
PLANT MICROBE INTERACTIONS

Plant Host Species and Geographic Distance Affect
the Structure of Aboveground Fungal Symbiont Communities,
and Environmental Filtering Affects Belowground Communities
in a Coastal Dune Ecosystem

Aaron S. David1
& Eric W. Seabloom1

& Georgiana May1,2

Received: 26 June 2015 /Accepted: 16 November 2015
# Springer Science+Business Media New York 2015

Abstract Microbial symbionts inhabit tissues of all plants
and animals. Their community composition depends largely
on two ecological processes: (1) filtering by abiotic conditions
and host species determining the environments that symbionts
are able to colonize and (2) dispersal-limitation determining
the pool of symbionts available to colonize a given host and
community spatial structure. In plants, the above- and below-
ground tissues represent such distinct habitats for symbionts
that we expect different effects of filtering and spatial struc-
turing on their symbiont communities. In this study, we char-
acterized above- and belowground communities of fungal en-
dophytes—fungi living asymptomatically within plants—to
understand the contributions of filtering and spatial structure
to endophyte community composition. We used a culture-
based approach to characterize endophytes growing in leaves
and roots of three species of coastal beachgrasses in dunes of
the USA Pacific Northwest. For leaves, endophyte isolation
frequency and OTU richness depended primarily on plant host
species. In comparison, for roots, both isolation frequency and
OTU richness increased from the nutrient-poor front of the
dune to the higher-nutrient backdune. Endophyte community
composition in leaves exhibited a distance-decay relationship
across the region. In a laboratory assay, faster growth rates and

lower spore production were more often associated with leaf-
than root-inhabiting endophytes. Overall, our results reveal a
greater importance of biotic filtering by host species and
dispersal-limitation over regional geographic distances for
aboveground leaf endophyte communities and stronger effects
of abiotic environmental filtering and locally patchy distribu-
tions for belowground root endophyte communities.
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Introduction

Microbial symbionts inhabit all plants and animals, with their
effects on hosts spanning from mutualism to parasitism [1–3].
Because interactions between hosts and their symbionts have
important implications for host fitness, it is critical to under-
stand the ecological factors that underlie the assembly of sym-
biont communities [e.g., 3, 4]. Symbiont communities are
influenced by several abiotic and biotic factors that may limit
symbiont species’ abilities to colonize, persist, and disperse
[5–9]. Furthermore, ecological communities, and symbiont
communities in particular, are hierarchically structured by pro-
cesses occurring at regional, local, and within-host scales [6].
Understanding how abiotic and biotic factors can influence
communities across scales may provide insights into the pro-
cesses governing assembly of symbiont communities, and ul-
timately how they may affect host growth and reproduction.

Ecological filters can determine which individual species
are capable of colonizing and persisting in the host, and, in the
case of symbionts, these filters can broadly be subdivided into
the environment external to the host (hereafter “environment”)
and host species [4, 8]. The environment includes abiotic
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factors such as climate (temperature, humidity, precipitation,
etc.) and soil properties (soil type, pH, nutrient availability,
etc.) that may influence a symbiont species’ ability to persist
in that environment [10–13]. For instance, desert soil provides
a filter for thermophilic fungi that are able to grow at high
temperatures [14]. The biotic filter of the host may include
factors such as host defense and host tissue chemistry that
influence the symbiont species’ ability to infect, grow, and
reproduce within a host [8, 9]. While both the environment
and host species contribute to symbiont community composi-
tion [e.g., 15], the relative importance of each for symbiont
community assembly is not yet clear. Many symbiont species
have an apparently broad host range, and such communities
may be completely shaped by the environment [e.g., 8]. Other
symbiont species have a more narrow host range and their
communities are likely more strongly influenced by host spe-
cies or genotype than by environment [e.g., 16, 17].

Furthermore, the importance of dispersal-limitation, or the
inability of propagules of species to arrive at a given site [18],
has become more widely recognized in microbial communities
[19–21]. Microbial dispersal-limitations have been long
overlooked due in part to the pervasive and influential Baas-
Becking hypothesis [22] that “everything is everywhere.”
While microbes may indeed be dispersal-limited [e.g., 20, 21],
the role of dispersal-limitation in structuring microbial commu-
nities, particularly symbionts, is not well understood and may
vary for different microbial and host species and across different
spatial scales. While dispersal itself is notoriously difficult to
measure for any organism, dispersal-limitation is inferred from
assessments of spatial structure [19]. At the regional scale, if
symbiont species vary in their dispersal, then communities will
be more dissimilar from one another with increasing geographic
distance and exhibit spatial structure assessed as a distance-decay
relationship [20, 21, 23, 24]. However, the lack of a distance-
decay relationship could have several causes, such as strong,
local filtering by the environment or hosts, or communities com-
posed of highly mobile and less dispersal-limited species.

While the relative strengths of filtering and dispersal-
limitation in structuring symbiont communities may vary
across host species and environments, there is also variation
in communities within a host individual [6]. Symbiont commu-
nities are often heterogeneous in composition across host tis-
sues [9, 25–27], and some component species may provide
tissue-specific functions [28, 29]. For symbionts of plants, the
air mediates symbiont community assembly in aboveground
tissue yet provides a relatively weak environmental filter, while
soil mediates belowground tissue communities and provides a
relatively strong filter [sensu 30]. Moreover, above- and below-
ground plant tissues differ greatly as habitats for microbial
growth and reproduction, and if fungal endophyte species have
adapted differently to these environments, relative investment
in vegetative growth versus spore productionmay differ among
symbionts. For instance, aboveground symbionts might be

expected to produce more spores and thus travel greater dis-
tances between plants than do belowground symbionts [e.g.,
31, 32]. Conversely, if belowground symbionts colonize hosts
via a hyphal network growing through the soil, their hyphae
may grow faster than that of aboveground symbionts.

Here, we considered how the assembly of above- and below-
ground symbiont communities differ with respect to (1) the im-
portance of filtering by environment and host species, (2)
filtering-independent spatial structure at the regional scale, and
(3) the growth and sporulation of individual symbionts. Our
general expectations were that belowground symbiont commu-
nities should exhibit greater filtering by the environment and
greater spatial structure than aboveground symbiont communi-
ties, and that the belowground symbionts should grow faster and
produce fewer spores than those isolated from aboveground
communities. A priori, we expected that filtering by host species
should not differ between above- and belowground symbiont
communities. To investigate these questions, we characterized
communities of fungal endophytes for each of three species of
beachgrasses along the USA Pacific Northwest coast by cultur-
ing and sequencing fungi from asymptomatic plant tissues and
delimiting operational taxonomic units (OTUs) based on se-
quence similarity. Fungal endophytes are a diverse group of
fungi primarily belonging to the phylum Ascomycota and
inhabiting tissues of all plants without causing disease symp-
toms [9, 26]. While some endophytes grow systemically
throughout the plant and are vertically transmitted, most cause
small, local infections and are horizontally transmitted [9]. We
evaluated the importance of abiotic environment (physical loca-
tion along the dune and soil properties) and biotic environment
(host species), in affecting endophyte isolation frequency, OTU
richness, and community composition at both local (within sites)
and regional (across sites) levels. For both above- and below-
ground communities, spatial structure was evaluated by deter-
mining relationships between community similarity and geo-
graphic distance (distance-decay) and differences in turnover
in composition across sites (i.e., beta diversity). Finally, we
quantified differences in life-history traits of individual symbi-
onts by measuring colony growth rate and asexual spore pro-
duction of the 25 most commonly occurring endophyte OTUs.

Methods

System

We studied culturable fungal endophyte species in
beachgrasses that occurred in dunes along the Pacific Coast
of Oregon and Washington, USA. These dunes provide hab-
itat for endemic and federally listed plant and bird species, and
the three dominant common grass species studied here—the
native Elymus mollis, and the exotic Ammophila arenaria and
Ammophila breviligulata introduced to stabilize dunes and
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protect inland developments from flooding [33–35]. Dunes
contain a strong environmental gradient from the shore to
inland areas in which the backsides of dunes tend to be
shielded from wind and are composed of more stable soil with
higher C, N, and micronutrients than are soils at the front of
the dune [36, 37]. We categorized local environments as the
front, crest, and backdunes (hereafter Bdune locations^) con-
stituting, respectively, the front slope of the dune, the top of
the dune, and the area beyond the back slope of the dune.

Sampling

We sampled from five sites in which all three grass species co-
occurred along the Oregon and Washington coast in late
August to early September 2011. The five sites included four
in Oregon (Pacific City, Sand Lake, Seaside, and Fort Stevens)
and one in Washington (Grays Harbor). Distances between
sites ranged from 8 to 180 km. Within sites, we sampled along
one to four transects, each containing a single 3×3m quadrat in
the front, crest, and back of the dune (mean transect length=
48.64 m±6.64 S.E.). We selected locations for transects to rep-
resent a broad range of relative amount of cover by the three
grass species, which we visually estimated for each quadrat.
We collected roots and leaves from three individual plants (de-
fined as one or more tillers attached to a single rhizome) and
placed them in Ziploc bags until processing.

One soil core (10-cm deep) was taken from each quadrat.
Soils were air-dried and analyzed for percent C and percent N
at the University of Nebraska Ecosystem Analysis Laboratory
(Lincoln, NE, USA) and pH, cation exchange capacity, organ-
ic matter, and concentrations of Ca, K, P, Na, S by A&L
Analytical Laboratories (Memphis, TN, USA).

Endophyte Culturing and Identification

Under sterile laboratory conditions, we surface sterilized plant
tissue using a rinse in sterile DI water followed by successive
baths of 70 % ethanol (1 min), 70 % bleach (3.675 % NaOCl,
2 min), 70 % ethanol (1 min), and a final rinse in sterile DI
water. Tissue was cut into ∼1.5 mm2 segments and placed
onto 2 % malt extract agar (MEA). For each individual plant,
20 sterilized tissue segments were placed in MEA, 10 from
leaves and 10 from roots. Cultures were allowed to grow for
4 months before sub-culturing onto separate Petri dishes.
Control plates were made by pressing surface-sterilized tissue
to the media and checked for any subsequent fungal growth
that would indicate the presence of surface fungi.

We extracted total genomic DNA and PCR amplified the
ITS rDNA region from each isolate using one of two methods.
I n t h e f i r s t me thod , we used SDS bu f f e r and
phenol:chloroform extraction [38]. The ITS-LSU gene was
amplified as a single amplicon using the ITS1F [39] and
LR3 primers [40] and Takara Taq (Takara Bio Inc. Otsu,

Shiga, Japan) (40 μL reaction consisting of 5 μL Takara 10×
buffer, 4 μL dNTP (10 μM), 1 μL (10 μM) each of forward
and reverse primer, 35 cycles of 95 °C for 1 min, 52 °C for
1 min, 72 °C for 1.30 min). In the second method, we used the
Extract N’ Amp ReadyMix kit (Sigma Aldrich Corp., St.
Louis, MO, USA) to extract and amplify the DNA (20 μL
reaction consisting of 5 μL REDExtract N’ Amp buffer,
0.8 μL (10 μM) each of forward and reverse primer, 35 cycles
of 95 °C for 30 s, 54 °C for 30 s, 72 °C for 1 min). Sanger
sequencing of amplicons was conducted at Beckman Coulter
(Brea, CA, USA). Sequences were edited using Geneious [41]
and clustered into OTUs at the 97 % similarity level using the
workflow developed by Monacell and Carbone [42] that uses
ITS extractor [43] to extract the ITS1 and ITS2 regions,
MOTHUR [44] to check for chimeras, and ESPRIT [45] to
cluster sequences based on alignment-free similarity.

Growth Assays

We measured colony growth rates and asexual spore
production of the 25 most commonly isolated OTUs
(Table 1). Three isolates representing each OTU were
randomly selected and plated onto starter cultures on
MEA. From the starter cultures, two plugs (0.5-cm di-
ameter) were each plated onto separate MEA culture
plates. We measured the diameter of the cultures every
2 days for 14 days when the fastest growing cultures
neared the edge of their plates. At the conclusion of the
study, we collected the asexual spores by flooding the
Petri plates with 10 mL DI water, scraping the spores
off the culture, and counting the number of spores in a
hemacytometer.

Data Analysis

We used R Version 3.0.2 [46] to conduct all analyses and to
generate figures. Data, GenBank accession numbers, and ad-
ditional sample location information were deposited in the
publically available Data Repository for the University of
Minnesota [47].

Filtering

To evaluate the importance of filtering, we examined the
relationship of abiotic environmental factors and host spe-
cies on the frequency at which we obtained fungal endo-
phyte cultures (isolation frequency), OTU richness, and
endophyte community composition at spatial scales of
quadrat and site. Because several soil variables were highly
correlated, we clustered variables based on Ward’s mini-
mum variance method to determine collinearity (Online
Resource 1). Based on this analysis, we included the ef-
fects of %N, organic matter, and soil pH as environmental
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Table 1 OTU assignments based on alignment-free clustering at the 97 % similarity level.

OTU Total isolations
(leaf isolations)

Phylum Class Order Closest BLAST match (GenBank
accession no.)

Query length
(coverage)

Similarity %

154 2 (0) Ascomycota Dothideomycetes Botryosphaeriales Microdiplodia hawaiiensis (GU361956) 428 (89.64) 90.5

13a 7 (6) Ascomycota Dothideomycetes Capnodiales Cladosporium cladosporioides (JQ724382) 466 (100) 100

157a 6 (1) Ascomycota Dothideomycetes Capnodiales Cladosporium sphaerospermum
(AB572897)

467 (100) 100

145a 10 (10) Ascomycota Dothideomycetes Capnodiales Penidiella strumelloidea (EU019277) 434 (95.11) 91.9

148 3 (3) Ascomycota Dothideomycetes Capnodiales Penidiella strumelloidea (EU019277) 443 (97.33) 92.6

170 1 (1) Ascomycota Dothideomycetes Capnodiales Penidiella strumelloidea (EU019277) 468 (98.73) 95.7

169 1 (1) Ascomycota Dothideomycetes Pleosporales Drechslera erythrospila (EU552124) 554 (100) 100

41 13 (0) Ascomycota Dothideomycetes Pleosporales Drechslera nobleae (AY004792) 474 (100) 91.2

151 1 (1) Ascomycota Dothideomycetes Pleosporales Fusicladium sicilianum (FN549914) 283 (50.25) 85.3

141a 23 (21) Ascomycota Dothideomycetes Pleosporales Lewia infectoria (EF104194) 513 (99.61) 95.1

158 2 (1) Ascomycota Dothideomycetes Pleosporales Lewia infectoria (GU584953) 498 (97.46) 100

88a 13 (9) Ascomycota Dothideomycetes Pleosporales Lewia infectoria (JX421701) 501 (97.46) 98.4

168 1 (0) Ascomycota Dothideomycetes Pleosporales Ophiosphaerella agrostis (AF191550) 506 (100) 89.8

149a 7 (7) Ascomycota Dothideomycetes Pleosporales Phaeosphaeria insignis (AF439485) 503 (99.6) 98.6

166a 4 (4) Ascomycota Dothideomycetes Pleosporales Phaeosphaeria nigrans (AF439492) 485 (97.59) 97.7

161 1 (1) Ascomycota Dothideomycetes Pleosporales Phaeosphaeria triglochinicola (AF439507) 493 (99.2) 88.6

146a 5 (4) Ascomycota Dothideomycetes Pleosporales Pleospora herbarum (GU584954) 494 (100) 99.6

25 2 (0) Ascomycota Eurotiomycetes Chaetothyriales Cladophialophora chaetospira (EU137333) 528 (100) 100

97a 3 (0) Ascomycota Eurotiomycetes Chaetothyriales Exophiala salmonis (AF050274) 550 (97.68) 97.5

22a 16 (1) Ascomycota Eurotiomycetes Chaetothyriales Exophiala salmonis (AM176667) 535 (97.46) 95.9

10 4 (0) Ascomycota Eurotiomycetes Chaetothyriales Exophiala salmonis (GU586858) 561 (99.82) 99.8

94 1 (0) Ascomycota Eurotiomycetes Eurotiales Aspergillus tubingensis (JQ693399) 514 (100) 100

142 7 (4) Ascomycota Eurotiomycetes Eurotiales Penicillium brevicompactum (FJ004277) 493 (100) 100

60a 4 (0) Ascomycota Eurotiomycetes Eurotiales Penicillium canescens (JN585940) 380 (76.31) 100

164 1 (1) Ascomycota Leotiomycetes Helotiales Cadophora hiberna (AF530463) 459 (100) 92.8

124a 3 (0) Ascomycota Leotiomycetes Helotiales Cryptosporiopsis rhizophila (AY176753) 472 (100) 100

21 1 (0) Ascomycota Leotiomycetes Helotiales Dactylaria appendiculata (AY265339) 545 (100) 90.6

34 1 (1) Ascomycota Leotiomycetes Helotiales Dactylaria appendiculata (AY265339) 531 (100) 95

3a 8 (0) Ascomycota Leotiomycetes Helotiales Leptodontidium orchidicola (AF214577) 534 (97.8) 100

68 1 (0) Ascomycota Leotiomycetes Helotiales Leptodontidium orchidicola (FJ665276) 537 (99.08) 97.8

72 2 (0) Ascomycota Leotiomycetes Helotiales Phialocephala fortinii (EU314682) 479 (100) 99.4

155 2 (2) Ascomycota Leotiomycetes Thelebolales Thelebolus microsporus (DQ402525) 428 (84.2) 88.6

85 4 (0) Ascomycota Leotiomycetes uncertain Leohumicola minima (AY706329) 464 (100) 92.5

54a 4 (0) Ascomycota Leotiomycetes uncertain Leohumicola verrucosa (AY706325) 467 (100) 89.6

70 2 (0) Ascomycota Leotiomycetes uncertain Meliniomyces bicolor (AJ308340) 470 (100) 98.3

29 5 (0) Ascomycota Sordariomycetes Diaporthales Phomopsis columnaris (GU934561) 488 (100) 100

18 1 (0) Ascomycota Sordariomycetes Hypocreales Acremonium cavaraeanum (JF912333) 484 (96.71) 90.2

56 1 (1) Ascomycota Sordariomycetes Hypocreales Acremonium nepalense (GU586837) 475 (100) 96.2

65a 14 (0) Ascomycota Sordariomycetes Hypocreales Acremonium strictum (AM924152) 501 (100) 100

78a 5 (0) Ascomycota Sordariomycetes Hypocreales Acremonium strictum (HM016899) 482 (96.82) 95.1

51 3 (0) Ascomycota Sordariomycetes Hypocreales Fusarium avenaceum (JX074742) 478 (100) 100

128 1 (0) Ascomycota Sordariomycetes Hypocreales Fusarium pseudograminearum
(JF739304)

468 (100) 100

66 2 (0) Ascomycota Sordariomycetes Hypocreales Hirsutella rhossiliensis (DQ345567) 501 (100) 100

16a 3 (0) Ascomycota Sordariomycetes Hypocreales Neonectria ditissima (JF735309) 447 (97.42) 83.2

33 2 (0) Ascomycota Sordariomycetes Hypocreales Neonectria radicicola (GU934547) 459 (100) 100

37 2 (0) Ascomycota Sordariomycetes Hypocreales Trichoderma pubescens (EU280121) 516 (100) 99.8

8 1 (0) Ascomycota Sordariomycetes Hypocreales Trichoderma viride (AF359255) 518 (100) 100

2a 4 (0) Ascomycota Sordariomycetes Magnaporthaceae Gaeumannomyces cylindrosporus
(JF508361)

509 (100) 99.8
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covariates. We also included latitude as an environmental
variable to account for regional changes in the relative
abundances of the three grass species [33].

We determined the effect of host community by examining
the relationship between the neighboring conspecific host
cover endophyte abundance and OTU richness. A positive
relationship could suggest that the neighboring conspecific
hosts serve as source of endophyte inocula. Cover was scaled
as the relative proportion of the percent covers of the three
grass species in a quadrat (i.e., the relative covers of all three
species in a quadrat summed to 1), and the conspecific cover
was the cover value for a given host species. We visualized
these results using the predicted values of a simplified gener-
alized linear mixed-model with binomial error with site and
transect as nested random effects and host species and conspe-
cific host cover as fixed effects.

We estimated endophyte OTU richness, the number of
different OTUs present in a sample, at the quadrat, site, and
regional levels. At the quadrat level, OTU richness was
calculated as the rarefied number of OTUs found within
conspecific plant hosts within a quadrat. Richness was rar-
efied according to the lowest sampling effort (i.e., number
of surface-sterilized tissue segments) of a host species
within a quadrat. We used this quadrat-level approach to
avoid pseudoreplication caused by sampling multiple indi-
viduals of the same plant species within a quadrat. At the
site-level, we calculated a rarefied OTU richness for each
dune location (front, crest, backdune) within sites and
pooled across all three host species. At the regional level,
we calculated richness using a similar rarefaction ap-
proach, but only estimated one value for each dune loca-
tion pooled across all sites.

Table 1 (continued)

OTU Total isolations
(leaf isolations)

Phylum Class Order Closest BLAST match (GenBank
accession no.)

Query length
(coverage)

Similarity %

103a 3 (0) Ascomycota Sordariomycetes Magnaporthaceae Gaeumannomyces graminis var tritici
(FJ771005)

484 (100) 100

165 1 (0) Ascomycota Sordariomycetes Microascales Corollospora maritima (JN943388) 533 (96.17) 81

147 1 (0) Ascomycota Sordariomycetes Microascales Microascus trigonosporus var trigon
(AM774156)

402 (82.29) 89.4

119a 4 (0) Ascomycota Sordariomycetes Microascales Pseudallescheria boydii (JN207435) 356 (67.49) 82

95 1 (0) Ascomycota Sordariomycetes Microascales Scedosporium apiospermum (JN872195) 250 (47.41) 90.1

62 1 (0) Ascomycota Sordariomycetes Phyllachorales Plectosphaerella cucumerina (JQ796755) 469 (100) 100

115 1 (0) Ascomycota Sordariomycetes Sordariales Cercophora coprophila (AY999136) 466 (96.82) 92.4

30 2 (0) Ascomycota Sordariomycetes Sordariales Chaetomium funicola (FN394680) 495 (100) 100

24 1 (1) Ascomycota Sordariomycetes Sordariales Kylindria ellisii (EF029190) 360 (74.27) 81.3

143 4 (0) Ascomycota Sordariomycetes Sordariales Podospora glutinans (AY615208) 496 (100) 98.8

6a 3 (0) Ascomycota Sordariomycetes Sordariales Podospora minicauda (GQ922539) 473 (100) 97.7

159 1 (1) Ascomycota Sordariomycetes Sordariales Podospora pleiospora (AY515364) 481 (100) 100

160 2 (2) Ascomycota Sordariomycetes Trichosphaeriales Nigrospora oryzae (JN211105) 479 (100) 97.9

162 1 (0) Ascomycota Sordariomycetes uncertain Arthrinium phaeospermum (AJ279447) 526 (100) 99.2

156 1 (0) Ascomycota Sordariomycetes uncertain Myrmecridium schulzeri (EU041772) 481 (99.17) 96.9

1a 66 (1) Ascomycota Sordariomycetes Xylariales Microdochium bolleyi (GU934539) 469 (100) 100

153 2 (0) Ascomycota Sordariomycetes Xylariales Microdochium nivale (AM502260) 468 (100) 100

79a 5 (1) Ascomycota Sordariomycetes Xylariales Microdochium phragmitis (AM502263) 462 (100) 99.6

144 1 (1) Ascomycota Sordariomycetes Xylariales Rosellinia pepo (AB017659) 480 (97.88) 80.4

102 2 (0) Ascomycota uncertain uncertain Chalara piceaeabietis (FR667230) 467 (100) 91.3

9a 19 (1) Ascomycota uncertain uncertain Dokmaia monthadangii (JN559405) 448 (100) 99.1

5a 18 (0) Ascomycota uncertain uncertain Xenochalara juniperi (DQ132827) 481 (100) 92.1

104 6 (0) Basidiomycota Agaricomycetes Agaricales Marasmius tricolor (JN943601) 618 (100) 98.5

150 2 (0) Basidiomycota Agaricomycetes Agaricales Panaeolus acuminatus (JF908518) 569 (100) 99.8

163 1 (0) Basidiomycota Agaricomycetes Agaricales Tetrapyrgos subdendrophora (EF175521) 650 (100) 99.4

152 1 (0) Basidiomycota Agaricomycetes Cantharellales Tulasnella calospora (AB369940) 552 (100) 98.9

39 2 (0) Basidiomycota Tremellomycetes Tremellales Exidia uvapsassa (DQ241776) 505 (100) 87.4

167 1 (0) Zygomycota uncertain Mortierellales Mortierella globulifera (JN943800) 584 (99.83) 99.7

Columns show the OTU name assigned in this study, the total number of times the OTU was isolated and the number of times it was isolated in leaves,
the taxonomy based on the closest BLAST match, query length with coverage, and percent similarity of the query to the BLAST match
a Those OTUs used in the growth assay
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We used the lme4 package [48] in R to construct mixed-
effects models to analyze the effects of environment and host
species on isolation frequency and OTU richness. Transect
was nested within site as random effects, and latitude, %N,
organic matter, pH, conspecific host cover, dune location, host
species, and the interactions conspecific host cover × host
species and dune location × host species were fixed effects.
All continuous predictor variables were scaled to a mean of 0
and standard deviation of 1 to allow for comparison of esti-
mates [49]. Differences in the categorical variables dune loca-
tion and host species were tested using independent contrasts.
Dune location was analyzed first using a linear contrast that
tested differences in the response variable between the front
and back locations, and second with a quadratic contrast that
tested whether the response variable for the crest location was
higher or lower than expected along the linear transect. Host
species was analyzed with the first contrast comparing E.
mollis to both the Ammophila species, and the second contrast
comparing A. arenaria to A. breviligulata.

For quadrat-level analyses, we used generalized mixed-
effect models with binomial error structure to analyze endo-
phyte abundance and a linear mixed-effect models to analyze
rarefied OTU richness. Endophyte abundance in roots was
quantified as the isolation frequency (i.e., proportion of steril-
ized tissue segments with an emergent fungus). Because we
recovered endophytes from a low proportion of leaves, we
analyzed endophyte abundance per leaf as the presence/
absence of any endophytes in a leaf. For the richness analyses,
only those plants with at least one OTU were used in the
analysis to avoid effects of plants for which no endophytes
were recovered and data were natural-log transformed to meet
model assumptions. We used a model-averaging approach
with the MuMIn package [50] in R to identify the important
factors in each model. This approach first identified the best
models within four AIC units, then averaged the coefficients
in these models [49]. The importance value is a weighted
average of the best models in which a term appears. For the
site-level analyses, we used linear mixed-effects models to test
how dune location and soil properties affected rarefied site-
level richness. We used the model-averaging approach previ-
ously described and considered the effects of latitude, N, or-
ganic matter, pH, and dune location on rarefied species rich-
ness using site as a random effect.

To analyze sources of variation in endophyte community
composition in leaves and roots, we used the adonis() function
in the vegan package [51] to perform permutational multivar-
iate analysis of variance (perMANOVA). We conducted a pre-
liminary analysis to verify that endophyte community compo-
sition differed between leaves and roots (F1,115=7.48, p<
0.001) and, therefore, analyzed the two communities separate-
ly. We modeled endophyte community composition at the
quadrat level (for quadrats in which at least one OTU was
found) as a function of site, transect within a site, latitude,

%nitrogen, organic matter, and pH dune location, host species,
and dune location × host species. We then reduced models by
sequentially eliminating non-significant terms.

Regional Spatial Structure

To assess distance-decay relationships in leaf and root endo-
phyte community composition at the regional level, we per-
formed multiple regression on distance matrices (MRM).
Bray-Curtis community similarity matrices were calculated
based on an average of 100 rarefactions of endophyte com-
munities pooled across all individuals in each quadrat.
Similarity matrices were regressed against a Euclidian dis-
tance matrix of physical distances among quadrats using the
ecodist package [52]. We included the distance matrices for
differences in %nitrogen, organic matter, and pH to control for
effects of soil properties. We analyzed distance-decay for both
above- and belowground community composition in two
ways: first using a global analysis that included all quadrats,
and second using separate analyses to analyze distance-decay
patterns for each of the three dune locations. To visualize the
error associated with isolation by distance estimates, we used
a jackknife approach to calculate a standard error.

To analyze compositional turnover in endophyte commu-
nities across spatial scales, we compared the regional-level
rarefied OTU richness to quadrat- and site-level richness.
We also calculated a multivariate measure of turnover as the
dispersion of quadrat-level community composition of each
host species in multivariate space (i.e., average distance of
points from the group centroid) and tested for differences
across groups using the betadisper() function in the vegan
package [51]. High compositional turnover is consistent with,
but not proof of, dispersal-limitation.

Growth and Sporulation

We determined if endophytes found in leaves and roots dif-
fered in the rate of colony growth or sporulation by asking
whether differences in these life-history traits predicted the
tissue from which an OTU was isolated. For growth assays,
we calculated the average growth rate for each individual cul-
ture plate as the slope of the linear regression of diameter
colony growth against the number of days of growth
(mean R2for all regressions =0.98, minimum R2=0.88). We
calculated a mean growth rate to characterize each OTU as an
average of six slopes (three isolates per OTU × two replicate
plates per isolate). Because the assay ended when the first
isolates neared the edge of their Petri dishes, growth curves
were linear and did not asymptote. We calculated spore pro-
duction as the total spores estimated per culture divided by the
final diameter length of the colony. This metric represented
the number of spores produced per unit diameter of the colony.
Analysis of total (unscaled) spore production yielded similar
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results to those obtained using the spore production scaled by
diameter. We used a GLMwith quasibinomial error to account
for overdispersion to analyze the effects of growth rate and
spore production on the probability that a given OTU was
found in a leaf. We tested the model for significance using
an analysis of variance with type II sum of squares using the
car package [53]. To assess model fit, we regressed the ob-
served means as a function of the predicted means.

Results

We isolated a total of 607 fungal cultures out of 5538 surface
sterilized plant tissues, 134 of which were isolated from leaves
and 473 from roots. From these, we successfully extracted
DNA, amplified, sequenced, and clustered 363 isolates into
76 OTUs at the 97 % level of sequence identity, 27 of which
were found in leaves, 60 in roots, and 11 in both leaves and
roots (Table 1). OTUs primarily belonged to the phylum
Ascomycota (70 OTUs), but we also found members of the
Basidiomycota (5 OTUs) and the Zygomycota (1 OTU). The
most common classes included the Dothidiomycetes,
Eurotiomycetes, Leotiomycetes, and Sordariomycetes.
Several of the OTUs belonged to genera previously character-
ized as dark septate endophytes such as Botryosphaeria,
Cadophora (Phialophora), Exophiala, Leptodontidium,

Leptosphaeria, Microascus, Microdochium, Periconia,
Pleospora, and Xylaria [54–56]. OTUs related to the genus
Lewia were the most commonly isolated from leaves, and
OTUs related to the genusMicrodochiumwere most common-
ly isolated from roots (Table 1).

The OTUs associated with leaf communities were typically
shared across hosts and locations (Fig. 1a). In total, E. mollis
harbored 10 of 11 OTUs found more than once in leaves (non-
singletons), while the Ammophila hosts tended to harbor
somewhat smaller subsets of all non-singleton leaf endophytes
(8/11 for A. arenaria, 6/11 for A. breviligulata; Fig. 1c). The
OTUs associated with roots were more specific to dune loca-
tions than were those associated with leaves, as evidenced by
the high number of OTUs found in only one dune location
(Fig. 1b). Root endophyte OTUs exhibited a range of host
species associations (Fig. 1d).

Evidence for Filtering

We first evaluated the effects of filtering on endophyte abun-
dance in leaf and root tissues. Model averaging revealed that
the abundance of endophytes in leaves was primarily influ-
enced by host species (Table 2). The proportion of leaves from
which we obtained at least one endophyte was higher for the
native E. mollis than either of the Ammophila species (Table 2,
Fig. 2). Isolation frequency in roots generally increased from

Fig. 1 Triangle plots showing
endophyte OTUs shared across
dune locations (a–b) and host
species (c–d). Leaf endophytes
are shown in (a) and (c), and root
endophytes are shown in (b) and
(d). Points are shaded based on
the number of OTUs they
represent. Inset bar graphs show
the total number of OTUs shared
across 1, 2, or 3 locations or host
species. For host species, E.m.
Elymus mollis, A.a. Ammophila
arenaria, A.b. A. breviligulata

Aboveground and Belowground Symbiont Community Structure
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the front to the back of the dune, though isolation frequency
in E. mollis was lower in the crest relative to the front and
backdunes (Table 1, Fig 2). Isolation frequency in roots was
significantly negatively associated with organic matter and
soil pH (Table 2). We found that conspecific host cover was
positively associated with the proportion of hosts from which
at least one leaf endophyte was isolated, and this effect did not
differ across host species (Table 2, Fig. 3).

OTU richness at the quadrat-level increased with soil pH in
both leaves and roots, but there were no significant effects of
dune location or host species (Table 2, Fig. 4). At the site-
level, we found no influences of any predictor variables on
OTU richness of leaves, but higher pH did have a negative
effect on OTU richness in roots (Table 3, Fig. 4).

Our perMANOVA analyses revealed that endophyte com-
munity composition in leaves was significantly structured by
an interaction between dune location and host species (F4,26=
1.50, R2=0.110, p=0.040), and all other environmental covar-
iates were dropped from the model (Fig. 5a). In contrast, endo-
phyte community composition in roots was significantly struc-
tured by dune location (F2,52=1.53, R

2=0.041, p=0.003) and
marginally affected by soil pH (F1,52=1.53, R

2=0.021, p=
0.058) (Fig. 5b). For community composition in both leaves
(F4,26=1.95, R

2=0.143, p=0.004) and roots (F4,52=2.32, R
2=

0.122, p<0.001), we found a strong effect of site (Fig. 5c, d).

Evidence for Regional Spatial Structure

We found that root endophyte communities were struc-
tured at the local spatial scale whereas the leaf commu-
nities showed evidence of regional spatial structure.
Endophyte communities in leaves exhibited a significant
distance-decay relationship, as quadrats closer to one an-
other tended to harbor more similar endophyte commu-
nities (Table 4, Fig. 6). When separately tested for each
dune location, we found that this pattern held for front
dunes, but not for the crest or backdune locations (Table
4). In contrast, we did not find evidence of a distance-
decay relationship in root communities across all quad-
rats or within quadrats (Table 4).

We found higher compositional turnover in endophyte com-
munities of roots than those of leaves. Regional OTU richness
in leaves increased from the front to the crest, but plateaued
from the crest to the back (solid line in Fig. 4a), while richness
in roots increased from the front to the back (solid line in
Fig. 4b). This result, in conjunction with the previously stated
result that OTU richness at the quadrat- and site-levels did not
change with dune location (dashed and dotted lines in Fig. 4),
suggests that turnover across sites accounts for the increases in
OTU richness from the front to the back of dunes, particularly
for communities in roots. Indeed, dispersion (multivariate mea-
sure of compositional turnover) was higher in root than leaf
communities (permuted F1,173=4.893, p=0.021). For

Fig. 3 Proportion of hosts with at least one leaf endophyte increases with
proportional cover of the conspecific host species. Trend lines show
predicted values from generalized mixed-effects model with binomial
error. Y-axis represents the proportion of hosts in a quadrat with at least
one leaf endophyte. No significant interactions were found between host
species and conspecific cover

Fig. 2 Endophyte abundance in
a leaves and b roots. In leaves,
abundance is quantified as the
proportion of individuals in a
quadrat in which at least one
endophyte was found. For roots,
abundance is quantified as the
isolation frequency (emergent
fungi divided by total sterilized
tissue segments) of endophytes in
a quadrat. Means±1 S.E.M. are
shown

Aboveground and Belowground Symbiont Community Structure



endophyte communities in leaves, there were no differences in
dispersion among dune locations pooled across host species
(permuted F8,53=1.300, p=0.257) or within-host species (p>
0.05 for all three host species). Similarly, endophyte communi-
ties in roots showed no differences in dispersion among dune
locations (permuted F8,104=1.441, p=0.190), although there
was a significant increase in dispersion for communities in A.
breviligulata from the front to the back of the dune (permuted
F2,35=3.276, p=0.044).

Growth and Sporulation

The mean hyphal growth rates and spore production of iso-
lates representing OTUs varied greatly (Online Resource 2).
Contrary to our expectations, we found that OTUs with faster
growth rates were more likely to be isolated from leaves (df=
1, χ2=10.7, p=0.001), while OTUs with greater spore pro-
duction were less likely to be found in leaves (df=1, χ2=31.7,
p<0.001; Fig. 7). When we regressed the observed against the
expected results, we found the model slightly underestimated
the probability that an OTU was found in a leaf (slope=0.89;
adjusted R2=0.41). Interestingly, OTU1 (Microdochium

bolleyi), the most common endophyte (34 % of all sequenced
isolates) and typically found in roots, exhibited the fastest
growth rate among OTUs predominantly found in roots and
was among the highest spore producers (Online Resource 2).

Discussion

In this study, we investigated the structure of above- and be-
lowground fungal endophyte communities in beachgrasses
along the USA Pacific Northwest Coast. We report three key
findings. First, host species provided the strongest filter for
leaf endophyte communities, whereas the abiotic environment
provided the strongest filter for root endophyte communities.
Isolation frequency and OTU richness was greatest for endo-
phytes from E. mollis leaves than for leaves of A. arenaria or
A. breviligulata, the leaves of which contained subsets of the
OTUs found in E. mollis. Endophyte isolation frequency in
leaves was greater for hosts neighbored by high abundances of
conspecific hosts. These results suggest that leaf endophytes
have a degree of host association specificity, and thus, their
distribution could be limited by the abundance of neighboring

Table 3 Factors influencing site-
level endophyte richness in leaves
and roots based on model
averaging

Term Level Site OTU richness in leaves Site OTU richness in roots

Impt. Est. (S.E.) Impt. Est. (S.E.)

(Intercept) 2.48 (0.27)*** 4.85 (0.41)***

Latitude 0.10 0.18 (0.28) 0.12 −0.38 (0.44)
%Nitrogen 0.10 0.14 (0.21) 0.00

Organic matter 0.08 0.06 (0.21) 0.00

pH 0.18 −0.26 (0.20) 1.00 −1.82 (0.38)***
Dune location Linear 0.00 0.00

Quadratic

# models within δ=4 4 2

Sampled plants were pooled by dune location in each site and analyzed using a linear mixed-effects model. See
Table 2 for details on model averaging

Fig. 4 Endophyte OTU richness across a leaves and b roots. Quadrat,
site, and regional rarefied richness are shown on each figure panel. Note
that these three richness metrics were rarefied to different levels, so
richness is not directly comparable among the three levels. No

significant differences in quadrat or site richness were found among
dune locations (mean±1 S.E.M. is shown). Regionally, richness
increased from the front to the back of dunes

A. S. David et al.



hosts as sources of inocula. In contrast, endophyte abundance,
richness, and community composition in roots dependedmore
highly on abiotic environment (dune location and pH) than did
leaf endophyte communities. Second, evidence for regional
spatial structure differed for endophytes in leaves and roots.
Community similarity decreased with geographic distance in
leaf but not in root endophyte communities, and endophyte
turnover in roots had greater turnover across sites than those in
leaves. These results suggest that leaf endophyte species are
dispersing more widely than are species of the root endophyte
communities, which are more locally structured. Third, al-
though we expected that endophytes most often found in
leaves should produce more spores and grow more slowly
than those found in roots, we instead found the reverse, a
result that could suggest different modes of dispersal between
above- and belowground endophytes. Taken together, leaf en-
dophyte communities were more strongly structured by host
species and geographic distance, and root communities were
more strongly structured by filters of the local environment.

Environmental Versus Host Filtering

Our findings contribute to our general understanding of the
effects of filtering on microbial symbiont communities.
Filtering by the environment and host species both play im-
portant roles in the assembly of symbiont communities in

many systems [e.g., 1, 12, 57]. Our results suggest that the
relative importance of the environment and host species for
structuring endophyte communities depends on the plant tis-
sue. The soil environment, particularly soil pH, provided a
strong filter for endophyte communities in roots, a result that
is similar to those of other recent studies demonstrating strong
environmental filters and patchy, local distributions of root-
associated fungi [12, 58, 59]. Organic matter was also a pre-
dictor of isolation frequency in roots, but surprisingly, the two
were negatively associated. Organic matter generally in-
creases with dune succession, particularly in northern dunes
dominated by A. breviligulata [36] and is a potential re-
source for species of facultative endophytes that also live
saprobically in the soil [60]. Yet, previous work with the
root endophyte Phialocephala fortinii showed no change
in root colonization when organic matter was added to the
soil [61]. The utilization of organic matter therefore may
not necessarily lead to increased root colonization by en-
dophytes. In contrast to the endophyte communities in
roots, our results showed that those in leaves demonstrated
weak effects of environmental filtering, and this could be
attributable to colonization by airborne inocula. However,
we did find that increasing soil pH decreased OTU rich-
ness in leaves at the quadrat level, suggesting an indirect
effect of the soil environment in shaping these
communities.

Fig. 5 Community analyses for
quadrat-level endophyte
communities. a, b Principle
coordinates analyses for leaves
and roots, respectively, alongwith
significant environmental vectors.
Leaf endophyte communities
showed a significant interaction
between dune location and host
species, while root endophyte
communities were structured by
dune location and pH. Means±
1 SEM >of axes 1 and 2 are
shown. c, d Site means from the
same principle coordinates
analyses. Sites are shaded
according to latitude, with lighter
red signifying southern sites and
darker red signifying northern
sites. PC Pacific City, SL Sand
Lake, SS Seaside, FS Fort
Stevens, GH Grays Harbor.
Means±1 S.E.M. are shown

Aboveground and Belowground Symbiont Community Structure



Implications for Symbiont Dispersal-Limitation

While the classic Baas-Becking hypothesis [22] has been
rejected by several studies showing evidence for dispersal-
limitation in microbial communities [e.g., 20, 21, 62], the extent
to which plant-associated symbionts are dispersal-limited re-
mains unclear. The results of our study show that above- and
belowground symbionts display different regional spatial struc-
ture. Aboveground symbiont propagules are likely aerially dis-
persed over relatively longer distances, resulting in the observa-
tion that more similar communities are found in closer physical
locations (i.e., distance-decay relationship). Similar patterns of
spatial structuring according to geographic distance have also
been found among horizontally transmitted leaf endophytes of
tropical grasses [62] and temperate forests [15]. In contrast, be-
lowground symbiont taxa are likely highly limited in their dis-
persal among sites and experience strong effects of environmen-
tal filtering, resulting in the observation of high turnover in be-
lowground communities among sites and the absence of a
distance-decay relationship. However, we caution that our re-
sults, like those of other studies that have sought to identify
dispersal-limitation based on spatial structure, could still have
been driven by some unmeasured environmental variable not
accounted for in ourmodel. For instance, it is plausible that slight
differences in precipitation or temperature along our latitudinal
gradient could have accounted for the effect of geographic dis-
tance we found in the aboveground endophytes.

Conspecific host species may serve as sources of inoculum
for dispersal of endophytes. We found that the probability of
endophyte isolation in leaves increased with conspecific host
abundance, suggesting that these neighboring hosts supply
propagules of endophytes to new, conspecific hosts. Similar
effects have been observed in pathogen systems, in which the
transmission rate is dependent on the local abundance of com-
patible hosts [63, 64]. This result may be caused by specific
endophyte × host species interactions in leaves, or by the
presence of favorable microclimate conditions (e.g., wind
flow [65]) for endophytes in leaves of a particular host species.

Table 4 Results from multiple regression on distance matrices (MRM)
analyses for endophyte community composition in leaves and roots as a
function of soil properties and geographic distance

Leaves Roots

Term Slope p Slope p

Across dune locations

(Intercept) 0.363 0.003 0.146 0.131

N −0.032 0.237 −0.020 0.378

Organic matter 0.022 0.535 0.004 0.879

pH 0.000 0.976 −0.007 0.649

Distance −0.051 0.001 −0.007 0.270

Regression R2=0.064 0.005 R2=0.016 0.538

Within dune locations

Front

(Intercept) 1.025 0.003 0.007 0.978

N 0.003 0.978 −0.085 0.161

Organic matter 0.034 0.581 0.065 0.154

pH −0.052 0.424 0.087 0.106

Distance −0.181 0.003 0.023 0.454

Regression R2=0.291 0.008 R2=0.131 0.151

Crest

(Intercept) 0.088 0.561 −0.014 0.892

N 0.019 0.603 −0.046 0.016

Organic matter −0.075 0.059 0.035 0.061

pH 0.030 0.48 0.003 0.879

Distance 0.011 0.747 0.022 0.134

Regression R2=0.064 0.391 R2=0.111 0.075

Back

(Intercept) 0.172 0.332 0.103 0.396

N −0.016 0.797 −0.030 0.289

Organic matter 0.032 0.557 0.022 0.543

pH 0.078 0.111 0.021 0.424

Distance −0.042 0.298 −0.009 0.664

Regression R2=0.121 0.466 R2=0.042 0.614

Analyses were conducted across all dune locations and within dune
locations

Fig. 6 Regional Bray-Curtis
community similarity as a
function of distance in a leaves
and b roots. Points represent
pairwise similarities between
quadrats (across all hosts within
the quadrat). Line shows
significant effect of distance
(log10 scale) in endophyte
communities of leaves, and
dashed lines show standard error
around the slope estimate using a
jackknife approach
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In contrast, belowground symbionts, whose communities
were less influenced by the host species, were subsequently
not affected by conspecific neighboring host abundance.

Finally, our results suggest that the mode of dispersal may
account for differences in the spatial structure of above- and
belowground endophyte communities. Growth rates and
spore production reasonably predicted the tissue from which
an OTU was isolated, but surprisingly, fast growth and low
spore production were associated with leaf infection, not root
infection. Although the endophyte OTUs we identified here
clearly exhibit a wide range of growth and sporulation rates,
we speculate that growth and sporulation may have different
roles in above- and belowground plant symbionts. For in-
stance, the faster colony growth rates of leaf symbionts may
correlate with competitive ability. In dune systems, wind-
blown sand causes abrasions on leaves [66] as the host plants
capture sand [65]. It is plausible that sand could deliver hy-
phae directly to the leaf, and the hyphae subsequently enter the
leaf through these abrasions. Within plants, faster growth may
be more beneficial in leaves than in roots, especially if leaves
are relatively short-lived compared to roots. In contrast, endo-
phyte species belowground might rely on spores to colonize
new hosts, particularly if they are poor competitors in the soil
against saprobic fungi or if their hyphal networks are frequent-
ly disturbed. Spores may also be important survival structures
for symbiont species in belowground communities [67].

Endophyte Diversity in Dune Plants

Dune systems provide an environmentally stressful habitat of
strong winds, salt spray, and low nutrient levels for both plants
and fungi [36, 37] and, therefore, represent an opportunity to
add to our understanding of fungal diversity in these habitats.

In one such study, Rodriguez et al. [68] found that an endo-
phyte, Fusarium culmorum, conferred tolerance to salt stress
in E. mollis. Though F. culmorum was isolated from E. mollis
individuals growing north of our field sites on islands in the
Puget Sound, WA, USA, we did not detect this endophyte in
any of our samples. It is also worth noting that we found no
instances of Epichloë spp., a genus that grows systemically in
grasses and may confer resistance to herbivores or drought
[17]. Research in the Great Lakes region of the USA found
that Epichloë infects some populations of A. breviligulata and
is present in commercial varieties used in plantings [69]. We
suspect that A. breviligulata was either introduced from a dif-
ferent, non-infected commercial variety, or has since lost its
association withEpichloë.We did find a high abundance ofM.
bolleyi (OTU1) in all three grass hosts. Microdochium has
previously been reported to colonize A. arenaria [70] and is
a common root endophyte of grasses [71]. The effects of
Microdochium on its host may be positive or negative depend-
ing on the genotypes of the fungus and the plant [71]. It is
possible that M. bolleyi is an opportunistic colonizer in
beachgrass, as it exhibited both relatively fast hyphal growth
and high spore production.

Conclusions

Our study shows the varying degrees of filtering and regional
spatial structure and differences in symbiont growth of above-
and belowground symbiont communities. We found that com-
munities of aboveground endophytes were structured accord-
ing to host species and geographic distance, while communi-
ties belowground were structured by environmental filtering.
As we attempt to understand the drivers of the microbial

Fig. 7 Probability that a given OTU is isolated from a leaf as a function
of a growth rate and b spore production. Each data point represents an
individual OTU. Higher probabilities suggest OTUs are more commonly
found in leaves, while lower probabilities suggest OTUs are more
commonly found in roots. a Growth rate for each culture was
calculated as the slope of the diameter as a function of the number of

days cultures were growing, and the OTU growth rate was calculated as
an average of these slopes. b Total spore production per plate was scaled
by the diameter of the culture when the spores were sampled and
averaged for each OTU on a log10 scale. Y-axis values were jittered to
more easily visualize overlapping data points. c A histogram of the
probabilities in (a) and (b)
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symbiont communities associated with plants and animals, it
is important to consider how the host tissue exposes symbiont
species to different environmental or host-specific filters and
could favor species with particular dispersal processes.

Acknowledgments We thank D. Asson, S. Gerrity, Y. Kim, P. Lenz,
and A. Pradeep for field and laboratory assistance and S. Hacker and J.
Spatafora for providing laboratory resources and advice at Oregon State
University. We also thank P. Kennedy, L. Kinkel, and D. Tilman for their
feedback on thismanuscript.We thank the U.S. Fish andWildlife Service,
Oregon Parks and Recreation Department, and Washington State Parks
and Recreation Commission for granting us permits to conduct this re-
search. This work was funded by the United States Environmental Pro-
tection Agency (EPA/NCER R833836) to EWS, NSF Dimensions of
Biodiversity (1045608) to GM, National Science Foundation Integrative
Graduate Education and Research Traineeship (NSF-IGERT) Introduced
Species and Genotypes program (DGE-0653827), NSF Graduate Re-
search Fellowship program (NSF 00039202), and University of Minne-
sota Rothman Fellowship to ASD.

References

1. Borer ET, Kinkel LL, May G, Seabloom EW (2013) The world
within: quantifying the determinants and outcomes of a host’s
microbiome. Basic Appl Ecol 14:533–539. doi:10.1016/j.baae.
2013.08.009

2. May G, Nelson P (2014) Defensive mutualisms: do microbial in-
teractions within hosts drive the evolution of defensive traits? Funct
Ecol 28:356–363. doi:10.1111/1365-2435.12166

3. Fierer N, Ferrenberg S, Flores GE et al (2012) From animalcules to
an ecosystem: application of ecological concepts to the human
microbiome. Annu Rev Ecol Evol Syst 43:137–155. doi:10.1146/
annurev-ecolsys-110411-160307

4. Saunders M, Glenn AE, Kohn LM (2010) Exploring the evolution-
ary ecology of fungal endophytes in agricultural systems: using
functional traits to reveal mechanisms in community processes.
Evol Appl 3:525–537. doi:10.1111/j.1752-4571.2010.00141.x

5. Vellend M (2010) Conceptual synthesis in community ecology. Q
Rev Biol 85:183–206. doi:10.1086/652373

6. Seabloom EW, Borer ET, Gross K, et al (2015) The community
ecology of pathogens: coinfection, coexistence and community
composition. Ecol Lett 18:401–415. doi:10.1111/ele.12418

7. Dini-Andreote F, Stegen JC, van Elsas JD, Salles JF (2015)
Disentangling mechanisms that mediate the balance between sto-
chastic and deterministic processes in microbial succession. Proc
Natl Acad Sci 112:E1326–E1332. doi:10.1073/pnas.1414261112

8. Arnold AE (2007) Understanding the diversity of foliar endophytic
fungi: progress, challenges, and frontiers. Fungal Biol Rev 21:51–
66. doi:10.1016/j.fbr.2007.05.003

9. Rodriguez RJ, White JF, Arnold AE, Redman RS (2009) Fungal
endophytes: diversity and functional roles. New Phytol 182:314–
330. doi:10.1111/j.1469-8137.2009.02773.x

10. Peay KG, Kennedy PG, Davies SJ, et al (2010) Potential link be-
tween plant and fungal distributions in a dipterocarp rainforest:
community and phylogenetic structure of tropical ectomycorrhizal
fungi across a plant and soil ecotone. New Phytol 185:529–542.
doi:10.1111/j.1469-8137.2009.03075.x

11. Parrent JL, Morris WF, Vilgalys R (2006) CO2-enrichment and
nutrient availability alter ectomycorrhizal fungal communities.
Ecology 87:2278–2287

12. Blaalid R, Davey ML, Kauserud H et al (2014) Arctic root-
associated fungal community composition reflects environmental
filtering. Mol Ecol 23:649–659. doi:10.1111/mec.12622

13. Tedersoo L, Bahram M, Toots M et al (2012) Towards global pat-
terns in the diversity and community structure of ectomycorrhizal
fungi. Mol Ecol 21:4160–4170. doi:10.1111/j.1365-294X.2012.
05602.x

14. Powell AJ, Parchert KJ, Bustamante JM et al (2012) Thermophilic
fungi in an aridland ecosystem. Mycologia 104:813–825. doi:10.
3852/11-298

15. U’Ren JM, Lutzoni F, Miadlikowska J et al (2012) Host and geo-
graphic structure of endophytic and endolichenic fungi at a conti-
nental scale. Am J Bot 99:898–914. doi:10.3732/ajb.1100459

16. Bruns TD, Bidartondo MI, Taylor DL (2002) Host specificity in
ectomycorrhizal communities: what do the exceptions tell us?
Integr Comp Biol 42:352–359. doi:10.1093/icb/42.2.352

17. Schardl CL, Leuchtmann A, Spiering MJ (2004) Symbioses of
grasses with seedborne fungal endophytes. Annu Rev Plant Biol
55:315–340. doi:10.1146/annurev.arplant.55.031903.141735

18. Terborgh J, Alvarez-Loayza P, Dexter K et al (2011) Decomposing
dispersal limitation: limits on fecundity or seed distribution? J Ecol
99:935–944. doi:10.1111/j.1365-2745.2011.01836.x

19. Ettema CH, Wardle DA (2002) Spatial soil ecology. Trends Ecol
Evol 17:177–183. doi:10.1016/S0169-5347(02)02496-5

20. Peay KG, Bruns TD, Kennedy PG et al (2007) A strong species-
area relationship for eukaryotic soil microbes: island size matters
for ectomycorrhizal fungi. Ecol Lett 10:470–480. doi:10.1111/j.
1461-0248.2007.01035.x

21. Talbot JM, Bruns TD, Taylor JW et al (2014) Endemism and func-
tional convergence across the North American soil mycobiome. Proc
Natl Acad Sci U SA 111:6341–6346. doi:10.1073/pnas.1402584111

22. Baas-Becking L (1934) Geobiologie of inleiding tot de
milieukunde. W.P. Van Stockum & Zoon N.V., The Hague,
Netherlands

23. Hanson CA, Fuhrman JA, Horner-Devine MC, Martiny JBH
(2012) Beyond biogeographic patterns: processes shaping the mi-
crobial landscape. Nat Rev Microbiol 10:497–506. doi:10.1038/
nrmicro2795

24. Beck S, Powell JR, Drigo B et al (2015) The role of stochasticity
differs in the assembly of soil- and root-associated fungal communi-
ties. Soil Biol Biochem 80:18–25. doi:10.1016/j.soilbio.2014.09.010

25. Costello EK, Lauber CL, Hamady M et al (2009) Bacterial com-
munity variation in human body habitats across space and time.
Science 326:1694–1697. doi:10.1126/science.1177486

26. Petrini O (1991) Fungal endophytes of tree leaves. In: Andrews JH,
Hirano S (eds)Microb ecol. leaves. Springer, NewYork, pp 179–197

27. Coince A, Cordier T, Lengellé J et al (2014) Leaf and root-
associated fungal assemblages do not follow similar elevational
diversity patterns. PLoS One 9, e100668. doi:10.1371/journal.
pone.0100668

28. Ridaura VK, Faith JJ, Rey FE et al (2013) Gut microbiota from
twins discordant for obesity modulate metabolism in mice. Science
341:1241214. doi:10.1126/science.1241214

29. Newsham KK (2011) A meta-analysis of plant responses to dark
septate root endophytes. New Phytol 190:783–793. doi:10.1111/j.
1469-8137.2010.03611.x

30. Kivlin SN, Winston GC, Goulden ML, Treseder KK (2014)
Environmental filtering affects soil fungal community composition
more than dispersal limitation at regional scales. Fungal Ecol 12:
14–25. doi:10.1016/j.funeco.2014.04.004

31. Gilbert GS, Reynolds DR (2005) Nocturnal fungi: airborne spores
in the canopy and understory of a tropical rain forest. Biotropica 37:
462–464. doi:10.1111/j.1744-7429.2005.00061.x

32. Kivlin SN, Hawkes CV, Treseder KK (2011) Global diversity and
distribution of arbuscular mycorrhizal fungi. Soil Biol Biochem 43:
2294–2303. doi:10.1016/j.soilbio.2011.07.012

A. S. David et al.

http://dx.doi.org/10.1016/j.baae.2013.08.009
http://dx.doi.org/10.1016/j.baae.2013.08.009
http://dx.doi.org/10.1111/1365-2435.12166
http://dx.doi.org/10.1146/annurev-ecolsys-110411-160307
http://dx.doi.org/10.1146/annurev-ecolsys-110411-160307
http://dx.doi.org/10.1111/j.1752-4571.2010.00141.x
http://dx.doi.org/10.1086/652373
http://dx.doi.org/10.1111/ele.12418
http://dx.doi.org/10.1073/pnas.1414261112
http://dx.doi.org/10.1016/j.fbr.2007.05.003
http://dx.doi.org/10.1111/j.1469-8137.2009.02773.x
http://dx.doi.org/10.1111/j.1469-8137.2009.03075.x
http://dx.doi.org/10.1111/mec.12622
http://dx.doi.org/10.1111/j.1365-294X.2012.05602.x
http://dx.doi.org/10.1111/j.1365-294X.2012.05602.x
http://dx.doi.org/10.3852/11-298
http://dx.doi.org/10.3852/11-298
http://dx.doi.org/10.3732/ajb.1100459
http://dx.doi.org/10.1093/icb/42.2.352
http://dx.doi.org/10.1146/annurev.arplant.55.031903.141735
http://dx.doi.org/10.1111/j.1365-2745.2011.01836.x
http://dx.doi.org/10.1016/S0169-5347(02)02496-5
http://dx.doi.org/10.1111/j.1461-0248.2007.01035.x
http://dx.doi.org/10.1111/j.1461-0248.2007.01035.x
http://dx.doi.org/10.1073/pnas.1402584111
http://dx.doi.org/10.1038/nrmicro2795
http://dx.doi.org/10.1038/nrmicro2795
http://dx.doi.org/10.1016/j.soilbio.2014.09.010
http://dx.doi.org/10.1126/science.1177486
http://dx.doi.org/10.1371/journal.pone.0100668
http://dx.doi.org/10.1371/journal.pone.0100668
http://dx.doi.org/10.1126/science.1241214
http://dx.doi.org/10.1111/j.1469-8137.2010.03611.x
http://dx.doi.org/10.1111/j.1469-8137.2010.03611.x
http://dx.doi.org/10.1016/j.funeco.2014.04.004
http://dx.doi.org/10.1111/j.1744-7429.2005.00061.x
http://dx.doi.org/10.1016/j.soilbio.2011.07.012


33. Hacker SD, Zarnetske P, Seabloom E et al (2012) Subtle differences
in two non-native congeneric beach grasses significantly affect their
colonization, spread, and impact. Oikos 121:138–148. doi:10.1111/
j.1600-0706.2011.18887.x

34. Zarnetske PL, Seabloom EW, Hacker SD (2010) Non-target effects
of invasive species management: beachgrass, birds, and bulldozers
in coastal dunes. Ecosphere 1:art13. doi:10.1890/ES10-00101.1

35. Seabloom EW, Ruggiero P, Hacker SD et al (2013) Invasive
grasses, climate change, and exposure to storm-wave overtopping
in coastal dune ecosystems. Glob Chang Biol 19:824–832. doi:10.
1111/gcb.12078

36. David AS, Zarnetske PL, Hacker SD et al (2015) Invasive conge-
ners differ in successional impacts across space and time. PLoSOne
10, e0117283. doi:10.1371/journal.pone.0117283

37. Cooper WS (1958) Coastal sand dunes. Geological Society of
America, Memoir 72, Boulder, Coliorado

38. Arnold AE, Henk DA, Eells RL et al (2007) Diversity and phylo-
genetic affinities of foliar fungal endophytes in loblolly pine in-
ferred by culturing and environmental PCR. Mycologia 99:185–
206

39. Gardes M, Bruns T (1993) ITS primers with enhanced specificity
for basidiomycetes-application to the identification of mycorrhizae
and rusts. Mol Ecol 2:113–118

40. Vilgalys R, Hester M (1990) Rapid genetic identification and map-
ping of enzymatically amplified ribosomal DNA from several
Cryptococcus species. J Bacteriol 172:4238–4246.

41. Kearse M, Moir R, Wilson A, et al (2012) Geneious. Bioinformatics
28:1647–1649. doi:10.1093/bioinformatics/bts199

42. Monacell JT, Carbone I (2014) Mobyle SNAP Workbench: a web-
based analysis portal for population genetics and evolutionary ge-
nomics. Bioinformatics 30:1–3. doi:10.1093/bioinformatics/btu055

43. Nilsson RH, Veldre V, Hartmann M et al (2010) An open source
software package for automated extraction of ITS1 and ITS2 from
fungal ITS sequences for use in high-throughput community assays
and molecular ecology. Fungal Ecol 3:284–287. doi:10.1016/j.
funeco.2010.05.002

44. Schloss PD, Westcott SL, Ryabin T et al (2009) Introducing
MOTHUR: open-source, platform-independent, community-
supported software for describing and comparing microbial com-
munities. Appl Environ Microbiol 75:7537–7541. doi:10.1128/
AEM.01541-09

45. Sun Y, Cai Y, Liu L et al (2009) ESPRIT: estimating species rich-
ness using large collections of 16 rRNA pyrosequences. Nucleic
Acids Res 37:1–13. doi:10.1093/nar/gkp285

46. R Development Core Team (2013) R: a language and environment
for statistical computing. R Foundation for Statistical Computing,
Vienna, Austria. URL http://www.R-project.org/. R Found. Stat.
Comput. Vienna, Austria

47. David AS, Seabloom EW, May G (2015) Fungal endophytes of
pacific northwest beachgrasses dataset. Data Repos Univ
Minnesota. doi:10.13020/D68G60

48. Bates D, Mächler M, Bolker B, Walker S (2015) Fitting linear
mixed-effects models using lme4. J Stat Softw 67:1–51

49. Burnham KP, Anderson DR (2002) Model selection and
multimodel inference. Technometrics. doi:10.1198/tech.2003.s146

50. Barton K (2014) MuMIn: multi-model inference. R package ver-
sion. 1.12.1. http://CRAN.R-project.org/package=MuMIn

51. Oksanen J, Blanchet FG, Kindt R et al (2013) Package Bvegan^. R
Packag ver 20–8:254

52. Goslee SC, Urban DL (2007) The ecodist package for dissimilarity-
based analysis of ecological data. J Stat Softw 22:1–19

53. Fox J, Weisberg S (2011) Nonlinear regression and nonlinear least
squares in R. Sage, Thousand Oaks

54. Jumpponen A, Trappe JM (1998) Dark septate endophytes: a re-
view of facultative biotrophic root-colonizing fungi. New Phytol
140:295–310. doi:10.1046/j.1469-8137.1998.00265.x

55. Mandyam K, Jumpponen A (2005) Seeking the elusive function of
the root-colonising dark septate endophytic fungi. Stud Mycol 53:
173–189. doi:10.3114/sim.53.1.173

56. Mandyam K, Loughin T, Jumpponen A (2010) Isolation and mor-
phological and metabolic characterization of common endophytes
in annually burned tallgrass prairie. Mycologia 102:813–821. doi:
10.3852/09-212

57. Yatsunenko T, Rey FE, Manary MJ et al (2012) Human gut
microbiome viewed across age and geography. Nature 486:222–
227. doi:10.1038/nature11053

58. Botnen S, VikU, Carlsen Tet al (2014) Low host specificity of root-
associated fungi at an Arctic site. Mol Ecol 23:975–985. doi:10.
1111/mec.12646

59. Tejesvi MV, Ruotsalainen AL, Markkola AM, Pirttilä AM (2010)
Root endophytes along a primary succession gradient in northern
Finland. Fungal Divers 41:125–134. doi:10.1007/s13225-009-
0016-6

60. Caldwell BA, Jumpponen A, Trappe JM (2000) Mycological
Society of America utilization of major detrital substrates by
dark-septate, root endophytes. Mycologia 92:230–232. doi:10.
2307/3761555

61. Jumpponen A, Mattson KG, Trappe JM (1998) Mycorrhizal
functioning of Phialocephala fortinii with Pinus contorta on
glacier forefront soil: interactions with soil nitrogen and or-
ganic matter. Mycorrhiza 7:261–265. doi :10.1007/
s005720050190

62. Higgins KL, Arnold AE, Coley PD, Kursar T (2014) Communities
of fungal endophytes in tropical forest grasses: highly diverse host-
and habitat generalists characterized by strong spatial structure.
Fungal Ecol 8:1–11. doi:10.1016/j.funeco.2013.12.005

63. Mitchell C, Tilman D, Groth J (2002) Effects of grassland plant
species diversity, abundance, and composition on foliar fungal dis-
ease. Ecology 83:1713–1726

64. Keesing F, Holt RD, Ostfeld RS (2006) Effects of species diversity
on disease risk. Ecol Lett 9:485–498. doi:10.1111/j.1461-0248.
2006.00885.x

65. Zarnetske PL, Hacker SD, Seabloom EW et al (2012) Biophysical
feedback mediates effects of invasive grasses on coastal dune
shape. Ecology 93:1439–1450

66. Ogura A, Yura H (2008) Effects of sandblasting and salt spray on
inland plants transplanted to coastal sand dunes. Ecol Res 23:107–
112. doi:10.1007/s11284-007-0347-2

67. Glassman SI, Peay KG, Talbot JM, et al (2015) A continental view
of pine-associated ectomycorrhizal fungal spore banks: a quiescent
functional guild with a strong biogeographic pattern. New Phytol
205:167–181. doi:10.1111/nph.13240

68. Rodriguez RJ, Henson J, Van Volkenburgh E et al (2008) Stress
tolerance in plants via habitat-adapted symbiosis. ISME J 2:404–
416. doi:10.1038/ismej.2007.106

69. Emery SM, Thompson D, Rudgers JA (2010) Variation in endo-
phyte symbiosis, herbivory and drought tolerance of Ammophila
breviligulata populations in the Great Lakes region. Am Midl Nat
163:186–196. doi:10.1674/0003-0031-163.1.186

70. Beckstead J, Parker I (2003) Invasiveness of Ammophila arenaria:
release from soil-borne pathogens? Ecology 84:2824–2831

71. Mandyam KG, Roe J, Jumpponen A (2013) Arabidopsis thaliana
model system reveals a continuum of responses to root endophyte
colonization. Fungal Biol 117:250–260. doi:10.1016/j.funbio.2013.
02.001

Aboveground and Belowground Symbiont Community Structure

http://dx.doi.org/10.1111/j.1600-0706.2011.18887.x
http://dx.doi.org/10.1111/j.1600-0706.2011.18887.x
http://dx.doi.org/10.1890/ES10-00101.1
http://dx.doi.org/10.1111/gcb.12078
http://dx.doi.org/10.1111/gcb.12078
http://dx.doi.org/10.1371/journal.pone.0117283
http://dx.doi.org/10.1093/bioinformatics/bts199
http://dx.doi.org/10.1093/bioinformatics/btu055
http://dx.doi.org/10.1016/j.funeco.2010.05.002
http://dx.doi.org/10.1016/j.funeco.2010.05.002
http://dx.doi.org/10.1128/AEM.01541-09
http://dx.doi.org/10.1128/AEM.01541-09
http://dx.doi.org/10.1093/nar/gkp285
http://www.r-project.org/
http://dx.doi.org/10.13020/D68G60
http://dx.doi.org/10.1198/tech.2003.s146
http://cran.r-project.org/package=MuMIn
http://dx.doi.org/10.1046/j.1469-8137.1998.00265.x
http://dx.doi.org/10.3114/sim.53.1.173
http://dx.doi.org/10.3852/09-212
http://dx.doi.org/10.1038/nature11053
http://dx.doi.org/10.1111/mec.12646
http://dx.doi.org/10.1111/mec.12646
http://dx.doi.org/10.1007/s13225-009-0016-6
http://dx.doi.org/10.1007/s13225-009-0016-6
http://dx.doi.org/10.2307/3761555
http://dx.doi.org/10.2307/3761555
http://dx.doi.org/10.1007/s005720050190
http://dx.doi.org/10.1007/s005720050190
http://dx.doi.org/10.1016/j.funeco.2013.12.005
http://dx.doi.org/10.1111/j.1461-0248.2006.00885.x
http://dx.doi.org/10.1111/j.1461-0248.2006.00885.x
http://dx.doi.org/10.1007/s11284-007-0347-2
http://dx.doi.org/10.1111/nph.13240
http://dx.doi.org/10.1038/ismej.2007.106
http://dx.doi.org/10.1674/0003-0031-163.1.186
http://dx.doi.org/10.1016/j.funbio.2013.02.001
http://dx.doi.org/10.1016/j.funbio.2013.02.001

	Plant...
	Abstract
	Introduction
	Methods
	System
	Sampling
	Endophyte Culturing and Identification
	Growth Assays
	Data Analysis
	Filtering
	Regional Spatial Structure
	Growth and Sporulation


	Results
	Evidence for Filtering
	Evidence for Regional Spatial Structure
	Growth and Sporulation

	Discussion
	Environmental Versus Host Filtering
	Implications for Symbiont Dispersal-Limitation
	Endophyte Diversity in Dune Plants

	Conclusions
	References


