
RESEARCH ARTICLE

The role of inoculum dispersal and plant

species identity in the assembly of leaf

endophytic fungal communities

Kevin D. Ricks¤, Roger T. KoideID*

Department of Biology, Brigham Young University, Provo, UT, United States of America

¤ Current address: Program in Ecology, Evolution and Conservation Biology, University of Illinois at Urbana-

Champaign, Urbana, IL, United States of America

* rogerkoide@byu.edu

Abstract

Because of disturbance and plant species loss at the local level, many arid ecosystems in

the western USA benefit from revegetation. There is a growing interest in improving revege-

tation success by purposefully inoculating revegetation plants with mutualistic endophytic

fungi that increase plant stress tolerance. However, inoculant fungi must compete against

fungi that indigenous to the habitat, many of which may not be mutualistic. Our overall goal,

therefore, is to learn how to efficiently colonize revegetation plants using endophytic fungal

inoculum. The goal will be facilitated by understanding the factors that limit colonization of

plants by endophytic fungi, including inoculum dispersal and host compatibility. We ana-

lyzed endophytic fungal communities in leaves of Bromus tectorum and Elymus elymoides

(Poaceae), Chrysothamnus depressus and Artemisia tridentata (Asteraceae), Alyssum

alyssoides (Brassicaceae) and Atriplex canescens (Amaranthaceae), each occurring in

each of 18 field plots. We found that dispersal limitation was significant for endophytic fungal

communities of Atriplex canescens and Bromus tectorum, accounting for 9 and 17%,

respectively, of the variation in endophytic fungal community structure, even though the

maximum distance between plots was only 350 m. Plant species identity accounted for 33%

of the variation in endophytic fungal community structure. These results indicate that the

communities of endophytic fungi assembling in these plant species depend significantly on

proximity to inoculum source as well as the identity of the plant species. Therefore, if endo-

phytic fungi are to be used to facilitate revegetation by these plant species, land managers

may find it profitable to consider both the proximity of inoculum to revegetation plants and

the suitability of the inoculum to targeted host plant species.

Introduction

Revegetation may become a management necessity when severe habitat disturbance leads to a

significant loss in plant cover. This is certainly the case in the arid, western region of the USA,

where revegetation is becoming increasingly necessary as a consequence of native species
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losses due to land use change [1] and increased fire frequency following invasion by non-

native grasses [2–5]. However, revegetation may be difficult in the physically stressful habitats

characteristic of the arid, western USA [6], which suffer from water stress and extreme temper-

atures [7].

Endophytic fungi have been found in all plant species investigated thus far [8–10]. They fre-

quently form complex communities within plant tissues comprising dozens of species

[8,11,12]. In some cases, the vigor of the plant is significantly improved as a consequence of

colonization by these fungi, especially under stressful conditions. For example, endophytic

fungi may increase plant resistance to herbivory [13,14] and disease [9,15,16], and tolerance to

heat [16–19], cold [20] and drought [16,19–21]. It is not surprising, therefore, that there is sig-

nificant interest in utilizing mutualistic, endophytic fungi to facilitate revegetation, particularly

in stressful habitats [22–25].

While it is appealing to inoculate revegetation plants with beneficial endophytic fungi, such

an approach may not be effective if inoculant taxa do not compete well against indigenous

endophytic fungi, especially because many indigenous taxa will not be particularly beneficial

to their plant hosts. Depending on the combination of fungal taxon, plant taxon and environ-

ment, endophytic fungi range from mutualistic [8,18,26] to latent pathogenic [27,28] and

latent saprotrophic [29,30]. Because desirable inoculant endophytic fungi will have to compete

with indigenous endophytic fungi, effective and low-cost inoculation strategies will require

understanding and overcoming the major constraints to colonization of plants by inoculant

strains.

Two of the potentially important factors that influence the colonization of plant tissues by

endophytic fungi are dispersal limitation from inoculum source to target plants, and compati-

bility of inoculant fungi with the target plant species. Significant dispersal limitation [31] and

biogeographical pattern in the distribution of endophytic fungi [12] suggest that proximity to

a source of inoculum influences the probability of a fungal taxon colonizing plant tissue. In

addition, colonization of a particular host plant by a particular endophytic fungus is limited by

the degree of compatibility between fungus and plant [32], so a given source of inoculum may

produce significantly different communities of endophytic fungi depending on the plant spe-

cies [11,33] or plant genotype [34–37].

In this study our goal was to characterize the impacts of both plant species identity and fun-

gus dispersal-limitation on endophytic fungal community structure in leaves of six plant spe-

cies common in the eastern Great Basin of the USA. In some previous studies, the distinction

between plant species identity and dispersal-limitation could not be made because plant spe-

cies identity was confounded by spatial location in the environment [12,38]. In order to distin-

guish between plant species identity and spatial location, we sampled six plant species in each

of 18 small field plots to greatly reduce dispersal limitation among plant species within plots in

order to quantify dispersal limitation among plots.

Materials and methods

The vegetation at our study site (40˚5’34.7’’ N, 112˚19’37.2’’ W, approximately 10 km east of

Vernon, UT) is sagebrush-steppe. The site is administered by the United States Department of

the Interior, Bureau of Land Management. No specific permissions were required because no

plants were removed from the site and the study did not involve endangered or protected

species.

Common plant species at the site include Bromus tectorum L. and Elymus elymoides Raf.,

mycorrhizal members of the Poaceae, Artemisia tridentata Nutt. subsp. wyomingensis Beetle &

Young and Chrysothamnus depressus Nutt., mycorrhizal members of the Asteraceae, and
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Atriplex canescens Nutt. and Alyssum alyssoides L., nonmycorrhizal members of the Amar-

anthaceae and Brassicaceae, respectively (Fig 1).

Within the study site, we designated 18 plots (each approximately16 m2) as locations where

individuals of all six plant species listed above were present within an approximately 5 m

radius. The total area encompassing all 18 plots was approximately 0.5 km2, and the maximum

distance between plots was approximately 350 m. Eighteen replicate plots were established to

provide sufficient statistical power to accurately characterize foliar endophytic fungal commu-

nities for each of the plant species [30]. From each plot we randomly sampled 5 disease-free

leaves from one randomly-selected individual of each of the six species on 15 May 2017. All

sampled leaves were placed on ice in the field. Upon returning to the laboratory later in the

day, samples were stored temporarily at 6˚C. The 5 leaves from each species in a plot were

pooled into a single species sample. There were, therefore, a total of 108 samples (6 species x 18

plots).

All samples were processed within 5 days of collection. To destroy external (epiphytic) fun-

gal DNA from leaf samples, we placed the samples in 3% sodium hypochlorite (NaClO) and

1% Tween-20 for 20 minutes, after which they were rinsed thoroughly in sterile water [40–42].

We tested this surface preparation method independently on corn and oak leaves and found it

to be effective in eliminating leaf surface fungal DNA (Clark & Koide, unpublished data).

Fig 1. Phylogeny of major angiosperm orders with the locations of the six plant species sampled in this study, redrawn from Bliss et al. [39].

https://doi.org/10.1371/journal.pone.0219832.g001
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Approximately 0.5 g of plant tissue from each pooled sample were placed in Mo Bio Power-

plant Pro DNA extraction tubes (Mo Bio Laboratories Inc., Carlsbad, CA, USA), and DNA

was extracted following the standard protocol for the extraction kits with one exception.

Instead of agitating the sample on a standard benchtop vortex mixer with the Mo Bio Vortex

Adaptor, we agitated with a 2010 Geno/Grinder (SPEX SamplePrep, Metuchen, NJ, USA) at

1000 rpm for 4 min. All extracted DNA samples were stored at −20˚C until PCR amplification.

Samples were prepared for high-throughput sequencing using a two-step PCR amplifica-

tion. In the first step, the ITS2 sub-region from the fungal ITS region was amplified using 5.8S

Fun and ITS4 Fun primers [43]. The first PCR program was: hot-start activation at 95˚C for 15

min, 27 cycles of 95˚C for 30 s, 58˚C for 30 s, and 72˚C for 2 min with final elongation at 72˚C

for 10 min. In the second PCR, barcodes and Illumina flowcell adapters were appended to the

PCR1 amplicons. The second thermal cycling program was: hot-start activation at 95˚C for 15

min, 12 cycles of 95˚C for 30 s, 55˚C for 40 s, and 72˚C for 40 s with final elongation at 72˚C

for 10 min. We used Apex Hot start PCR Master Mix (Apex Bioresearch Products, North Lib-

erty, IA, USA).

Identical volumes of PCR2 product from each sample were pooled together to create the

sequence library prior to sequencing. Sequencing was performed at the Institute for Bioinfor-

matics and Evolutionary Studies (iBEST) genomics resources core at the University of Idaho

(http://www.ibest.uidaho.edu/, Moscow, ID). Amplicon libraries were sequenced using

2 × 300 paired-end reads on an Illumina MiSeq sequencing v3 (600 cycles) platform (Illumina

Inc., San Diego, CA, USA). Prior to all sequence analyses, we rarefied the samples to an equal

sequencing depth (3,000 reads, see below) while maintaining adequate coverage (see accumu-

lation curve, S1 Fig). This made samples comparable despite the potential for different original

sequencing depths.

The initial bioinformatic processing occurred in the DADA2 pipeline [44]. We eliminated

reads with quality scores less than 10 (truncQ = 10). Paired reads were assembled using the

mergePairs function with a minimum overlap of 20 bp and allowing a maximum mismatch of

5% within the region of overlap. Non-overlapping reads were joined with a 10 bp sequence of

Ns. Using the UCHIME function, 0.8% of reads were identified as chimeras, and these were

removed. A small portion (6%) of our ITS sequences belonged to the host plants. These were

filtered out prior to analysis. The remaining reads were clustered into OTUs based on a 97%

similarity criterion [45–47], using de novo OTU picking in the QIIME pipeline [47]. Using the

UNITE database [48] as a reference, OTUs were assigned taxonomy using a Ribosomal Data-

base Project Naïve Bayesian Classifier algorithm [49] with kmer size of 8, and 50% bootstrap

threshold required to assign taxonomy. To compare samples at equivalent sequencing depth,

all samples were rarefied to the lowest number of reads observed in all samples, which was

3,000. FASTQ files are deposited in the Sequence Read Archive (SRA) at NCBI (accession

number PRJNA518913).

To compare endophytic fungal communities among plant species, we performed permuta-

tional multivariate analyses of variance (PERMANOVA) in the R statistical environment [50]

with the Vegan package [51] using Bray-Curtis dissimilarities [52]. To make specific compari-

sons between plant species, we performed pairwise PERMANOVAs and, to protect against

false positives, we used Benjamini-Hochberg false discovery rate adjustments on all P values

[53]. We additionally visualized variation in endophytic fungal community structure among

plant species using non-metric multidimensional scaling (NMDS) ordination employing

Bray-Curtis dissimilarities, 25 perturbations and three axes, and displayed the ordinations

using the first two axes.

We tested correlations between phylogenetic distances among plant species and dissimilari-

ties in the structure of endophytic fungal communities among plant species with a Mantel test
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in the vegan package [51] in R [50]. Phylogenetic distances among species were estimated with

TimeTree [54], which estimates divergence time between species pairs from published phylo-

genetic trees. Dissimilarities in the structure of endophytic fungal communities among plant

species were calculated as Bray-Curtis distances between the centroids of the replicate endo-

phytic fungal communities of each plant species. We generated standard errors of these dis-

tances using bootstrap resampling [55]. If plant phylogeny contributes to the structure of

endophytic fungal communities, the pairwise phylogenetic distances among plant species

should be positively correlated with endophytic fungal community dissimilarities among plant

species.

In order to determine whether the frequencies of occurrence for the various endophytic

fungal OTUs varied among plant species or among plant families, we used chi-square analyses

conducted in the R environment [50]. We protected against false positives by correcting all P
values using the Benjamini-Hochberg false discovery rate adjustments [53].

To test whether dispersal of endophytic fungal inoculum limited the assembly of endo-

phytic fungal communities, we used one-tailed Mantel tests in the vegan package [51] in R

[50] for each of the six plant species, regressing geographic distances among plots against

Bray-Curtis dissimilarities in community structure. Distances among plots varied from 20 to

350 meters. Dispersal limitation is evidenced by a significant correlation between geographical

distance and fungal community structure.

Results

Before quality filtering, there were an average of 12,816 reads per sample. After quality filter-

ing, there were an average of 7,167 read per sample (688,091 reads in 96 samples, comprising

16 plots with a complete set of six plant species out of the original 18 plots). After rarefying to

3,000 reads in each sample, there were 394 unique endophytic fungal OTUs (see accumulation

curves S1 Fig).

According to the Mantel tests, geographic distance among plots was significantly correlated

with endophytic fungal community dissimilarity (Bray-Curtis distances) for Atriplex canescens
and Bromus tectorum, accounting for 9 and 17%, respectively, of total variation in the structure

of endophytic fungal communities (Table 1). For the other four plant species, there were no

significant correlations. Thus, dispersal of endophytic inoculum over distances of a maximum

of 350 m apparently constrained the structure of endophytic fungal communities in Bromus
tectorum and Atriplex canescens but not in the other plant species.

Plant species identity was also significant with respect to the structure of endophytic fungal

communities. According to the PERMANOVA, plant species identity was significant, account-

ing for 33% of the total variation in the structure of endophytic fungal communities (R2 =

0.330, Table 2). This can be visualized in the corresponding ordination (Fig 2) and in the com-

position of the fungal communities (by fungal order) in each of the plant species (Fig 3).

Table 1. Results of Mantel tests regressing geographic distances among plots against endophytic fungal community dissimilarity (Bray-Curtis distance).

Species R R2 P
Bromus tectorum 0.414 0.171 0.001

Chrysothamnus depressus -0.042 0.001 0.495

Artemisia tridentata -0.268 0.072 0.988

Elymus elymoides -0.293 0.085 0.981

Atriplex canescens 0.303 0.092 0.025

Alyssum alyssoides -0.185 0.034 0.923

https://doi.org/10.1371/journal.pone.0219832.t001
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There were 18 fungal taxa that were capable of colonizing leaves of all six of the plant spe-

cies, although not at the same frequency (Table 3). These taxa included Unknown Pleosporales

1, Unknown Lecanorales 2, Tetracladium sp. 1, Coprinopsis brunneofibrillosa, Unknown Leca-

norales 1, Unknown Pleosporales 2, Saccharomyces paradoxus, Unknown Phaeosphaeriaceae

1, Neocamarosporium sp.1, Unknown Pleosporales 10, Limonomyces culmigenus, Unknown

Sporormiaceae, Ramimonilia apicalis, Comoclathris spartii, Unknown Pleosporales 3, March-
andiomyces lignicola, Dioszegia sp., and Alternaria alternata.

Following quality filtering and rarefaction, the maximum frequency was 16.

The FDR-protected chi-square tests indicated that, of the 394 total endophytic fungal

OTUs, there were 68 OTUs that exhibited significantly different frequencies among plant spe-

cies (Table 3), and 62 of these exhibited significantly different frequencies among plant fami-

lies (Table 3). For example, some fungal taxa were most frequent among the Poaceae including

Clavispora lusitaniae and Unknown Pleosporales 11. Some fungal taxa were most frequent

among the Poaceae and Asteraceae including Unknown Pleosporales 1, Tetracladium sp. 1,

Unknown Lecanorales 1 and Saccharomyces paradoxus. Some fungal taxa were least frequently

occurring in Atriplex canescens (Amaranthaceae) including Unknown Lecanorales 2, Copri-
nopsis brunneofibrillosa, Unknown Pleosporales 2 and Unknown Phaeosphaeriaceae 1.

According to the Mantel test, endophytic fungal community dissimilarity among plant spe-

cies (Bray-Curtis distance) was significantly correlated with phylogenetic distance among

plant species, accounting for nearly 29% of total variability (P = 0.006, R2 = 0.286). Because

phylogenetic distance was confounded by mycorrhizal status in this Mantel test, we performed

a partial Mantel test using mycorrhizal status as a covariate. The partial Mantel test was also

significant (P = 0.006), and it explained more variation (R2 = 0.569) than the Mantel test, con-

firming that in our system plant phylogeny was an important factor structuring endophytic

fungal communities.

According to the pairwise PERMANOVAs (Table 4), the structure of the endophytic fungal

communities of the two members of the Poaceae, Bromus tectorum and Elymus elymoides,
were not significantly different (P = 0.367) and, similarly, that the structure of the endophytic

fungal communities of the two members of the Asteraceae, Artemisia tridentata and Chry-
sothamnus depressus, were not significantly different (P = 0.299). However, all comparisons

between species of different plant families were significantly different (Table 4). These results

are consistent with the Mantel tests and suggest that variation among endophytic fungal com-

munities due to plant species was mainly due to variation among plant families and not to vari-

ation among species within plant families.

Plant mycorrhizal status also appeared to contribute to variation in endophytic fungal com-

munity structure. The endophytic fungal communities associated with Atriplex canescens
(nonmycorrhizal, Amaranthaceae) and Alyssum alyssoides (nonmycorrhizal, Brassicaceae)

were more dissimilar from those of the four mycorrhizal plant species than the mycorrhizal

plant species were to each other (Fig 2). This is also apparent from the Bray-Curtis distances,

D (Table 4), which represent dissimilarities among fungal communities. These dissimilarities

were greater between fungal communities of Atriplex canescens and those of the four

Table 2. Results of PERMANOVA for fungal communities in leaves of the six plant species.

Factor df SS MS F R2 P
Plant species 5 6.582 1.316 8.799 0.330 <0.001

Plot 15 2.163 0.144 0.964 0.108 0.626

Residuals 75 11.220 0.150 0.562

Total 95 19.965 1.000

https://doi.org/10.1371/journal.pone.0219832.t002
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mycorrhizal plant species (range 0.477–0.510) and between those of Alyssum alyssoides and

the four mycorrhizal plant species (range 0.513–0.616), than they were among the mycorrhizal

plant species (range 0.221–0.362), despite the fact that Atriplex canescens and Alyssum alys-
soides are more closely related to the Asteraceae than the Poaceae is to the Asteraceae. The

endophytic fungal community of Alyssum alyssoides was also significantly different from that

of Atriplex canescens (Table 4, Fig 2).

Some fungal taxa were most frequently occurring or uniquely occurring in Atriplex canes-
cens (Amaranthaceae, Table 3) including Powellomyces sp. 1, Powellomyces sp. 2, Unknown

Pleosporales 5, Unknown Pleosporales 7, Unknown Pleosporales 8, Neocamarosporium sp. 1,

Naganishia cerealis, Sporomiella leporina, Dioszegia sp., Megaspora cretacea, Unknown

Fig 2. NMDS ordinations visualizing the leaf endophytic fungal communities from the six plant species. Ellipses are drawn to include 95% of the variation for each

group. Stress = 0.137.

https://doi.org/10.1371/journal.pone.0219832.g002
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Phaeosphaeriaceae 3, Unknown Verrucariaceae, Chaetosphaeronema sp., Unknown Agari-

cales, Malassezia globosa, Unknown Lophiostomataceae, Protrudomyces lateralis, Gibberella
tricincta, Schizothecium carpinicola, Unknown Melanommataceae, Peziza sp., Coniosporium
apollinis, Circinaria hispida, Unknown Ustilaginales, Filobasidium stepposum, Rhizophlyctis
rosea, Spizellomyces sp., Kochiomyces sp., and Mortierella alpina. Moreover, some fungal taxa

were most frequently occurring or uniquely occurring in Alyssum alyssoides (Brassicaceae,

Table 3) including Unknown Pleosporales 3, Unknown Pleosporales 4, Unknown Pleosporales

5, Unknown Pleosporales 6, Unknown Pleosporales 9, Unknown Pleosporales 10, Unknown

Pleosporales 11, Unknown Pleosporales 12, Unknown Pleosporales 13, Limonomyces culmi-
genus, Unknown Pezizaceae, Unknown Sporormiaceae, Ramimonilia apicalis, Comoclathris
spartii, Marchandiomyces lignicola, Dioszegia hungarica, Naganishia cerealis, Neocamarospor-
ium sp. 2, Dioszegia sp., Filobasidium magnum, Sporormiella leporine, Unknown Phaeosphaer-

iaceae 2, Septoriella hirta, Dioszegia sp., Alternaria alternata, Comoclathris sedi, Vishniacozyma
dimennae, Unknown Agaricomycetes, Phoma aloes, Phaeococcomyces mexicanus and Cyre-
nella elegans.

Discussion

Colonization of plants by mutualistic, endophytic fungi may have large, positive effects on

plant tolerance to environmental stresses [17,20], which are commonly experienced in many

parts of the arid, western region of the USA [2,3]. Therefore, revegetation success in that

region may be increased when plants are colonized by these mutualistic fungi [56]. However,

deliberate inoculation of plants with mutualistic fungi may not be as effective as hoped for in a

field setting where natural sources of inoculum also contribute to the endophytic fungal com-

munities, given the fact that not all such endophytic fungi are beneficial to plants

[27,28,30,57]. To maximize the effectiveness of inoculant fungi, it is important to understand

the constraints to their use, including the constraints imposed by inoculum dispersal limita-

tion and host compatibility.

Fig 3. Composition of the fungal comunities (by fungal order) in each of the plant species. Data are proportional rarefied reads.

https://doi.org/10.1371/journal.pone.0219832.g003
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Table 3. Frequencies of occurrence for leaf endophytic fungal taxa exhibiting significant chi-square results.

Poaceae Asteraceae Amaranthaceae Brassicaceae

OTU Bromus
tectorum

Elymus
elymoides

Chrysothamnus
depressus

Artemisia
tridentata

Atriplex
canescens

Alyssum
alyssoides

Significantly

different among

families

Significantly

different among

species

Unknown Pleosporales

1

15 15 13 14 7 6 X X

Unknown Lecanorales

2

14 15 12 13 8 12 X

Clavispora lusitaniae 14 15 3 5 1 0 X X

Tetracladium sp. 1 14 12 10 12 8 5 X X

Coprinopsis
brunneofibrillosa

13 14 10 11 3 9 X X

Unknown Lecanorales

1

13 13 13 13 1 1 X X

Unknown Pleosporales

2

12 12 13 13 6 15 X X

Saccharomyces
paradoxus

12 11 11 14 6 3 X X

Unknown

Phaeosphaeriaceae 1

10 13 10 15 3 15 X X

Neocamarosporium
sp.1

8 11 4 5 13 6 X X

Unknown Pleosporales

10

8 9 8 9 6 15 X

Limonomyces
culmigenus

8 8 11 9 2 15 X X

Unknown Pezizaceae 8 8 4 3 8 0 X X

Unknown

Sporormiaceae

8 8 1 1 10 8 X X

Ramimonilia apicalis 5 8 8 8 9 15 X X

Unknown Pleosporales

11

4 5 0 1 1 0 X

Unknown Pleosporales

12

4 0 0 0 0 0 X

Comoclathris spartii 3 7 4 5 4 14 X X

Unknown Pleosporales

3

3 5 6 6 4 14 X X

Marchandiomyces
lignicola

3 4 1 1 2 10 X X

Dioszegia hungarica 3 3 8 6 0 15 X X

Naganishia cerealis 3 2 0 0 7 1 X X

Unknown Pleosporales

4

3 0 0 0 7 12 X X

Unknown Pleosporales

13

3 0 0 0 0 0 X

Neocamarosporium sp.

2
3 0 0 0 0 0 X

Dioszegia sp. 2 3 3 2 2 10 X X

Filobasidium magnum 2 1 0 2 6 8 X X

Sporormiella leporina 2 1 0 0 6 0 X X

Unknown

Phaeosphaeriaceae 2

1 5 5 7 0 14 X X

Septoriella hirta 1 3 3 2 0 10 X X

(Continued)
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Table 3. (Continued)

Poaceae Asteraceae Amaranthaceae Brassicaceae

OTU Bromus
tectorum

Elymus
elymoides

Chrysothamnus
depressus

Artemisia
tridentata

Atriplex
canescens

Alyssum
alyssoides

Significantly

different among

families

Significantly

different among

species

Dioszegia sp. 1 3 0 0 6 0 X X

Alternaria alternata 1 2 2 2 3 12 X X

Unknown Pleosporales

5

1 2 1 3 7 0 X X

Comoclathris sedi 1 2 0 3 7 11 X X

Megaspora cretacea 1 0 0 1 5 0 X X

Unknown

Phaeosphaeriaceae 3

1 0 0 0 4 0 X X

Unknown

Phaeosphaeriaceae 4

0 4 0 0 0 0 X

Unknown

Phaeosphaeriaceae 5

0 4 0 0 0 0 X

Comoclathris spartii 0 4 0 0 0 0 X

Unknown Pleosporales

14

0 3 0 0 0 4 X

Unknown Lecanorales

3

0 3 0 0 0 0 X

Tetracladium sp. 2 0 3 0 0 0 0 X

Unknown

Verrucariaceae

0 1 0 0 5 0 X X

Chaetosphaeronema
sp.

0 0 0 1 4 0 X X

Powellomyces sp. 2 0 0 0 0 8 0 X X

Unknown Agaricales 0 0 0 0 5 1 X X

Malassezia globosa 0 0 0 0 5 1 X X

Unknown

Lophiostomataceae

0 0 0 0 4 0 X X

Protrudomyces lateralis 0 0 0 0 4 0 X X

Powellomyces sp. 1 0 0 0 0 4 0 X X

Gibberella tricincta 0 0 0 0 3 0 X X

Schizothecium
carpinicola

0 0 0 0 3 0 X X

Unknown

Melanommataceae

0 0 0 0 3 0 X X

Peziza sp. 0 0 0 0 3 0 X X

Unknown Pleosporales

7

0 0 0 0 3 0 X X

Coniosporium apollinis 0 0 0 0 3 0 X X

Unknown Pleosporales

8

0 0 0 0 3 0 X X

Circinaria hispida 0 0 0 0 3 0 X X

Unknown

Ustilaginales

0 0 0 0 3 0 X X

Filobasidium
stepposum

0 0 0 0 3 0 X X

Rhizophlyctis rosea 0 0 0 0 3 0 X X

Spizellomyces sp. 0 0 0 0 3 0 X X

Kochiomyces sp. 0 0 0 0 3 0 X X

(Continued)
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In some previous studies, it was impossible to separate the effects of plant species identity

from dispersal limitation because plant species identity was confounded by geographic loca-

tion [12,38]. Because we sampled all six plant species from each of the 18 small plots (approxi-

mately 16 m2), each of the six plant species within a plot was presumably exposed to the same

inoculum sources. In our study, therefore, plant species identity and spatial location were not

confounded, and our results may constitute some of the best evidence for the roles of plant

species identity and dispersal limitation in the determination of endophytic fungal community

structure.

We found that there was a significant dispersal limitation in endophytic fungal communi-

ties of Atriplex canescens, accounting for 9% of community variation, and of Bromus tectorum,

accounting for 17% of community variation. In the other four plant species, however, there

Table 3. (Continued)

Poaceae Asteraceae Amaranthaceae Brassicaceae

OTU Bromus
tectorum

Elymus
elymoides

Chrysothamnus
depressus

Artemisia
tridentata

Atriplex
canescens

Alyssum
alyssoides

Significantly

different among

families

Significantly

different among

species

Mortierella alpina 0 0 0 0 3 0 X X

Vishniacozyma
dimennae

0 0 0 0 1 5 X X

Unknown Pleosporales

6

0 0 0 0 0 8 X X

Unknown

Agaricomycetes

0 0 0 0 0 5 X X

Phoma aloes 0 0 0 0 0 4 X X

Unknown Pleosporales

9

0 0 0 0 0 3 X X

Phaeococcomyces
mexicanus

0 0 0 0 0 3 X X

Cyrenella elegans 0 0 0 0 0 3 X X

https://doi.org/10.1371/journal.pone.0219832.t003

Table 4. Results of pairwise PERMANOVAs among plant species and distances between centroids of leaf endophytic fungal communities for specific plant species.

Bromus Chrysothamnus Artemisia Elymus Atriplex
tectorum depressus tridentata elymoides canescens

Bromus
tectorum

Chrysothamnus P < 0.001

depressus D = 0.349 (0.04)

Artemisia P < 0.001 P = 0.299

tridentata D = 0.362 (0.04) D = 0.236 (0.05)

Elymus P = 0.367 P < 0.001 P < 0.001

elymoides D = 0.221 (0.04) D = 0.338 (0.04) D = 0.337 (0.04)

Atriplex P < 0.001 P < 0.001 P < 0.001 P < 0.001

canescens D = 0.500 (0.05) D = 0.510 (0.05) D = 0.508 (0.05) D = 0.477 (0.06)

Alyssum P < 0.001 P < 0.001 P < 0.001 P < 0.001 P < 0.001

alyssoides D = 0.616 (0.04) D = 0.513 (0.03) D = 0.647 (0.03) D = 0.543 (0.05) D = 0.542 (0.03)

P values are displayed in the first row. Distance to centroid of each plant species is displayed in the second row. Standard errors for distances, calculated by jackknife

resampling, are given in parentheses.

https://doi.org/10.1371/journal.pone.0219832.t004
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was no significant dispersal limitation among the plots. The fact that for four plant species

there was no significant dispersal limitation is, perhaps, not completely unexpected given the

fact that the maximum distance between plots in this study was only 350 meters. We previ-

ously studied dispersal limitation of endophytic fungal communities of Quercus gambelii,
another inhabitant of the eastern Great Basin [31]. In that study the maximum distance

between sites was 15 km and dispersal limitation accounted for only between 3 and 8% of the

variability in community structure. The surprising result is that in the current study the endo-

phytic fungal communities of Atriplex canescens and Bromus tectorum leaves did exhibit a sig-

nificant dispersal limitation across a maximum distance of only 350 meters. This suggests that,

at least for these two species, the proximity of revegetated plants to a source of endophytic fun-

gal inoculum may significantly influence the structure of endophytic fungal communities,

even on a relatively small spatial scale. Proximity of revegetation plants to the inoculum source

may thus be an important consideration when using this technology for revegetation

purposes.

We also found that plant species identity accounted for 33% of the variation in endophytic

fungal community structure. In other words, the six plant species possessed endophytic fungal

communities that were quite different from each other. In some cases, the differences were

caused by fungal OTUs that colonized some plant species but not others. Others have also

found that the identity of the plant, either at the level of species [11,33] or genotype [34–37]

influences the structure of endophytic fungal communities. Obviously if beneficial inoculant

fungi had limited host breadth, inocula may have to be separately developed for different plant

species. Nevertheless, there were 18 fungal taxa that were capable of colonizing leaves of all six

plant species, although sometimes at markedly different frequencies. This indicates that

among several of the endophytic fungal taxa in the eastern Great Basin, there is broad host

plant compatibility. Therefore, it may be possible to develop a single beneficial inoculant fun-

gus with broad host compatibility, which would simplify using inoculants to improve

revegetation.

We conclude that if we implement endophytic fungal inoculation schemes to improve

revegetation success, we must take into consideration both inoculum dispersal limitation and

plant-fungus compatibility in order to achieve high levels of effectiveness and cost-efficiency.

While plant species identity was more important than dispersal limitation in this study, the rel-

ative impacts of these two factors may depend on spatial scale; over larger spatial distances dis-

persal limitation is expected to increase in importance. Their relative impacts may also depend

somewhat on year to year variation in average windspeed, and on the timing of plant establish-

ment and leaf growth, which may relate to factors such as rainfall and temperature. One limita-

tion of this study is that it was carried out during a single growing season and one might

expect variation in the relative importance of dispersal limitation and species identity to vary

by year.

Our results suggest a few additional hypotheses that warrant future testing. First, among the

six plant species of our study, phylogenetic distance was a significant determinant of the struc-

ture of endophytic fungal communities, accounting for some 29% of total variability. As there

is less phylogenetic distance among plant species within a family than among plant families, it

was not surprising to find significant variation in the structure of endophytic fungal communi-

ties among plant families, and no significant variation among plant species within a plant fam-

ily (either the Poaceae or the Asteraceae). A significant effect of plant phylogeny on the

structure of endophytic fungal communities was also consistent with the fact that, for example,

some fungal taxa were most frequently occurring in the Poaceae, or were most frequently

occurring in the Poaceae and Asteraceae and less frequently occurring in the nonmycorrhizal

species (Atriplex canescens and Alyssum alyssoides). The impact of plant phylogeny has not
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been significant in every study. For example, Vincent et al. [33] suggested that tree species

relatedness was not a significant factor determining the structure of endophytic fungal com-

munities. Possibly plant phylogeny is important only at higher fungal taxonomic levels [58]. In

any case, our study included only six plant species and thus offered only a limited ability to test

the role of plant phylogeny. We feel, therefore, that the plant phylogeny hypothesis warrants

proper testing in the future. The implication of this, however, may be a plant may serve as an

inoculum source of a range of fungal taxa that are compatible with other members of the same

family.

Second, our results also suggest the hypothesis that mycorrhizal status of plant species sig-

nificantly influences the structure of endophytic fungal communities. The Amaranthaceae and

Brassicaceae are both generally nonmycorrhizal or weakly mycorrhizal [59–62]. While their

mycorrhizal status differs from that of the Asteraceae and Poaceae, which are both generally

mycorrhizal, the Brassicaceae and Amaranthaceae are more closely related to the Asteraceae

than Poaceae is to the Asteraceae. Yet the endophytic fungal communities of Atriplex canescens
and Alyssum alyssoides were more dissimilar to those of the Asteraceae than those of the Poa-

ceae were to those of the Asteraceae. This distinction between the nonmycorrhizal and the

mycorrhizal plant species suggests that the ability of plants and mycorrhizal fungi to engage in

the necessary molecular dialog to effect root colonization may be important in structuring

foliar fungal communities. Our sample size was too small to test this hypothesis, but we feel

that our result warrant further exploration of the mycorrhizal status hypothesis.

Third, some fungal taxa were most frequently occurring in Atriplex canescens, or most fre-

quently occurring in Alyssum alyssoides. Among the fungal taxa that most frequently occurred

in Atriplex canescens and Alyssum alyssoides were unknown species in the Pleosporales, and

this order of fungi appeared to be unexpectedly diverse in Atriplex canescens and Alyssum alys-
soides leaves. This suggests that some fungal lineages may have adapted to colonize nonmycor-

rhizal plant taxa and since adaptively radiated. That hypothesis may also warrant further

testing.

Fourth, the endophytic fungal community of Alyssum alyssoides (Brassicaceae) was signifi-

cantly different from that of Atriplex canescens (Amaranthaceae). While both families are

largely nonmycorrhizal, they apparently utilize different mechanisms to limit mycorrhizal col-

onization [62], with the possible involvement of systemic mustard oils in the Brassicaceae but

not in the Amaranthaceae [63]. Further experimentation into the mechanisms by which plants

regulate mycorrhizal and endophytic fungi also appears to be warranted.

Finally, Bromus tectorum is a problematic invasive plant species in much of the arid western

portion of the United States [64]. Its success as an invasive species may be partly determined

by enhanced vigor associated with colonization by particular endophytic fungi [4,65]. There-

fore, invasion of habitat by Bromus tectorum may be facilitated by the presence of sources of

inoculum for mutualistic endophytic fungi [4]. As we learn more about the nature of interac-

tions between specific host plants and specific endophytic fungi, it may be possible to manipu-

late endophytic fungi inoculum sources to disfavor Bromus tectorum while benefiting native

plant species.

Supporting information

S1 Fig. OTU accumulation curves showing the increase in OTUs detected with increasing

read depth. All samples have been rarefied to an equal depth of 3,000 reads. Each line repre-

sents an individual sample. Curves were generated using the rarefy function in the Vegan

package [51].

(TIF)

Assembly of leaf endophytic fungal communities

PLOS ONE | https://doi.org/10.1371/journal.pone.0219832 July 16, 2019 13 / 17

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0219832.s001
https://doi.org/10.1371/journal.pone.0219832


Acknowledgments

We thank the anonymous reviewers for valuable comments on previous versions of this

manuscript.

Author Contributions

Conceptualization: Kevin D. Ricks, Roger T. Koide.

Data curation: Kevin D. Ricks.

Formal analysis: Kevin D. Ricks.

Funding acquisition: Roger T. Koide.

Investigation: Kevin D. Ricks, Roger T. Koide.

Methodology: Kevin D. Ricks, Roger T. Koide.

Project administration: Roger T. Koide.

Resources: Roger T. Koide.

Supervision: Roger T. Koide.

Visualization: Kevin D. Ricks.

Writing – original draft: Roger T. Koide.

Writing – review & editing: Kevin D. Ricks, Roger T. Koide.

References
1. Morris LR, Rowe RJ. Historical land use and altered habitats in the Great Basin. J Mammal. 2014; 95:

1144–1156. https://doi.org/10.1644/13-MAMM-S-169

2. Boyd CS, Davies KW. Spatial variability in cost and success of revegetation in a wyoming big sagebrush

community. Environ Manage. 2012; 50: 441–450. https://doi.org/10.1007/s00267-012-9894-6 PMID:

22773069

3. Hardegree SP, Abatzoglou JT, Brunson MW, Germino MJ, Hegewisch KC, Moffet CA, et al. Weather-

centric rangeland revegetation planning. Rangel Ecol Manag. 2018; 71: 1–11. https://doi.org/10.1016/j.

rama.2017.07.003

4. Baynes M, Newcombe G, Dixon L, Castlebury L, O’Donnell K. A novel plant-fungal mutualism associ-

ated with fire. Fungal Biol. 2012; 116: 133–144. https://doi.org/10.1016/j.funbio.2011.10.008 PMID:

22208608

5. Chambers JC, Roundy BA, Blank RR, Meyer SE, Whittaker A. What makes Great Basin sagebrush

ecosystems invasible by Bromus tectorum? Ecol Monogr. 2007; 77: 117–145. Available: http://www.

esajournals.org/doi/abs/10.1890/05-1991

6. Requena N, Jiminez I, Toro M, Barea J. Interactions between plant-growth-promoting rhizobacteria

(PGPR), arbuscular mycorrhizal fungi and Rhizobium spp. in the rhizosphere of Anthyllis cytisoides, a

model legume for revegetation in mediterranean semi-arid ecosystems. New Phytol. 1997; 136: 667–

677.

7. Donovan L, Ehleringer J. Water stress and use of summer precipitation in a Great Basin shrub commu-

nity. Funct Ecol. 1994; 8: 289–297.

8. Rodriguez R, White J, Arnold A, Redman R. Fungal endophytes: diversity and functional roles. New

Phytol. 2009; 182: 314–330. https://doi.org/10.1111/j.1469-8137.2009.02773.x PMID: 19236579

9. Arnold AE, Mejı́a LC, Kyllo D, Rojas EI, Maynard Z, Robbins N, et al. Fungal endophytes limit pathogen

damage in a tropical tree. Proc Natl Acad Sci. 2003; 100: 15649–15654. https://doi.org/10.1073/pnas.

2533483100 PMID: 14671327

10. Arnold AE, Maynard Z, Gilbert GS, Coley PD, Kursar TA. Are tropical fungal endoyphytes hyperdi-

verse? Ecol Lett. 2000; 3: 267–274.

11. Arnold AEE. Understanding the diversity of foliar endophytic fungi: progress, challenges, and frontiers.

Fungal Biol Rev. 2007; 21: 51–66. https://doi.org/10.1016/j.fbr.2007.05.003

Assembly of leaf endophytic fungal communities

PLOS ONE | https://doi.org/10.1371/journal.pone.0219832 July 16, 2019 14 / 17

https://doi.org/10.1644/13-MAMM-S-169
https://doi.org/10.1007/s00267-012-9894-6
http://www.ncbi.nlm.nih.gov/pubmed/22773069
https://doi.org/10.1016/j.rama.2017.07.003
https://doi.org/10.1016/j.rama.2017.07.003
https://doi.org/10.1016/j.funbio.2011.10.008
http://www.ncbi.nlm.nih.gov/pubmed/22208608
http://www.esajournals.org/doi/abs/10.1890/05-1991
http://www.esajournals.org/doi/abs/10.1890/05-1991
https://doi.org/10.1111/j.1469-8137.2009.02773.x
http://www.ncbi.nlm.nih.gov/pubmed/19236579
https://doi.org/10.1073/pnas.2533483100
https://doi.org/10.1073/pnas.2533483100
http://www.ncbi.nlm.nih.gov/pubmed/14671327
https://doi.org/10.1016/j.fbr.2007.05.003
https://doi.org/10.1371/journal.pone.0219832


12. Arnold AEA, Lutzoni F. Diversity and host range of foliar fungal endophytes: are tropical leaves biodiver-

sity hotspots? Ecology. 2007; 88: 541–549. Available: http://www.esajournals.org/doi/abs/10.1890/05-

1459 PMID: 17503580

13. Carroll G. Fungal endophytes in stems and leaves: from latent pathogen to mutualistic symbiont. Ecol-

ogy. 1988; 69: 2–9. Available: http://www.jstor.org/stable/10.2307/1943154

14. Cheplick GP, Clay K. Acquired chemical defenses in grasses: The role of fungal endophytes. Oikos.

1988; 52: 309–318. https://doi.org/10.2307/3565204

15. Redman RS, Dunigan DD, Rodriguez RJ. Fungal symbiosis from mutualism to parasitism: Who controls

the outcome, host or invader? New Phytol. 2001; 151: 705–716. https://doi.org/10.1046/j.0028-646x.

2001.00210.x

16. Rodriguez RJ, Redman RS, Henson JM. The role of fungal symbioses in the adaptation of plants to

high stress environments. Mitig Adapt Strateg Glob Chang. 2004; 9: 261–272. https://doi.org/10.1023/

B:MITI.0000029922.31110.97

17. Márquez L, Redman RS, Rodriguez R, Roossinck M. A virus in a fungus in a plant: three-way symbiosis

required for thermal tolerance. Science (80-). 2007; 315: 513–515. https://doi.org/10.1126/science.

1136237 PMID: 17255511

18. Redman RS, Sheehan KB, Stout RG, Rodriguez RJ, Henson JM. Thermotolerance generated by plant/

fungal symbiosis. Science (80-). 2002; 298: 1581. https://doi.org/10.1126/science.1072191 PMID:

12446900

19. Hubbard M, Germida JJ, Vujanovic V. Fungal endophytes enhance wheat heat and drought tolerance

in terms of grain yield and second-generation seed viability. J Appl Microbiol. 2014; 116: 109–122.

https://doi.org/10.1111/jam.12311 PMID: 23889706

20. Redman RS, Kim YO, Woodward CJDADA, Greer C, Espino L, Doty SL, et al. Increased fitness of rice

plants to abiotic stress via habitat adapted symbiosis: A strategy for mitigating impacts of climate

change. PLoS One. 2011; 6: 1–10. https://doi.org/10.1371/journal.pone.0014823 PMID: 21750695

21. West C, Izekor E, Turner K, Elmi A. Endophyte effects on growth and persistence of tall fescue along a

water-supply gradient. Agron J. 1993; 85: 264–270.
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36. da Silva D, Cotta S, Vollú R, de Jurelevicius D, Marques J, Marriel I, et al. Endophytic microbial commu-

nity in two transgenic maize genotypes and in their near-isogenic non-transgenic maize genotype. BMC

Microbiol. 2014; 14: 6. https://doi.org/10.1186/1471-2180-14-6

37. Bálint M, Bartha LL, O’Hara RB, Olson MS, Otte JJ, Pfenninger M, et al. Relocation, high-latitude warm-

ing and host genetic identity shape the foliar fungal microbiome of poplars. Mol Ecol. 2015; 24: 235–

248. https://doi.org/10.1111/mec.13018 PMID: 25443313

38. Lau MK, Arnold AE, Johnson NC. Factors influencing communities of foliar fungal endophytes in ripar-

ian woody plants. Fungal Ecol. 2013; 6: 365–378. https://doi.org/10.1016/j.funeco.2013.06.003

39. Bliss BJ, Wanke S, Barakat A, Ayyampalayam S, Wickett N, Wall PK, et al. Characterization of the

basal angiosperm Aristolochia fimbriata: A potential experimental system for genetic studies. BMC

Plant Biol. 2013;13. https://doi.org/10.1186/1471-2229-13-13 PMID: 23347749

40. Arnold A, Henk D, Eells R, Lutzoni F, Vilgalys R. Diversity and phylogenetic affinities of foliar fungal

endophytes in loblolly pine inferred by culturing and environmental PCR. Mycologia. 2007; 99: 185–

206. Available: http://www.mycologia.org/content/99/2/185.short PMID: 17682771

41. Fonseca-Garcı́a C, Coleman-Derr D, Garrido E, Visel A, Tringe SG, Partida-Martı́nez LP. The cacti

microbiome: Interplay between habitat-filtering and host-specificity. Front Microbiol. 2016; 7: 150.

https://doi.org/10.3389/fmicb.2016.00150 PMID: 26904020

42. Khan AL, Hamayun M, Kim Y-HH, Kang S-MM, Lee I-JJ. Ameliorative symbiosis of endophyte (Penicil-

lium funiculosum LHL06) under salt stress elevated plant growth of Glycine max L. Plant Physiol Bio-

chem. 2011; 49: 852–861. https://doi.org/10.1016/j.plaphy.2011.03.005 PMID: 21458283

43. Taylor D, Walters WA, Lennon NJ, Bochicchio J, Krohn A, Caporaso J, et al. Accurate estimation of fun-

gal diversity and abundance through improved lineage-specific primers optimized for Illumina amplicon

sequencing. Appl Environ Microbiol. 2016; 82: 7217–7226. https://doi.org/10.1128/AEM.02576-16

PMID: 27736792

44. Callahan BJ, McMurdie PJ, Rosen MJ, Han AW, Johnson AJA, Holmes SP. DADA2: High-resolution

sample inference from Illumina amplicon data. Nat Methods. 2016; 13: 581–583. https://doi.org/10.

1038/nmeth.3869 PMID: 27214047

45. Cai L, Ye L, Tong AHY, Lok S, Zhang T. Biased diversity metrics revealed by bacterial 16S pyrotags

derived from different primer sets. PLoS One. 2013; 8. https://doi.org/10.1371/journal.pone.0053649

PMID: 23341963

46. Mende DR, Sunagawa S, Zeller G, Bork P. Accurate and universal delineation of prokaryotic species.

Nat Methods. 2013; 10: 881–884. https://doi.org/10.1038/nmeth.2575 PMID: 23892899

47. Edgar RC. Search and clustering orders of magnitude faster than BLAST. Bioinformatics. 2010; 26:

2460–2461. https://doi.org/10.1093/bioinformatics/btq461 PMID: 20709691

48. Abarenkov K, Henrik Nilsson R, Larsson KH, Alexander IJ, Eberhardt U, Erland S, et al. The UNITE

database for molecular identification of fungi-recent updates and future perspectives. New Phytol.

2010; 186: 281–285. https://doi.org/10.1111/j.1469-8137.2009.03160.x PMID: 20409185

49. Wang Q, Garrity GM, Tiedje JM, Cole JR. Naïve Bayesian classifier for rapid assignment of rRNA

sequences into the new bacterial taxonomy. Appl Environ Microbiol. 2007; 73: 5261–5267. https://doi.

org/10.1128/AEM.00062-07 PMID: 17586664

50. R Core Team. R: A language and environment for statistical computing [Internet]. Vienna, Austria, Aus-

tria: R Foundation for Statistical Computing; 2013. https://doi.org/10.1007/978-3-540-74686-7

51. Oksanen JF, Blanchet G, Friendly M, Kindt R, Legendre P, McGlinn D, et al. vegan: Community Ecol-

ogy Package [Internet]. 2018. p. https://github.com/vegandevs/vegan. Available: https://github.com/

vegandevs/vegan

52. Anderson MJ. A new method for non-parametric multivariate analysis of variance. Austral Ecol. 2001;

26: 32–46.

53. Benjamini Y, Hochberg Y. Controlling the false discovery rate: a practical and powerful approach to mul-

tiple testing. J R Stat Soc B. 1995; 57: 289–300. https://doi.org/10.2307/2346101

Assembly of leaf endophytic fungal communities

PLOS ONE | https://doi.org/10.1371/journal.pone.0219832 July 16, 2019 16 / 17

https://doi.org/10.1111/mec.13510
http://www.ncbi.nlm.nih.gov/pubmed/26661903
https://doi.org/10.1139/b05-008
https://doi.org/10.3732/ajb.1400034
https://doi.org/10.3732/ajb.1400034
http://www.ncbi.nlm.nih.gov/pubmed/24634436
https://doi.org/10.1186/1471-2180-14-6
https://doi.org/10.1111/mec.13018
http://www.ncbi.nlm.nih.gov/pubmed/25443313
https://doi.org/10.1016/j.funeco.2013.06.003
https://doi.org/10.1186/1471-2229-13-13
http://www.ncbi.nlm.nih.gov/pubmed/23347749
http://www.mycologia.org/content/99/2/185.short
http://www.ncbi.nlm.nih.gov/pubmed/17682771
https://doi.org/10.3389/fmicb.2016.00150
http://www.ncbi.nlm.nih.gov/pubmed/26904020
https://doi.org/10.1016/j.plaphy.2011.03.005
http://www.ncbi.nlm.nih.gov/pubmed/21458283
https://doi.org/10.1128/AEM.02576-16
http://www.ncbi.nlm.nih.gov/pubmed/27736792
https://doi.org/10.1038/nmeth.3869
https://doi.org/10.1038/nmeth.3869
http://www.ncbi.nlm.nih.gov/pubmed/27214047
https://doi.org/10.1371/journal.pone.0053649
http://www.ncbi.nlm.nih.gov/pubmed/23341963
https://doi.org/10.1038/nmeth.2575
http://www.ncbi.nlm.nih.gov/pubmed/23892899
https://doi.org/10.1093/bioinformatics/btq461
http://www.ncbi.nlm.nih.gov/pubmed/20709691
https://doi.org/10.1111/j.1469-8137.2009.03160.x
http://www.ncbi.nlm.nih.gov/pubmed/20409185
https://doi.org/10.1128/AEM.00062-07
https://doi.org/10.1128/AEM.00062-07
http://www.ncbi.nlm.nih.gov/pubmed/17586664
https://doi.org/10.1007/978-3-540-74686-7
https://github.com/vegandevs/vegan
https://github.com/vegandevs/vegan
https://github.com/vegandevs/vegan
https://doi.org/10.2307/2346101
https://doi.org/10.1371/journal.pone.0219832


54. Kumar S, Stecher G, Suleski M, Hedges S. TimeTree: a resource for timelines, timetrees, and diver-

gence times. Mol Biol Evol. 2017; 34: 1812–1819. https://doi.org/10.1093/molbev/msx116 PMID:

28387841

55. Efron B, Gong G. A leisurely look at the bootstrap, the jackknife, and cross-validation. Am Stat. 1983;

37: 36–48. https://doi.org/10.1080/00031305.1983.10483087

56. Khan SA, Hamayun M, Yoon H, Kim HY, Suh SJ, Hwang SK, et al. Plant growth promotion and Penicil-

lium citrinum. BMC Microbiol. 2008; 8: 1–10. https://doi.org/10.1186/1471-2180-8-1

57. Promputtha I, Hyde KD, McKenzie E, Peberdy J, Lumyong S. Can leaf degrading enzymes provide evi-

dence that endophytic fungi becoming saprobes? Fungal Divers. 2010; 41: 89–99. https://doi.org/10.

1007/s13225-010-0024-6

58. U’Ren JM, Lutzoni F, Miadlikowska J, Laetsch AD, Arnold a E. Host and geographic structure of endo-

phytic and endolichenic fungi at a continental scale. Am J Bot. 2012; 99: 898–914. https://doi.org/10.

3732/ajb.1100459 PMID: 22539507

59. Brundrett MC. Mycorrhizas in natural ecosystems. Advances in Ecological Research. Vol 21. 1991. pp.

171–313.

60. Brundrett MC. Mycorrhizal associations and other means of nutrition of vascular plants: understanding

the global diversity of host plants by resolving conflicting information and developing reliable means of

diagnosis. Plant Soil. 2009; 320: 37–77. https://doi.org/10.1007/s11104-008-9877-9

61. Malloch DWW, Pirozynskit KA, Raven PHH, Pirozynski KA, Raven PHH. Ecological and evolutionary

significance of mycorrhizal symbioses in vascular plants (a review). Proc Natl Acad Sci USA. 1980; 77:

2113–2118. https://doi.org/10.1073/pnas.77.4.2113 PMID: 16592806

62. Tester M, Smith SE, Smith F. The phenomenon of “nonmycorrhizal” plants. Can J Bot. 1987; 65: 419–

431. https://doi.org/10.1139/b87-051

63. Schreiner R, Koide R. Mustards, mustard oils and mycorrhizas. New Phytol. 1993; 123: 107–113.

https://doi.org/10.1111/j.1469-8137.1993.tb04536.x

64. Mack RN. Invasion of Bromus tectorum L. into Western North America: An ecological chronicle. Agro-

Ecosystems. 1981; 7: 145–165. https://doi.org/10.1016/0304-3746(81)90027-5

65. Griffith DL, Larkin B, Kliskey A, Alessa L, Newcombe G. Expectations for habitat-adapted symbiosis in

a winter annual grass. Fungal Ecol. 2017; 29: 111–115. https://doi.org/10.1016/j.funeco.2017.07.003

Assembly of leaf endophytic fungal communities

PLOS ONE | https://doi.org/10.1371/journal.pone.0219832 July 16, 2019 17 / 17

https://doi.org/10.1093/molbev/msx116
http://www.ncbi.nlm.nih.gov/pubmed/28387841
https://doi.org/10.1080/00031305.1983.10483087
https://doi.org/10.1186/1471-2180-8-1
https://doi.org/10.1007/s13225-010-0024-6
https://doi.org/10.1007/s13225-010-0024-6
https://doi.org/10.3732/ajb.1100459
https://doi.org/10.3732/ajb.1100459
http://www.ncbi.nlm.nih.gov/pubmed/22539507
https://doi.org/10.1007/s11104-008-9877-9
https://doi.org/10.1073/pnas.77.4.2113
http://www.ncbi.nlm.nih.gov/pubmed/16592806
https://doi.org/10.1139/b87-051
https://doi.org/10.1111/j.1469-8137.1993.tb04536.x
https://doi.org/10.1016/0304-3746(81)90027-5
https://doi.org/10.1016/j.funeco.2017.07.003
https://doi.org/10.1371/journal.pone.0219832

