PLOS ONE

Check for
updates

G OPEN ACCESS

Citation: Chen L, Fang K, Dong X-F, Yang A-L, Li Y-
X, Zhang H-B (2020) Characterization of the fungal
community in the canopy air of the invasive plant
Ageratina adenophora and its potential to cause
plant diseases. PLoS ONE 15(3): €0230822.
https://doi.org/10.1371/journal.pone.0230822

Editor: Sabrina Sarrocco, Universita degli Studi di
Pisa, ITALY

Received: November 21, 2019
Accepted: March 9, 2020
Published: March 26, 2020

Peer Review History: PLOS recognizes the
benefits of transparency in the peer review
process; therefore, we enable the publication of
all of the content of peer review and author
responses alongside final, published articles. The
editorial history of this article is available here:
https://doi.org/10.1371/journal.pone.0230822

Copyright: © 2020 Chen et al. This is an open
access article distributed under the terms of the
Creative Commons Attribution License, which
permits unrestricted use, distribution, and
reproduction in any medium, provided the original
author and source are credited.

Data Availability Statement: All relevant data are
within the paper and its Supporting Information
files. All sequences used in this article were
uploaded to the NCBI database under accession

RESEARCH ARTICLE

Characterization of the fungal community in
the canopy air of the invasive plant Ageratina
adenophora and its potential to cause plant
diseases

Lin Chen'-?>3, Kai Fang'%3, Xing-Fan Dong>?, Ai-Ling Yang??, Yu-Xuan Li*3, Han-
Bo Zhang®'*3*

1 School of Ecology and Environmental Science, Yunnan University, Kunming, Yunnan Province, China,
2 State Key Laboratory for Conservation and Utilization of Bio-Resources in Yunnan, Yunnan University,
Kunming, Yunnan Province, China, 3 School of Life Sciences, Yunnan University, Kunming, Yunnan
Province, China

* zhhb@ynu.edu.cn

Abstract

Airborne fungi and their ecological functions have been largely ignored in plant invasions. In
this study, high-throughput sequencing technology was used to characterize the airborne
fungi in the canopy air of the invasive weed Ageratina adenophora. Then, representative
phytopathogenic strains were isolated from A. adenophora leaf spots and their virulence to
A.adenophora as well as common native plants in the invaded range was tested. The fungal
alpha diversities were not different between the sampling sites or between the high/low part
of the canopy air, but fungal co-occurrences were less common in the high than in the low
part of the canopy air. Interestingly, we found that the phytopathogenic Didymellaceae fungi
co-occurred more frequently with themselves than with other fungi. Disease experiments
indicated that all 5 Didymellaceae strains could infect A. adenophora as well as the 16 tested
native plants and that there was large variation in the virulence and host range. Our data
suggested that the diverse pathogens in the canopy air might be a disease infection source
that weakens the competition of invasive weeds, a novel phenomenon that remains to be
explored in other invasive plants.

Introduction

It has been suggested that invasive plants have the ability to decrease biodiversity in local eco-
systems through competition [1]. The enemy release hypothesis (ERH) partially explains this
competitive advantage, as hosts in the introduced range escape from their enemies [2-7]. Klir-
onomos (2002) showed that five of North America’s most damaging exotic plant invaders
modified the soil microbial community in ways that benefit themselves (i.e., positive feedback)
[8]. Callaway et al. (2004) found a switch from negative to positive plant-soil feedback for spot-
ted knapweed when moving from its native to its exotic range [9]. However, some invasive
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plants have been shown to accumulate pathogens in their invaded ranges, which is called the
pathogen accumulation and invasive decline (PAID) hypothesis [10]. In some cases, pathogen
accumulation can limit the spread of invasion [11]. In eastern North America, the highly inva-
sive annual grass Microstegium vimineum becomes significant declines in growth performance
in natural populations due to accumulate Bipolaris species and other fungal pathogens [12,
13].

Besides the direct adverse impacts on invasive host, these accumulated pathogens can indi-
rectly exacerbate the effects of invasions if they are transmitted in the invaded ecosystem and
affect the susceptible of native hosts [34], which is defined as disease-mediated invasion (DMI)
[14, 15]. Alternatively, invasive plants could be a reservoir of local pathogens, which may
spread to wild plants, crops and generate very large ecological risks [10, 16-18]. In the UK, the
invasive Rhododendron ponticum is a key foliar reservoir host for the native pathogens Phy-
tophthora ramorum and P. kernoviae [19]. Evaluating these impacts of invasive hosts in the
introduced range largely depends on the understanding if these fungi can be released from
hosts into the surrounding air and if they have the potentials to cause diseases on neighboring
native plants.

Airborne fungal propagules have been a major focus of epidemiological studies in tradi-
tional plant pathology for native plants and crops. For example, most airborne spores come
from fungi growing on living or dead plants [20], and their abundance is influenced by multi-
ple abiotic factors, such as temperature [21], humidity [22], rainfall [23], and wind speed [24].
Scherm & van Bruggen (1995) reported that lesions on source plants infected with an isolate of
Bremia lactucae sporulated at night and released spores beginning at sunrise [25]. Plant canopy
air, with complex microclimates, thus acts as an important space for dynamic host-pathogen
interactions [26]. Pathogens in the canopy air can infect plants under optimal microclimate
conditions and in turn, release their spores into the air to complete their life cycle; meanwhile,
the host can change the canopy microclimate to affect pathogen spread and disease develop-
ment [26]. Some studies for the monoculture crop also have shown that numbers of conidia
collected decreased with increasing height within and above the crop canopy [27-29]. Simi-
larly, for the monoculture invasive plant, its canopy air would harbor diverse fungal spores
released from leaf spots, which in turn, may infect host itself as well as neighboring species. It
should be expected that: (1) The closer to the plant host, the higher diversity and more compli-
cated co-occurring connections of fungi; (2) there are the sharing between fungi in the canopy
air of invasive plants and host-associated pathogenic fungi. Currently, there is a total lack of
the knowledge of the airborne phytopathogenic fungi surrounding the invasive plants.

The invasive weed Ageratina adenophora is one of the most serious invasive weeds in Yun-
nan Province, China. It has rapidly spread in southwestern China and is expected to invade
southern and south-central China unless it is controlled [30]. Recently, several studies indi-
cated that A. adenophora could be infected by the foliar fungal pathogens Phaeoramularia sp.
[31], Passalora ageratinae [32], Alternaria alternata [33], and Collectotrichum [34,35]. In
recent, our group has indicated that the foliar fungi from family Didymellaceae are adverse to
the growth of A. adenophora [36], and these fungi frequently occurs in the surrounding envi-
ronment, such as in the withered leaves and the canopy air of hosts [37]. In this study, two
experiments were designed to verify the expectation above. Firstly, we used the high-through-
put sequencing technology to characterize the fungal community and analyze their co-occur-
rence network in the canopy air of A. adenophora (experiment 1); and then the shared
representative phytopathogenic fungi from family Didymellaceae were isolated from leaf spots
of A. adenophora and their virulence to A. adenophora as well as native plants was tested
(experiment 2).
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Materials and methods
Experiment 1: High-throughput sequencing of canopy fungal communities

Collection of airborne fungal spores. The samples were collected in two regions in
which A. adenophora heavily occurs in Yunnan Province, China. These sampling sites are not
located within the protected area and no sampling permit is required. At 2-4 pm, April 10 and
15, 2018, three sites per region were selected to collect the air in the same day and considered
as the biological duplication. In each sampling site, we sampled two heights in the air column,
and totally we collected 12 air samples. Briefly, in each region, three sampling sites over 1 km
apart were randomly selected (S1 Table, sampling sites information). The canopy air in each
site was sampled from both the immediate canopy (the air from the low part of the canopy,
defined as LC) and 1.5 meters above the vegetation (the air from the high part of the canopy,
defined as HC). For each sample, airborne spores were concentrated from 1000 liters of air
(~5mins), using a 9cm diameter Petri dish filled with a sterilized cellulose acetate membrane
by a surface air system (SAS) Super ISO 180 (VWR International PBI SRL, San Giusto, Italy).
The Petri dishes were immediately sealed with Parafilm™ "M" (Pechiney Plastic Packaging,
Menasha, WI) after air collection and brought back to the laboratory. Then, the cellulose ace-
tate membrane was removed, cut into small pieces and placed in 2 mL centrifuge tubes. The
fungal spores on the cellulose acetate membrane were oscillated and removed with 600 uL ster-
ile water and sterilized steel balls in a magnetic shaker for 10 minutes. The cellulose acetate
membrane and steel balls were removed from the centrifuge tubes. Then, the spores from each
sample were centrifuged and pooled, and the precipitant was stored in a -4°C refrigerator
prior to DNA extraction.

DNA extraction. Prior to DNA extraction, the concentrated spores were resuspended in
approximately 250 pL of sterile distilled water. The resuspended fungal spores were extracted
using the commercial DNA extraction kit FastDNA® SPIN Kit for Soil (MP Biomedicals,
Irvine, CA). The DNA quality was monitored by 0.8% agarose gel electrophoresis. The
extracted DNA was diluted to a concentration of 2 ng/uL to balance the DNA amount among
the samples, and then stored at -20°C until further processing. Meanwhile, the sterilized cellu-
lose acetate membranes without performing collection of air spores were used as the extraction
blanks, which were failed in DNA extraction and were excluded from the further processing.

The diluted DNA was used as a template for PCR amplification. For the fungal diversity
analysis, the fungal rRNA gene was amplified with primers ITS1-1737F (GGA AGT AAA AGT
CGT AAC AAGG)and ITS2-2043R (GCT GCG TTC ATC GAT GC) targeting ITS1-ITS2
(approximately 246 bp) [38,39]. All the amplifications were conducted in an ABI GeneAmp®
9700 (Applied Biosystems Inc., Foster City, CA) at 95°C for 3 min, followed by 37 cycles at
95°C for 30's, 55°C for 30 s, and 72°C for 45 s and a final elongation step at 72°C for 10 min.
The PCRs contained 2 pL 10 x PCR buffer, 2 uL 2.5 mM dNTPs, 0.8 uL 5 uM ITS1-1737F and
ITS2-2043R primer, 0.2 uL of TakaRa rTaq DNA polymerase and 10 ng DNA template, with a
final volume of 20 uL. Equal amounts of purified amplicon were pooled for subsequent
sequencing using the Miseq sequencing platform at Shanghai Majorbio Biopharm Technology
Co., Ltd. (Shanghai, China). The next-gen data were submitted to GenBank under bioproject
accession numbers PRINA590841.

Bioinformatic analysis of the high-throughput sequencing. The raw sequencing data
were in the FASTQ format. The paired-end reads were preprocessed using Trimmomatic soft-
ware [40] to detect and remove ambiguous bases (N). We also removed low-quality sequences,
i.e., those with an average quality score below 20, using the sliding window trimming
approach. After trimming, the paired-end reads were assembled using FLASH software [41].
The parameters of assembly were a minimum of 10 bp overlapping, a maximum of 200 bp

PLOS ONE | https://doi.org/10.1371/journal.pone.0230822 March 26, 2020 3/16


https://doi.org/10.1371/journal.pone.0230822

PLOS ONE

Airborne fungi associated with an invasive plant

overlapping and a 20% maximum mismatch rate. The sequences were further denoised as fol-
lows: the reads with ambiguous, homologous sequences or sequences below 200 bp were aban-
doned, reads with 75% of bases above Q20 were retained, and reads with chimeras were
detected and removed. These steps were performed using QIIME software (version 1.8.0) [42].

The clean reads were subjected to primer sequence removal and clustering to generate
operational taxonomic units (OTUs) using UPARSE software with a 97% similarity cutoff
[43]. The representative read of each OTU was selected using the QIIME package. All the rep-
resentative reads were annotated and blasted against the UNITE database using BLAST
[44,45].

Data analysis of the high-throughput sequencing. After OTU classification, we first
deleted the unidentified OTUs at the phylum level and then subsampled all samples to the
30376 reads (minimized reads’ sample) using the “sub.sample” function in MOTHUR v1.35.1.
All the data were analyzed except those that were removed during subsampling (see S2 Table
Data Subsampled OTUs table). The rarefaction curve for each sample was calculated using
MOTHUR "rarefaction.single" and plotted using Graphpad Prism v7 (GraphPad Software,
Inc., CA, USA). The alpha diversity was calculated using the R package "vegan" and plotted
using Graphpad Prism v7. The alpha fungal diversity between two regions, as well as between
two heights in the air column was compared using paired t test by SPSS 25.0 (IBM, NY, USA).
We used two methods to compare the diversity between two regions, i.e. considering the
heights in the air column (LC: 3 vs 3, HC: 3 vs 3) and not considering the height in the air col-
umn (6 vs 6). The same method was used to compare the different height in the air column
with and without considering the region. Similarly, the differences in fungal abundance
between two regions, as well as between two heights in the air column were also compared
using paired t test using the methods above described at phylum, family, and genus level,
respectively. The fungi with an average abundance of less than 0.5% were excluded from the
comparison. For the phylogenetic analysis of Didymellaceae, the most similar sequences were
downloaded from NCBI and neighbor joining (NJ) was used to construct phylogenetic trees
with Mega X using 18S rRNA gene sequences (approximately 220 bp). Leptosphaeria conoidea
(CBS 616.75) and L. doliolum (CBS 505.75) were selected as the outgroup. The node stability
was assessed with 1,000 bootstrap replicates. The relative abundance of Didymellaceae fungi is
shown in a heatmap plotted by the R package "pheatmap".

Co-occurrence patterns do not allow mapping of microbial interactions directly, but pro-
vide information on particular groups sharing habitats or performing similar ecological func-
tions [46]. Therefore, to reveal the co-occurrence among airborne fungi, network analyses of
the OTU matrix based on Spearman’s Rho were calculated by the "psych" R package. The
OTUs that occurred only in one sample were excluded when structuring the co-occurrence
networks. We further divided the synthetic dataset into two parts: LC and HC of A. adeno-
phora. The co-occurrence among all the fungi was calculated for both LC and HC. These two
valid co-occurrence events were considered to be robust if the correlation coefficient p > |0.8|
and if they were statistically significant at P < 0.05 [46-49]. The network visualization was
generated with Gephi v 0.9.2 [50]. Other graphs were plotted by GraphPad Prism v7.

Experiment 2: Isolation of leaf spot fungi and performance of the disease
experiment

Isolation and molecular identification of leaf spot fungi. To verify if there is fungal
sharing of the leaf spots with the canopy air of A. adenophora, we selected one population of A.
adenophora from one site (KM3) to perform fungal isolation. Diseased leaves with morpholog-
ically different symptoms were collected. Healthy leaf tissues and the margins of diseased
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tissues of each leaf spot were cut into six sections of 6 mm? and surface sterilized. The disin-
fected fragments were then plated onto PDA and incubated at ambient temperature for 6-8
days or until mycelia growing from the leaf fragments were observed. Then, all the fungal
colonies grown from the leaf fragments were purified and used to determine the phyloge-
netic position and in the disease experiments. All the fungi were maintained as pure cul-
tures at Yunnan University (Kunming, China). All the fungi were sequenced by the internal
transcribed spacer (ITS) region using primers ITS 1 (TCC GTA GGT GAA CCT GCGG)
and ITS4 (TCC GCT TAT TGA TAT GC) [51-52]. Sequences of pure isolates were clus-
tered to generate OTUs using MOTHUR software with a 100% similarity cutoff [43]. These
cultured OTUs were named as cOTUs to distinguish from the OTUs generated by next-gen-
eration sequencing. The fungi were annotated and blasted against the UNITE database [45]
using the MOTHUR classifier (confidence threshold of 80%) [44]. The nucleotide sequences
of these OTUs have been deposited in GenBank under accession numbers MK813969—
MK814043.

Identifying the shared OTUs of leaf spot fungi with airborne fungi of A. adenophora.
To identify the fungal sharing, the ITS sequences from each representative OTU obtained
from airborne fungi were selected to perform alignment with those sequences obtained from
cultural leaf spot fungi above. Because the ITS sequence obtained by the high-throughput
sequencing technology was short (~250bp), the alignment was trimmed to this range and was
clustered to generate OTUs again using MOTHUR software with a 97% similarity cutoff [43].
Deletions/insertions were considered when comparing the sequences from next-gen and cul-
tures. Those OTUs clustered from both sources were defined as the shared fungi; the Venn
and bubble diagrams were used to show the shared fungal OTUs. Then, the shared Didymella-
ceae fungi obtained from leaf spots were selected to test their pathogenicity in the disease
experiment. The used multiple isolates from one OTU were obtained from different leaf spots
to avoid the origin of the same clone.

Disease experiment. The disease experiment was performed in the field. The field site is
located in Xishan mountain, Kunming (Lat 24°58'24” N and Lon 102°37'17” E) and has an ele-
vation of 2,214 m. The site is not located within the protected area and no sampling permit is
required. In this site, there is a natural plant assemblage, which includes weeds, forbs, trees
and vines, native to Yunnan. The experimental period extended from June to the end of Octo-
ber 2018, the primary growth season for plants in Kunming. In total, A. adenophora and 16
other native plants (Ampelopsis sinica, Zehneria maysorensis, Reinwardtia indica, Fallopia mul-
tiflora, Pharbitis nil, Rubia cordifolia, Arthraxon hispidus, Urena lobata, Abelmoschus moscha-
tus, Achyranthes bidentata, Quercus glauca, Lindera communis, Celtis tetrandra, Betula
alnoides, Smilax scobinicaulis, and Pueraria peduncularis) were tested. Because necrotrophs
infect frequently through wounds [53], our experiment was performed as previously reported
to test the virulence of necrotrophs in tropical forests [54]. Briefly, the fungi were grown on
PDA for 7 days, and 6mm? fungal mycelium agar dishes were obtained and used to inoculate
in plants in the field. Mature and healthy leaves were selected for inoculation. Small wounds
were made by lightly touching the underside of the leaf with toothpicks; this resulted in 7 pin
pricks in an area of 0.5 cm®. The inoculum agar was pressed against the wound using cellulose
tape on the underside of the leaf and clipped in place with a bent hair clip. The wounds were
labeled with the strain number. One week after the inoculation, the leaves were harvested and
leaf spot size was measured. The leaf spot size for each strain was visualized by a heat map,
which was plotted by the R package "pheatmap”. The PDA culture agar without fungus was
used as the negative control. In the case that the obvious symptom was developed in the nega-
tive control group, the same batch of the fungi was tested again.
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Results
Experiment 1: High-throughput sequencing of canopy fungal communities

The fungal diversity and species in the canopy air. After the removal of the ambiguous
OTUs and subsampling, a matrix with 12 samples x 178 OTUs was obtained, and all the sam-
ples reached saturation at ~15,000 sequences (see S1 Fig rarefaction curves). The alpha diversi-
ties, including the Shannon index and species richness, were different neither between the
regions (with or without considering the height in the air column) nor between the high (HC)
and low (LC) parts of the canopy (with or without considering the region) (Fig 1, P > 0.05,
paired t test), but there was a large variation within sites.

The fungi belonged to 3 phyla, 59 families and 85 genera. Fungi from the Ascomycota
accounted for 98.86% of the overall abundance and included Cladosporiaceae (61.21%), Didy-
mellaceae (5.22%), Hypocreales (4.63%), Cordycipitaceae (3.84%), Nectriaceae (3.21%), Pleos-
poraceae (2.52%), Mycosphaerellaceae (2.26%) and Aspergillaceae (1.84%). The dominant
genera are Cladosporium (60.58%), Sarocladium (4.42%), Lecanicillium (3.82%), Alternaria
(2.08%), Epicoccum (1.49%), Penicillium (1.03%), and Fusarium (0.53%) (Fig 2). The fungal
community composition showed no significant difference between the LC and HC canopy air
and between two regions (P > 0.05, paired t test), with the exception that Epicoccum varied sig-
nificantly between YL and KM when no considering the LC and HC (P = 0.028, paired t test).

Fungal co-occurrence network analysis. In total, the fungal co-occurrence network had
62 nodes and 85 edges, with 20 negative edges (Fig 3A and 3B). The air from the low part of
the canopy (LC) had more fungal co-occurrences than those of the air from the high part of
the canopy (HC). The most abundant Cladosporium rarely linked among themselves or with
other fungi positively. In most cases, common phytopathogens, e.g., Alternaria (OTU117) and
Fusarium (OTU202), are positively linked with other fungi (Fig 3A). Interestingly, we found
that diverse fungi belonging to the Didymellaceae family frequently linked with each other
positively, e.g., OTU11-OTU43, OTU43-0OTU295, and OTU97-OTU295, but linked with
other fungi negatively, e.g., OTU97 (Didymellaceae) with OTU117 (Alternaria), and with
OTU325 (Fusarium). The exception to this pattern was that the most dominant genus Clados-
porium (OTU287) showed a positive relationship with Didymellaceae (Fig 3B).
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Fig 1. Fungal alpha diversity. LC: the air in the low part of the A. adenophora canopy; HC: the air in the high part of the A. adenophora canopy;
YL: samples from Yunlong county (invaded region); and KM: samples from Kunming city (invaded region). The error bars represent one SE.

https://doi.org/10.1371/journal.pone.0230822.g001
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We identified nine Didymellaceae OTUs, with a sum of 7.53% of the sequences. Phyloge-
netically, OTU150 was combined with Ascochyta into one clade, and the remaining OTUs
were close to Phoma, Epicoccum, Cumuliphoma and Didymella, which were clustered into
another clade (Fig 4A). Relatively LC had a greater abundance of the Didymellaceae family
than that of HC, with no statistical significance (P > 0.05, paired t test). OTU11 and OTU90
were the predominant fungi and appeared in most samples. OTU150 only occurred in HCin-
KM2, and OTU52 was detected in HCin-YL2. The remaining OTUs occurred in 2 to 8 samples

(Fig 4C).
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Experiment 2: Isolation of fungi and disease experiment

Fungal relationships between the canopy air and leaf spots of A. adenophora. The
diverse Didymellaceae in the canopy air of A. adenophora may be associated with the easy
release of Didymellaceae spores from monocultures of A. adenopohra. To verify whether A.
adenophora harbors diverse Didymellaceae fungi, we selected one population, KM, to isolate
the leaf spot fungi. In total, 355 isolates were isolated and grouped into 75 unique cOTUs with
a 100% cutoff of ITS gene similarity. The most dominant fungi were from the family Glomerel-
laceae (24.51%). The second most dominant fungi were Didymellaceae, which included 10
cOTUs and accounted for 20.00% of the isolated strains (see S1 Table). By comparing the
results with the fungal library obtained by high-throughput sequencing technology, a total of
20 overlapping OTUs were identified, which accounted for 11.45% and 44.79% of the abun-
dance of two libraries, respectively (Fig 5A). The shared OTU11 (cOTU24), OTU14 (cOTU12,
cOTU35, cOTU36, cOTU37 and cOTU43) and OTU295 (cOTU75) belonged to Didymella-
ceae were the most abundant fungi in both the canopy air and leaf spots. The leaf spots showed
relatively high overlap with LC compared with that with HC (Fig 5B).

Evaluation of the potential of Didymellaceae fungi to cause plant disease. Because
Didymellaceae occurred frequently in both the canopy air and leaf spots of A. adenophora, 5
strains from the overlapped OTU14 were selected to test their virulence to native plants and A.
adenophora. The disease experiments indicated that all the strains could infect A. adenophora.
These strains also infected the 16 native plants tested to varying degrees. A. adenophora was
more sensitive to these strains than most native plants, with the exception of R. indica (Fig 6).
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Fig 4. Phylogenetics(A),bar graph (B), and heatmap (C) of Didymellaceae. (A) The node stability was assessed with 1,000 bootstrap replicates, and
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bar graph represents the percentage of Didymellaceae from different sources. The error bars represent one SE. (C)The relative abundances are
expressed as the richness of fungi from a given isolation source transformed by log,(x+1).

https://doi.org/10.1371/journal.pone.0230822.9004

Discussion

This is the first study that characterizes the airborne fungal communities of invasive plants and
evaluates their potential to cause plant disease. Similar to previous reports, we found that Cla-
dosporiaceae was the most frequent fungus in the air, mainly represented by the genus Clados-
porium (Fig 2). Other fungi included common genera, such as Fusarium, Alternaria and
Epicoccum [55-58]. Previously, there have been verified the occurrence of more fungal spores
in the air in the low part of the canopy, which is close to plant leaves (i.e., the important release
source of fungal spores), compared with the number of spores in the air of the high part of the
canopy [20,59]. Several reports from crop systems have also verified this trend [27-29]. We
did not found a higher fungal diversity and abundance in low part than high part of the canopy
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(Fig 1). This is possible due to the small distance of two heights (~1.5m, see methods). Many
reports have indicated that the determining factors for airborne pathogen spores are very com-
plex, related to the environment, season and time [60-62], and in particular meteorological
factors [21, 23, 55, 56, 63]. In this study, therefore, it is impossible to conclude the difference in
fungal diversity across air column due to the small size of air samples (only two heights from
two regions). However, partially supporting our expectation, we found that the air in the low
part of the canopy (LC) had more fungal co-occurrences than the air in the high part of the
canopy (HC) (Fig 3). In particular, we found that the dominant pathogens on A. adenophora
enhanced the links among themselves (e.g., Didymellaceae fungi OTU90) and reduced their
links with other fungi in the canopy air (Figs 3 and 4A).

This pattern may result from their high infection and easy release of spores from the mono-
culture A. adenophora host into the surrounding air. Species of Didymellaceae mainly cause
leaf and stem lesions [64,65] and produce many small conidia, which is conducive for spread-
ing through the air [66]. We also verified that A. adenophora harbored abundant leaf spot
pathogens from Didymellaceae in this study (see S2 Table). The data suggest that there may
form a feedback between the pathogenic fungi associated host and the airborne spores, i.e., the
monoculture hosts support high load of pathogenic fungal infection, which will develop into a
pathogenic-fungus-dominant canopy air and in turn further worsen their infection on hosts.
Such a feedback cycle may partially contribute to the prevalence of Didymellaceae fungi on A.
adenophora. Here we reasoned that the co-occurrence pattern of the dominant airborne fungal
pathogen may be a label in the monoculture plant, including invasive plants, as well as eco-
nomic crops. Janzen-Connell hypothesis indicates that diverse host-specific pathogen is
important to maintain plant diversity [67, 68]. For native vegetation, higher plant diversity
promotes higher diversity of fungal pathogens [69], it thus is expected that the airborne fungal
co-occurrence become more abundant in native vegetation than in the monoculture plant.
Although it remains to have such a conclusion due to the lack of air samples above native vege-
tation in this study, our data indirectly indicate that the diverse hosts and the diverse airborne
pathogen co-occurrence network may partially contribute to high diversity of pathogens in
native vegetation and thus decreases pathogen infection per plant [69]. Previously, increasing
host diversity has been verified to help reduce the disease severity of airborne pathogens for
monoculture crops. For example, Zhu et al. (2000) reported that planting disease-susceptible
rice varieties in mixtures increased crop yield by 89% and reduced blast severity by 94% when
comparing with those in monocultures [70]. Therefore, it is worthwhile to verify the common-
ness of such fungal co-occurrence patterns in other invasive systems as well as in crop systems,
and the study of airborne fungal co-occurrence networks represents a promising field of plant
pathology.

Regarding the reason why an exotic plant invades successfully, many reports have focused
on the positive soil microbial feedback of invasive plants compared with that of native plants
[8, 9]. Our data indicated that the pathogen feedback in the canopy air may weaken plant inva-
sion as the residence time increases. In addition, previous reports have indicated that invasive
plants could accumulate pathogens and infect native plants [10]. In this case, the infection risk
was possible because susceptible native hosts were available, e.g., R. indica, in the invaded
range (Fig 6). Nonetheless, whether these effects of Didymellaceae fungi ultimately translate
into a competitive adverse of A. adenophora and the ecological risk must be evaluated against
the background of the invaded ecosystems.

Interestingly, we found that the most dominant genus Cladosporium (OTU287) showed a
positive relationship with Didymellaceae in the canopy air of A. adenophora. This pattern here
does not mean that Cladosporium specifically facilitates the accumulation of Didymellaceae in
the air but mirrors the high prevalence of Cladosporium spores in the air [55, 56]. In addition,
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although Glomerellaceae fungi (e.g., Colletotrichum) were the most abundant fungi isolated
from the leaf spots (also see Supplementary Data Fungi isolation table) as well as foliar endo-
phytes of A. adenophora [71], they were rarely detected in the air by high-throughput sequenc-
ing. Because these Colletotrichum strains are rarely pathogenic on A. adenophora (unpublished
data), we excluded them from this analysis. However, fungal spores in the air can be affected
by microclimatic conditions, such as temperature and humidity [26], and it is worth determin-
ing the daily and seasonal dynamics of Colletotrichum in the air of A. adenophora.

For the fungi of Didymellaceae in the air, Epicoccum is the most reported genus [55], and
the other groups have been disregarded because they were not identified. Didymellaceae is the
largest family in the Pleosporales and has more than 5400 taxon names listed in MycoBank
[72]. Although Chen et al. (2017) classify Didymellaceae into 19 genera, many Didymellaceae
remain to be identified [66]. Similarly, most Didymellaceae fungi in this study were of the
unclassified group, indicating that many of them may be potential novel species and worthy of
characterization in the future. Nonetheless, the high-throughput sequences obtained from air
samples we used for the comparison with the cultured strains were too short (~250bp) to fully
confirm their matches. Therefore, the traditional culture methods should be used to success-
fully culture Didymellaceae fungi from the air, and both the morphological taxonomic meth-
ods and multiple loci of gene sequences are needed to accurately determine their phylogeny.
Interestingly, strains from OTU14 showed a great variation in virulence and host range (Fig
6); in particular some strains, e.g., DID2, have a narrow range of hosts. These strains are the
candidates to develop into a potential biocontrol of A. adenophora in future.

Supporting information

S1 Fig. Rarefaction curves. LC, low part of canopy air of A. adenphora in the invaded region;
HC, high part of canopy air of A. adenphora in the invaded region; YL, samples from Yunlong
county (invaded region); KM, samples from Kunming city (invaded region).

(DOCX)

S§1 Table. Sampling sites information.
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S2 Table. Sub-sampled OTUs table and Fungi isolation table.
(XLSX)

Acknowledgments

The authors thank Jie Zhou, Zhi-Ping Yang, Tian Zeng, Li-Yuan Qin, and Wen-Ti Zheng at
Yunnan University for help with sampling in the field and performing the disease experiment.
Dr. Huan-Chong Wang and Dr. Tao Xu at Yunnan University helped with the identification
of plant species.

Author Contributions

Conceptualization: Lin Chen, Han-Bo Zhang.

Data curation: Lin Chen, Kai Fang, Xing-Fan Dong, Ai-Ling Yang, Yu-Xuan Li.
Formal analysis: Lin Chen, Han-Bo Zhang.

Funding acquisition: Han-Bo Zhang.

Investigation: Lin Chen, Kai Fang, Xing-Fan Dong, Ai-Ling Yang, Yu-Xuan Li.

PLOS ONE | https://doi.org/10.1371/journal.pone.0230822 March 26, 2020 12/16


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0230822.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0230822.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0230822.s003
https://doi.org/10.1371/journal.pone.0230822

PLOS ONE

Airborne fungi associated with an invasive plant

Methodology: Lin Chen.
Writing - original draft: Lin Chen, Han-Bo Zhang.

Writing - review & editing: Lin Chen, Kai Fang, Xing-Fan Dong, Ai-Ling Yang, Yu-Xuan Li,

Han-Bo Zhang.

References

1.

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

Vila M, Espinar JL, Hejda M, Hulme PE, Jarosik V, Maron JL, et al. Ecological impacts of invasive alien
plants: a meta-analysis of their effects on species, communities and ecosystems. Ecology Letters.
2011; 14:702-708. https://doi.org/10.1111/j.1461-0248.2011.01628.x PMID: 21592274

Keane RM, and Crawley MJ. Exotic plant invasions and the enemy release hypothesis. Trends in Ecol-
ogy & Evolution. 2002; 17:164—170. https://doi.org/10.1016/S0169-5347(02)02499-0

Mitchell CE, and Power AG. Release of invasive plants from fungal and viral pathogens. Nature. 2003;
421:625-627. https://doi.org/10.1038/nature01317 PMID: 12571594

Colautti RI, Ricciardi A, Grigorovich IA, and Maclsaac HJ. Is invasion success explained by the enemy
release hypothesis? Ecology Letters. 2004; 7:721-733. https://doi.org/10.1111/j.1461-0248.2004.
00616.x

Torchin ME, and Mitchell CE. Parasites, pathogens, and invasions by plants and animals. Frontiers in
Ecology and the Environment. 2004; 2:183-190. https://doi.org/10.2307/3868313

Theoharides KA, and Dukes JS. Plant invasion across space and time: factors affecting nonindigenous
species success during four stages of invasion. New Phytologist. 2007; 176:256-273. https://doi.org/
10.1111/j.1469-8137.2007.02207.x PMID: 17822399

Turnbull LA, Levine JM, Fergus AJF, and Petermann JS. Species diversity reduces invasion success in
pathogen-regulated communities. Oikos. 2010; 119:1040—-1046. https://doi.org/10.1111/j.1600-0706.
2009.17914.x

Klironomos JN. Feedback with soil biota contributes to plant rarity and invasiveness in communities.
Nature. 2002; 417:67-70. https://doi.org/10.1038/417067a PMID: 11986666

Callaway RM, Thelen GC, Alex R, and Holben WE. Soil biota and exotic plant invasion. Nature. 2004;
427:731-733. https://doi.org/10.1038/nature02322 PMID: 14973484

Flory L and Clay K. Pathogen accumulation and long-term dynamics of plant invasions. Journal of Ecol-
ogy. 2013; 101:607—-613. https://doi.org/10.1111/1365-2745.12078

Borer ET, Hosseini PR, Seabloom EW, and Dobson AP. Pathogen-induced reversal of native domi-
nance in a grassland community. Proceedings of the National Academy of Sciences of the United
States of America. 2007; 104:5473-5478. https://doi.org/10.1073/pnas.0608573104 PMID: 17372211

Stricker KB, Harmon PF, Goss EM, Clay K, Flory SL. Emergence and accumulation of novel pathogens
suppress an invasive species. Ecology Letters. 2016; 19(4):469—77. https://doi.org/10.1111/ele. 12583
PMID: 26931647

Flory SL, Kleczewski N, Clay K. Ecological consequences of pathogen accumulation on an invasive
grass. Ecosphere. 2011; 2(10):120. https://doi.org/10.1890/ES11-00191.1

Malmstrom CM, Mccullough AJ, Johnson HA, Newton LA, Borer ET. Invasive annual grasses indirectly
increase virus incidence in California native perennial bunchgrasses. Oecologia. 2005; 145(1):153-64.
https://doi.org/10.1007/s00442-005-0099-z PMID: 15875144

Strauss A, White A, Boots M. Invading with biological weapons: the importance of disease-mediated
invasions. Funct Ecol. 2012; 26(6):1249-61. https://doi.org/10.1111/1365-2435.12011

Daszak P, Cunningham AA, Hyatt AD. Emerging infectious diseases of wildlife—Threats to biodiversity
and human health. Science. 2000; 287(5452):443-9. https://doi.org/10.1126/science.287.5452.443
PMID: 10642539

Anderson PK, Cunningham AA, Patel NG, Morales FJ, Epstein PR, Daszak P. Emerging infectious dis-
eases of plants: pathogen pollution, climate change and agrotechnology drivers. Trends in Ecology &
Evolution. 2004; 19(10):535—44. https://doi.org/10.1016/j.tree.2004.07.021 PMID: 16701319

Kelly DW, Paterson RA, Townsend CR, Poulin R, Tompkins DM. Parasite spillback: a neglected con-
cept in invasion ecology? Ecology. 2009; 90(8):2047-56. https://doi.org/10.1890/08-1085.1 PMID:
19739367

Purse BV, Graeser P, Searle K, Edwards C, and Harris C. Challenges in predicting invasive reservoir
hosts of emerging pathogens: mapping Rhododendron ponticum as a foliar host for Phytophthora
ramorum and Phytophthora kernoviae in the UK. Biological Invasions. 2013; 15:529-545. https://doi.
org/10.1007/s10530-012-0305-y

PLOS ONE | https://doi.org/10.1371/journal.pone.0230822 March 26, 2020 13/16


https://doi.org/10.1111/j.1461-0248.2011.01628.x
http://www.ncbi.nlm.nih.gov/pubmed/21592274
https://doi.org/10.1016/S0169-5347(02)02499-0
https://doi.org/10.1038/nature01317
http://www.ncbi.nlm.nih.gov/pubmed/12571594
https://doi.org/10.1111/j.1461-0248.2004.00616.x
https://doi.org/10.1111/j.1461-0248.2004.00616.x
https://doi.org/10.2307/3868313
https://doi.org/10.1111/j.1469-8137.2007.02207.x
https://doi.org/10.1111/j.1469-8137.2007.02207.x
http://www.ncbi.nlm.nih.gov/pubmed/17822399
https://doi.org/10.1111/j.1600-0706.2009.17914.x
https://doi.org/10.1111/j.1600-0706.2009.17914.x
https://doi.org/10.1038/417067a
http://www.ncbi.nlm.nih.gov/pubmed/11986666
https://doi.org/10.1038/nature02322
http://www.ncbi.nlm.nih.gov/pubmed/14973484
https://doi.org/10.1111/1365-2745.12078
https://doi.org/10.1073/pnas.0608573104
http://www.ncbi.nlm.nih.gov/pubmed/17372211
https://doi.org/10.1111/ele.12583
http://www.ncbi.nlm.nih.gov/pubmed/26931647
https://doi.org/10.1890/ES11-00191.1
https://doi.org/10.1007/s00442-005-0099-z
http://www.ncbi.nlm.nih.gov/pubmed/15875144
https://doi.org/10.1111/1365-2435.12011
https://doi.org/10.1126/science.287.5452.443
http://www.ncbi.nlm.nih.gov/pubmed/10642539
https://doi.org/10.1016/j.tree.2004.07.021
http://www.ncbi.nlm.nih.gov/pubmed/16701319
https://doi.org/10.1890/08-1085.1
http://www.ncbi.nlm.nih.gov/pubmed/19739367
https://doi.org/10.1007/s10530-012-0305-y
https://doi.org/10.1007/s10530-012-0305-y
https://doi.org/10.1371/journal.pone.0230822

PLOS ONE

Airborne fungi associated with an invasive plant

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Burge H. An update on pollen and fungal spore aerobiology. Journal of Allergy and Clinical Immunology.
2002; 110:544-552. https://doi.org/10.1067/mai.2002.128674 PMID: 12373259

Aira MJ, Rodriguez-Rajo FJ, Fernandez-Gonzalez M, Seijo C, Elvira-Rendueles B, Gutiérrez-Bustillo
M, et al. Cladosporium airborne spore incidence in the environmental quality of the Iberian Peninsula.
Grana Palynologica. 2012; 51:293-304. https://doi.org/10.1080/00173134.2012.717636

Webster J, Davey RA, and Turner JCR. Vapour as the source of water in Buller’s drop. Mycological
Research. 1989; 93:297-302. https://doi.org/10.1016/S0953-7562(89)80156-X

Crandall SG, and Gilbert GS. Meteorological factors associated with abundance of airborne fungal
spores over natural vegetation. Atmospheric Environment. 2017; 162:87-99. https://doi.org/10.1016/j.
atmosenv.2017.05.018

Sadys$ M. Effects of wind speed and direction on monthly fluctuations of Cladosporium conidia concen-
tration in the air. Aerobiologia. 2017; 33:445—456. https://doi.org/10.1007/s10453-017-9482-6

Scherm H, and van Bruggen AHC. Concurrent Spore Release and Infection of Lettuce by Bremia lactu-
cae During Mornings with Prolonged Leaf Wetness. Phytopathology. 1995; 85:552-555. https://doi.org/
10.1094/Phyto-85-552

Pangga IB, Hanan J, and Chakraborty S. Pathogen dynamics in a crop canopy and their evolution
under changing climate. Plant Pathology. 2011; 60:70-81. https://doi.org/10.1111/j.1365-3059.2010.
02408.x

Manstretta V, Gourdain E, Rossi V. Deposition patterns of Fusarium graminearum ascospores and
conidia within a wheat canopy. European Journal of Plant Pathology. 2015; 143(4):873-80. https://doi.
org/10.1007/s10658-015-0722-8

Vloutoglou I, Fitt BDL, Lucas JA. Periodicity and gradients in dispersal ofAlternaria linicolain linseed
crops. European Journal of Plant Pathology. 1995; 101(6):639-53. https://doi.org/10.1007/
BF01874868

Mallaiah K, Rao A. Aerial dissemination of urediniospores of groundnut rust. Transactions of The British
Mycological Society. 1982; 78(1):21-8. https://doi.org/10.1016/S0007-1536(82)80072-7

Wang R, and Wang YZ. Invasion Dynamics and Potential Spread of the Invasive Alien Plant Species
Ageratina adenophora (Asteraceae) in China. Diversity and Distributions. 2006; 12:397—408. https://
doi.org/10.1111/j.1366-9516.2006.00250.x

Wang F, Summerell BA, Marshall D, and Auld BA. Biology and pathology of a species of Phaeoramu-
laria causing a leaf spot of crofton weed. Australasian Plant Pathology. 1997; 26:165—172. https://doi.
org/10.1071/AP97027

Buccellato L, Byrne MJ, and Witkowski ETF. Interactions between a stem gall fly and a leaf-spot patho-
gen in the biological control of Ageratina adenophora. Biological Control. 2012; 61:222-229. https://doi.
org/10.1016/j.biocontrol.2012.02.004

Chen S, Dai X, Qiang S, and Tang Y. Effect of a nonhost-selective toxin from Alternaria alternata on
chloroplast-electron transfer activity in Eupatorium adenophorum. Plant Pathology. 2005; 54:671-677.
https://doi.org/10.1111/j.1365-3059.2005.01249.x

Tao YH, Li ZY, and He YQ. Occurrence of Leaf Spot of Eupatorium adenophorum in Kunming Area.
Chinese Journal of Biological Control. 2007; 23(suppl):37—41. https://doi.org/10.1002/ccd.25492

TuR, LiYJ, LiY, Yang MZ, and Zhang HB. A study on the diversity and pathogenicity of the phyllo-
sphere fungi on the invasive plant Eupatorium adenophorum. Journal of Yunnan University(Natural Sci-
ences). 2009; 5:521-527.

Fang K, Chen L, Zhou J, Yang ZP, Dong XF, Zhang HB. Plant-soil-foliage feedbacks on seed germina-
tion and seedling growth of the invasive plant Ageratina adenophora. Proceedings of the Royal Society
B: Biological Sciences. 2019; 286:20191520. https://doi.org/10.1098/rspb.2019.1520 PMID: 31822255

Fang K, Miao YF, Chen L, Zhou J, Yang ZP, Dong XF, et al. Tissue-Specific and Geographical Variation
in Endophytic Fungi of Ageratina adenophora and Fungal Associations With the Environment. Frontiers
in Microbiology. 2019; 10:2919. https://doi.org/10.3389/fmicb.2019.02919 PMID: 31921082

Beck JJ, and Ligon JM. Polymerase chain-reacion assays for the detection of stagonospora-nodorum
and septoria-tritici in Wheat. Phytopathology. 1995; 85:319-324. https://doi.org/10.1094/Phyto-85-319

Fujinawa MF, Pontes NC, do Vale HMM, Santos NF, and Halfeld-Vieira BA. First Report of Myrothe-
cium roridum Causing Myrothecium Leaf Spot on Begonia in Brazil. Plant Disease. 2016; 100:655—655.
https://doi.org/10.1094/pdis-09-15-1097-pdn

Bolger AM, Lohse M, and Usadel B. Trimmomatic: a flexible trimmer for lllumina sequence data. Bioin-
formatics. 2014; 30:2114-2120. https://doi.org/10.1093/bioinformatics/btu170 PMID: 24695404

Reyon D, Tsai SQ, Khayter C, Foden JA, Sander JD, and Joung JK. FLASH assembly of TALENs for
high-throughput genome editing. Nature Biotechnology. 2012; 30:460—465. https://doi.org/10.1038/nbt.
2170 PMID: 22484455

PLOS ONE | https://doi.org/10.1371/journal.pone.0230822 March 26, 2020 14/16


https://doi.org/10.1067/mai.2002.128674
http://www.ncbi.nlm.nih.gov/pubmed/12373259
https://doi.org/10.1080/00173134.2012.717636
https://doi.org/10.1016/S0953-7562(89)80156-X
https://doi.org/10.1016/j.atmosenv.2017.05.018
https://doi.org/10.1016/j.atmosenv.2017.05.018
https://doi.org/10.1007/s10453-017-9482-6
https://doi.org/10.1094/Phyto-85-552
https://doi.org/10.1094/Phyto-85-552
https://doi.org/10.1111/j.1365-3059.2010.02408.x
https://doi.org/10.1111/j.1365-3059.2010.02408.x
https://doi.org/10.1007/s10658-015-0722-8
https://doi.org/10.1007/s10658-015-0722-8
https://doi.org/10.1007/BF01874868
https://doi.org/10.1007/BF01874868
https://doi.org/10.1016/S0007-1536(82)80072-7
https://doi.org/10.1111/j.1366-9516.2006.00250.x
https://doi.org/10.1111/j.1366-9516.2006.00250.x
https://doi.org/10.1071/AP97027
https://doi.org/10.1071/AP97027
https://doi.org/10.1016/j.biocontrol.2012.02.004
https://doi.org/10.1016/j.biocontrol.2012.02.004
https://doi.org/10.1111/j.1365-3059.2005.01249.x
https://doi.org/10.1002/ccd.25492
https://doi.org/10.1098/rspb.2019.1520
http://www.ncbi.nlm.nih.gov/pubmed/31822255
https://doi.org/10.3389/fmicb.2019.02919
http://www.ncbi.nlm.nih.gov/pubmed/31921082
https://doi.org/10.1094/Phyto-85-319
https://doi.org/10.1094/pdis-09-15-1097-pdn
https://doi.org/10.1093/bioinformatics/btu170
http://www.ncbi.nlm.nih.gov/pubmed/24695404
https://doi.org/10.1038/nbt.2170
https://doi.org/10.1038/nbt.2170
http://www.ncbi.nlm.nih.gov/pubmed/22484455
https://doi.org/10.1371/journal.pone.0230822

PLOS ONE

Airborne fungi associated with an invasive plant

42,

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Caporaso JG, Kuczynski J, Stombaugh J, Bittinger K, Bushman FD, Costello EK, et al. QIIME allows
analysis of high-throughput community sequencing data. Nature Methods. 2010; 7:335-336. https://
doi.org/10.1038/nmeth.f.303 PMID: 20383131

Edgar RC. UPARSE: highly accurate OTU sequences from microbial amplicon reads. Nature Methods.
2013; 10:996-998. https://doi.org/10.1038/nmeth.2604 PMID: 23955772

Wang Q, Garrity GM, Tiedje JM, and Cole JR. Naive Bayesian classifier for rapid assignment of rRNA
sequences into the new bacterial taxonomy. Applied and Environmental Microbiology. 2007; 73:5261—
5267. https://doi.org/10.1128/AEM.00062-07 PMID: 17586664

UNITE Community U. Full mothur UNITE+INSD dataset 1. Version 01.12.2017. 2017. Available at
doi:10.15156/B10/587479

Khan MAW, Bohannan BJM, Nisslein K, Tiedje JM, Tringe SG, Rodrigues JLM, et al. Deforestation
impacts network co-occurrence patterns of microbial communities in Amazon soils. FEMS Microbiology
Ecology. 2018; 95:fiy230. https://doi.org/10.1093/femsec/fiy230 PMID: 30481288

Widder S, Besemer K, Singer GA, Ceola S, Bertuzzo E, Quince C, et al. Fluvial network organization
imprints on microbial co-occurrence networks. Proceedings of the National Academy of Sciences.
2014; 111:12799-12804. https://doi.org/10.1073/pnas. 1411723111 PMID: 25136087

Pommier T, Le HT, Thébault E, Rochelle-Newall E, Ribolzi O, Auda Y, et al. Vicinal land use change
strongly drives stream bacterial community in a tropical montane catchment. FEMS Microbiology Ecol-
ogy. 2018; 94:fiy155. https://doi.org/10.1093/femsec/fiy155 PMID: 30107549

Shen C, Shi Y, Fan K, He J-S, Adams JM, Ge Y, et al. Soil pH dominates elevational diversity pattern
for bacteria in high elevation alkaline soils on the Tibetan Plateau. FEMS Microbiology Ecology. 2019;
95:fiz003. https://doi.org/10.1093/femsec/fiz003 PMID: 30629166

Bastian M, Heymann S, and Jacomy M. Gephi: An Open Source Software for Exploring and Manipulat-
ing Networks. Proceedings of the Third International ICWSM Conference. 2009;361-362. https://doi.
org/10.1111/nph.12562

Gardes M, and Bruns TD. ITS Primers with enhanced specificity for Basidiomycetes—Application to the
identification of mycorrhizae and rusts. Molecular Ecology. 1993; 2:113-118. https://doi.org/10.1111/.
1365-294x.1993.tb00005.x PMID: 8180733

Larena |, Salazar O, Gonzalez V, Julian MaC, and Rubio V. Design of a primer for ribosomal DNA inter-
nal transcribed spacer with enhanced specificity for ascomycetes. Journal of Biotechnology. 1999;
75:187-194. https://doi.org/10.1016/s0168-1656(99)00154-6 PMID: 10553657

Garcia-Guzman G, and Heil M. Life histories of hosts and pathogens predict patterns in tropical fungal
plant diseases. New Phytologist. 2014; 201:1106—1120. https://doi.org/10.1111/nph.12562 PMID:
24171899

Gilbert GS, and Webb CO. Phylogenetic signal in plant pathogen- host range. Proceedings of the
National Academy of Sciences of the United States of America. 2007; 104:4979—-4983. https://doi.org/
10.1073/pnas.0607968104 PMID: 17360396

Troutt C, and Levetin E. Correlation of spring spore concentrations and meteorological conditions in
Tulsa, Oklahoma. International Journal of Biometeorology. 2001; 45:64—74. https://doi.org/10.1007/
5004840100087 PMID: 11513049

Grinn-Gofron A, and Strzelczak A. Changes in concentration of Alternaria and Cladosporium spores
during summer storms. International Journal of Biometeorology. 2013; 57:759-768. https://doi.org/10.
1007/s00484-012-0604-0 PMID: 23161270

von Wahl P-G, and Kersten W. Fusarium and Didymella-neglected spores in the air. Aerobiologia.
1991; 7:111-117. https://doi.org/10.1007/BF02270679

Aira MJ, Rodriguez-Rajo FJ, Fernandez-Gonzalez M, Seijo C, Elvira-Rendueles B, Abreu |, et al. Spa-
tial and temporal distribution of Alternaria spores in the Iberian Peninsula atmosphere, and meteorologi-
cal relationships: 1993-2009. International Journal of Biometeorology. 2013; 57:265-274. https://doi.
org/10.1007/s00484-012-0550-x PMID: 22562500

Levetin E, and Dorsey K. Contribution of leaf surface fungi to the air spora. Aerobiologia. 2006; 22:3—
12. https://doi.org/10.1007/s10453-005-9012-9

Lagenberg WJ, Sutton JC, and Gillespie TJ. Relation of weather variables and periodicities of airborne
spores of Alternaria dauci. Phytopathology. 1977; 77:879-883. https://doi.org/10.1094/Phyto-67-879

Luo Y, Ma Z, Reyes HC, Morgan D, and Michailides TJ. Quantification of airborne spores of Monilinia
fructicola in stone fruit orchards of California using real-time PCR. European Journal of Plant Pathology.
2007; 118:145—-154. https://doi.org/10.1007/s10658-007-9124-x

Moradi M, Hokmabadi H, and Mirabolfathy M. Density Fluctuations of Two Major Aspergillus Species
Airborne Spores in Pistachio Growing Regions of Iran. International Journal of Nuts & Related Sci-
ences. 2010; 1:54-64.

PLOS ONE | https://doi.org/10.1371/journal.pone.0230822 March 26, 2020 15/16


https://doi.org/10.1038/nmeth.f.303
https://doi.org/10.1038/nmeth.f.303
http://www.ncbi.nlm.nih.gov/pubmed/20383131
https://doi.org/10.1038/nmeth.2604
http://www.ncbi.nlm.nih.gov/pubmed/23955772
https://doi.org/10.1128/AEM.00062-07
http://www.ncbi.nlm.nih.gov/pubmed/17586664
https://doi.org/10.15156/BIO/587479
https://doi.org/10.1093/femsec/fiy230
http://www.ncbi.nlm.nih.gov/pubmed/30481288
https://doi.org/10.1073/pnas.1411723111
http://www.ncbi.nlm.nih.gov/pubmed/25136087
https://doi.org/10.1093/femsec/fiy155
http://www.ncbi.nlm.nih.gov/pubmed/30107549
https://doi.org/10.1093/femsec/fiz003
http://www.ncbi.nlm.nih.gov/pubmed/30629166
https://doi.org/10.1111/nph.12562
https://doi.org/10.1111/nph.12562
https://doi.org/10.1111/j.1365-294x.1993.tb00005.x
https://doi.org/10.1111/j.1365-294x.1993.tb00005.x
http://www.ncbi.nlm.nih.gov/pubmed/8180733
https://doi.org/10.1016/s0168-1656(99)00154-6
http://www.ncbi.nlm.nih.gov/pubmed/10553657
https://doi.org/10.1111/nph.12562
http://www.ncbi.nlm.nih.gov/pubmed/24171899
https://doi.org/10.1073/pnas.0607968104
https://doi.org/10.1073/pnas.0607968104
http://www.ncbi.nlm.nih.gov/pubmed/17360396
https://doi.org/10.1007/s004840100087
https://doi.org/10.1007/s004840100087
http://www.ncbi.nlm.nih.gov/pubmed/11513049
https://doi.org/10.1007/s00484-012-0604-0
https://doi.org/10.1007/s00484-012-0604-0
http://www.ncbi.nlm.nih.gov/pubmed/23161270
https://doi.org/10.1007/BF02270679
https://doi.org/10.1007/s00484-012-0550-x
https://doi.org/10.1007/s00484-012-0550-x
http://www.ncbi.nlm.nih.gov/pubmed/22562500
https://doi.org/10.1007/s10453-005-9012-9
https://doi.org/10.1094/Phyto-67-879
https://doi.org/10.1007/s10658-007-9124-x
https://doi.org/10.1371/journal.pone.0230822

PLOS ONE

Airborne fungi associated with an invasive plant

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

Martin RA, and Clough KS. Relationship of airborne spore load of Pyrenophora teres and weather vari-
ables to net blotch development on barley. Canadian Journal of Plant Pathology. 1984; 6:105—110.
https://doi.org/10.1080/07060668409501569

Aveskamp MM, de Gruyter J, and PW C. Biology and recent developments in the systematics of
Phoma, a complex genus of major quarantine significance. Fungal Diversity. 2008; 31:1-18. https:/
doi.org/10.1002/yea.1604

Aveskamp MM, de Gruyter J, Woudenberg JHC, Verkley GJM, and Crous PW. Highlights of the Didy-
mellaceae: A polyphasic approach to characterise Phoma and related pleosporalean genera. Studies in
Mycology. 2010; 65:1-60. https://doi.org/10.3114/sim.2010.65.01 PMID: 20502538

Chen Q, Hou LW, Duan WJ, Crous PW, and Cai L. Didymellaceae revisited. Studies in Mycology. 2017;
87:105-159. https://doi.org/10.1016/j.simyco.2017.06.002 PMID: 28706324

Janzen DH. Herbivores and the Number of Tree Species in Tropical Forests. American Naturalist.
1970; 104(940):501-28. https://doi.org/10.1086/282687

Connell J. On the role of natural enemies in preventing competitive exclusion in some marine animals
and in forest trees. Wageningen: Centre for Agricultural Publication and Documentation; 1971.

Rottstock T, Joshi J, Kummer V, and Fischer M. Higher plant diversity promotes higher diversity of fun-
gal pathogens, while it decreases pathogen infection per plant. Ecology. 2014; 95:1907—1917. https:/
doi.org/10.1890/13-2317.1 PMID: 25163123

ZhuY, ChenH, FanJ,Wang, Li Y, Chen J, et al. Genetic diversity and disease control in rice. Nature.
2000; 406:718. https://doi.org/10.1038/35021046 PMID: 10963595

Mei L, Zhu M, Zhang DZ, Wang YZ, Guo J, and Zhang HB. Geographical and Temporal Changes of
Foliar Fungal Endophytes Associated with the Invasive Plant Ageratina adenophora. Microbial Ecology.
2014; 67:402—-409. https://doi.org/10.1007/s00248-013-0319-8 PMID: 24276537

Crous PW, Gams W, Stalpers JA, Robert V, and Stegehuis G. MycoBank: an online initiative to launch
mycology into the 21st century. Studies in Mycology. 2004; 50:19-22.

PLOS ONE | https://doi.org/10.1371/journal.pone.0230822 March 26, 2020 16/16


https://doi.org/10.1080/07060668409501569
https://doi.org/10.1002/yea.1604
https://doi.org/10.1002/yea.1604
https://doi.org/10.3114/sim.2010.65.01
http://www.ncbi.nlm.nih.gov/pubmed/20502538
https://doi.org/10.1016/j.simyco.2017.06.002
http://www.ncbi.nlm.nih.gov/pubmed/28706324
https://doi.org/10.1086/282687
https://doi.org/10.1890/13-2317.1
https://doi.org/10.1890/13-2317.1
http://www.ncbi.nlm.nih.gov/pubmed/25163123
https://doi.org/10.1038/35021046
http://www.ncbi.nlm.nih.gov/pubmed/10963595
https://doi.org/10.1007/s00248-013-0319-8
http://www.ncbi.nlm.nih.gov/pubmed/24276537
https://doi.org/10.1371/journal.pone.0230822

