 2 and the difference in symptomatic state was
statistically significant in field 2 (Figure 4C). In the Welsh onion
rhizosphere samples, PCoA revealed a significant difference of
fungal communities between asymptomatic and symptomatic
samples in each field location (PERMANOVA, R*>=0.71,
P <0.001) (Figure 4D).

In rhizosphere, global network properties resulted from
network analysis indicated that the properties were similar
between the fungal communities in asymptomatic and
symptomatic leaves (Supplementary Table S8). The modularity
was 0.006 and 0.055 for rhizosphere of asymptomatic and
symptomatic plants respectively, indicating a relatively high
modularity. Networks had an average path length of 1.08 and
1.15 and contained 50% and 49% positive edges for rhizosphere
of asymptomatic and symptomatic plants, respectively. However,
the betweenness centrality, eigenvector centrality and hub taxa of
the most influential nodes and the cluster patterns (ARI = 0.365, P
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value < 0.05) were significantly different between asymptomatic and
symptomatic conditions (Figure 6) (Supplementary Table S9). The
unique hubs in the fungal network of symptomatic plants included
fungal genera (Fusarium and Apiosordaria), while that of the
asymptomatic plants included fungal genera (Stemphylium and
Volutella). Additionally, some of the abundant taxa in the
rhizosphere of Welsh onion plants (Athelia and Colletotrichum)
were not hubs in networks, suggesting that other taxa besides those
most abundant may be associated with the rhizosphere of Welsh
onion plants. However, the number of connections (i.e., edges) in
the symptomatic plants were less than in the asymptomatic plants
(Supplementary Table S8).

4 Discussion

In this study, a comprehensive view of the naturally occurring
Welsh onion-associated mycobiome in three different Welsh onion
fields and their variations in response to leaf blight symptoms was
evaluated for the first time. The results indicated that the
rhizosphere and phyllosphere mycobiomes of asymptomatic and
symptomatic Welsh onion plants have many differences in their
overall composition, abundance, and diversity indices. The lower
richness and diversity of phyllosphere communities compared to
the soil rhizosphere samples was evident from the results, and it is
consistent with reports from several other plant species such as
Solanum lycopersicum L., Phragmites australis, Stellera
chamaejasme etc (Jin et al., 2014; Dong et al., 2019; Zhou et al,,
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2019). suggesting that nutrient availability due to the activity of = symptoms (Musonerimana et al, 2020). In this study, the
plant root exudates can be the major factor that affects high  comparison of the leaf mycobiome of asymptomatic and
rhizosphere microbial composition (Qu et al., 2020). symptomatic plants in three different field locations indicated the
Plant pathobiome studies are valid approaches to investigating ~ dominance of Stemphylium in symptomatic plants, suggesting that

the possible pathogenic agents that are causing complex disease  the Stemphylium is one of the most abundant and core species in the
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Co-occurrence network analysis of fungal communities in Welsh onion rhizosphere. (A) asymptomatic samples, (B) symptomatic samples. Hubs are
highlighted by bold borders. Node sizes were determined with eigenvector centrality. Node color indicates the cluster determined by greedy
modularity optimization. Edge weights depict similarities between nodes. Edge color represents positive (green) and negative (red) correlations.
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symptomatic plant microbiome. These observations are in
accordance with previous studies where Stemphylium vesicarium
was identified as one of the major foliar pathogens of Welsh onion
causing leaf blight symptoms in Taiwan during the period of
December to March (Wang et al, 2021). Additionally, it was
revealed that potentially pathogenic Stemphylium was found not
only in symptomatic plants but also in asymptomatic plants. The
presence of Stemphylium in asymptomatic plants may imply that
these plants with no visible symptoms were at the initial stages of
disease development, or that their virulence was suppressed due to
genetic resistance of the individual plant or their commensal
microorganisms (Kovalchuk et al.,, 2018).

It is worth noting that Colletotrichum is also identified as one of
the most abundant fungal groups in symptomatic Welsh onion
leaves apart from Stemphylium. Several species of Colletotrichum
have been isolated from diseased Welsh onion plants with leaf
blight symptoms as well as from asymptomatic leaves as an
endophyte in the Sanxing area during our previous studies (Wang
et al., 2023; Yu et al.,, 2023). One plausible explanation for these
observations is that certain fungal taxa, such as Colletotrichum, can
exist as endophytes in the plant and transition to a saprotrophic
state with the death of the plant tissue (Promputtha et al., 2007).
Another potential scenario is that pathogenic Colletotrichum
species may undergo a quiescent stage in their lifecycle before
symptoms manifest in the host plant (Ranathunge et al, 2012;
Mongkolporn and Taylor, 2018). Therefore, in this study,
observation of Colletotrichum in asymptomatic and symptomatic
leaves may be due to the quiescent stage of Colletotrichum in Welsh
onion or due to a change of its lifestyle from endophytic to
saprotrophic nature with the host plant decay. Besides, network
identified Colletotrichum and Stemphylium as hub taxa in the
phyllosphere of symptomatic plants. This indicates that, leaf
blight disease of Welsh onion in Sanxing might be a complex
disease, involving different pathogenic species, causing similar
symptoms on a common host plant species. For instance, Le May
etal., 2009 indicated that Ascochyta blight in pea plants of France is
a complex disease involving two fungal pathogens named
Mycosphaerella pinodes and Phoma medicaginis var. pinodella. Le
May et al. (2009) further showed that subsequent inoculation of the
two pathogens one after the other can increase the disease severity
than the simultaneous inoculation of both pathogens. It is evident
that presently using fungicides do not offer effective field mitigation
of leaf blight diseases of Welsh onion in Sanxing, Taiwan (Wang
et al, 2021, Wang et al., 2023; Yu et al,, 2023). So based on the
results of the present study we speculate that the main reason for
this failure relates to Collectrichum and Stemphylium pathogen
complexes involved in causing the leaf blight of Welsh onion.
Hence, it is essential to investigate potential fungicides, which can
be used to control both of these fungal groups under field
conditions to effectively manage the diseases. Moreover, since the
season also plays an important role in symptom development in
different crops such as rice according to previous studies
(Musonerimana et al., 2020), further studies should be conducted
as an extension to our study to evaluate the effect of seasonal
variations on pathogen viability associated with leaf
blight symptoms.
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Plant pathobiome studies also help in the identification of other
key microbes that interact consistently with the disease-causing
pathogens (Musonerimana et al., 2020). The current study found
that symptomatic leaves tend to be colonized by a higher number of
fungal species, as evidenced by the significantly higher values
obtained for fungal richness in symptomatic plants than in
asymptomatic plants. A recent study also indicated that the
alpha-diversity of fungal communities associated with crabapple
species increases with the infection process by the rust fungus
Gymnosporangium yamadae (Zhang et al., 2023). The increased
fungal richness associated with the disease can be due to the fact
that the pathogen interferes with the plant immune system,
facilitating the entry of numerous microbes into the plant to
compete for the available resources (Hu et al., 2020). Many of the
microbial genera in symptomatic leaves, such as Gymnopilus
(Vohnik and Reéblova, 2023), Rhizoctonia (Masuhara et al., 1993),
Phaeosphaeria (Minter and Cannon, 2017) have been reported to
contain saprobic species according to previous studies, indicating
that opportunistic fungal species might have colonized the plants
after the pathogen infection. Similarly, a previous study
demonstrates that some of the Norway spruce trees naturally
infected by Heterobasidion spp. have been co-infected with other
saprobic and wood-degrading microbes (Amylostereum areolatum,
Inonotus sp., Penicillium sp., Stereum sanguinolentum, Talaromyces
sp., Trichoderma atroviridis) after the infection of Heterobasidion
spp (Kovalchuk et al., 2018). Athelia is a broad host range pathogen
that causes various diseases in plants, like stem rot in peanuts (Yan
etal,, 2022), southern blight in common bean (Paul et al., 2023) and
collar rot in soybean (Zheng et al., 2021). It has been found that A.
rolfsii can cause white rot in onions (Konjengbam and Devi, 2022).
Aspergillus is also found in relatively high amounts in symptomatic
plants compared to asymptomatic plants in fields 1 and 3. Several
species of Aspergillus are common agricultural pests. For instance, a
recent metagenomic study indicates that the rhizosphere of maize
plants infected by northern corn leaf blight is composed of more
Aspergillus species compared to an asymptomatic rhizosphere
(Dlamini et al, 2023). Even though Colletotrichum is a foliar
pathogen, in the present study Colletotrichum species were found
in the rhizosphere soil of symptomatic plants, which may be
because of the availability of Colletotrichum spores in soil due to
the long-term cultivation of Welsh onion under highly
symptomatic conditions during both summer and winter. These
evidences support the pathobiome concept indicating that Welsh
onion with leaf blight symptoms can be co-infected with different
opportunistic pathogens.

Fusarium species are known to cause various disease symptoms
in Welsh onion. In Japan, Fusarium oxysporum has been identified as
the causal agent of basal rot in Welsh onion (Alberti et al,, 2018).
Meanwhile Fusarium proliferatum has been identified from Welsh
onion undergoing basal stem rot in Italy (Dissanayake et al., 2009).
However, it has also been reported that certain Allium species possess
resistance to pathogenic Fusarium species. For instance, a study
conducted in the Netherlands has found that Allium fistulosum and
A. schoenoprasum show high levels of resistance to Fusarium basal rot
caused by F. oxysporum and F. proliferatum isolates (Galvan et al,
2008). Thus, in this study higher abundance of Fusarium associated
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with asymptomatic plants without showing any symptoms of rotting
or wilting, gives some evidence that Welsh onion plants in Sanxing
are resistant to any symptom caused by Fusarium species. In addition
to that, results of this study indicated that the genus Mortierella was
significantly abundant in the rhizosphere of asymptomatic Welsh
onion plants. In fact, similar results were observed in another study
where Mortierella was dominant in healthy Bayberry trees, not
affected by decline disease (Ren et al, 2021). Wang et al,, 2022
demonstrated that inoculation of Mortierella alpina to Panax ginseng
plants infected with Fusarium oxysporum significantly controlled the
pathogen while stimulating the plant to recruit more plant growth-
promoting bacteria (Pseudomonas, Rhizobium and Sphingomonas).
The occurrence of these beneficial fungal species specifically
associated with asymptomatic plants may give hints about their
role in pathogen suppression.

The alpha-diversity analysis showed that the rhizosphere soil
samples from asymptomatic Welsh onion plants had higher fungal
diversity than the symptomatic samples. Similar observations were
reported by Wu et al., 2015 where they identified lower alpha-
diversity associated with a diseased rhizosphere compared with a
healthy rhizosphere in Panax notoginseng plants affected by root rot
disease in China. A higher diversity of rhizosphere fungi in healthy
plants often leads to greater resistance against pathogens due to the
complex interactions among the microorganisms in the soil (Wei
et al, 2021). Additionally, lower diversity in the symptomatic
rhizosphere may be due to the limited availability of carbon for
microbes in the rhizosphere affecting the growth of the microbes
(Ahmed et al, 2022). On the contrary, some studies show the
opposite pattern where fungal diversity is high in diseased soil,
indicating that the variation of alpha-diversity may depend on the
invading pathogen and the crop plant (Li et al., 2022). In this study,
the PCoA revealed significant differences in the composition of
fungal communities between asymptomatic and symptomatic
Welsh onion plants of both phyllosphere and rhizosphere in each
field. Similar differences in the beta-diversity were also observed for
cotton, cucumber, rice, tobacco etc. in recent investigations (Huang
et al., 2021; Wei et al,, 2021; Jiang et al., 2023; Yang et al., 2023).

To the best of our knowledge, this is the first report on the
core members of the Welsh onion mycobiome and the fungal
communities in the disease microenvironment of leaf blight.
These results will contribute to the identification of important
fungal taxa influencing the development and spreading of leaf
blight symptoms of Welsh onion in Taiwan. Further studies are
needed to investigate the effect of abiotic conditions (growing
season and agricultural practices) on fungal community
variations in symptomatic plants, as these factors seem to play
an important role in the development of leaf blight symptoms in
Welsh onion.

Data availability statement

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories and accession
number(s) can be found below: https://www.ncbi.nlm.nih.
gov/, PRINA1022315.

Frontiers in Plant Science

11

10.3389/fpls.2024.1352997

Author contributions

H]J: Data curation, Formal analysis, Investigation, Methodology,
Visualization, Writing — original draft. H-XC: Writing - review and
editing. SK: Formal analysis, Writing — review and editing. S-HY:
Writing - review and editing. DH: Formal analysis, Writing -
original draft. KA: Writing — review and editing. P-YL: Formal
analysis, Writing — review and editing. MS: Writing — review and
editing. HA: Conceptualization, Resources, Supervision, Writing —
original draft, Writing - review and editing.

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article. Funding was
provided by the Council of Agriculture, Executive Yuan, Taiwan
(Grant No. 111AS-1.3.2-ST-aN, 112 AS-1.3.2-ST-aF and 113AS-
1.3.2-AS-28) and National Science and Technology Council (former
Ministry of Science and Technology, MOST), Taiwan (Grant No.
112-2313-B-002-027-MY3).

Acknowledgments

We thank Welsh onion growers in Sanxing, Guan, Pan and Guo
for their kind assistance during field surveys; Yu-Chen Lin, Yuan-
Cheng Xu, Jian-Yuan Wang, Yu-Hsiang Yu, and Sheng-Ya for their
support during the project. The authors would like to express their
gratitude to Yi-Chen Tsai (Hualien District Agricultural Research
and Extension Station, Taiwan) and Marco Thines (Senckenberg
Biodiversity and Climate Research Centre (BiK-F), Germany) for
their assistance with the sample collection and valuable suggestions.

Conflict of interest

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

Publisher’'s note

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

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fpls.2024.1352997/

full#supplementary-material

frontiersin.org


https://www.ncbi.nlm.nih.gov/
https://www.ncbi.nlm.nih.gov/
https://www.frontiersin.org/articles/10.3389/fpls.2024.1352997/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpls.2024.1352997/full#supplementary-material
https://doi.org/10.3389/fpls.2024.1352997
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Jayasinghe et al.

References

Abarenkov, K., Zirk, A., Piirmann, T., P6hénen, R., Ivanov, F., Nilsson, R. H., et al.
(2020). UNITE general FASTA release for fungi. Version 10.05.2021 (Oslo: UNITE
Community). doi: 10.15156/BIO/786368

Abdelfattah, A., Malacrino, A., Wisniewski, M., Cacciola, S. O., and Schena, L.
(2018). Metabarcoding: A powerful tool to investigate microbial communities and
shape future plant protection strategies. Biol. Control 120, 1-10. doi: 10.1016/
j-biocontrol.2017.07.009

Agler, M. T., Ruhe, J., Kroll, S., Morhenn, C., Kim, S.-T., Weigel, D., et al. (2016).
Microbial hub taxa link host and abiotic factors to plant microbiome variation. PloS
Biol. 14, €1002352. doi: 10.1371/journal.pbio.1002352

Ahmed, W., Dai, Z., Liu, Q., Munir, S., Yang, J., Karunarathna, S. C,, et al. (2022).
Microbial cross-talk: dissecting the core microbiota associated with flue-cured Tobacco
(Nicotiana tabacum) plants under healthy and diseased state. Front. Microbiol. 13.
doi: 10.3389/fmicb.2022.845310

Alberti, I, Prodi, A., Montanari, M., Paglia, G., Asioli, C., and Nipoti, P. (2018). First
report of Fusarium proliferatum associated with Allium fistulosum L. @ in Italy. J. Plant
Dis. Prot. 125, 231-233. doi: 10.1007/s41348-017-0134-4

Andrews, S. (2010) FastQC: A quality control tool for high throughput sequence data.
Available online at: http://www.bioinformatics.babraham.ac.uk/projects/fastqc/.

Ares, A, Pereira, J., Garcia, E., Costa, J., and Tiago, I. (2021). The leaf bacterial
microbiota of female and male Kiwifruit plants in distinct seasons: assessing the impact
of Pseudomonas syringae pv. actinidiae. Phytobiomes J. 5, 275-287. doi: 10.1094/
PBIOMES-09-20-0070-R

Bekris, F., Vasileiadis, S., Papadopoulou, E., Samaras, A., Testempasis, S., Gkizi, D.,
et al. (2021). Grapevine wood microbiome analysis identifies key fungal pathogens and
potential interactions with the bacterial community implicated in grapevine trunk
disease appearance. Environ. microbiome 16, 23. doi: 10.1186/s40793-021-00390-1

Benjamini, Y., and Hochberg, Y. (2000). On the adaptive control of the false
discovery rate in multiple testing with independent statistics. J. Educ. Stat. 25, 60-83.
doi: 10.3102/10769986025001060

Bez, C,, Esposito, A., Thuy, H. D., Nguyen Hong, M., Val¢, G., Licastro, D., et al.
(2021). The rice foot rot pathogen Dickeya zeae alters the in-field plant microbiome.
Environ. Microbiol. 23, 7671-7687. doi: 10.1111/1462-2920.15726

Bhandari, R., Sanz-Saez, A., Leisner, C. P., and Potnis, N. (2023). Xanthomonas
infection and ozone stress distinctly influence the microbial community structure and
interactions in the Pepper phyllosphere. ISME Commun. 3, 24. doi: 10.1038/543705-
023-00232-w

Bolyen, E., Rideout, J. R, Dillon, M. R., Bokulich, N. A., Abnet, C. C., Al-Ghalith, G.
A, et al. (2019). Reproducible, interactive, scalable and extensible microbiome data
science using QIIME 2. Nat. Biotechnol. 37, 852-857. doi: 10.1038/541587-019-0209-9

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

Chang, W. N,, and Huang, P. (1998). A study on the improvement of onion
vegetables in Taiwan. Vegetable Breed. Technol. Seminar 73, 305-324.

Chen, K.-H., Marcon, F., Duringer, J., Blount, A., Mackowiak, C., and Liao, H.-L.
(2022). Leaf mycobiome and mycotoxin profile of warm-season grasses structured by
plant species, geography, and apparent black-stroma fungal structure. Appl. Environ.
Microbiol. 88, €00942-e00922. doi: 10.1128/aem.00942-22

Clauset, A., Newman, M. E. J,, and Moore, C. (2004). Finding community structure
in very large networks. Phys. Rev. E 70, 66111. doi: 10.1103/PhysRevE.70.066111

Dastogeer, K. M. G., Yasuda, M., and Okazaki, S. (2022). Microbiome and
pathobiome analyses reveal changes in community structure by foliar pathogen
infection in rice. Front. Microbiol. 13. doi: 10.3389/fmicb.2022.949152

Dissanayake, M. L. M. C., Kashima, R., Tanaka, S., and Ito, S. (2009). Pathogenic
variation and molecular characterization of Fusarium species isolated from wilted
Welsh onion in Japan. J. Gen. Plant Pathol. 75, 37-45. doi: 10.1007/s10327-008-0135-z

Dlamini, S. P., Akanmu, A. O., Fadiji, A. E., and Babalola, O. O. (2023). Maize
rhizosphere modulates the microbiome diversity and community structure to enhance
plant health. Saudi J. Biol. Sci. 30, 103499. doi: 10.1016/j.5jbs.2022.103499

Dong, C.-]., Wang, L.-L,, Li, Q., and Shang, Q.-M. (2019). Bacterial communities in
the rhizosphere, phyllosphere and endosphere of tomato plants. PloS One 14, €0223847.
doi: 10.1371/journal.pone.0223847

Espinoza, F., Vidal, S., Rautenbach, F., Lewu, F.,, and Nchu, F. (2019). Effects of
Beauveria bassiana (Hypocreales) on plant growth and secondary metabolites of
extracts of hydroponically cultivated Chive (Allium schoenoprasum L.
[Amaryllidaceae]). Heliyon 5, €03038. doi: 10.1016/j.heliyon.2019.e03038

Galvan, G. A., Koning-Boucoiran, C. F. S., Koopman, W. J. M., Burger-Meijer, K.,
Gonzalez, P. H., Waalwijk, C,, et al. (2008). Genetic variation among Fusarium isolates
from onion, and resistance to Fusarium basal rot in related Allium species. Eur. J. Plant
Pathol. 121, 499-512. doi: 10.1007/s10658-008-9270-9

Gates, A. J., Wood, I. B., Hetrick, W. P., and Ahn, Y.-Y. (2019). Element-centric
clustering comparison unifies overlaps and hierarchy. Sci. Rep. 9, 8574. doi: 10.1038/
541598-019-44892-y

Frontiers in Plant Science

12

10.3389/fpls.2024.1352997

Hu, Q,, Tan, L., Gu, S., Xiao, Y., Xiong, X., Zeng, W., et al. (2020). Network analysis
infers the wilt pathogen invasion associated with non-detrimental bacteria. NPJ
Biofilms Microbiomes 6, 8. doi: 10.1038/s41522-020-0117-2

Huang, Y., Wang, H.-C, Cai, L.-T., Li, W.,, Pan, D,, Xiang, L., et al. (2021).
Phyllospheric microbial composition and diversity of the tobacco leaves infected by
Didymella segeticola. Front. Microbiol. 12. doi: 10.3389/fmicb.2021.699699

Jiang, H., Xu, X., Fang, Y., Ogunyemi, S. O., Ahmed, T., Li, X, et al. (2023).
Metabarcoding reveals response of rice rhizosphere bacterial community to rice
bacterial leaf blight. Microbiol. Res. 270, 127344. doi: 10.1016/j.micres.2023.127344

Jin, H.,, Yang, X.-Y,, Yan, Z.-Q, Liu, Q, Li, X.-Z,, Chen, J.-X,, et al. (2014).
Characterization of rhizosphere and endophytic bacterial communities from leaves,
stems and roots of medicinal Stellera chamaejasme L. Syst. Appl. Microbiol. 37, 376
385. doi: 10.1016/j.syapm.2014.05.001

Kaushal, M., Mahuku, G., and Swennen, R. (2020). Metagenomic insights of the root
colonizing microbiome associated with symptomatic and non-symptomatic bananas in
Fusarium wilt infected fields. Plants 9, 263. doi: 10.3390/plants9020263

Kong, P., Li, X,, Sharifi, M., Bordas, A., and Hong, C. (2023). Leaf endophyte
community composition and network structures differ between tolerant and susceptible
English Boxwood. Phytobiomes J. 7, 160-171. doi: 10.1094/PBIOMES-02-23-0009-FI

Konjengbam, R., and Devi, R. (2022). Screening of onion species against white rot
disease caused by Sclerotium rolfsii Sacc. in Manipur. J. Agric. Ecol. 13, 53-59.
doi: 10.53911/JAE.2022.13105

Koranda, M., Schnecker, J., Kaiser, C., Fuchslueger, L., Kitzler, B., Stange, C. F,, et al.
(2011). Microbial processes and community composition in the rhizosphere of
European beech — The influence of plant C exudates. Soil Biol. Biochem. 43, 551
558. doi: 10.1016/j.s0ilbio.2010.11.022

Kovalchuk, A., Mukrimin, M., Zeng, Z., Raffaello, T., Liu, M., Kasanen, R, et al.
(2018). Mycobiome analysis of asymptomatic and symptomatic Norway spruce
trees naturally infected by the conifer pathogens Heterobasidion spp.: Mycobiome
of Norway spruce. Environ. Microbiol. Rep. 10, 532-541. doi: 10.1111/1758-
2229.12654

Lamichhane, J. R., and Venturi, V. (2015). Synergisms between microbial pathogens
in plant disease complexes: a growing trend. Front. Plant Sci. 06. doi: 10.3389/
fpls.2015.00385

Le May, C., Potage, G., Andrivon, D., Tivoli, B., and Outreman, Y. (2009). Plant
disease complex: antagonism and synergism between pathogens of the Ascochyta
blight complex on Pea. J. Phytopathol. 157, 715-721. doi: 10.1111/j.1439-
0434.2009.01546.x

Li, Y., He, F., Guo, Q., Feng, Z., Zhang, M., Ji, C,, et al. (2022). Compositional and
functional comparison on the rhizosphere microbial community between healthy and
Sclerotium rolfsii-infected monkshood (Aconitum carmichaelii) revealed the biocontrol
potential of healthy monkshood rhizosphere microorganisms. Biol. Control 165,
104790. doi: 10.1016/j.biocontrol.2021.104790

Lopez, S. M. Y., Pastorino, G. N., Fernandez-Gonzalez, A. J., Franco, M. E. E,,
Fernandez-Lopez, M., and Balatti, P. A. (2020). The endosphere bacteriome of diseased
and healthy tomato plants. Arch. Microbiol. 202, 2629-2642. doi: 10.1007/s00203-020-
01987-9

Mannaa, M., and Seo, Y.-S. (2021). Plants under the attack of allies: Moving towards
the plant pathobiome paradigm. Plants 10, 125. doi: 10.3390/plants10010125

Masuhara, G., Katsuya, K., and Yamaguchi, K. (1993). Potential for symbiosis of
Rhizoctonia solani and binucleate Rhizoctonia with seeds of Spiranthes sinensis var.
amoena in vitro. Mycol. Res. 97, 746-752. doi: 10.1016/S0953-7562(09)80156-1

McMurdie, P. J., and Holmes, S. (2013). phyloseq: An R package for reproducible
interactive analysis and graphics of microbiome census data. PloS One 8, e61217.
doi: 10.1371/journal.pone.0061217

Minter, D. W., and Cannon, P. F. (2017). Phaeosphaeria silenes-acaulis. Descriptions
Fungi Bacteria. 213, Sheet-2125. doi: 10.1079/DFB/20173373955

Mongkolporn, O., and Taylor, P. W. J. (2018). Chili anthracnose: Colletotrichum
taxonomy and pathogenicity. Plant Pathol. 67, 1255-1263. doi: 10.1111/ppa.12850

Musonerimana, S., Bez, C,, Licastro, D., Habarugira, G., Bigirimana, J., and Venturi,
V. (2020). Pathobiomes revealed that Pseudomonas fuscovaginae and Sarocladium
oryzae are independently associated with rice sheath rot. Microb. Ecol. 80, 627-642.
doi: 10.1007/500248-020-01529-2

Newman, M. E. J. (2006). Modularity and community structure in networks. Proc.
Natl. Acad. Sci. U.S.A. 103, 8577-8582. doi: 10.1073/pnas.0601602103

Oksanen, J., Simpson, G. L., Blanchet, F. G,, Kindt, R., Legendre, P., and Minchin, P.
R. (2020) Vegan: community ecology package. R package version 2.6-2. Available online
at: https://CRAN.R-project.org/package=vegan.

Paul, S. K., Gupta, D. R,, Mahapatra, C. K., Rani, K., and Islam, T. (2023). Morpho-
molecular, cultural and pathological characterization of Athelia rolfsii causing southern
blight disease on common bean. Heliyon 9, €16136. doi: 10.1016/j.heliyon.2023.e16136

Peschel, S., Miiller, C. L., Von Mutius, E., Boulesteix, A.-L., and Depner, M. (2021).
NetCoMi: network construction and comparison for microbiome data in R. Briefings
Bioinf. 22, bbaa290. doi: 10.1093/bib/bbaa290

frontiersin.org


https://doi.org/10.15156/BIO/786368
https://doi.org/10.1016/j.biocontrol.2017.07.009
https://doi.org/10.1016/j.biocontrol.2017.07.009
https://doi.org/10.1371/journal.pbio.1002352
https://doi.org/10.3389/fmicb.2022.845310
https://doi.org/10.1007/s41348-017-0134-4
http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://doi.org/10.1094/PBIOMES-09-20-0070-R
https://doi.org/10.1094/PBIOMES-09-20-0070-R
https://doi.org/10.1186/s40793-021-00390-1
https://doi.org/10.3102/10769986025001060
https://doi.org/10.1111/1462-2920.15726
https://doi.org/10.1038/s43705-023-00232-w
https://doi.org/10.1038/s43705-023-00232-w
https://doi.org/10.1038/s41587-019-0209-9
https://doi.org/10.1038/nmeth.3869
https://doi.org/10.1128/aem.00942-22
https://doi.org/10.1103/PhysRevE.70.066111
https://doi.org/10.3389/fmicb.2022.949152
https://doi.org/10.1007/s10327-008-0135-z
https://doi.org/10.1016/j.sjbs.2022.103499
https://doi.org/10.1371/journal.pone.0223847
https://doi.org/10.1016/j.heliyon.2019.e03038
https://doi.org/10.1007/s10658-008-9270-9
https://doi.org/10.1038/s41598-019-44892-y
https://doi.org/10.1038/s41598-019-44892-y
https://doi.org/10.1038/s41522-020-0117-2
https://doi.org/10.3389/fmicb.2021.699699
https://doi.org/10.1016/j.micres.2023.127344
https://doi.org/10.1016/j.syapm.2014.05.001
https://doi.org/10.3390/plants9020263
https://doi.org/10.1094/PBIOMES-02-23-0009-FI
https://doi.org/10.53911/JAE.2022.13105
https://doi.org/10.1016/j.soilbio.2010.11.022
https://doi.org/10.1111/1758-2229.12654
https://doi.org/10.1111/1758-2229.12654
https://doi.org/10.3389/fpls.2015.00385
https://doi.org/10.3389/fpls.2015.00385
https://doi.org/10.1111/j.1439-0434.2009.01546.x
https://doi.org/10.1111/j.1439-0434.2009.01546.x
https://doi.org/10.1016/j.biocontrol.2021.104790
https://doi.org/10.1007/s00203-020-01987-9
https://doi.org/10.1007/s00203-020-01987-9
https://doi.org/10.3390/plants10010125
https://doi.org/10.1016/S0953-7562(09)80156-1
https://doi.org/10.1371/journal.pone.0061217
https://doi.org/10.1079/DFB/20173373955
https://doi.org/10.1111/ppa.12850
https://doi.org/10.1007/s00248-020-01529-2
https://doi.org/10.1073/pnas.0601602103
https://CRAN.R-project.org/package=vegan
https://doi.org/10.1016/j.heliyon.2023.e16136
https://doi.org/10.1093/bib/bbaa290
https://doi.org/10.3389/fpls.2024.1352997
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Jayasinghe et al.

Promputtha, I, Lumyong, S., Dhanasekaran, V., McKenzie, E. H. C., Hyde, K. D., and
Jeewon, R. (2007). A phylogenetic evaluation of whether endophytes become
saprotrophs at host senescence. Microb. Ecol. 53, 579-590. doi: 10.1007/s00248-006-
9117-x

Qiu, Z., Verma, J. P, Liu, H,, Wang, J., Batista, B. D., Kaur, S., et al. (2022).
Response of the plant core microbiome to Fusarium oxysporum infection and
identification of the pathobiome. Environ. Microbiol. 24, 4652-4669. doi: 10.1111/
1462-2920.16194

Qu, Q., Zhang, Z., Peijnenburg, W. J. G. M., Liu, W,, Lu, T., Hu, B,, et al. (2020).
Rhizosphere microbiome assembly and its impact on plant growth. J. Agric. Food
Chem. 68, 5024-5038. doi: 10.1021/acs.jafc.0c00073

Ranathunge, N. P., Mongkolporn, O., Ford, R., and Taylor, P. W. J. (2012).
Colletotrichum truncatum pathosystem on Capsicum spp: infection, colonization and
defence mechanisms. Australas. Plant Pathol. 41, 463-473. doi: 10.1007/s13313-012-
0156-0

Ren, H.,, Wang, H,, Qi, X,, Yu, Z., Zheng, X., Zhang, S., et al. (2021). The damage
caused by decline disease in bayberry plants through changes in soil properties,
rhizosphere microbial community structure and metabolites. Plants 10, 2083.
doi: 10.3390/plants10102083

Rognes, T., Flouri, T., Nichols, B., Quince, C., and Mahe, F. (2016). VSEARCH: a
versatile open-source tool for metagenomics. Peer J. 4, €2584. doi: 10.7717/peerj.2584

R Core Team (2022). A Language and Environment for Statistical Computing. R
Foundation for Statistical Computing, Vienna.

Russel, J. (2021). MicEco: Various functions for microbial community data. R package
version 0.9. 15.

Savian, F., Marroni, F., Ermacora, P., Firrao, G., and Martini, M. (2022). A
metabarcoding approach to investigate fungal and oomycete communities associated
with kiwifruit vine decline syndrome in Italy. Phytobiomes J. 6, 290-304. doi: 10.1094/
PBIOMES-03-22-0019-R

Schlaeppi, K., and Bulgarelli, D. (2015). The plant microbiome at work. MPMI 28,
212-217. doi: 10.1094/MPMI-10-14-0334-FI

Scibetta, S., Schena, L., Abdelfattah, A., Pangallo, S., and Cacciola, S. O. (2018).
Selection and experimental evaluation of universal primers to study the fungal
microbiome of higher plants. Phytobiomes J. 2, 225-236. doi: 10.1094/PBIOMES-02-
18-0009-R

Segata, N., Izard, J., Waldron, L., Gevers, D., Miropolsky, L., Garrett, W. S., et al.
(2011). Metagenomic biomarker discovery and explanation. Genome Biol. 12, R60.
doi: 10.1186/gb-2011-12-6-r60

Toju, H., Tanabe, A. S., Yamamoto, S., and Sato, H. (2012). High-Coverage ITS
Primers for the DNA-based identification of ascomycetes and basidiomycetes in
environmental samples. PloS One 7, 40863. doi: 10.1371/journal.pone.0040863

Tzean, S. S., Tzeng, K. C., Chang, C. A, Tsai, T. T., and Yen, S. F. (2019). List of plant
diseases in Taiwan. bureau of animal and plant health inspection and quarantine
(Taipei, Taiwan: Council of Agriculture, Executive Yuan).

Vohnik, M., and Réblova, M. (2023). Fungi in hair roots of Vaccinium spp.
(Ericaceae) growing on decomposing wood: colonization patterns, identity, and in
vitro symbiotic potential. Mycorrhiza 33, 69-86. doi: 10.1007/s00572-023-01101-z

Frontiers in Plant Science

13

10.3389/fpls.2024.1352997

Wang, C.-H,, Tsai, Y.-C,, Tsai, L, Chung, C.-L,, Lin, Y.-C., Hung, T.-H,, et al. (2021).
Stemphylium leaf blight of Welsh onion (Allium fistulosum): An emerging disease in
Sanxing, Taiwan. Plant Dis. 105, 4121-4131. doi: 10.1094/PDIS-11-20-2329-RE

Wang, J.-Y., Jayasinghe, H., Cho, Y.-T., Tsai, Y.-C., Chen, C.-Y., Doan, H. K., et al.
(2023). Diversity and biocontrol potential of endophytic fungi and bacteria associated
with healthy Welsh onion leaves in Taiwan. Microorganisms 11, 1801. doi: 10.3390/
microorganisms11071801

Wang, Y., Wang, L., Suo, M, Qiu, Z., Wu, H., Zhao, M., et al. (2022). Regulating root
fungal community using Mortierella alpina for Fusarium oxysporum resistance in
Panax ginseng. Front. Microbiol. 13. doi: 10.3389/fmicb.2022.850917

Wei, F., Feng, H., Zhang, D., Feng, Z., Zhao, L., Zhang, Y., et al. (2021). Composition
of rhizosphere microbial communities associated with healthy and Verticillium Wilt
diseased cotton plants. Front. Microbiol. 12. doi: 10.3389/fmicb.2021.618169

Wickham, H. (2016). ggplot2: Elegant graphics for data analysis. 2nd ed (New York,
NY, U.S.A: Springer-Verlag).

Wu, Z.,, Hao, Z, Zeng, Y., Guo, L., Huang, L., and Chen, B. (2015). Molecular
characterization of microbial communities in the rhizosphere soils and roots of
diseased and healthy Panax notoginseng. Antonie van Leeuwenhoek 108, 1059-1074.
doi: 10.1007/s10482-015-0560-x

Yan, L., Song, W., Yu, D., Kishan Sudini, H., Kang, Y., Lei, Y., et al. (2022). Genetic,
phenotypic, and pathogenic variation among Athelia rolfsii, the causal agent of peanut
stem rot in China. Plant Dis. 106, 2722-2729. doi: 10.1094/PDIS-08-21-1681-RE

Yang, F., Jiang, H., Chang, G., Liang, S., Ma, K,, Cai, Y., et al. (2023). Effects of
rhizosphere microbial communities on Cucumber Fusarium wilt disease suppression.
Microorganisms 11, 1576. doi: 10.3390/microorganisms11061576

Yang, F.,, Zhang, J., Zhang, H,, Ji, G., Zeng, L., Li, Y., et al. (2020). Bacterial blight
induced shifts in endophytic microbiome of rice leaves and the enrichment of specific
bacterial strains with pathogen antagonism. Front. Plant Sci. 11. doi: 10.3389/
1pls.2020.00963

Yu, Y.-H,, Cho, Y.-T., Xu, Y.-C., Wong, Z.-]., Tsai, Y.-C., and Ariyawansa, H. (2023).
Identifying and controlling anthracnose caused by Colletotrichum taxa of Welsh onion
in Sanxing, Taiwan. Phytopathology. doi: 10.1094/PHYTO-08-23-0301-R

Yuan, C.-Y., Huang, C.-W,, Lin, C.-P., and Huang, J.-H. (2023). First report of
anthracnose-twister disease of Welsh onion caused by Colletotrichum siamense in
Taiwan. J. Gen. Plant Pathol. 89, 288-291. doi: 10.1007/s10327-023-01132-6

Yurgel, S. N,, Sallato C., B., and Cheeke, T. E. (2023). Exploring microbial dysbiosis in
orchards affected by little cherry disease. Phytobiomes J. doi: 10.1094/PBIOMES-10-22-
0072-R

Zhang, Y., Cao, B., Pan, Y., Tao, S., and Zhang, N. (2023). Metabolite-mediated
responses of phyllosphere microbiota to rust infection in two Malus species. Microbiol.
Spectr. 11, €03831-e03822. doi: 10.1128/spectrum.03831-22

Zheng, B., He, D, Liu, P., Wang, R, Li, B., and Chen, Q. (2021). Occurrence of collar
rot caused by Athelia rolfsii on soybean in China. Can. J. Plant Pathol. 43, 43-47.
doi: 10.1080/07060661.2019.1703819

Zhou, Q,, Zhang, X, He, R, Wang, S,, Jiao, C., Huang, R, et al. (2019). The composition
and assembly of bacterial communities across the rhizosphere and phyllosphere
compartments of Phragmites austarlis. Diversity 11, 98. doi: 10.3390/d11060098

frontiersin.org


https://doi.org/10.1007/s00248-006-9117-x
https://doi.org/10.1007/s00248-006-9117-x
https://doi.org/10.1111/1462-2920.16194
https://doi.org/10.1111/1462-2920.16194
https://doi.org/10.1021/acs.jafc.0c00073
https://doi.org/10.1007/s13313-012-0156-0
https://doi.org/10.1007/s13313-012-0156-0
https://doi.org/10.3390/plants10102083
https://doi.org/10.7717/peerj.2584
https://doi.org/10.1094/PBIOMES-03-22-0019-R
https://doi.org/10.1094/PBIOMES-03-22-0019-R
https://doi.org/10.1094/MPMI-10-14-0334-FI
https://doi.org/10.1094/PBIOMES-02-18-0009-R
https://doi.org/10.1094/PBIOMES-02-18-0009-R
https://doi.org/10.1186/gb-2011-12-6-r60
https://doi.org/10.1371/journal.pone.0040863
https://doi.org/10.1007/s00572-023-01101-z
https://doi.org/10.1094/PDIS-11-20-2329-RE
https://doi.org/10.3390/microorganisms11071801
https://doi.org/10.3390/microorganisms11071801
https://doi.org/10.3389/fmicb.2022.850917
https://doi.org/10.3389/fmicb.2021.618169
https://doi.org/10.1007/s10482-015-0560-x
https://doi.org/10.1094/PDIS-08-21-1681-RE
https://doi.org/10.3390/microorganisms11061576
https://doi.org/10.3389/fpls.2020.00963
https://doi.org/10.3389/fpls.2020.00963
https://doi.org/10.1094/PHYTO-08-23-0301-R
https://doi.org/10.1007/s10327-023-01132-6
https://doi.org/10.1094/PBIOMES-10-22-0072-R
https://doi.org/10.1094/PBIOMES-10-22-0072-R
https://doi.org/10.1128/spectrum.03831-22
https://doi.org/10.1080/07060661.2019.1703819
https://doi.org/10.3390/d11060098
https://doi.org/10.3389/fpls.2024.1352997
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

	Metagenomic insight to apprehend the fungal communities associated with leaf blight of Welsh onion in Taiwan
	1 Introduction
	2 Materials and methods
	2.1 Sample collection and preprocessing
	2.2 Total DNA extraction and amplicon sequencing
	2.3 Sequence data processing

	3 Results
	3.1 Fungal community differences in leaves of asymptomatic and symptomatic Welsh onion plants
	3.2 Fungal community differences in rhizosphere of asymptomatic and symptomatic Welsh onion plants

	4 Discussion
	Data availability statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


