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Abstract

Eukaryotic hosts harbor tremendously diverse microbiomes that affect host fitness and

response to environmental challenges. Fungal endophytes are prominent members of plant

microbiomes, but we lack information on the diversity in functional traits affecting their inter-

actions with their host and environment. We used two culturing approaches to isolate fungal

endophytes associated with the widespread, dominant prairie grass Andropogon gerardii

and characterized their taxonomic diversity using rDNA barcode sequencing. A randomly

chosen subset of fungi representing the diversity of each leaf was then evaluated for their

use of different carbon compound resources and growth on those resources. Applying com-

munity phylogenetic analyses, we discovered that these fungal endophyte communities are

comprised of phylogenetically distinct assemblages of slow- and fast-growing fungi that dif-

fer in their use and growth on differing carbon substrates. Our results demonstrate previ-

ously undescribed and cryptic functional diversity in carbon resource use and growth in

fungal endophyte communities of A. gerardii.

Introduction

The growing understanding that microbiomes play important and diverse roles in host

responses to changing environments has stimulated research in the taxonomic and functional

diversity of microbiome communities [1–3]. Found in association with virtually all eukaryotic

hosts, microbial symbionts maintain a wide variety of interactions with their host, ranging

from beneficial to antagonistic, and affect host responses to the environment [4–8]. While

next generation sequencing technologies have provided key insights into the taxonomic and

functional genomic diversity of microbiomes [9–18], the processes generating and maintain-

ing functional diversity in communities of many symbiotic organisms need further investiga-

tion. We investigated patterns of carbon resource use and growth of fungal endophytes

associated with the prairie grass species, Andropogon gerardii, to better understand the evolu-

tionary origins of taxonomic and functional diversity in this key group of plant symbiotic

organisms.
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Patterns of resource use and growth largely define the ecological niche of microbiome species

and inform processes structuring their communities [19–22]. For example, in saprobic communi-

ties, the most abundant fungal species on recalcitrant substrates such as lignin and hemicellulose

are those able to break down these substrates as a main source of carbon [23–26]. Like saprobic

communities, differing patterns of resource use by symbiotic microbes may also define different

niches within the host [27] and mediate biotic interactions among co-occurring symbionts [28–

33]. For example, in plant symbiotic communities such as ectomycorrhizal fungi, the differing use

of carbon and nitrogen resources by co-occurring taxa delimits differing niches, reducing compe-

tition and promoting coexistence of diverse species within these communities [34–37]. In con-

trast, overlap in resource use can intensify competition among co-occurring microbial symbionts,

potentially contributing to lower diversity [38]. Understanding the functional diversity of resource

use in microbial symbiont species will improve our understanding of how niche differences and

biotic interactions affect the assembly of symbiotic microbiomes.

Community phylogenetic approaches complement ecological studies as they inform the

extent to which observed patterns of taxonomic and functional diversity may result from a

shared evolutionary history [39, 40]. For microbial symbionts such as the fungal endophytes

we study here, the endophytic trophic mode has evolved multiple times across the phylum

Ascomycota [41, 42] contributing to the high level of taxonomic diversity observed in these

communities [43, 44]. Although community phylogenetic studies often focus at or above the

species level, adaptation to local environment and to biotic interactions may give rise to trait

variation within and among closely related species and contribute to diversity [45–48]. In con-

trast, the constraints imposed by stressful environments may lead to less diverse communities

[49, 50], especially when variation in the traits associated with tolerance of these conditions

has evolved in only a few lineages and is phylogenetically constrained [51, 52]. For example,

the low diversity in fungal communities associated with lignin-rich substrates [26, 53] may be

explained in part by the observation that the ability to efficiently break down lignin has mainly

evolved within the fungal class Agaricomycetes [54, 55]. Thus, understanding the phylogenetic

scale at which resource use and growth traits are conserved will provide insight into evolution-

ary processes generating taxonomic and functional diversity in host-associated microbiomes.

We evaluated the taxonomic diversity and resource use and growth traits of fungal endo-

phyte communities associated with the native grass A. gerardii (big bluestem), which is wide-

spread throughout the United States Great Plains region. Fungal endophytes are dominant

members of foliar microbiomes and constitute hyper-diverse communities living inside of

plant tissues without causing apparent disease symptoms [43, 56–58]. To capture the taxo-

nomic and functional diversity of A. gerardii endophytes, we sampled leaves of plants growing

under field conditions of differing nutrient conditions and isolated fungi using two methods,

leaf sectioning and leaf maceration [59, 60]. We determined differences in use of carbon

resources and growth on those resources, and used community phylogenetic approaches to

evaluate the extent to which similarity of functional traits among isolates might be due to

shared evolutionary history [61–63]. Our results demonstrate that fungal communities within

A. gerardii leaves harbor two previously undescribed, functionally and phylogenetically dis-

tinct assemblages of slow- and fast-growing fungi and suggest that both stochastic and deter-

ministic processes underpin the diversity of fungal symbionts observed within a host.

Materials and methods

Study site

Leaf samples were collected from A. gerardii plants growing in experimental plots estab-

lished as part of the Nutrient Network distributed experiment (NutNet; [64]) at the
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University of Minnesota Cedar Creek Ecosystem Science Reserve (CCSER; Latitude 45.4 N,

Longitude 93.2 W) in a successional agricultural field with sandy, low fertility soils. The

NutNet experimental site includes 5 x 5 m plots of nutrient addition treatments (NPK+; 10

g N m-2yr-1 as urea, 10 g P m-2yr-1 as Ca(H2PO4)2, 10 g K m-2yr-1 as K2SO4, and 100 gm-2yr-

1 of a micronutrient mix) and Control plots without nutrient treatment [65, 66], in a ran-

domized block design. The experimental plots were established in 2007 and treatments have

been subsequently applied annually. The impacts of the NPK+ treatment on foliar endo-

phyte communities have been reported in other studies which show shifts in community

composition due to fertilization treatments within sites [65, 67–70]. Here, we evaluate the

functional and taxonomic diversity of fungal endophytes occurring across the NPK+ and

Control plots.

Tissue sampling and endophytic fungal isolation

Sampling was conducted in August 2015 at peak biomass for A. gerardii. One fully emerged A.

gerardii leaf without disease symptoms was collected from each of three plants in each of two

replicate Control and two NPK+ plots for total of 12 leaves (3 plants X 2 replicate plots X 2

treatments). Leaf samples were individually bagged, placed on ice, returned to the lab, and pro-

cessed within 48 hours following the protocol of Arnold et al. [43]. Briefly, leaves were rinsed

in water and surface sterilized by sequential rinses in 75% ethanol (1 min), 50% commercial

bleach (1 min), 75% ethanol (1 min) and sterile dH2O (1 min). Surface sterilized leaves were

each divided into three approximately equal length segments, and one segment was randomly

assigned to each of two different isolation methods. For the leaf sectioning isolation method,

surface sterilized leaf segments were cut into 5 mm2 pieces and incubated on 2% potato dex-

trose agar (PDA; Difco, Sparks, MD, USA) in 1.5 mL Eppendorf tubes. For the leaf maceration
method, surface sterilized leaves were cut into small sections as above and macerated in 3 mL

PBS buffer (0.01 M phosphate, 0.137 M NaCl, 2.7 mM KCl, pH 7.3) for 1 min using the FSH-

125 homogenizer (Thermo Fisher Scientific, Waltham, MA, USA). The homogenized mixture

was serially diluted and plated at three dilutions (10−2, 10−4, 10−6) onto malt extract agar and

water agar, and incubated at 22 ˚C under ambient light/dark conditions. Single fungal colonies

were randomly collected as they appeared and transferred to small 2% PDA slants. Isolates

from both methods were monitored for growth, and after 6 months, covered with sterile

dH2O for storage at room temperature. Both approaches generate single fungal isolates, which

were further verified by sequencing.

DNA extraction and ITS amplification

Total genomic DNA was extracted using the REDExtract-N-AmpTM Tissue PCR Kit (Sigma-

Aldrich, St. Louis, MO, USA) from all fungal cultures obtained by both isolation methods. To

identify individual isolates, the ~ 650 bp region of the rDNA sequence spanning the Internal

Transcribed Spacer Region (ITS) and including ~ 160 bp of the Large Subunit Region (LSU)

was PCR amplified as a single amplicon product using the primer pairs ITS1F [71] and LR3

[72]. The PCR products were evaluated via gel electrophoresis in 1.2% agarose gel, primers

removed using ExoSap-IT Product Cleanup Reagent (Thermo Fisher Scientific, Waltham,

MA, USA) and single-strand Sanger sequencing was performed using the ITS1F primer (Gen-

ewiz; South Plainfield, NJ, USA). Sequence chromatograms were inspected manually in Gen-

eious (Mac Version 5.5.6), and sequences shorter than 200 bp, of low quality (< 70% readable

peaks), or those with multiple overlapping peaks indicative of multiple fungal taxa, were

removed from subsequent analyses as were the isolates.
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Sequence analysis and OTU assignment

Following [73], fungal ITS-partial LSU sequences were clustered into Operational Taxonomic

Units (OTU) at 97% similarity against the UNITE fungal database [74] using USEARCH [75]

in QIIME v1.8.0 [76]. We used the Evolutionary Placement Approach (EPA) within the Tree-

Based Alignment Selector (T-BAS) toolkit 2.1 [77, 78] to place the ITS sequences onto a six-

locus reference fungal phylogeny [77–80] and assign taxonomy at the lowest taxonomic rank

of the best match. All culture sequences were deposited in GenBank under accession numbers

OQ979626—OQ980092.

Resource use and growth

We first used stratified random sampling to select a subset of fungal cultures for evaluation of

resource use and growth on Biolog SF-P2 plates (https://www.biolog.com/) with 95 different

carbon resources (S1 Table). Taxon identity and isolation method were designated as strata

and isolates chosen randomly within those strata until 10 isolates per leaf and isolation method

were obtained, giving a total of 240 isolates (10 isolates × 2 isolation methods × 12 leaves).

The 240 selected isolates were grown on Malt Extract or V8 agar (Difco, Sparks, MD, USA)

for at least two weeks to induce sporulation. Following [32], spores were collected using sterile

cotton swabs, suspended in sterile dH2O, and spore adjusted to an optical density of 0.22 at

590 nm (OD590). These were diluted 10-fold with 0.2% carrageenan, 100 uL inoculated into

each Biolog well, incubated at 28˚C for 3 days, and the OD590 recorded (BioTek Microplate

reader; Winooski, VT, USA). For each isolate and carbon resource, we calculated the standard-
ized growth as the difference in OD590 compared to that of the water control well (standardized

growth = carbon resource OD590 –water control OD590) at 3 days. Standardized growth

values < 0.005 (the photometric accuracy of the microplate reader) were considered as no

growth. Thus, for each isolate and Biolog carbon resource, we evaluated resource use as a

binary character (1, growth; 0, no growth) and calculated the standardized growth at OD590.

Statistical analyses

All statistical analyses were conducted using R 3.5.1 [81]. Differences in mean number of fun-

gal OTUs per leaf, niche width, and standardized growth were evaluated using student’s t-tests

(R stats package [81]). We used a non-parametric Fligner-Killeen median test (fligner.test, R

stats package [81]) to evaluate differences in variances of niche widths [82].

Phylogenetic patterns of growth traits

To investigate the phylogenetic distribution of growth traits (standardized growth on each Bio-

log carbon resource, a quantitative trait) we used the phylosignal function in the picante R

package [83]. Because phylosignal requires a fully resolved phylogeny, polytomies on the phy-

logeny were resolved by randomly transforming multichotomies into a series of dichotomies

[84] (multi2di function of the ape R package [85]). Phylosignal evaluates Blomberg’s K statistic

[61] with two models, Brownian Motion (BM) and a Random Tips (RT). The BM model gen-

erates a null distribution of trait values in descendants relative to the ancestral state by ran-

domly assigning small changes of trait values at each node in the phylogeny [61, 86]. The

Blomberg’s K statistic is the standardized ratio of the observed mean square error of the phylo-

genetically corrected mean of trait states, divided by the expected mean squared error of those

traits [61]. For each trait, a value K = 1 indicates that the observed and expected trait distribu-

tions under BM are similar, K <1 indicates that trait evolution is more labile than expected

under the BM model, and a K >1 indicates that traits are more conserved than expected under
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the BM model. The RT model evaluates similarity in traits values among closely related taxa by

randomly shuffling taxon labels across the tips of the phylogeny (999 permutations) to gener-

ate a null distribution of K values. A calculated K value larger than 95% of values in the null

distribution (one-tailed test, P = 0.05) demonstrates greater similarity in a trait among closely

related taxa than expected by chance. To determine the phylogenetic level at which growth

traits were conserved, the BM and RT approaches were applied to a phylogeny that included

all isolates for which growth traits were evaluated, and separately, for subtrees of taxa repre-

senting each of the most common fungal classes and orders. Subtrees were constructed at each

phylogenetic level (class or order) using the keep.tip () function of the ape R package [85].

Results

Fungal isolation, OTU assignment and richness

A total of 531 fungal cultures were isolated by the two methods. In addition to visual assess-

ment of colony morphology, we verified single taxon cultures as those having high quality sin-

gle DNA sequences (lack of multiple nucleotide peaks) and after discarding low quality

sequences, obtained a total of 476 DNA sequences. The mean sequence length of these 476

sequences was 595 bp and covered the ITS region and a small portion of the LSU region (mean

156 bp). The 476 sequences clustered into 82 OTUs at 97% similarity, and of those, 45 OTUs

(9.5% of total sequences) were represented by only one culture (singletons). A high fraction of

OTUs represented only once in the sample suggests communities comprised of few abundant

and many rare taxa, as previously observed for A. gerardii [68]. Most of the isolates obtained

belonged to the Phylum Ascomycota (73 of 82 OTUs; 98% of sequences). Of the remaining

OTUs, 7 were assigned to Basidiomycota (1.6% of sequences) and 2 (0.4% of sequences) could

not be assigned to a taxonomic level below Kingdom Fungi. Leaf sectioning recovered a some-

what greater richness of OTUs per leaf (8.6 ± 1.8) than did leaf maceration (6.6 ± 2.3) (t-test,
P = 0.028) and the taxa recovered by the two isolation methods largely belong to different phy-

logenetic lineages (S1 Fig).

Resource use and growth

To evaluate the functional diversity of isolates, we first randomly sampled 10 isolates from

each leaf and by the two isolation methods (see Materials and Methods; 10 isolates/leaf x 12

leaves x 2 isolation methods; 240 isolates total). The 240 selected isolates represent 61 of all 82

OTUs (74%) and included all the most common OTUs. Results show that Biolog resource use

(standardized OD590 > 0.005) varied greatly among isolates, and to minimize effects of zero-

weighted growth values, we calculated mean standardized growth for each isolate based on the

62 Biolog carbon resources used by at least 50% of all isolates (S2 Fig, S1 Table). Mean stan-

dardized growth of isolates recovered using leaf sectioning was significantly lower (OD590 =

0.04 ± 0.03) than the mean standardized growth of isolates recovered using leaf maceration

(OD590 = 0.29 ± 0.14) (t-test p< 0.001; Fig 1).

Using a finite mixture model [87], we characterized differences in the distributions of

growth values of isolates and determined a cut-off value at 0.12 OD590 to distinguish the slow-

and fast-growing fungi (Slow: 95% CI = 0.03–0.05, Fast: 95% CI = 0.27–0.31; Fig 1). To evalu-

ate the sensitivity of the designation of slow- and fast-growing types to the choice of 62

resources, we calculated mean standardized growth for all 95 Biolog carbon resources, and for

only those resources used by each isolate (growth efficiency; see [32]). Results show that

bimodal distributions of mean standardized growth are obtained using all three measures (S3

Fig). Consequently, we distinguish slow- or fast-growing types based on the mean standard-

ized growth on 62 Biolog carbon resources and a 0.12 OD590 cut-off value. Below, we refer to
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Fig 1. Distribution of mean standardized growth values among fungal isolates obtained by leaf sectioning and

maceration. Mean standardized growth = mean (measured OD590 –water control OD590) on 62 Biolog carbon

resources after 3 days (see Materials and Methods). Slower-growing fungi (blue bars) were primarily obtained by leaf

sectioning (top panel) and faster-growing fungi (gold bars) were primarily obtained by leaf maceration. We fit a finite

mixture model to derive the cut-off value of 0.12 OD590(black arrow) to distinguish the distributions of slow- (< 0.12

OD590) and fast- growing (> 0.12 OD590) fungi.

https://doi.org/10.1371/journal.pone.0287990.g001
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slow- and fast-growing assemblages to distinguish these sub-communities that co-occur within

each leaf.

Niche width

Results show that slow-growing isolates exhibit a significantly lower mean but higher variance

in niche width (46 ± 25) than do fast-growing fungi (82 ± 12; Fligner-Killeen median test, p<

0.001; Fig 2). Together, the results for resource use and growth demonstrate that fungal endo-

phyte communities in A. gerardii leaves are comprised of slow- and fast-growing assemblages

that were differentially recovered by our two isolation methods and that differ in their patterns

of resource use and growth.

Taxonomic composition and phylogenetic structure

We next evaluated differences in taxonomic composition and phylogenetic structure of fungi

comprising the slow- and fast-growing assemblages. Results show that the slow- and fast-grow-

ing assemblages share only 5 of 61 OTUs and that these represent only a few assigned species

(Xylaria hypoxylon, Lachnum virgineum, Pyrenophora phaeocomes) (Fig 3, S2 Table).

The phylogenetic structure of the two assemblages differs as well. We compared the num-

bers of isolates belonging to the slow- and fast-growing assemblages and that were assigned at

each level of phylogenetic classification (Fig 3) using a pairwise Fisher exact test ([88], S3

Table). At the class level, slow-growing fungi occur more frequently than do fast-growing

fungi in the class Sordariomycetes, whereas fast-growing fungi occur more frequently than do

slow-growing fungi in the class Eurotiomycetes. Both the slow- and fast-growing fungi occur

Fig 2. Distribution of niche widths in slow- and fast-growing assemblages. Slow-growing fungi (blue bars) had lower mean but

higher variance in niche width (mean = 46, sd = 25) than did fast-growing fungi (gold bars; mean = 82, sd = 12). Niche width is the

number of resources used by an isolate (standardized growth > 0.005 OD590 after 3 days). Arrows show mean niche width of slow-

(blue) or fast- (gold) growing assemblages.

https://doi.org/10.1371/journal.pone.0287990.g002
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at similar frequency in the class Dothidiomycetes. At the order level within the Sordariomy-

cetes, slow-growing fungi occur more frequently than do fast-growing fungi in the orders Dia-

porthales and Xylariales while the fast-growing fungi occur more frequently than do slow-

growing fungi in the order Hypocreales. The observation that fungi in the order Xylariales are

often darkly pigmented and are also often slow-growing suggests that pigmentation does not

upwardly bias the standaridized OD590 growth measure. Within the class Eurotiomycetes,

most isolates belong to the order Eurotiales and within the class Dothideomycetes, most iso-

lates belong to the order Pleosporales, and results are similar at the class and order level.

Fig 3. Phylogenetic structure of resource use. The OTU labels are color-coded (slow: blue; fast: gold) for each isolate

evaluated on Biolog C resource plates. Columns represent fungal class and order (“Other” represents classes or orders

with a relative abundance �2%). Resource use (standardized growth > 0.005 OD590) is shown in the grid to the right

(used: dark orange, not used: blue). Within the class Sordariomycetes, taxa in the orders Diaporthales and Xylariales

are most often slow-growing whereas taxa in order Hypocreales are often fast-growing. Taxa in the Eurotiales (class

Eurotiomycetes) are often fast-growing. Both assemblages have members in the class Dothidiomycetes (see S3 Table).

https://doi.org/10.1371/journal.pone.0287990.g003
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Further inspection of the phylogenetic results shows that fungal orders include large

“combs” of closely related OTUs assigned to only two or three named species (Fig 3; S2 Table).

Within Sordariomycetes, the order Xylariales included eleven OTUs assigned to one species

(Xylaria hypoxylon), the Diaporthales included three OTUs assigned to two species (Gnomonia
gnomon and Diaporthe eres), and the Hypocreales included thirteen OTUs assigned to two spe-

cies (Fusarium graminearum and one unidentified species). Similarly, within the Eurotiomy-

cetes, the order Eurotiales included ten OTUs assigned to two species (Aspergillus fumigatus
and Aspergillus nidulans) and within Dothideomycetes, the order Pleosporales included eleven

OTUs assigned to two species (Pyrenophora phaecomes and Pleospora herbarum; S2 Table).
Together, these results demonstrate that while taxa constituting slow- and fast-growing assem-

blages are largely phylogenetically distinct, representatives of the two assemblages are found at

each phylogenetic level.

Evolution of variation in growth traits

We used community phylogenetic approaches to evaluate the extent to which growth traits

were conserved or labile over the phylogenetic history of the fungi, using Blomberg’s K [61].

First considering results under the BM model and over the entire phylogeny (Fig 3), standard-

ized growth on only 2 of the 95 resources (2%; Thymidine-5’-Monophosphate and Dextrin)

showed slightly greater similarity among related fungi (K = 1.01 and K = 1.05, respectively)

than expected under the BM model (Table 1, S4 Table). This result shows that growth on

almost all Biolog carbon resources is labile over the evolutionary history of the Phylum Asco-

mycota. Not surprisingly, at the fungal class level, taxa within classes show greater similarity of

growth traits than across the entire phylogeny. Classes vary in conservation of traits with taxa

within the Sordariomycetes demonstrating a greater number of resources for which growth

traits are conserved (64) compared to taxa within Eurotiomycetes (2) or Dothideomycetes (24)

(Table 1). However, the strength of this inference is limited because the classes Eurotiomycetes

Table 1. Phylogenetic patterns in fungal growth traits.

Brownian Motion Random Tip Number of

isolates

Kobs
† Number of resources for which K > 1‡ Number of resources for which P < 0.05|| P§ Slow Fast

Entire phylogeny 0.31–1.05 2 74 0.00–0.83 93 147

Dothideomycetes 0.81–1.20 24 4 0.00–0.91 12 29

Eurotiomycetes 0.70–1.14 2 13 0.00–0.74 1 57

Sordariomycetes 0.52–2.28 64 75 0.00–0.93 69 46

Hypocreales 0.68–1.70 35 58 0.00–1.00 6 35

Diaporthales 0.82–2.70 66 52 0.00–0.98 14 4

Xylariales 0.71–3.01 44 26 0.00–0.96 48 5

Summary of results for conservation of growth traits under Brownian Motion (BM) and Random Tip (RT) models. Growth on each of 95 Biolog carbon resources was

assessed, and the conservation of these growth traits assessed using Blomberg’s K statistic [61]. Under the BM model, K > 1 indicates the growth trait is more conserved

at nodes across the phylogeny than under null expectations. Under the RT model, P < 0.05 indicates that traits are significantly more similar among closely related taxa

than expected under null expectations. Results for analyses of growth traits on individual Biolog carbon resources are reported in S4 Table.

†: Range of observed K statistic values for all 95 Biolog carbon resources at each phylogenetic level: the entire phylogeny, the most common classes, and the most

common orders.

‡: Number of growth traits for which K> 1 out of 95 total (BM model)

||: Number of growth traits for which K is significantly greater (P < 0.05) than expected under the null distribution of K values (RT model).

§: Range of P values obtained for all 95 Biolog resources (RT model).

Also reported are the numbers of isolates from the slow- and fast-growing assemblages included at each phylogenetic level.

https://doi.org/10.1371/journal.pone.0287990.t001
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and Dothideomycetes each include only one group of closely related taxa (large comb, Fig 3).

At the level of orders, we examined subtrees only for the three orders within the class Sordario-

mycetes because the Eurotiomycetes and Dothidiomycetes were each represented by taxa in

one order. Standardized growth on 35 resources in Hypocreales, on 66 resources in Dia-

porthales and on 44 resources in Xylariales demonstrated greater similarity among taxa within

order than expected by under the BM model (Table 1, S4 Table). Our ability to compare the

extent of conservation in growth traits among orders is limited because of the differing num-

bers of clades within each order. Nonetheless, along with the observation that the Diaporthales

and Xylariales are dominated by slow-growing taxa and the Hypocreales are dominated by

fast-growing taxa, the BM model results show that growth traits tend to be most similar

among taxa within orders and classes.

We investigated variation in growth traits among more closely related taxa using results

under the RT model. Over all taxa represented in the phylogeny, we found that growth traits

were more similar than expected by chance on 74 out of the 95 resources (p< 0.05; Table 1, S4

Table). The greater level of similarity in growth traits under the RT model compared to the

BM model for the entire phylogeny shows that while growth on these resources is labile over

long periods of time, more closely related taxa have similar resource use and growth patterns.

At the class level, growth traits were more similar than expected under the RT model among

taxa in the Sordariomycetes (75), compared taxa in the Eurotiomycetes (13) or the Dothideo-

mycetes (4). The apparent lower level of conservation in the latter two classes may be in part

due to their phylogenetic structure with few combs of closely related taxa and because the

Dothideomycetes harbor both slow- and fast-growing fungi. At the order level within the Sor-

dariomycetes, growth traits were more similar among closely related taxa than expected by

chance on 58 resources in the Hypocreales, 52 resources in the Diaporthales and 26 resources

in the Xylariales (Table 1, S4 Table). The presence of large clades of closely related OTUs (Fig

3) limits our ability to compare the results of the RT and the BM models but results do show

greater similarity of growth traits among closely related fast-growing taxa (e.g., within Hypo-

creales), than among closely related slow-growing taxa (e.g., within Xylariales).

Discussion

Our results demonstrate previously undescribed and cryptic functional diversity in resource

use and growth of important plant-associated symbionts, the fungal endophytes. We evaluated

the taxonomic composition, phylogenetic diversity, and resource use and growth traits of

endophyte communities associated with A. gerardii leaves to obtain three prominent results.

First, we discovered that A. gerardii endophyte communities are composed of slow- and fast-

growing assemblages that were differentially recovered by leaf sectioning and leaf maceration

isolation methods. Second, fungi in these two assemblages differ in their niche width as the

slow-growing fungi exhibited narrower but more varied niche widths than did the fast-grow-

ing fungi. Third, while the slow- and fast-growing assemblages are phylogenetically distin-

guishable at the level of fungal class and order, patterns of resource use and growth varied at

each phylogenetic level from species to phylum.

The mean standardized growth of isolates sorted into distinct slow- and fast-growing

assemblages, and these were differently recovered by the two isolation methods (Fig 1, S3 Fig).

The two isolation methods apparently favor different fungal growth types; the sectioning

approach obtained more slow-growing fungi and the leaf maceration approach obtained more

fast-growing fungi. While the cause for the differing recovery of growth types is not easily dis-

cerned, the recovery of two assemblages exhibiting distinct growth rates was unexpected as

they have not previously been reported in similar studies (e.g., [3, 12, 43, 68, 89]). More
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importantly, the slow-growing and fast-growing assemblages are associated with differing pat-

terns of resource use as taxa in the slow-growing assemblage exhibited a lower mean niche

width, but greater variation in resource use than fungi in the fast-growing assemblage (Figs 2

and 3). Differences in growth patterns among co-occurring taxa have been reported for other

fungal guilds as well [90–92]. For example, the foraging behaviors of saprobic fungi can be

classified into faster-growing “guerrilla” phenotypes with directional growth toward a

resource, and slower-growing “phalanx” phenotypes with a broad colony growth front less

directed toward a resource [90, 93, 94]. In mycorrhizal fungi, long-distance exploration pheno-

types tend to sequester greater amounts of nitrogen and carbon than do taxa exhibiting short-

distance exploration phenotypes [95, 96]. Together, the results of our and other studies of sym-

biotic fungal communities demonstrate functional diversity in resource use and growth that

will remain cryptic until assessed with living cultures [97].

Ancient and ongoing evolutionary processes generated the diversity of resource use and

growth traits that we observe. The deep evolutionary origins of taxa constituting slow- and

fast-growing assemblages is demonstrated by their distinction at the class and order level (Fig

3), divergences encompassing over 120–300 million years [98–101]. Within the Sordariomy-

cetes, a fungal class often represented in endophytic communities of grasses [12, 65, 68, 89,

102–104], differences in growth traits characterize taxa belonging to different orders (Fig 3).

While our ability to generalize to endophyte communities of all plants is limited by our small

sample of A. gerardii leaves, deep evolutionary origins of functional traits have previously been

demonstrated in endophytic fungi [41, 42, 105] and other fungal symbionts of plants as well

[106–110]. For example, Maherali and Klironomos [111] found that divergence in hyphal

growth traits of mycorrhizal fungi were often at the level of order and family. The evolution of

multiple lineages of slow- and fast-growing taxa within the phylum Ascomycota has left a leg-

acy of diversity in resource use and growth traits exhibited in each sampled leaf and across the

experimental site. Nonetheless, our results also point to the contributions of ongoing evolu-

tionary processes to the observed diversity. We demonstrate slow- and fast-growing fungi

among closely related taxa across the phylogeny (Fig 3) and within the Dothideomycetes,

which are commonly isolated in endophytes studies [10, 44]. The variation in resource use and

growth traits demonstrated within endophyte communities of A. gerardii and other plant

hosts [63, 105, 112] suggests a rich source of functional diversity that may be deployed to

improve resiliency of this iconic prairie grass against the effects of climate change.

Because A. gerardii leaves emerge, expand, and senesce within a growing season, their

endophytic communities are transient and likely structured by both stochastic and determin-

istic processes occurring at differing spatial scales. We observe appreciable similarity in

resource use among fungi that co-occur within leaves, consistent with high levels of functional

redundancy observed in many microbial symbiont communities [113, 114]. That functional

redundancy may be maintained by stochastic processes as endophytic communities are largely

established by dispersal and colonization from sources at larger scales than the individual

plants or plots [12, 68, 115, 116] and from heterogeneous environmental sources [73, 117–

120]. These fungi largely reproduce as saprobes, rather than within living plant hosts [58, 121],

and the many differences among taxa in the two assemblages may have evolved as a conse-

quence of interactions in the environments in which these organisms reproduce rather than

within leaves [120]. Although competition within the host [45, 122–126] likely also plays a role

in the evolution and maintenance of variation in functional traits that we observe, our ability

to infer processes occurring in vivo from in vitro results are limited. Nonetheless, we observe

substantial functional variation among closely related fungi, the causes for which await popula-

tion level experimental analysis of ecological and evolutionary processes across soil and host

environments. The co-occurrence of fungi belonging to slow- and fast-growing assemblages
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within each sampled leaf no doubt reflects the consequences of eco-evo processes occurring

over varied spatial and temporal scales to generate and maintain the cryptic but pervasive

coexistence of two functionally different assemblages within the fungal endophyte communi-

ties of A. gerardii.

Conclusion

Our study reveals that distinct slow- and fast-growing endophyte assemblages inhabit leaves of

the grass A. gerardii. While many differences in resource use and growth traits that character-

ize these assemblages have their origins deep in the Ascomycete phylogenetic history, resource

use and growth traits are also continuously evolving. Together these results suggest that endo-

phyte functional diversity is likely maintained by both stochastic processes such as dispersal

from heterogeneous environments, and more deterministic processes such as competition and

niche partitioning in the environments in which the fungi reproduce. In addition, the high lev-

els of variation in functional traits among closely related taxa that we observe here suggest cau-

tion in assigning functional traits from taxon assignments based on barcode sequences alone.

Our results show that using different culture isolation approaches, as well as deploying ecologi-

cal and evolutionary analytical and experimental approaches will substantially improve our

understanding of the functional and taxonomic diversity of symbiotic microbiomes.

Supporting information

S1 Fig. Phylogeny of all fungi isolated by leaf sectioning and maceration. Species names

assigned to isolate are indicated at the tips of tree and are color-coded by isolation method

(sky-blue: leaf sectioning, dark purple: leaf maceration). Adjacent columns represent fungal

class and order (“Other” represents fungal classes or orders with a relative abundance � 2%).

(JPG)

S2 Fig. Frequency distributions of isolates using differing numbers of Biolog carbon

resource. Graph shows the percent of fungal isolates that use (standardized growth > 0.005

OD590) a given number of Biolog carbon resources. Of the 240 isolates evaluated for use and

growth on Biolog carbon resources, 50% of isolates (red dotted line) obtained by leaf section-

ing (A) used 62 Biolog carbon resources (red arrow). For isolates obtained by leaf maceration

(B), 50% used 85 Biolog carbon resources.

(TIF)

S3 Fig. Distribution of mean standardized growth values in slow- and fast-growing iso-

lates. Mean standardized growth of fungal isolates calculated using three different metrics

demonstrated bimodal distributions. Mean standardized growth was calculated on the basis of

62 Biolog carbon resources (A), all 95 resources (B) and only those resources used by each

individual isolate (C). Cut-off values derived from finite mixture model fitting ([87], A; 0.12,

B; 0.12, C; 0.1) distinguishing slow- (blue bars) and fast-growing (gold bars) assemblage are

shown (black arrow).

(TIF)

S1 Table. Use of 95 Biolog resources (standardized growth > 0.005 OD590) by fungal iso-

lates recovered from leaf sectioning and maceration isolation methods. For each of the 95

Biolog carbon resources, the percent of isolates obtained by each isolation method and using

that resource are indicated. Resources are rank in order from most often used (1) to least often

used resources by both sets of isolates. Mean standardized growth of each isolate was calcu-

lated based on standardized growth on the 62 resources used by at least 50% of the isolates
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(ranks in bold).

(DOCX)

S2 Table. Taxonomic assignment of OTUs. For each OTU, the assemblage (fast, slow, or

shared in both assemblages), Phylum, Class, Order, and Genus/species of best taxon matches

are reported. GenBank Accession numbers of reference sequences used to assign taxonomy

using the Evolutionary Placement Approach (EPA) within TBAS [77, 78] are given in the last

column.

(DOCX)

S3 Table. Phylogenetic structure of fungi belonging to slow- and fast-growing assemblages.

For each fungal class or order, the number of isolates that belong to either the fast- (mean stan-

dardized growth > 0.12 OD590) or slow-growing (mean standardized growth < 0.12 OD590)

assemblage, and totals, are given. Equality of the number of slow- and fast-growing isolates

assigned to each taxonomic group was evaluated using a pairwise Fisher exact test (NS, not sig-

nificant at P < 0.05; ***: P < 0.001). Pairwise comparisons could not be made for groups with

n � 5 (NA). P-values were adjusted for multiple comparison using the Holm–Bonferroni

method (Adjusted p-value; rowwise_fisher_test function of the rstatix package [88]).

(DOCX)

S4 Table. Results of phylogenetic analysis for growth on individual Biolog carbon

resources. Conservation of standardized growth on each of the 95 Biolog carbon resource was

assessed using Blomberg’s K statistic [61] under the Brownian motion (BM) and Random Tip

(RT) models and estimated for the entire phylogeny, and for the most common fungal classes,

and most common orders within the class Sordariomycetes in the sample. Under the BM

model, K statistics greater than 1 (K > 1; bold) indicates that traits are more conserved than

expected by chance. Under the RT model, *P < 0.05 and **P < 0.01 indicates K significantly

greater than expected by chance. Total number of resources for which standardized growth

was more conserved than expected under null BM or RT models are reported on the last rows

and these values are reported in Table 1.

(DOCX)

S1 Data. Metadata of all fungi isolated by leaf sectioning and maceration.

(CSV)

S2 Data. Raw resource use data of fungi evaluated on Biolog plates.

(CSV)
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discussions on the conceptual framework of community phylogenetic analyses. We thank

Mara Demers, Monica Watson, Emma Daily, George Furey, Michael Travisano, Ruth Shaw,

and Marlene Zuk for their valuable comments and suggestions on earlier drafts of the manu-

script. The use of any trade, firm, or corporation names in this publication does not constitute

an official endorsement or approval by the U.S. Department of Agriculture or the Agricultural

Research Service. The findings and conclusions in this publication are those of the authors and

PLOS ONE Mycobiome functional diversity

PLOS ONE | https://doi.org/10.1371/journal.pone.0287990 July 20, 2023 13 / 20

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0287990.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0287990.s006
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0287990.s007
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0287990.s008
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0287990.s009
https://doi.org/10.1371/journal.pone.0287990


should not be construed to represent any official USDA or U.S. Government determination or

policy. USDA is an equal opportunity provider and employer.

Author Contributions

Conceptualization: Cedric Ndinga-Muniania, Elizabeth T. Borer, Eric W. Seabloom, Linda

Kinkel, Georgiana May.

Formal analysis: Cedric Ndinga-Muniania, Nicholas Wornson.

Funding acquisition: Elizabeth T. Borer, Eric W. Seabloom, Linda Kinkel, Georgiana May.

Resources: Linda Kinkel, Georgiana May.

Software: Cedric Ndinga-Muniania, Nicholas Wornson, Michael R. Fulcher.

Supervision: Georgiana May.

Validation: Cedric Ndinga-Muniania.

Visualization: Cedric Ndinga-Muniania.

Writing – original draft: Cedric Ndinga-Muniania.

Writing – review & editing: Michael R. Fulcher, Elizabeth T. Borer, Eric W. Seabloom, Linda

Kinkel, Georgiana May.

References
1. Trivedi P, Leach JE, Tringe SG, Sa T, Singh BK. Plant-microbiome interactions: from community

assembly to plant health. Nature Reviews Microbiology. 2020; 18(11):607–621. https://doi.org/10.

1038/s41579-020-0412-1 PMID: 32788714

2. Escalas A, Hale L, Voordeckers JW, Yang YF, Firestone MK, Alvarez-Cohen L, et al. Microbial func-

tional diversity: from concepts to applications. Ecology and Evolution. 2019; 9(20):12000–16. https://

doi.org/10.1002/ece3.5670 PMID: 31695904

3. U’Ren JM, Arnold AE. Diversity, taxonomic composition, and functional aspects of fungal communities

in living, senesced, and fallen leaves at five sites across North America. Peerj. 2016; 4:e2768. https://

doi.org/10.7717/peerj.2768 PMID: 27994976

4. Feldhaar H. Bacterial symbionts as mediators of ecologically important traits of insect hosts. Ecologi-

cal Entomology. 2011; 36(5):533–43.

5. Porras-Alfaro A, Bayman P. Hidden fungi, emergent properties: endophytes and microbiomes. Annual

Review of Phytopathology. 2011; 49: 291–315. https://doi.org/10.1146/annurev-phyto-080508-

081831 PMID: 19400639

6. Roossinck MJ. The good viruses: viral mutualistic symbioses. Nature Reviews Microbiology. 2011; 9

(2):99–108. https://doi.org/10.1038/nrmicro2491 PMID: 21200397

7. Rosenberg E, Zilber-Rosenberg I. Symbiosis and development: the hologenome concept. Birth

Defects Research Part C-Embryo Today-Reviews. 2011; 93(1):56–66. https://doi.org/10.1002/bdrc.

20196 PMID: 21425442

8. May G. Here come the commensals. American Journal of Botany. 2016; 103(10):1709–11. https://doi.

org/10.3732/ajb.1600265 PMID: 27671530

9. Turnbaugh PJ, Ley RE, Hamady M, Fraser-Liggett CM, Knight R, Gordon JI. The human microbiome

project. Nature. 2007; 449(7164):804–10. https://doi.org/10.1038/nature06244 PMID: 17943116

10. Arnold AE, Henk DA, Eells RL, Lutzoni F, Vilgalys R. Diversity and phylogenetic affinities of foliar fun-

gal endophytes in loblolly pine inferred by culturing and environmental PCR. Mycologia. 2007; 99

(2):185–206. https://doi.org/10.3852/mycologia.99.2.185 PMID: 17682771

11. Sota T, Kagata H, Ando Y, Utsumi S, Osono T. Metagenomic approach yields insights into fungal

diversity and functioning. In: Sota T, Kagata H, Ando Y, Utsumi S, Osono T, editors. Species diversity

and community structure: novel patterns and processes in plants, insects, and fungi. Tokyo (JP):

Springer; 2014. pp. 1–23.

PLOS ONE Mycobiome functional diversity

PLOS ONE | https://doi.org/10.1371/journal.pone.0287990 July 20, 2023 14 / 20

https://doi.org/10.1038/s41579-020-0412-1
https://doi.org/10.1038/s41579-020-0412-1
http://www.ncbi.nlm.nih.gov/pubmed/32788714
https://doi.org/10.1002/ece3.5670
https://doi.org/10.1002/ece3.5670
http://www.ncbi.nlm.nih.gov/pubmed/31695904
https://doi.org/10.7717/peerj.2768
https://doi.org/10.7717/peerj.2768
http://www.ncbi.nlm.nih.gov/pubmed/27994976
https://doi.org/10.1146/annurev-phyto-080508-081831
https://doi.org/10.1146/annurev-phyto-080508-081831
http://www.ncbi.nlm.nih.gov/pubmed/19400639
https://doi.org/10.1038/nrmicro2491
http://www.ncbi.nlm.nih.gov/pubmed/21200397
https://doi.org/10.1002/bdrc.20196
https://doi.org/10.1002/bdrc.20196
http://www.ncbi.nlm.nih.gov/pubmed/21425442
https://doi.org/10.3732/ajb.1600265
https://doi.org/10.3732/ajb.1600265
http://www.ncbi.nlm.nih.gov/pubmed/27671530
https://doi.org/10.1038/nature06244
http://www.ncbi.nlm.nih.gov/pubmed/17943116
https://doi.org/10.3852/mycologia.99.2.185
http://www.ncbi.nlm.nih.gov/pubmed/17682771
https://doi.org/10.1371/journal.pone.0287990


12. Higgins KL, Arnold AE, Coley PD, Kursar TA. Communities of fungal endophytes in tropical forest

grasses: highly diverse host- and habitat generalists characterized by strong spatial structure. Fungal

Ecology. 2014; 8:1–11.

13. Zimmerman NB, Vitousek PM. Fungal endophyte communities reflect environmental structuring

across a Hawaiian landscape. Proceedings of the National Academy of Sciences of the United States

of America. 2012; 109(32):13022–7. https://doi.org/10.1073/pnas.1209872109 PMID: 22837398

14. Bulgarelli D, Garrido-Oter R, Munch PC, Weiman A, Droge J, Pan Y, et al. Structure and function of

the bacterial root microbiota in wild and domesticated barley. Cell Host & Microbe. 2015; 17(3):392–

403. https://doi.org/10.1016/j.chom.2015.01.011 PMID: 25732064

15. Sessitsch A, Hardoim P, Doring J, Weilharter A, Krause A, Woyke T, et al. Functional characteristics

of an endophyte community colonizing rice roots as revealed by metagenomic analysis. Molecular

Plant-Microbe Interactions. 2012; 25(1):28–36. https://doi.org/10.1094/MPMI-08-11-0204 PMID:

21970692

16. Cao Y, Fanning S, Proos S, Jordan K, Srikumar S. A review on the applications of next generation

sequencing technologies as applied to food-related microbiome studies. Frontiers in Microbiology.

2017; 8:1829. https://doi.org/10.3389/fmicb.2017.01829 PMID: 29033905

17. Knapp DG, Nemeth JB, Barry K, Hainaut M, Henrissat B, Johnson J, et al. Comparative genomics pro-

vides insights into the lifestyle and reveals functional heterogeneity of dark septate endophytic fungi.

Scientific Reports. 2018; 8(1): 6321–13. https://doi.org/10.1038/s41598-018-24686-4 PMID:

29679020

18. Fadiji AE, Ayangbenro AS, Babalola OO. Shotgun metagenomics reveals the functional diversity of

root-associated endophytic microbiomes in maize plant. Current Plant Biology. 2021; 25:100195.

19. Ye L, Li HL, Mortimer PE, Xu JC, Gui H, Karunarathna SC, et al. Substrate preference determines

macrofungal biogeography in the Greater Mekong sub-region. Forests. 2019; 10(10): 824.

20. Sterkenburg E, Bahr A, Durling MB, Clemmensen KE, Lindahl BD. Changes in fungal communities

along a boreal forest soil fertility gradient. New Phytologist. 2015; 207(4):1145–58. https://doi.org/10.

1111/nph.13426 PMID: 25952659

21. Wallenstein MD, Hall EK. A trait-based framework for predicting when and where microbial adaptation

to climate change will affect ecosystem functioning. Biogeochemistry. 2012; 109(1–3):35–47.

22. Schlatter DC, DavelosBaines AL, Xiao K, Kinkel LL. Resource use of soilborne Streptomyces varies

with location, phylogeny, and nitrogen amendment. Microbial Ecology. 2013; 66(4):961–71.

23. Maillard F, Andrews E, Moran M, Du DV, Kennedy PG, Powers JS, et al. Early chemical changes dur-

ing wood decomposition are controlled by fungal communities inhabiting stems at treefall in a tropical

dry forest. Plant and Soil. 2021; 466(1–2):373–89.

24. Arnstadt T, Hoppe B, Kahl T, Kellner H, Kruger D, Bauhus J, et al. Dynamics of fungal community com-

position, decomposition and resulting deadwood properties in logs of Fagus sylvatica, Picea abies and

Pinus sylvestris. Forest Ecology and Management. 2016; 382:129–42.

25. Hoppe B, Purahong W, Wubet T, Kahl T, Bauhus J, Arnstadt T, et al. Linking molecular deadwood-

inhabiting fungal diversity and community dynamics to ecosystem functions and processes in Central

European forests. Fungal Diversity. 2016; 77(1):367–79.

26. Bhatnagar JM, Peay KG, Treseder KK. Litter chemistry influences decomposition through activity of

specific microbial functional guilds. Ecological Monographs. 2018; 88(3):429–44.

27. Bauer MA, Kainz K, Carmona-Gutierrez D, Madeo F. Microbial wars: competition in ecological niches

and within the microbiome. Microbial Cell. 2018; 5(5):215–9. https://doi.org/10.15698/mic2018.05.628

PMID: 29796386

28. Eldridge DJ, Delgado-Baquerizo M, Travers SK, Val J, Oliver I, Hamonts K, et al. Competition drives

the response of soil microbial diversity to increased grazing by vertebrate herbivores. Ecology. 2017;

98(7):1922–31. https://doi.org/10.1002/ecy.1879 PMID: 28459141

29. Pekkonen M, Ketola T, Laakso JT. Resource availability and competition shape the evolution of sur-

vival and growth ability in a bacterial community. Plos One. 2013; 8(9): e76471. https://doi.org/10.

1371/journal.pone.0076471 PMID: 24098791

30. Hassani MA, Duran P, Hacquard S. Microbial interactions within the plant holobiont. Microbiome.

2018; 6(1): 58–17. https://doi.org/10.1186/s40168-018-0445-0 PMID: 29587885

31. Schlatter DC, Bakker MG, Bradeen JM, Kinkel LL. Plant community richness and microbial interac-

tions structure bacterial communities in soil. Ecology. 2015; 96(1):134–42. https://doi.org/10.1890/13-

1648.1 PMID: 26236898

32. Essarioui A, LeBlanc N, Kistler HC, Kinkel LL. Plant community richness mediates inhibitory interac-

tions and resource competition between Streptomyces and Fusarium populations in the rhizosphere.

Microbial Ecology. 2017; 74(1):157–67.

PLOS ONE Mycobiome functional diversity

PLOS ONE | https://doi.org/10.1371/journal.pone.0287990 July 20, 2023 15 / 20

https://doi.org/10.1073/pnas.1209872109
http://www.ncbi.nlm.nih.gov/pubmed/22837398
https://doi.org/10.1016/j.chom.2015.01.011
http://www.ncbi.nlm.nih.gov/pubmed/25732064
https://doi.org/10.1094/MPMI-08-11-0204
http://www.ncbi.nlm.nih.gov/pubmed/21970692
https://doi.org/10.3389/fmicb.2017.01829
http://www.ncbi.nlm.nih.gov/pubmed/29033905
https://doi.org/10.1038/s41598-018-24686-4
http://www.ncbi.nlm.nih.gov/pubmed/29679020
https://doi.org/10.1111/nph.13426
https://doi.org/10.1111/nph.13426
http://www.ncbi.nlm.nih.gov/pubmed/25952659
https://doi.org/10.15698/mic2018.05.628
http://www.ncbi.nlm.nih.gov/pubmed/29796386
https://doi.org/10.1002/ecy.1879
http://www.ncbi.nlm.nih.gov/pubmed/28459141
https://doi.org/10.1371/journal.pone.0076471
https://doi.org/10.1371/journal.pone.0076471
http://www.ncbi.nlm.nih.gov/pubmed/24098791
https://doi.org/10.1186/s40168-018-0445-0
http://www.ncbi.nlm.nih.gov/pubmed/29587885
https://doi.org/10.1890/13-1648.1
https://doi.org/10.1890/13-1648.1
http://www.ncbi.nlm.nih.gov/pubmed/26236898
https://doi.org/10.1371/journal.pone.0287990


33. Schlatter DC, Kinkel LL. Antibiotics: conflict and communication in microbial communities. Microbe.

2014; 9(7):282–8.

34. Hanson CA, Allison SD, Bradford MA, Wallenstein MD, Treseder KK. Fungal taxa target different car-

bon sources in forest soil. Ecosystems. 2008; 11(7):1157–67.

35. Buee M, Courty PE, Mignot D, Garbaye J. Soil niche effect on species diversity and catabolic activities

in an ectomycorrhizal fungal community. Soil Biology & Biochemistry. 2007; 39(8):1947–55.

36. Jones MD, Twieg BD, Ward V, Barker J, Durall DM, Simard SW. Functional complementarity of Doug-

las-fir ectomycorrhizas for extracellular enzyme activity after wildfire or clearcut logging. Functional

Ecology. 2010; 24(5):1139–51.

37. Bogar LM, Peay KG. Processes maintaining the coexistence of ectomycorrhizal fungi at a fine spatial

scale. In: Tedersoo L, editor. Biogeography of Mycorrhizal Symbiosis. Cham (CH): Springer;

2017. pp. 79–105.

38. Engelmoer DJP, Behm JE, Kiers ET. Intense competition between arbuscular mycorrhizal mutualists

in an in vitro root microbiome negatively affects total fungal abundance. Molecular Ecology. 2014; 23

(6):1584–93. https://doi.org/10.1111/mec.12451 PMID: 24050702

39. Cavender-Bares J, Kozak KH, Fine PVA, Kembel SW. The merging of community ecology and phylo-

genetic biology. Ecology Letters. 2009; 12(7):693–715. https://doi.org/10.1111/j.1461-0248.2009.

01314.x PMID: 19473217

40. Losos JB. Phylogenetic niche conservatism, phylogenetic signal and the relationship between phylo-

genetic relatedness and ecological similarity among species. Ecology Letters. 2008; 11(10):995–

1003. https://doi.org/10.1111/j.1461-0248.2008.01229.x PMID: 18673385

41. Arnold AE, Miadlikowska J, Higgins KL, Sarvate SD, Gugger P, Way A, et al. A phylogenetic estima-

tion of trophic transition networks for Ascomycetous fungi: are lichens cradles of symbiotrophic fungal

diversification? Systematic Biology. 2009; 58(3):283–97. https://doi.org/10.1093/sysbio/syp001 PMID:

20525584

42. Delaye L, Garcia-Guzman G, Heil M. Endophytes versus biotrophic and necrotrophic pathogens-are

fungal lifestyles evolutionarily stable traits? Fungal Diversity. 2013; 60(1):125–35.

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

verse? Ecology Letters. 2000; 3(4):267–74.

44. Higgins KL, Arnold AE, Miadlikowska J, Sarvate SD, Lutzoni F. Phylogenetic relationships, host affin-

ity, and geographic structure of boreal and arctic endophytes from three major plant lineages. Molecu-

lar Phylogenetics and Evolution. 2007; 42(2):543–55. https://doi.org/10.1016/j.ympev.2006.07.012

PMID: 17005421

45. Gladieux P, Ropars J, Badouin H, Branca A, Aguileta G, De Vienne DM, et al. Fungal evolutionary

genomics provides insight into the mechanisms of adaptive divergence in eukaryotes. Molecular Ecol-

ogy. 2014; 23(4):753–73. https://doi.org/10.1111/mec.12631 PMID: 24341913

46. Branco S. Fungal diversity from communities to genes. Fungal Biology Reviews. 2019; 33(3–4):225–

37.

47. Richards JK, Stukenbrock EH, Carpenter J, Liu ZH, Cowger C, Faris JD, et al. Local adaptation drives

the diversification of effectors in the fungal wheat pathogen Parastagonospora nodorum in the United

States. Plos Genetics. 2019; 15(10).

48. Giraud T, Gladieux P, Gavrilets S. Linking the emergence of fungal plant diseases with ecological spe-

ciation. Trends in Ecology & Evolution. 2010; 25(7):387–95. https://doi.org/10.1016/j.tree.2010.03.006

PMID: 20434790

49. Powell AJ, Parchert KJ, Bustamante JM, Ricken JB. Thermophilic fungi in an aridland ecosystem.

Mycologia. 2012; 104(4):813–25. https://doi.org/10.3852/11-298 PMID: 22505432

50. Sterflinger K, Tesei D, Zakharova K. Fungi in hot and cold deserts with particular reference to microco-

lonial fungi. Fungal Ecology. 2012; 5(4):453–62.

51. Lennon JT, Aanderud ZT, Lehmkuhl BK, Schoolmaster DR. Mapping the niche space of soil microor-

ganisms using taxonomy and traits. Ecology. 2012; 93(8):1867–79. https://doi.org/10.1890/11-1745.1

PMID: 22928415

52. Martiny JBH, Jones SE, Lennon JT, Martiny AC. Microbiomes in light of traits: a phylogenetic perspec-

tive. Science. 2015; 350(6261): aac9323. https://doi.org/10.1126/science.aac9323 PMID: 26542581

53. Hirose D, Matsuoka S, Osono T. Assessment of the fungal diversity and succession of ligninolytic

endophytes in Camellia japonica leaves using clone library analysis. Mycologia. 2013; 105(4):837–43.

54. Nagy LG, Riley R, Tritt A, Adam C, Daum C, Floudas D, et al. Comparative genomics of early-diverg-

ing mushroom-forming fungi provides insights into the origins of lignocellulose decay capabilities.

Molecular Biology and Evolution. 2016; 33(4):959–70. https://doi.org/10.1093/molbev/msv337 PMID:

26659563

PLOS ONE Mycobiome functional diversity

PLOS ONE | https://doi.org/10.1371/journal.pone.0287990 July 20, 2023 16 / 20

https://doi.org/10.1111/mec.12451
http://www.ncbi.nlm.nih.gov/pubmed/24050702
https://doi.org/10.1111/j.1461-0248.2009.01314.x
https://doi.org/10.1111/j.1461-0248.2009.01314.x
http://www.ncbi.nlm.nih.gov/pubmed/19473217
https://doi.org/10.1111/j.1461-0248.2008.01229.x
http://www.ncbi.nlm.nih.gov/pubmed/18673385
https://doi.org/10.1093/sysbio/syp001
http://www.ncbi.nlm.nih.gov/pubmed/20525584
https://doi.org/10.1016/j.ympev.2006.07.012
http://www.ncbi.nlm.nih.gov/pubmed/17005421
https://doi.org/10.1111/mec.12631
http://www.ncbi.nlm.nih.gov/pubmed/24341913
https://doi.org/10.1016/j.tree.2010.03.006
http://www.ncbi.nlm.nih.gov/pubmed/20434790
https://doi.org/10.3852/11-298
http://www.ncbi.nlm.nih.gov/pubmed/22505432
https://doi.org/10.1890/11-1745.1
http://www.ncbi.nlm.nih.gov/pubmed/22928415
https://doi.org/10.1126/science.aac9323
http://www.ncbi.nlm.nih.gov/pubmed/26542581
https://doi.org/10.1093/molbev/msv337
http://www.ncbi.nlm.nih.gov/pubmed/26659563
https://doi.org/10.1371/journal.pone.0287990


55. Floudas D, Binder M, Riley R, Barry K, Blanchette RA, Henrissat B, et al. The Paleozoic origin of enzy-

matic lignin decomposition reconstructed from 31 fungal genomes. Science. 2012; 336(6089):1715–9.

https://doi.org/10.1126/science.1221748 PMID: 22745431

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

ogy. 1988; 69(1):2–9.

57. Wilson D. Endophyte: the evolution of a term, and clarification of its use and definition. Oikos. 1995; 73

(2):274–6.

58. Rodriguez RJ, White JF, Arnold AE, Redman RS. Fungal endophytes: diversity and functional roles.

New Phytologist. 2009; 182(2):314–30. https://doi.org/10.1111/j.1469-8137.2009.02773.x PMID:

19236579

59. Unterseher M, Schnittler M. Dilution-to-extinction cultivation of leaf-inhabiting endophytic fungi in

beech (Fagus sylvatica L.)—different cultivation techniques influence fungal biodiversity assessment.

Mycological Research. 2009; 113:645–54.

60. Lacerda LT, Gusmao LFP, Rodrigues A. Diversity of endophytic fungi in Eucalyptus microcorys

assessed by complementary isolation methods. Mycological Progress. 2018; 17(6):719–27.

61. Blomberg SP, Garland T, Ives AR. Testing for phylogenetic signal in comparative data: behavioral

traits are more labile. Evolution. 2003; 57(4):717–45. https://doi.org/10.1111/j.0014-3820.2003.

tb00285.x PMID: 12778543

62. Martiny AC, Treseder K, Pusch G. Phylogenetic conservatism of functional traits in microorganisms.

ISME Journal. 2013; 7(4):830–8. https://doi.org/10.1038/ismej.2012.160 PMID: 23235290

63. Kia SH, Glynou K, Nau T, Thines M, Piepenbring M, Macia-Vicente JG. Influence of phylogenetic con-

servatism and trait convergence on the interactions between fungal root endophytes and plants. ISME

Journal. 2017; 11(3):777–90. https://doi.org/10.1038/ismej.2016.140 PMID: 27801904

64. Borer ET, Harpole WS, Adler PB, Lind EM, Orrock JL, Seabloom EW, et al. Finding generality in ecol-

ogy: a model for globally distributed experiments. Methods in Ecology and Evolution. 2014; 5(1):65–

73.

65. Seabloom EW, Condon B, Kinkel L, Komatsu KJ, Lumibao CY, May G, et al. Effects of nutrient supply,

herbivory, and host community on fungal endophyte diversity. Ecology. 2019; 100(9): e02758. https://

doi.org/10.1002/ecy.2758 PMID: 31306499

66. Borer ET, Grace JB, Harpole WS, MacDougall AS, Seabloom EW. A decade of insights into grassland

ecosystem responses to global environmental change. Nature Ecology & Evolution. 2017; 1(5): 118.

67. Michalska-Smith M, Song ZW, Spawn-Lee SA, Hansen ZA, Johnson M, May G, et al. Network struc-

ture of resource use and niche overlap within the endophytic microbiome. ISME Journal. 2022; 16

(2):435–46. https://doi.org/10.1038/s41396-021-01080-z PMID: 34413476

68. Watson M, Bushley K, Seabloom EW, May G. Response of fungal endophyte communities within

Andropogon gerardii (Big bluestem) to nutrient addition and herbivore exclusion. Fungal Ecology.

2021; 51: 101043.

69. Henning JA, Kinkel L, May G, Lumibao CY, Seabloom EW, Borer ET. Plant diversity and litter accumu-

lation mediate the loss of foliar endophyte fungal richness following nutrient addition. Ecology. 2021;

102(1): e03210. https://doi.org/10.1002/ecy.3210 PMID: 32981067

70. Lumibao CY, Borer ET, Condon B, Kinkel L, May G, Seabloom EW. Site-specific responses of foliar

fungal microbiomes to nutrient addition and herbivory at different spatial scales. Ecology and Evolu-

tion. 2019; 9(21):12231–44. https://doi.org/10.1002/ece3.5711 PMID: 31832156

71. Gardes M, Bruns TD. ITS primers with enhanced specificity for basidiomycetes-application to the iden-

tification of mycorrhizae and rusts. Molecular Ecology. 1993; 2(2):113–8. https://doi.org/10.1111/j.

1365-294x.1993.tb00005.x PMID: 8180733

72. Hopple JS, Vilgalys R. Phylogenetic relationships among coprinoid taxa and allies based on data from

restriction site mapping of nuclear rDNA. Mycologia. 1994; 86(1):96–107.

73. DeMers M, May G. Habitat-scale heterogeneity maintains fungal endophyte diversity in two native

prairie legumes. Mycologia. 2021; 113(1):20–32. https://doi.org/10.1080/00275514.2020.1813487

PMID: 33146593

74. Koljalg U, Nilsson RH, Abarenkov K, Tedersoo L, Taylor AFS, Bahram M, et al. Towards a unified par-

adigm for sequence-based identification of fungi. Molecular Ecology. 2013; 22(21):5271–7. https://doi.

org/10.1111/mec.12481 PMID: 24112409

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

(19):2460–1. https://doi.org/10.1093/bioinformatics/btq461 PMID: 20709691

76. 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(5):335–6. https://

doi.org/10.1038/nmeth.f.303 PMID: 20383131

PLOS ONE Mycobiome functional diversity

PLOS ONE | https://doi.org/10.1371/journal.pone.0287990 July 20, 2023 17 / 20

https://doi.org/10.1126/science.1221748
http://www.ncbi.nlm.nih.gov/pubmed/22745431
https://doi.org/10.1111/j.1469-8137.2009.02773.x
http://www.ncbi.nlm.nih.gov/pubmed/19236579
https://doi.org/10.1111/j.0014-3820.2003.tb00285.x
https://doi.org/10.1111/j.0014-3820.2003.tb00285.x
http://www.ncbi.nlm.nih.gov/pubmed/12778543
https://doi.org/10.1038/ismej.2012.160
http://www.ncbi.nlm.nih.gov/pubmed/23235290
https://doi.org/10.1038/ismej.2016.140
http://www.ncbi.nlm.nih.gov/pubmed/27801904
https://doi.org/10.1002/ecy.2758
https://doi.org/10.1002/ecy.2758
http://www.ncbi.nlm.nih.gov/pubmed/31306499
https://doi.org/10.1038/s41396-021-01080-z
http://www.ncbi.nlm.nih.gov/pubmed/34413476
https://doi.org/10.1002/ecy.3210
http://www.ncbi.nlm.nih.gov/pubmed/32981067
https://doi.org/10.1002/ece3.5711
http://www.ncbi.nlm.nih.gov/pubmed/31832156
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/10.1080/00275514.2020.1813487
http://www.ncbi.nlm.nih.gov/pubmed/33146593
https://doi.org/10.1111/mec.12481
https://doi.org/10.1111/mec.12481
http://www.ncbi.nlm.nih.gov/pubmed/24112409
https://doi.org/10.1093/bioinformatics/btq461
http://www.ncbi.nlm.nih.gov/pubmed/20709691
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/10.1371/journal.pone.0287990


77. Carbone I, White JB, Miadlikowska J, Arnold AE, Miller MA, Kauff F, et al. T-BAS: Tree-Based Align-

ment Selector toolkit for phylogenetic-based placement, alignment downloads and metadata visualiza-

tion: an example with the Pezizomycotina tree of life. Bioinformatics. 2017; 33(8):1160–8. https://doi.

org/10.1093/bioinformatics/btw808 PMID: 28003260

78. Carbone I, White JB, Miadlikowska J, Arnold AE, Miller MA, Magain N, et al. T-BAS Version 2.1: Tree-

Based Alignment Selector toolkit for evolutionary placement of DNA sequences and viewing align-

ments and specimen metadata on curated and custom trees. Microbiology Resource Announcements.

2019; 8(29): 00328–19. https://doi.org/10.1128/MRA.00328-19 PMID: 31320426

79. Stamatakis A. RAxML version 8: a tool for phylogenetic analysis and post-analysis of large phyloge-

nies. Bioinformatics. 2014; 30(9):1312–3. https://doi.org/10.1093/bioinformatics/btu033 PMID:

24451623

80. Miller MA, Schwartz T, Pickett BE, He S, Klem EB, Scheuermann RH, et al. A RESTful API for access

to phylogenetic tools via the CIPRES science gateway. Evolutionary Bioinformatics. 2015; 11:43–8.

https://doi.org/10.4137/EBO.S21501 PMID: 25861210

81. R Core Team. R: a language and environment for statistical computing. Vienna, Austria: R Founda-

tion for Statistical Computing; 2018.

82. Conover WJ, Johnson ME, Johnson MM. A comparative study of tests for homogeneity of variances,

with applications to the outer continental shelf bidding data. Technometrics. 1981; 23(4):351–61.

83. Kembel SW, Cowan PD, Helmus MR, Cornwell WK, Morlon H, Ackerly DD, et al. Picante: R tools for

integrating phylogenies and ecology. Bioinformatics. 2010; 26(11):1463–4. https://doi.org/10.1093/

bioinformatics/btq166 PMID: 20395285

84. Liu H, Xu QY, He PC, Santiago LS, Yang KM, Ye Q. Strong phylogenetic signals and phylogenetic

niche conservatism in ecophysiological traits across divergent lineages of Magnoliaceae. Scientific

Reports. 2015; 5(1): 1–12. https://doi.org/10.1038/srep12246 PMID: 26179320

85. Paradis E, Schliep K. ape 5.0: an environment for modern phylogenetics and evolutionary analyses in

R. Bioinformatics. 2019; 35(3):526–8. https://doi.org/10.1093/bioinformatics/bty633 PMID: 30016406

86. Elliot MG, Mooers AO. Inferring ancestral states without assuming neutrality or gradualism using a sta-

ble model of continuous character evolution. BMC Evolutionary Biology. 2014; 14(1): 1–15. https://doi.

org/10.1186/s12862-014-0226-8 PMID: 25427971

87. Trang NV, Choisy M, Nakagomi T, Chinh NTM, Doan YH, Yamashiro T, et al. Determination of cut-off

cycle threshold values in routine RT-PCR assays to assist differential diagnosis of norovirus in children

hospitalized for acute gastroenteritis. Epidemiology and Infection. 2015; 143(15):3292–9. https://doi.

org/10.1017/S095026881500059X PMID: 26418350

88. Kassambara A. rstatix: Pipe-friendly framework for basic statistical tests. 2020.

89. Ghimire S, Charlton N, Bell J, Krishnamurthy Y, Craven K. Biodiversity of fungal endophyte communi-

ties inhabiting switchgrass (Panicum virgatum L.) growing in the native tallgrass prairie of northern

Oklahoma. Fungal Diversity. 2011; 47(1):19–27.

90. Aleklett K, Ohlsson P, Bengtsson M, Hammer EC. Fungal foraging behaviour and hyphal space explo-

ration in micro-structured soil chips. ISME Journal. 2021; 15(6):1782–93. https://doi.org/10.1038/

s41396-020-00886-7 PMID: 33469165

91. Carlile MJ. The success of the hypha and mycelium. In: Gow NAR, Gadd GM, editors. The growing

fungus. Dordrecht (NL): Springer; 1995. pp. 3–19.

92. Lustenhouwer N, Maynard DS, Bradford MA, Lindner DL, Oberle B, Zanne AE, et al. A trait-based

understanding of wood decomposition by fungi. Proceedings of the National Academy of Sciences of

the United States of America. 2020; 117(21):11551–8. https://doi.org/10.1073/pnas.1909166117

PMID: 32404424

93. Rayner ADM, Griffith GS, Ainsworth AM. Mycelial interconnectedness. In: Gow NAR, Gadd GM, edi-

tors. The growing fungus. Dordrecht (NL): Springer; 1995: 21–40.

94. Dowson CG, Rayner ADM, Boddy L. Foraging patterns of Phallus impudicus, Phanerochaete laevis

and Steccherinum fimbriatum between discontinuous resource units in soil. FEMS Microbiology Ecol-

ogy. 1988; 53(5):291–8.

95. Hobbie EA, Agerer R. Nitrogen isotopes in ectomycorrhizal sporocarps correspond to belowground

exploration types. Plant and Soil. 2010; 327(1–2):71–83.

96. Clemmensen KE, Finlay RD, Dahlberg A, Stenlid J, Wardle DA, Lindahl BD. Carbon sequestration is

related to mycorrhizal fungal community shifts during long-term succession in boreal forests. New Phy-

tologist. 2015; 205(4):1525–36. https://doi.org/10.1111/nph.13208 PMID: 25494880

97. Zanne AE, Abarenkov K, Afkhami ME, Aguilar-Trigueros CA, Bates S, Bhatnagar JM, et al. Fungal

functional ecology: bringing a trait-based approach to plant-associated fungi. Biological Reviews.

2020; 95(2):409–33. https://doi.org/10.1111/brv.12570 PMID: 31763752

PLOS ONE Mycobiome functional diversity

PLOS ONE | https://doi.org/10.1371/journal.pone.0287990 July 20, 2023 18 / 20

https://doi.org/10.1093/bioinformatics/btw808
https://doi.org/10.1093/bioinformatics/btw808
http://www.ncbi.nlm.nih.gov/pubmed/28003260
https://doi.org/10.1128/MRA.00328-19
http://www.ncbi.nlm.nih.gov/pubmed/31320426
https://doi.org/10.1093/bioinformatics/btu033
http://www.ncbi.nlm.nih.gov/pubmed/24451623
https://doi.org/10.4137/EBO.S21501
http://www.ncbi.nlm.nih.gov/pubmed/25861210
https://doi.org/10.1093/bioinformatics/btq166
https://doi.org/10.1093/bioinformatics/btq166
http://www.ncbi.nlm.nih.gov/pubmed/20395285
https://doi.org/10.1038/srep12246
http://www.ncbi.nlm.nih.gov/pubmed/26179320
https://doi.org/10.1093/bioinformatics/bty633
http://www.ncbi.nlm.nih.gov/pubmed/30016406
https://doi.org/10.1186/s12862-014-0226-8
https://doi.org/10.1186/s12862-014-0226-8
http://www.ncbi.nlm.nih.gov/pubmed/25427971
https://doi.org/10.1017/S095026881500059X
https://doi.org/10.1017/S095026881500059X
http://www.ncbi.nlm.nih.gov/pubmed/26418350
https://doi.org/10.1038/s41396-020-00886-7
https://doi.org/10.1038/s41396-020-00886-7
http://www.ncbi.nlm.nih.gov/pubmed/33469165
https://doi.org/10.1073/pnas.1909166117
http://www.ncbi.nlm.nih.gov/pubmed/32404424
https://doi.org/10.1111/nph.13208
http://www.ncbi.nlm.nih.gov/pubmed/25494880
https://doi.org/10.1111/brv.12570
http://www.ncbi.nlm.nih.gov/pubmed/31763752
https://doi.org/10.1371/journal.pone.0287990


98. Beimforde C, Feldberg K, Nylinder S, Rikkinen J, Tuovila H, Dorfelt H, et al. Estimating the Phanero-

zoic history of the Ascomycota lineages: combining fossil and molecular data. Molecular Phyloge-

netics and Evolution. 2014; 78:386–98. https://doi.org/10.1016/j.ympev.2014.04.024 PMID: 24792086

99. Prieto M, Wedin M. Dating the diversification of the major lineages of Ascomycota (Fungi). Plos One.

2013; 8(6): e65576.

100. Liu JK, Hyde KD, Jeewon R, Phillips AJL, Maharachchikumbura SSN, Ryberg M, et al. Ranking higher

taxa using divergence times: a case study in Dothideomycetes. Fungal Diversity. 2017; 84(1):75–99.

101. Hongsanan S, Maharachchikumbura SSN, Hyde KD, Samarakoon MC, Jeewon R, Zhao Q, et al. An

updated phylogeny of Sordariomycetes based on phylogenetic and molecular clock evidence. Fungal

Diversity. 2017; 84(1):25–41.

102. David AS, Seabloom EW, May G. Plant host species and geographic distance affect the structure of

aboveground fungal symbiont communities, and environmental filtering affects belowground commu-

nities in a coastal dune ecosystem. Microbial Ecology. 2016; 71(4):912–26. https://doi.org/10.1007/

s00248-015-0712-6 PMID: 26626912

103. Loro M, Valero-Jimenez CA, Nozawa S, Marquez LM. Diversity and composition of fungal endophytes

in semiarid Northwest Venezuela. Journal of Arid Environments. 2012; 85:46–55.

104. Higgins KL, Coley PD, Kursar TA, Arnold AE. Culturing and direct PCR suggest prevalent host gener-

alism among diverse fungal endophytes of tropical forest grasses. Mycologia. 2011; 103(2):247–60.

https://doi.org/10.3852/09-158 PMID: 20943570

105. Yuan ZL, Rao LB, Chen YC, Zhang CL, Wu YG. From pattern to process: species and functional diver-

sity in fungal endophytes of Abies beshanzuensis. Fungal Biology. 2011; 115(3):197–213.

106. Miyauchi S, Kiss E, Kuo A, Drula E, Kohler A, Sanchez-Garcia M, et al. Large-scale genome sequenc-

ing of mycorrhizal fungi provides insights into the early evolution of symbiotic traits. Nature Communi-

cations. 2020; 11(1):5125. https://doi.org/10.1038/s41467-020-18795-w PMID: 33046698

107. Naranjo-Ortiz MA, Gabaldon T. Fungal evolution: major ecological adaptations and evolutionary tran-

sitions. Biological Reviews. 2019; 94(4):1443–76. https://doi.org/10.1111/brv.12510 PMID: 31021528

108. Hoeksema JD, Bever JD, Chakraborty S, Chaudhary VB, Gardes M, Gehring CA, et al. Evolutionary

history of plant hosts and fungal symbionts predicts the strength of mycorrhizal mutualism. Communi-

cations Biology. 2018; 1(1):116.

109. Koch AM, Antunes PM, Maherali H, Hart MM, Klironomos JN. Evolutionary asymmetry in the arbuscu-

lar mycorrhizal symbiosis: conservatism in fungal morphology does not predict host plant growth. New

Phytologist. 2017; 214(3):1330–7. https://doi.org/10.1111/nph.14465 PMID: 28186629

110. Treseder KK, Lennonb JT. Fungal traits that drive ecosystem dynamics on land. Microbiology and

Molecular Biology Reviews. 2015; 79(2):243–62. https://doi.org/10.1128/MMBR.00001-15 PMID:

25971588

111. Maherali H, Klironomos JN. Phylogenetic and trait-based assembly of arbuscular mycorrhizal fungal

communities. Plos One. 2012; 7(5):e36695. https://doi.org/10.1371/journal.pone.0036695 PMID:

22606282

112. Giauque H, Connor EW, Hawkes CV. Endophyte traits relevant to stress tolerance, resource use and

habitat of origin predict effects on host plants. New Phytologist. 2019; 221(4):2239–49. https://doi.org/

10.1111/nph.15504 PMID: 30276818

113. Taubert M, Stahly J, Kolb S, Kusel K. Divergent microbial communities in groundwater and overlying

soils exhibit functional redundancy for plant-polysaccharide degradation. Plos One. 2019; 14(3):

e0212937. https://doi.org/10.1371/journal.pone.0212937 PMID: 30865693

114. Gosling P, Jones J, Bending GD. Evidence for functional redundancy in arbuscular mycorrhizal fungi

and implications for agroecosystem management. Mycorrhiza. 2016; 26(1):77–83. https://doi.org/10.

1007/s00572-015-0651-6 PMID: 26100128

115. Oono R, Rasmussen A, Lefevre E. Distance decay relationships in foliar fungal endophytes are driven

by rare taxa. Environmental Microbiology. 2017; 19(7):2794–805. https://doi.org/10.1111/1462-2920.

13799 PMID: 28640496

116. Vaz ABM, Fontenla S, Rocha FS, Brandao LR, Vieira MLA, De Garcia V, et al. Fungal endophyte

beta-diversity associated with Myrtaceae species in an Andean Patagonian forest (Argentina) and an

Atlantic forest (Brazil). Fungal Ecology. 2014; 8:28–36.

117. Leibold MA, Rudolph FJ, Blanchet FG, De Meester L, Gravel D, Hartig F, et al. The internal structure

of metacommunities. Oikos. 2022; 2022(1): e08618.

118. Leibold MA, Holyoak M, Mouquet N, Amarasekare P, Chase JM, Hoopes MF, et al. The metacommu-

nity concept: a framework for multi-scale community ecology. Ecology Letters. 2004; 7(7):601–13.

PLOS ONE Mycobiome functional diversity

PLOS ONE | https://doi.org/10.1371/journal.pone.0287990 July 20, 2023 19 / 20

https://doi.org/10.1016/j.ympev.2014.04.024
http://www.ncbi.nlm.nih.gov/pubmed/24792086
https://doi.org/10.1007/s00248-015-0712-6
https://doi.org/10.1007/s00248-015-0712-6
http://www.ncbi.nlm.nih.gov/pubmed/26626912
https://doi.org/10.3852/09-158
http://www.ncbi.nlm.nih.gov/pubmed/20943570
https://doi.org/10.1038/s41467-020-18795-w
http://www.ncbi.nlm.nih.gov/pubmed/33046698
https://doi.org/10.1111/brv.12510
http://www.ncbi.nlm.nih.gov/pubmed/31021528
https://doi.org/10.1111/nph.14465
http://www.ncbi.nlm.nih.gov/pubmed/28186629
https://doi.org/10.1128/MMBR.00001-15
http://www.ncbi.nlm.nih.gov/pubmed/25971588
https://doi.org/10.1371/journal.pone.0036695
http://www.ncbi.nlm.nih.gov/pubmed/22606282
https://doi.org/10.1111/nph.15504
https://doi.org/10.1111/nph.15504
http://www.ncbi.nlm.nih.gov/pubmed/30276818
https://doi.org/10.1371/journal.pone.0212937
http://www.ncbi.nlm.nih.gov/pubmed/30865693
https://doi.org/10.1007/s00572-015-0651-6
https://doi.org/10.1007/s00572-015-0651-6
http://www.ncbi.nlm.nih.gov/pubmed/26100128
https://doi.org/10.1111/1462-2920.13799
https://doi.org/10.1111/1462-2920.13799
http://www.ncbi.nlm.nih.gov/pubmed/28640496
https://doi.org/10.1371/journal.pone.0287990


119. Borer ET, Laine AL, Seabloom EW. A multiscale approach to plant disease using the metacommunity

concept. Annual Review of Phytopathology, Vol 54. 2016; 54:397–418. https://doi.org/10.1146/

annurev-phyto-080615-095959 PMID: 27296140

120. Thompson PL, Guzman LM, De Meester L, Horvath Z, Ptacnik R, Vanschoenwinkel B, et al. A pro-

cess-based metacommunity framework linking local and regional scale community ecology. Ecology

Letters. 2020; 23(9):1314–29. https://doi.org/10.1111/ele.13568 PMID: 32672410

121. Chaverri P, Gazis RO. Linking ex planta fungi with their endophytic stages: Perisporiopsis, a common

leaf litter and soil fungus, is a frequent endophyte of Hevea spp. and other plants. Fungal Ecology.

2011; 4(1):94–102.

122. Rainey PB, Travisano M. Adaptive radiation in a heterogeneous environment. Nature. 1998; 394

(6688):69–72. https://doi.org/10.1038/27900 PMID: 9665128

123. Foster KR, Chluter JS, Oyte KZC, Rakoff-Nahoum S. The evolution of the host microbiome as an eco-

system on a leash. Nature. 2017; 548(7665):43–51. https://doi.org/10.1038/nature23292 PMID:

28770836

124. Pfennig DW, Rice AM, Martin RA. Field and experimental evidence for competition’s role in phenotypic

divergence. Evolution. 2007; 61(2):257–71. https://doi.org/10.1111/j.1558-5646.2007.00034.x PMID:

17348937

125. Tyerman JG, Bertrand M, Spencer CC, Doebeli M. Experimental demonstration of ecological charac-

ter displacement. BMC Evolutionary Biology. 2008; 8(1): 34. https://doi.org/10.1186/1471-2148-8-34

PMID: 18234105

126. Craig MacLean R, Dickson A, Bell G. Resource competition and adaptive radiation in a microbial

microcosm. Ecology Letters. 2005; 8(1):38–46.

PLOS ONE Mycobiome functional diversity

PLOS ONE | https://doi.org/10.1371/journal.pone.0287990 July 20, 2023 20 / 20

https://doi.org/10.1146/annurev-phyto-080615-095959
https://doi.org/10.1146/annurev-phyto-080615-095959
http://www.ncbi.nlm.nih.gov/pubmed/27296140
https://doi.org/10.1111/ele.13568
http://www.ncbi.nlm.nih.gov/pubmed/32672410
https://doi.org/10.1038/27900
http://www.ncbi.nlm.nih.gov/pubmed/9665128
https://doi.org/10.1038/nature23292
http://www.ncbi.nlm.nih.gov/pubmed/28770836
https://doi.org/10.1111/j.1558-5646.2007.00034.x
http://www.ncbi.nlm.nih.gov/pubmed/17348937
https://doi.org/10.1186/1471-2148-8-34
http://www.ncbi.nlm.nih.gov/pubmed/18234105
https://doi.org/10.1371/journal.pone.0287990

