
FEMS Microbiology Ecology, 93, 2017, fix036

doi: 10.1093/femsec/fix036
Advance Access Publication Date: 15 March 2017
Research Article

RESEARCH ARTICLE

Leaf endophytic fungus interacts with precipitation to
alter belowground microbial communities in primary
successional dunes
Lukas Bell-Dereske∗,†, Cristina Takacs-Vesbach, Stephanie N. Kivlin,
Sarah M. Emery and Jennifer A. Rudgers

Department of Biology, 1 University of New Mexico, Albuquerque, NM 87131, USA
∗Corresponding author: UNM Biology, MSC03-2020, 1 University of New Mexico, Albuquerque, NM 87131-0001, USA. Tel: +505-277-6185;
E-mail: ldereske@unm.edu
One sentence summary: Symbiotic fungi living inside of a grass species alters the response of soil fungi and bacteria to precipitation.
Editor: Ian C. Anderson
†Lukas Bell-Dereske, http://orcid.org/0000-0001-9951-2222

ABSTRACT

Understanding interactions between above- and belowground components of ecosystems is an important next step in
community ecology. These interactions may be fundamental to predicting ecological responses to global change because
indirect effects occurring through altered species interactions can outweigh or interact with the direct effects of
environmental drivers. In a multiyear field experiment (2010–2015), we tested how experimental addition of a mutualistic
leaf endophyte (Epichloë amarillans) associated with American beachgrass (Ammophila breviligulata) interacted with an
altered precipitation regime (±30%) to affect the belowground microbial community. Epichloë addition increased host root
biomass at the plot scale, but reduced the length of extraradical arbuscular mycorrhizal (AM) fungal hyphae in the soil.
Under ambient precipitation alone, the addition of Epichloë increased root biomass per aboveground tiller and reduced the
diversity of AM fungi in A. breviligulata roots. Furthermore, with Epichloë added, the diversity of root-associated bacteria
declined with higher soil moisture, whereas in its absence, bacterial diversity increased with higher soil moisture. Thus, the
aboveground fungal mutualist not only altered the abundance and composition of belowground microbial communities but
also affected how belowground communities responded to climate, suggesting that aboveground microbes have potential
for cascading influences on community dynamics and ecosystem processes that occur belowground.

Keywords: Epichloë amarillans; bacteria; Ammophila breviligulata; arbuscular mycorrhizal fungi; symbiosis; ecological
succession

INTRODUCTION

Studying the interactions between above- and belowground
components of ecosystems, including microbial assemblages, is
a critical frontier of community ecology (Van der Putten 2012;
Philippot et al. 2013). Understanding the direction and magni-
tude of above/belowground interactions may be fundamental to
predicting ecological responses to global change because species

interactions can create indirect effects that either exacerbate or
ameliorate the direct effects of a changing climate, making net
outcomes unpredictable (Tylianakis et al. 2008; Kivlin, Emery and
Rudgers 2013; Singer, Travis and Johst 2013).

Above/belowground interactions between foliar insects and
soil microbes are well known to have strong effects on
community and ecosystem processes (e.g. Kostenko et al. 2012;
Van der Putten 2012; A’Bear, Johnson and Jones 2014). However,
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a potentially important, yet little studied, dimension of inte-
grating above/belowground systems involves interactions be-
tween above/belowground microorganisms. Belowground micro-
bial symbionts of plants are recognized to play critical roles
in terrestrial ecosystems (Bardgett and van der Putten 2014)
such as decomposition (Rousk and Frey 2015), soil stabilization
(Fokom et al. 2012) and nitrogen cycling (Phillips, Ward and Jones
2014). By contrast, with the exception of foliar pathogens, the
significance of aboveground microbial communities in plants
has received less attention (Bacon et al. 1977; Arnold and
Lutzoni 2007; Omacini et al. 2012). However, during the past 25
years, culturing, microscopy and sequence analysis of asymp-
tomatic leaves and stemshave revealed a ubiquitous and diverse
community of bacterial and fungal endophytes that can have
diverse ecological effects (Bacon and White 2000; Andrews and
Hirano 2012).

One group of aboveground plant microorganisms that
can have particularly pervasive belowground effects are
the epichloid fungi (family Clavicipitaceae, genus Epichloë)
(Leuchtmann et al. 2014). These fungi occur systemically in
aboveground plant tissues, often conferring protection against
abiotic (drought, heat) or biotic (herbivores, foliar pathogens)
stressors (Rodriguez et al. 2009). Endophyte benefits to host
plants can be exceptionally large, resulting in several-fold
increases in plant survival, biomass or reproduction (Rudgers,
Mattingly and Koslow 2005; Cheplick and Faeth 2009). Strong
belowground effects of the Epichloë have been well documented
in two systems thus far (Liu et al. 2011; Omacini et al. 2012).
Most work has been on the well-studied forage and turf species,
tall fescue grass (Schedonorus arundinaceus). In tall fescue, the
presence of the leaf endophyte Epichloë coenophiala suppressed
spore abundances of arbuscular mycorrhizal (AM) fungi in field
soil (Chu-Chou et al. 1992) and reduced AM colonization of roots
in both the host plant (Mack and Rudgers 2008) and neighboring
plant species (Antunes et al. 2008). In tall fescue pastures, en-
dophyte presence also reduced soil microbial biomass and soil
respiration (Franzluebbers et al. 1999; Franzluebbers and Stuede-
mann 2005, but see, Van Hecke, Treonis and Kaufman 2005).
Mesocosm experiments showed endophyte-mediated suppres-
sion of soil archaea, high G+C gram-positive bacteria, Deltapro-
teobacteria and Planctomycetes in the tall fescue rhizosphere
(Jenkins, Franzluebbers and Humayoun 2006), as well as reduced
microbial utilization of several substrates (Buyer et al. 2011).
A recent long-term study, however, reported a higher relative
abundance of AM fungi and suppression of Ascomycota in fields
with the endophyte present (Rojas et al. 2016), suggesting the
possibility that above/belowground interactions shift during
community succession. Epichloë-mediated changes in soil mi-
crobial composition may cause higher soil carbon sequestration
(Iqbal et al. 2012) and alter nitrogen dynamics in pastures
(Franzluebbers and Stuedemann 2005; Bowatte et al. 2011).
Belowground responses to endophyte presence may derive in
part from endophyte effects on the composition of plant root
exudates (Novas et al. 2011; Guo, McCulley and McNear 2015)
or root volatile organic compounds (Rostas, Cripps and Silcock
2015). In addition, endophyte presence in litter or live plants can
slow rates of litter decomposition (Lemons, Clay and Rudgers
2005; Omacini et al. 2012).

Prior studies have primarily focused on tall fescue–Epichloë
interactions due to its economic and agricultural impor-
tance; however, in native ecosystems, the potential for above/
belowground interactions remains largely unresolved (Cheplick
and Faeth 2009; Omacini et al. 2012). Interestingly, the few re-
ported effects in native ecosystems thus far show opposite pat-

terns to those in agronomic ecosystems; thus, further explo-
ration of native endophyte symbioses is necessary. For example,
surveys of populations with naturally high Epichloë prevalence
showed higher abundance and colonization rates of AM fungi
for two native host plant species (Novas, Cabral and Godeas
2005; Novas et al. 2009). In addition, experimental work in a third
native grass species showed that Epichloë increased the abun-
dance of mutualistic AM fungal species and reduced parasitic
AM fungal taxa, with net benefits to plant performance (Larimer,
Bever and Clay 2012). Finally, in contrast to managed agronomic
ecosystems, the effects of aboveground endophytes in native
ecosystems may show higher context dependency in their eco-
logical outcomes, i.e. the outcome of their interaction with the
plant depends on exogenous, environmental conditions, due to
a longer evolutionary history of above/belowground interactions
and the absence of artificial selection on the aboveground sym-
biosis (Cheplick and Faeth 2009).

Understanding the degree of such context-dependency could
improve our ability to predict outcomes of above/belowground
interactions under future climates. Here, we investigated the
influence of an aboveground fungal endophyte symbiosis on
belowground microbes in a native dune ecosystem to in-
crease understanding of the importance and prevalence of
above/belowground interactions in natural ecosystems. To eval-
uate the degree of context-dependency, we altered precipita-
tion (±30% ambient) to replicate projected climate changes for
Great Lakes dune ecosystems (Emery, Bell-Dereske and Rudgers
2015). Coastal and lacustrine ecosystems are expected to be
amongst the most vulnerable to climate change due to their
already fragile nature and predicted increases in the intensity
of severe weather events, such as storms and droughts, which
will accelerate erosion and reduce dune stability (Schlacher et al.
2008). Drought may be a particularly important element of cli-
mate change for dune plants and microbes in the Great Lakes
region. The survival of native dune plants has been shown to
be water limited along Lake Michigan (Lichter 2000; Ensign,
Webb and Longstaffe 2006), and water was more limiting to
plant survival than nutrients in a study of Canadian dunes
(Houle 1997). Climate models project increases in evapotran-
spiration rates and drops in lake levels in the Great Lakes (re-
viewed in Gronewold et al. 2013), potentially increasing wa-
ter stress in adjacent dunes. Across 10 general circulation
models from the IPCC Fourth Assessment Report (IPCC 2007,
www.cccsn.ec.gc.ca/?page = dd-gcm), predicted changes in pre-
cipitation for the region ranged from 31% decrease to 19% in-
crease by 2071–2100, compared to baseline data back-projected
for each GCM over the period 1971–2000 (Emery, Bell-Dereske
and Rudgers 2015; Rudgers et al. 2015). The IPCC Fifth Assese-
ment ensemble model predicted a 10%–25% increase in annual
preciptiation for the region (IPCC 2014).

Dune ecosystems, particularly early successional dunes, in-
clude diverse microbial taxa with a variety of functional roles.
Early successional dunes are extremely nitrogen and water
limited, and so diazotrophic groups such as Rhizobiales and
Burkholderiales, along with drought-tolerant groups such as
Acidobacteria, may play particularly important roles in these
systems (Dalton et al. 2004; Evans and Wallenstein 2014). AM
fungi are common plant associates in dunes (Koske and Gemma
1997; Perumal and Maun 1999) as well and may influence
plant species composition and soil formation (van der Heijden
et al. 1998; Bever et al. 2010). Additionally, the leaf endophyte
Epichloë amarillans can be found in aboveground tissues of the
dominant, dune-building grass, Ammophila breviligulata (Drake,
White and Belanger in review), and it is especially common in
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plant material available for dune restoration (Emery, Thompson
and Rudgers 2010). Our previous work in this system showed
that Epichloë presence increased host plant growth aboveground
and reduced the diversity of plant species colonizing the dunes
(Emery, Thompson and Rudgers 2010; Emery and Rudgers 2013,
2014; Emery, Bell-Dereske and Rudgers 2015; Rudgers et al. 2015).
In addition, Epichloë presence in live host plants reduced decom-
position rates of litter placed near live plants (Bell-Dereske et al.
in press).

In this study, we focused on belowground processes, in-
cluding soil- and root-associated fungi and bacteria in dunes,
which have not received extensive study in Great Lakes dunes.
Specifically, we asked: (1) Does aboveground endophyte symbio-
sis in A. breviligulata affect belowground biomass or the diver-
sity/composition of belowgroundmicrobes? (2) Does the amount
of growing season precipitation cause context-dependency in
the effects of aboveground symbiosis on belowground re-
sponses, or does the precipitation regime directly affect the di-
versity/composition of belowground microbes? To provide new
insight into dune soil microbial ecology, we also addressed: (3)
Does the diversity and composition of bacteria differ between A.
breviligulata roots and the surrounding dune soil matrix?

MATERIALS AND METHODS
Study system

Sand dunes cover much of the Great Lakes shoreline, forming
the most extensive freshwater dunes in the world and cover-
ing >1000 km2 in Michigan alone (Albert 2000). Great Lakes sand
dunes are dominated by Ammophila breviligulata, which stabi-
lizes moving sand during the early stages of dune succession
and contributes to early soil carbon enrichment (Olson 1958;
Nuñez, Moretti and Simberloff 2011). Additionally, A. breviligu-
lata contributes to biotic engineering of dunes, which can be
rapid, altering dune geomorphology within months to years
(Godfrey 1977; Lichter 1998a,b). After dunes are stabilized, other
plant species colonize and outcompete A. breviligulata, succeed-
ing ultimately to a mixed deciduous-pine forest (Lichter 1998a,
2000).

Study site

The experimental site was located in Leelanau State Park, Lee-
lanau Co., MI, USA (45◦10.964′, –85◦ 34.578′). We established the
experiment on a large blowout on the leading edge of the sec-
ond foredune, ∼200 m from the shoreline of Lake Michigan. The
blowout was largely devoid of vegetation and showed ongoing
sand movement at the time of establishment. The habitat be-
tween the first and second duneswas a sparsely vegetated gravel
bed.

Experimental design

During late May 2010, we established a 2 × 3 factorial
field experiment to alter the presence/absence of leaf endo-
phyte symbiosis in A. breviligulata in combination with re-
duced/ambient/augmented growing season precipitation. Each
treatment combinationwas replicatedwith 15 2m× 2mplots. A
full description of the design is reported by Emery, Bell-Dereske
and Rudgers (2015). Briefly, precipitation wasmanipulated using
modified Sala rain-out shelters (Yahdjian and Sala 2002). Clear
plastic shingles removed ∼30% of ambient rainfall from the
reduced rainfall plots,whichwas collected and added to the aug-
mented rainfall plots after each rain event with watering cans.

Both augmented and ambient rainfall plots had mock shelters
with shingles oriented upside down to control for any effects
on light levels or temperature, without altering the amount of
ambient rainfall. To manipulate endophyte presence, we germi-
nated seedlings on 1% water agar and inoculated half with iso-
lates of Epichloë amarillans grown on potato dextrose agar. We
used a sterile needle to either wound (sham-inoculate, E- treat-
ment) or insert hyphae into the meristem of each seedling (E+
treatment) (Leuchtmann and Clay 1988). Following inoculation,
seedlings were grown in the greenhouse in a 50:50 mix of ster-
ile play sand andMetro-Mix 220 (Sun Gro Horticulture, Agawam,
MA). As plants matured, we cloned genotypes by gently separat-
ing tillers from the original stock plants.Weplanted the same set
of 12 A. breviligulata genotypes into each E+ plot, and a second
set of 12 genotypes into each E- plot. A survey in 2014 showed
that mean endophyte frequency was ∼90% in E+ plots and ∼4%
in E- plots (David et al. unpublished data).

Response variables

Plot-level measurements
To examine plot-level abiotic conditions, wemeasured volumet-
ric water content (VWC) at a depth of 40 cm monthly (May–July)
in three random locations per plot. We used an M300 soil mois-
ture meter (Aquaterr Instruments & Automation, Costa Mesa,
CA, USA). Soil moisture was averaged across the growing season
for each year.

To examine how treatments affected plant performance, we
counted A. breviligulata tillers per plot each September from
2011–2015. The effects of precipitation and endophyte treat-
ments on A. breviligulata aboveground biomass for 2010–2013
were reported previously by Emery, Bell-Dereske and Rudgers
(2015). In the current study, we sampled root biomass during
September 2014 using a bulb auger (volume ∼ 695cm3) to col-
lect the tillers and roots from clumps of ∼1–5 tillers. Roots were
oven-dried and weighed to calculate per tiller root biomass for
each plot. We estimated plot-level root biomass for each year
using September tiller counts × per tiller root biomass.

AM fungal root colonization
Fungal colonization of A. breviligulata roots was quantified from
composited root samples collected from each plot in July during
2011–2014. Roots were rinsed and placed into 50 ml centrifuge
tubes and then soaked in hot 10% KOH for 30 m and stained
using the ink (Sheaffer Pen, Shelton, CT) and vinegar method
(Vierheilig et al. 1998). From each plot, ten 1 cm root sections
were mounted on a microscope slide. Using a compound mi-
croscope (Leica Microsystems, Wetzlar, Germany) at 200× mag-
nification, the percentage of roots colonized by AM fungal hy-
phae was recorded using the gridline intercept method (McGo-
nigle et al. 1990) with 100 views per slide [(number of views with
structures visibly present in roots/total number of views) × 100].
We separately counted coarse AM hyphae, fine AM hyphae (both
of which were blue-black and non-septate). Fine AM fungi have
been found to more tolerant of extreme environmental condi-
tions than coarse AM fungi (Orchard et al. 2016), although their
taxonomy is still under debate (Schüßler and Walker 2010)

Extraradical hyphal length
We quantified the length of extraradical AM fungal hyphae in
20 g soil subsamples from each plot collected during 2011–2014.
Each subsample was mixed with 500 ml DI water in a 100-ml
beaker and stirred at 80% speed for 2 min with a magnetic
stir bar. Before solid material settled, the solution was poured
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through 500μm and 212μm sieves to separate sand and large
organic material from the hyphal suspension. Residue from the
212μm filter was rinsed back into a 50-ml beaker using 10 ml of
DI water. Twenty drops of 4% Trypan Blue stain was added and
left to sit for 45 min. This solution was then filtered through a
38μm sieve and rinsed with DI water until water ran clear from
the sieve. The residue on the 38μm sieve was rinsed back into
a 400 ml beaker using 200 ml of DI water and agitated for 2 min
with the stir bar. A 20 ml sample was removed from ∼1 cm be-
low the water surface and drained through a 25 mm glass mi-
croanalysis vacuum filter holder fitted with a 0.45μm mesh ny-
lon membrane. The membrane was then rinsed and dried un-
der vacuum and mounted onto a slide. Hyphal length was es-
timated using the gridline-intercept method based on 50 fields
of view per sample (McGonigle et al. 1990) under a stereomicro-
scope (Nikon SMZ1500 at 70×). Hyphal lengths were standard-
ized to mm hyphae/g soil based on soil sample mass.

Soil glomalin content
AM fungal spores and extraradical hyphal (ERH) cell walls con-
tain the recalcitrant soil protein glomalin (Wright and Upad-
hyaya 1996). Glomalin may represent 4%–8% of soil organic
carbon in natural ecosystems (Rillig et al. 2001), and thus is one
measure of ecosystem function (carbon sequestration) provided
by mycorrhizal fungi and other soil microbes. Total soil gloma-
lin was estimated by extracting from 1 g soil subsamples per
plot during 2010–2014 using the 50mM sodium citrate buffer
and autoclaving method described by Janos, Garamszegi and
Beltran (2008). We quantified the Bradford reactive fraction (Bio
Rad, Hercules, CA, USA) using bovine serum as a standard. To-
tal soil glomalin has several extractible fractions, and Bradford
reactive soil protein (BRSP) has been shown to consistently rep-
resent the largest fraction of total soil glomalin (∼90% by vol-
ume; Koide and Peoples 2013). Therefore, we used BRSP to op-
erationally define glomalin, keeping in mind that glomalin and
BRSP can also be produced by organisms other than AM fungi
(Rosier, Hoye and Rillig 2006).

Root and soil collection for microbial diversity and composition
Root and soil samples were collected from each plot in Septem-
ber 2012 for microbial characterization. Roots were collected
from three randomly chosen A. breviligulata individuals per plot.
Soils were collected from near three plants per plot and homog-
enized. Roots and soils collected for bacterial extracts were pre-
served with sucrose lysis buffer (Giovannoni et al. 1990) added to
saturation. All samples were shipped on dry ice within 24 h of
collection. AM fungi root samples to be used in pyrosequencing
(details below) were stored at –80◦C, and samples for bacterial
extraction were stored at –20◦C until processing.

454 Pyrosequencing: AM fungi
Freeze-dried root samples were washed with DI water and ster-
ilized with 10% bleach. Samples were disrupted with 0.2 cm3

of 0.1 mm diameter Zirconia Silica beads (BioSpec Products) in
a Mixer Mill 300 (Retsch, Haan, Germany). Samples (100 mg)
were then extracted using the DNeasy Plant kit (Qiagen, Hilden,
Germany) following the manufacturer’s protocol. DNA concen-
tration was quantified using a NanoDrop 1000 (Thermo Fisher
Scientific, Wilmington, DE) and standardized to 20 ng/μL. Ex-
tracted samples were then amplified and sequenced by Mr. DNA
(Shallowater, TX). The 28S region of the rDNA was targeted us-
ing AM fungal-specific primers. Briefly, PCRs were performed in
triplicate 25μL reactions containing 0.25mM forward and re-
verse fusion primer, 0.25mM dNTP (each), 1x Platinum PCR

buffer (Lifetech, Carlsbad, CA), 1.5mM MgCl2, 1 U Platinum Taq
Polymerase (Lifetech, Carlsbad, CA) and 2μL (∼40 ng) of DNA
template. Fusion primers were designed so that the forward
primer consisted of the Roche adapter A, followed by a 10 base
error-correcting barcode for multiplexing (Hamady et al. 2008),
and using FLR3 (5′-TTG AAA GGG AAA CGA TTG AAG T-3′). The
reverse primers included the Roche adapter B, followed by the
reverse PCR primer FLR4 (5′-TAC GTC AAC ATC CTT AAC GAA-
3′) (Gollotte, van Tuinen and Atkinson 2004). The thermal cycler
program included an initial 5min denaturation at 95◦C, followed
by 30 cycles of denaturation at 95◦C for 30 s, annealing at 52◦C for
30 s and extension at 72◦C for 30 s. A final 7 min extension com-
pleted the PCR. PCR amplicons were purified using the Mo-bio
Gel Purification Kit (Carlsbad, CA) following the manufacturer’s
instructions, quantified spectrophotometrically and combined
in equimolar concentrations for multiplexed pyrosequencing.
Sequencing template was quantitated fluorometrically using a
picogreen dye kit, assayed for quality and fragment length on an
Agilent Bioanalyzer DNA 1000 chip before library preparation us-
ing Roche titanium reagents and titanium procedures. Samples
were then sequenced on a Roche 454 FLX titanium instrument
(Basel, Switzerland) following the manufacturer’s protocols.

454 Pyrosequencing: bacteria
DNA from each of the 90 root-associated (endophytic and sur-
face of the root) and soil samples (0.3 g) was extracted fol-
lowing the cetyltrimethylammonium bromide (CTAB) method
described by Mitchell and Takacs-Vesbach (2008), modified to
include a bead beating step. Briefly, 0.2 cm3 of 0.1 mm diam-
eter Zirconia Silica beads (BioSpec Products, Bartlesville, OK),
300μL of 1% CTAB, and 100μg and 1 mg each of proteinase K
and lysozyme, respectively, were added to preserved sample.
Samples were incubated with continuous vertical rotation (∼35
rpm) at 37◦C for 0.5 h. Sodium dodecyl sulfate was added (final
concentration 2%), and samples were returned to the laboratory
rotator for 0.5 h at 60◦C. Samples were then bead-beaten on a
vortexer for 5 min at the medium setting. Nucleic acids were
extracted with an equal volume of phenol:chloroform:isoamyl
alcohol (25:24:1), followed by an extraction with chloroform and
precipitated in 95% ethanol after the addition of 0.1 volume 3 M
sodium acetate. Nucleic acids were washed once in 70% ethanol,
air-dried and resuspended in 40μL 10mM Tris, pH 8.0.

DNA extractions served as template to survey bacterial diver-
sity with barcoded amplicon pyrosequencing of the 16S rDNA
gene in each of the 180 samples. The 16S rDNA gene pyrose-
quencing was performed as described previously (Schwartz et al.
2014). PCRs were performed in triplicate as described above for
AM fungi. Fusion primers were designed so that the forward
primer consisted of the Roche adapter A, followed by a 10 base
error-correcting barcode for multiplexing (Hamady et al. 2008),
and the universal bacterial primer 939F 5′-TTG ACG GGG GCC
CGC ACA AG-3′. The reverse primers included the Roche adapter
B, followed by the reverse PCR primer 1492R 5′-GTT TACCTTGTT
ACG ACT T-3′. The thermal cycler program included an initial
5 min denaturation at 95◦C, followed by 30 cycles of denatura-
tion at 95◦C for 30 s, annealing at 52◦C for 30 s and extension at
72◦C for 30 s. A final 7 min extension completed the PCR. Sam-
ple amplicons were purified, quantified and aggregated as de-
scribed above. All samples from this study were run on one half
region of a sequencing plate, with no more than 96 samples to-
tal per region. Pyrosequencing was performed on a Roche 454
FLX instrument (Basel, Switzerland) following manufacturer’s
protocols at the Molecular Biology Facility in the UNM Biology
Department.
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Bioinformatics

AM fungal 28S rRNA gene sequencing resulted in 611 624
raw sequences, which then were quality filtered and trimmed
to 300bp using fastq˙filter in USEARCH8 with default settings
(http://drive5.com/usearch/). Sequences were chimera checked,
filtered de novo and clustered at 97% similarity into unique op-
erational taxonomic units (OTUs, i.e., DNA sequences or am-
plicon types) using UPARSE implemented in UEARCH8 (Edgar
2013). USEARCH has been successfully used for the processing
and OTU clustering of AM fungal amplicons (Van Geel et al. 2014,
2015, 2016; De Beenhouwer et al. 2015; Johansen et al. 2015). USE-
ARCH8 quality filtering, chimera checking using UCHIME and
OTU clustering lead to 44 OTUs and 277 799 reads. Taxonomic
affiliation was assigned to OTUs by comparing the representa-
tive set of DNA sequences to the MaarjAM database using blastn
(Öpik et al. 2010). Representative sequences were aligned, and
a tree was built in PASTA (Mirarab et al. 2015) using RAXML
and all other default settings with reference sequences from
the online database schuessler.userweb.mwn.de/amphylo/ con-
structed from Redecker et al. (2013) and Schüßler and Walker
(2010). The tree was rooted using Batrachochytrium dendrobatidis
as the outgroup. Sequences that did not blast to species in
the MaarjAM database (<95% Query coverage and <95% Max
identity) but were monophyletic with references sequences in
the AM fungal phylogeny were additionally blasted to the NCBI
database; OTUs that did not hit AM fungal entries were re-
moved from analysis because they were highly likely to be non-
AM fungi. We also removed OTUs with <5 reads total to avoid
over splitting (Thiéry et al. 2012) and sequencing errors (Dickie
2010). Taxonomic filtering resulted in 34 OTUs and 276 957 reads
(Table S1, Supporting Information). We transformed OTU tables
using variance stabilizing transformation (VST) in the DeSeq2
package (Love, Huber andAnders 2014) in R (R Core Team2015) to
control for biases in PCR amplification and to avoid biases due to
rarefaction (McMurdie and Holmes 2014). The inverse Simpson
diversity index was calculated for each sample using the vegan
package of R (Oksanen et al. 2016). Results were qualitatively the
same using a rarefied OTU table [reads = 500 (Table S3, Support-
ing Information)]. A Bray-Curtis distance matrix was generated
from the VST normalized community using Primer V6 (Clarke
and Gorley 2006). Weighted and unweighted Unifrac (Lozupone
andKnight 2005) distancematriceswere generated from theVST
normalized community in Quantitative Insights into Microbial
Ecology (QIIME). Because results for weighted and unweighted
matrices were similar, only results for weighted Unifrac are re-
ported. Importantly, the resulting community matrix was not
significantly different than the community matrix produced by
quality filtering, chimera checking and OTU clustering using the
QIIME pipeline (Caporaso et al. 2010). Specifically, the Bray-Curtis
matrices were strongly correlated (Mantel: Spearman correla-
tion r = 0.86 P < 0.01), and the ordination structure was signifi-
cantly correlated (Procrustes correlations r = 0.73 P = 0.001).

Bacterial 16S rRNA gene sequencing resulted in 826 382
raw sequences, which were quality filtered, denoised, screened
for PCR errors and chimera checked using AmpliconNoise and
Perseus to minimize potential artifacts (Quince et al. 2011). The
QIIME pipeline was used to analyze alpha and beta diversity
of the DNA sequence data (Caporaso et al. 2010). OTUs were
identified by the 97% DNA identity criterion using the uclust
OTU picker (Edgar 2010) in QIIME. A set of representative DNA
sequences was chosen for each unique OTU in QIIME and used
for all subsequent analyses. Taxonomic affiliation was assigned
to OTUs by comparing the representative DNA sequences to the

Green Genes database (gg8.15.13). These DNA sequences were
aligned usingMUSCLE (Edgar 2004), and a phylogenetic tree nec-
essary for the beta diversity analysiswas constructed using Fast-
Tree (Price, Dehal and Arkin 2009). We filtered the OTU table to
remove samples with <300 reads and OTUs with <5 reads, re-
sulting in 142 total samples (70 root; 72 soil), 8180 OTUs (5003
OTUs in the root, 2120 in the soil) and 807 991 sequences re-
mained. The filtered bacterial OTU table was then normalized
using VST as described for the AM fungi data above. To examine
the effects of the treatments on root versus soils, filtered OTU
tables were separated into root versus soil community, then re-
filtered to remove samples with <300 reads (removing one root
sample and one soil sample) and OTUs with <5 reads within
each table (Table S1). The separated files of raw OTU reads were
then normalized using VST as described above. Diversity was
calculated on the VST normalized data using the inverse Simp-
son diversity index for each sample using the vegan package of
R. Results using this diversity metric were qualitatively similar
to a rarefied OTU table [reads = 1000 (Table S4, Supporting In-
formation)]. Bray-Curtis distance matrices were generated from
the VST normalized communities using Primer V6 (Clarke and
Gorley 2006). Weighted and unweighted Unifrac (Lozupone and
Knight 2005) distance matrices were generated from the VST
normalized communities in QIIME. Because results for weighted
and unweightedmatrices were similar, only results for weighted
Unifrac are reported. All raw sequence data from this study are
available through the NCBI Sequence Read Archive under acces-
sion SAMN05354971.

Statistical analyses

Dunes are a highly spatially heterogeneous environment, rang-
ing in depth to the groundwater table, nutrient content, aeo-
lian sand deposition and many other factors. To fully explore
our 12 response variables (listed in Table 1) within context
of the spatial heterogeneity of the dunes, we compared two
types of statistical models. The first set of models (Precipita-
tion Models) used our endophyte (E+/E–) and precipitation (re-
duced/ambient/augmented) treatments as fixed factors, and in-
cluded the repeated effect of sampling year whenmultiple years
of data were collected, as well as a fixed effect of the spatial
blocking factor within the experiment (three groups of plots).
The second set of models (Soil Moisture Model) replaced the
fixed effects of the precipitation treatment and spatial blocking
factor with the continuous variable of soil moisture (VWC, mea-
sured for each plot at 40 cm depth and averaged over multiple
sampling dates within each growing season) to better account
for spatial heterogeneity among plots in the key belowground
measure of water availability.

Root colonization and soil fungi analyses
Using the Precipitation Model, we analyzed the responses of
soil moisture (VWC at 40 cm), percentage of root colonization
by fungi, ERH length, glomalin and plot-level estimated root
biomass using linear mixed effect repeated measures models
in the lme4 package (Bates et al. 2015) in R (R Core Team 2015).
Because per tiller root biomass was only measured in 2014, we
used a general linearmodel for this variable (one observation per
plot). To meet assumptions of Gaussian distributions of errors
andhomogeneity of variances,we square-root transformed total
AM fungal colonization of roots, log-transformed root biomass
and fine AM fungi colonization, cube-root-transformed ERH and
inverse square-root transformed glomalin estimates.
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Community composition analyses: fungi
Using the Precipitation Model, we analyzed the response of the
inverse Simpson diversity of the AM fungal community using a
linearmodel in R. AM fungal community structure was analyzed
using permutational analysis of variance (PERMANOVA) on the
Bray-Curtis and Unifrac weighted (VST normalized matrix) dis-
tance matrices using Primer V6 (Clarke and Gorley 2006).

Community composition analyses: bacteria
Using the Precipitation Model with the addition of location of
the bacterial community (to address (3) if the bacterial diversity
and community differ between roots and soil), we examined re-
sponses of inverse Simpson diversity of the bacterial commu-
nity, along with the relative abundance (in percentage of VST
normalized sequences per sample) of key soil functional groups
Acidobacteria, Actinobacteria, Rhizobiales and Burkholderiales,
usingmixed effectmodelswith plot as a random factor using the
lme4 package (Bates et al. 2015) in R (R Core Team 2015). To meet
assumptions of Gaussian distributions of errors and homogene-
ity of variances, we log-transformed Rhizobiales, Burkholderi-
ales, Actinobacteria and Acidobacteria relative abundance and
inverse Simpson diversity. Precipitation Model effects on bac-
terial community structure were analyzed using PERMANOVA
with factors described above plus the location of collection (root
vs soil), and all interaction terms with the addition of plot as
a random factor. If spatial block was not significant in the full
Precipitation Model, it was dropped from the final models.

Community composition analyses: Soil Moisture Model
Using the Soil Moisture Model, we analyzed bacteria and AM
fungi community structure using PERMANOVA on the Bray-
Curtis and weighted Unifrac (VST normalized matrix) distance
matrices using Primer V6. We added the effect of the loca-
tion of collection (root versus soil) to the Soil Moisture Model
for examining the response of the inverse Simpson diversity
bacterial community, and relative abundance (in percentage of
VST normalized sequences per sample) of Acidobacteria, Acti-
nobacteria, Rhizobiales and Burkholderiales; these models were
implemented using linearmixed effectmodels in the lme4 pack-
age (Bates et al. 2015) in R (R Core Team 2015). Since soil mois-
ture had significant interactive effects with location of collection
(root vs soil) in affecting bacterial community composition and
focal bacterial taxonomic groups, we then conducted separate
analyses for the root and soil datasets.

RESULTS
Does aboveground endophyte symbiosis in Ammophila
breviligulata affect belowground biomass or the
diversity/composition of belowground microbes?

Roots
Estimated plot-level root biomass was 27% greater when Epichloë
was present compared to endophyte-free plots (Table 1; Fig. 1A),
consistent with our previous findings of increased aboveground
A. breviligulata biomass when Epichloë was added (Emery, Bell-
Dereske and Rudgers 2015).

Fungal abundance
Epichloë presence altered root colonization of A. breviligulata by
fungi as well as reducing the abundance of soil ERH by 11% (Ta-
ble 1). The endophyte-driven reduction in ERH was strongest in
2014, where the presence of Epichloë reduced the ERH by 19%
compared to the endophyte-free plots (Fig. 2A). The effects of
Epichloë on colonization of fine AM fungal hyphae in roots var-
ied across years (endophyte × year X2 = 8.45; P = 0.038), tend-

Figure 1. Root biomass (A) estimated per plot (September tiller survey × per tiller
root biomass in 2014) and (B) per tiller in 2014 showing treatments with Epichloë

(E+, open symbol) versus endophyte-free (E–, filled symbol). For (B) precipitation
treatments are 30% reduced (black circle symbol), ambient (gray triangle) or 30%
augmented (dark square). ‘∗ ’ indicates P < 0.05 Tukey HSD test. Symbols show

means ± s.e.

ing to reduce colonization in 2013 (by 35%) but causing an in-
crease in colonization (50%) during 2012 (Table 1; Fig. 3A). How-
ever, Epichloë did not alter hyphal colonization by coarse AM fun-
gal morphotypes (Table S2, Supporting Information). Glomalin
concentration, a coarsemetric that includes fungi and other mi-
crobes, showed no overall response to Epichloë presence (P> 0.65,
Table S2).

Microbial diversity and composition
In contrast to the effects of Epichloë on fungal abundance, there
was no main effect on belowground microbial diversity of fun-
gal (Table S3) or bacterial (Table S4) OTUs or community com-
position (Tables S5 and S6, Supporting Information) despite ev-
idence for context dependency (see Question 2). There was no
main endophyte effect on the focal diazotrophic bacteria (Ta-
ble S7, Supporting Information) or on the focal bacterial phyla
(Table S7).

Does the amount of growing season precipitation cause
context-dependency in the effects of aboveground
symbiosis on belowground responses, or does the
precipitation regime directly affect the
diversity/composition of belowground microbes?

Direct effects of precipitation on belowground responses
Precipitation directly altered root colonization and soil fungi
abundance, but did not affect bacterial or AM fungal diversity
or composition (Tables S4–S6). In 2012, A. breviligulata roots from
the augmented precipitation treatment had >92% higher colo-
nization by the fine AM fungal morphotype than plots receiving
ambient precipitation (precipitation × year X2 = 12.71, P = 0.048;
Table 1, Fig. 3B). However, in 2012, therewas a trend for increased
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Figure 2. Extraradical hyphae in soil (mm hyphae/g soil) from (A) treatments with Epichloë (E+ open symbols) versus endophyte-free (E– filled symbols) and (B) for
precipitation treatments: 30% reduced (black circle symbol), ambient (gray triangle) or 30% augmented (dark square). ‘∗ ’ represents P < 0.05. Letters represent Tukey
HSD significant differences between means (P < 0.05). Symbols show means ± s.e.

Figure 3. Percentage of root area colonized by hyphae ± 95% CI (not ± s.e.) of
(A) fine AM fungal morphotype in plot with Epichloë (E+ open symbols) and en-
dophyte free (E– filled symbols), (B) fine AM fungal morphotype under altered

precipitation (C) and coarse AM fungal morphotypes under altered precipita-
tion. For plots (b-c) precipitation treatments: 30% reduced (black circle symbol),
ambient (gray triangle) or 30% augmented (dark square). Reported percentage
area of roots colonized by the fine AM fungal morphotype are back transformed.

Letters represent significant differences between means (P < 0.05, Tukey HSD).
‘#’ shows P < 0.10 in Tukey HSD tests.

root colonization of coarse AM fungalmorphotypes under ambi-
ent precipitation (precipitation × year X2 = 12.30, P = 0.055; Ta-
ble 1, Fig. 3C). Reduced precipitation increased soil ERH by 44%
over ambient precipitation in 2014 but had very little effect in all
other years (precipitation × year X2 = 19.71, P = 0.003; Table 1,
Fig. 2B).

Figure 4. Inverse Simpson diversity of AM fungal sequences from VST normal-
ized root communities from plots with 30% decreased (reduced), ambient or 30%
increased precipitation (augmented) with Epichloë (E+ open symbols) and endo-
phyte free (E– filled symbols). ‘∗ ’ represents P < 0.05 Tukey HSD pairwise com-

parison. Bars show means ± s.e.

Belowground context-dependency: roots
The strongest endophyte effects on root biomass occurred under
ambient precipitation. Epichloë increased per tiller root biomass
during 2014 by 50% compared to endophyte-free plants under
ambient precipitation, but had little to no effect on per tiller root
biomass under altered precipitation (endophyte × precipitation
F2,84 = 2.68, P = 0.075; Table 1; Fig. 1B).

Belowground context-dependency: fungi
The amount of precipitation modified how the endophyte af-
fected AM fungal diversity and glomalin production. Epichloë re-
duced the diversity of AM fungal VST normalized OTUs by 25%
under ambient precipitation, but did not strongly affect diver-
sity under altered precipitation (endophyte × precipitation F2,63
= 3.31, P = 0.043; Table 1; Fig. 4). Consistent with the VST results,
endophyte presence similarly reduced AM fungal rarefied diver-
sity (F1,61 = 5.31, P = 0.025; Table S3) with the strongest negative
effect under ambient precipitation (Fig. S3, Supporting Informa-
tion). The interactive effect on glomalin varied with year (en-
dophyte × precipitation × year X2 = 18.13, P = 0.020; Table S2),
tending to increase glomalin only under augmented precipita-
tion in year 2012 (when we sampled microbial composition; Fig.
S4, Supporting Information). Despite the interactive effects of
Epichloë and precipitation on diversity and glomalin, there was
no interactive effect on root colonization by AM fungi (Table S2).

Belowground context-dependency: bacteria
Endophyte presence changed the relationship between bacte-
rial diversity and soil moisture. Specifically, Epichloë presence
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Figure 5. Linear regressions of soil moisture at 40 cm versus (A) root bacterial and (B) soil bacterial inverse Simpson diversity from VST normalized communities. In

plots with the A. breviligulata–Epichloë symbiosis, there was a negative correlation between soil moisture and bacterial OTU diversity (E+ open symbols and dashed
line, y = –30.68 × x + 1321.01, R2 = 0.14). In plots without endophytes, there was a weak positive correlation between soil moisture and bacterial diversity (E– filled
symbols and solid gray line y=20.18× x+81.64, R2 =0.01). Soil moisture was positively correlated with soil bacterial diversity (black line y=9.78× x+70.83, R2 =0.11).

Figure 6. Linear regressions of soil moisture at 40 cm versus relative abundance of VST normalized sequences composed of (A) Burkholderiales in samples from roots,
(B) Burkholderiales from soils, (C) Rhizobiales from roots and (D) Rhizobiales from soils associated with A. breviligulata. Endophyte presence (E+ open symbols and E–
filled symbols) did not affect Burkholderiales abundance, but there was a positive correlation between soil moisture and the proportion of sequences composed of
Burkholderiales (root: y = –0.0012 × x + 0.069, R2 = 0.07 and soil: y = –0.0028 × x + 0.12, R2 = 0.19). Soil moisture was negatively correlated with proportion of sequences

composed of Rhizobiales (E+ white dots and dashed line y = 0.0010 × x + 0.049, R2 = 0.17); however, there was a positive correlation between soil moisture when the
endophyte was absent (E– grey dots and solid gray line y = 0.0012 × x – 0.0016, R2 = 0.025). Soil Rhizobiales decreased with increasing soil moisture (black line: y =
–0.0043 × x + 0.22, R2 = 0.22).

caused root-associated bacterial diversity to decline with higher
soil moisture (endophyte × soil VWC F1,65 = 5.52, P = 0.022).
However, in the absence of Epichloë, root-associated bacterial di-
versity increased with greater soil moisture (slope of E+ (R2 =
0.14) was 252% less than slope of E– (R2 = 0.01); Table 1; Fig. 5A).
These effects were likely due to the increased resolution of soil
moisture provided by the Soil Moisture Model because our pre-
cipitation treatments alone (Precipitation Model) did not alter
the effects of Epichloë on root bacterial diversity (Table S4). In
contrast to root bacteria, soil bacterial diversity was not af-
fected by Epichloë, and increased with greater soil moisture re-
gardless of Epichloë presence (soil VWC F1,67 = 6.21, P = 0.015,
R2 = 0.11; Table 1; Fig. 5B). Endophyte presence did not alter
root bacterial, soil bacterial or AM fungal community structure

responses to soil moisture, but composition of these three be-
lowground communities did shift with soil moisture (Table S10,
Supporting Information).

Endophyte presence also altered the responses of dia-
zotrophic and specific soil bacteria phyla to soilmoisture. For pu-
tative diazotrophs in roots, Epichloë presence caused the relative
abundance of Rhizobiales to declinewith soilmoisture; however,
when the endophyte was absent, they weakly increased with
higher soil moisture (Table 1; Fig. 6A). The relative abundances
of three additional groups (soil Rhizobiales, root Burkholderiales
and soil Burkholderiales) decreased with increasing soil mois-
ture (Table 1), but the endophyte did not alter these relationships
(endophyte × soil VWC P > 0.15; Fig. 6; Table S9, Supporting In-
formation).
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Figure 7. Linear regressions of soil moisture at 40 cm versus relative abundance of VST normalized sequences composed of (A) Actinobacteria in samples from roots,
(B) Actinobacteria in samples from soils, (C) Acidobacteria from roots and (D) Acidobacteria from soils associated with A. breviligulata. In plots with the A. breviligulata-
Epichloë symbiosis, there was aweak positive correlation between soil moisture and proportion of sequences composed of Actinobacteria (E+ open symbols and dashed
line, y = 0.0011 × x + 0.029, R2 = 0.035). In plots without endophytes, there was a weak positive correlation between soil moisture and the abundance of Actinobacteria

(E– filled symbols and solid gray line y = –0.0017 × x + 0.095, R2 = 0.031). There was no correlation between soil moisture and Acidobacterial abundance when the
Epichloë symbiosis was present (E+ open symbols and dashed line, y = 0.00027 × x + 0.034, R2 < 0.001). When the endophyte is absent, there is a positive correlation
between soil moisture and the portion of sequences composed of Acidobacteria (E– filled symbols and solid gray line y = 0.0022×x – 0.022, R2 = 0.30).

Figure 8. Relative abundance (VST) of reads in each of the dominant bacterial phyla for communities associated with A. breviligulata roots versus the surrounding soil
matrix.

Interestingly, endophyte presence altered how soil Acti-
nobacteria and Acidobacteria responded to soil moisture (Ta-
ble 1), but did not affect the response of these phyla when they
resided in roots (endophyte × soil VWC P > 0.15; Fig. 7A and
C). Soil Actinobacteria tended to increase with higher soil mois-
ture when the endophyte was present, but tended to decrease
when the endophyte was absent (Fig. 7B). In contrast, soil Aci-
dobacteria increased in relative abundance with increasing soil
moisture only when the endophyte was absent (Table 1; Fig. 7D;
Table S9).

Does the diversity and composition of bacteria differ
between Ammophila breviligulata roots and the
surrounding dune soil matrix?

In the nutrient poor soil of dunes, proximity to A. breviligulata
roots strongly altered the composition and diversity of the bac-
terial community (Figs 8 and 9). VST normalized root-associated
bacteria were ∼99%more diverse than the soil bacterial commu-
nity (Table 1; Fig. 9A), and rarefied diversity was 9-fold higher
in roots than in soil (Table 1; Fig. S5, Supporting Information).
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Figure 9. Bacterial inverse Simpson diversity in A. breviligulata from VST nor-
malized communities in roots (filled symbols) and the surrounding soils (open
symbols). ‘∗∗∗’ represents P < 0.001 significance. Bars show means ± s.e.

Rhizobiales weremore abundant in soils, where that clademade
up 10% of the sequences, than in the roots of A. breviligulata
where Rhizobiales constituted just 3% of total sequences (Ta-
ble 1; Fig. 6C and D). Burkholderiales was only slightly more
abundant in the soils, representing 5% of total sequences in
the soil versus 4% of total sequences in the roots (Table 1;
Fig. 6A and B).

DISCUSSION
Leaf Epichloë increased belowground biomass while
reducing AM fungal diversity and ERH

Epichloë presence in the aboveground tissue of A. breviligulata
increased root biomass nearly 30%, and reduced AM fungal di-
versity and ERH production. The tradeoff between root biomass
and ERH production has been found in other systems (De Deyn
et al. 2009), with plants that invest more in roots possibly having
reduced need for ERH to acquire nutrients. To our knowledge,
ours is the first study that has used AM-specific primers to ex-
amine whether Epichloë affects root fungal composition in the
field. Here, Epichloë reduced the diversity of the AM fungal com-
munity. In contrast, Rojas et al. (2016) showed that Epichloë pres-
ence increased the relative abundance of AM fungal sequences
when they examined the soil fungal community via more gen-
eral ITS fungal primers, which do not yield good resolution of
AM fungi and may not amplify AM fungal sequences when they
are not abundant in the sample (reviewed in Lindahl et al. 2013
and Tedersoo et al. 2015). The reduction in AM fungal diversity
reported here could influence plant succession through shared
hyphal networks or altered access to symbiont partners (van der
Heijden et al. 1998; Enkhtuya, Poschl and Vosatka 2005).

An endophyte-mediated shift in soil fungi could also influ-
ence dune ecosystem processes. Here, the presence of Epichloë
reduced the hyphal length of ERH in the soil consistently across
precipitation treatments and years. Reduced ERH may con-
tribute to slower decomposition in the dunes and help explain
our prior observation that Epichloë presence in live A. breviligu-
lata plants reduced the rate of decomposition of litter buried in
our plots (Bell-Dereske et al. in press). Endophyte-caused reduc-
tions in soil fungi may similarly slow decomposition rates in tall
fescue pastures (e.g. Siegrist et al. 2010) and also explain their
higher levels of carbon sequestration (Iqbal et al. 2012). In con-
trast to our result for ERH, a long-term field study on the tall
fescue–Epichloë coenophiala symbiosis showed no endophyte ef-
fect on soil fungal biomass; however, Ascomycota strongly de-
clined with endophyte-presence (Rojas et al. 2016). Although we
did not sequence Ascomycota, we found no significant shifts
in root colonization by dark septate endophyte morphotypes,

common in this fungal clade. Also, in contrast to our results, a
study of Bromus auleticus–E. pampeana suggested that Epichloë ad-
dition increased the diversity of soil fungal cultures, specifically
phosphorus-solubilizing, rhizospheric fungi (Arrieta et al. 2015).
Furthermore, a previous study on tall fescue found endophyte-
mediated increases in the activity of the fungal community as
measured by respiration (Casas et al. 2011). Thus, our results
suggest that the belowground effects of Epichloë are not easily
generalizable across host species or ecosystems. Characterizing
effects across a greater diversity of systems may help in formu-
lating a predictive framework for the magnitude and direction
of effects.

Despite detecting an influence of Epichloë on AM fungi and
ERH, we found that most microbial responses were insensitive
to the main effect of endophyte presence. That belowground
fungi were more sensitive than bacteria is in line with prior
work showing higher sensitivity of fungi than bacteria to Epichloë
in tall fescue pastures (Rojas et al. 2016). Additionally, Great
Lakes dunes have a spatially heterogeneous abiotic environment
(Lichter 1998a,b; Ensign, Webb and Longstaffe 2006). Our results
suggest that this heterogeneity is the primary driver of both
root and soil microbial diversity and composition because spa-
tial blocking effects tended to outweigh the biotic influence of
Epichloë presence in leaves for many microbial responses vari-
ables. Factors that could be structuring the microbial commu-
nity are likely to be scale dependent, with global trends driven
by soil pH (Fierer and Jackson 2006) and temperature (Zhou et al.
2016), and local patterns reflective of variable soil moisture, nu-
trients or salinity (Van Horn et al. 2013; Okie et al. 2015).

Limited context-dependency in fungal community
responses

There were few fungal responses to the precipitation treatment,
with the exception of the coarse metric of soil glomalin. Ad-
ditionally, both glomalin and fine AM fungal hyphae showed
year-to-year variability in responses to Epichloë, which may also
indicate that the climate context alters above/belowground in-
teractions. For example, Epichloë tended to increase colonization
by fine AM fungal hyphae in 2012, but reduced the abundance
of fine hyphae in 2013. The fine hyphae (previously categorized
as Glomus tenue; Schüßler and Walker 2010) have been sug-
gested to be drought resistant (Staddon, Gregersen and Jakobsen
2004). Our site experienced increased drought during August–
September 2012 (Fig. S6, Supporting Information). Interestingly,
our augmented precipitation treatment also increased fine AM
fungi in 2012, whichmay indicate that Epichloë and precipitation
addition helped to alleviate the effects of extreme drought on
fineAM fungi. However, the effects of fineAM fungi on host plant
responses to climate are poorly understood due to their low de-
tection in environmental samples and difficulties in culturing
(Orchard et al. 2016). In the tall fescue–E. coenophiala system, en-
dophyte presence reduced soil glomalin (Buyer et al. 2011); how-
ever, unlike our system, Epichloë also reduced total root coloniza-
tion and spores of AM fungi (Chu-Chou et al. 1992; Mack and
Rudgers 2008). Interannual variability in climate could under-
lie differences among years, but a longer time series would be
needed to resolve such an influence in our system.

Epichloë causes context-dependent responses of
bacteria to soil moisture

To our knowledge, ours is the first study to report that a
foliar endophyte alters how belowground bacterial diversity
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responds to an abiotic gradient. Resolving such relationships
is important for refining predictions on how plant–microbe in-
teractions will change under future environmental conditions.
Specifically, root-associated bacterial diversity decreased inwet-
ter soils only when Epichloëwas present (Fig. 5A). The abundance
of root-associated Rhizobiales showed the same negative rela-
tionship with soil moisture when the endophyte was present.
However, with Epichloë absent, root bacterial diversity and Rhi-
zobiales abundance increased with soil moisture, similar to the
overall positive effect of soil moisture on soil bacterial diversity.
Previous research has shown that Actinobacteria are likely co-
piotrophic and sensitive to changes in soil moisture, whereas
Acidobacteria are more oligotrophic and resilient to changes in
moisture (Fierer, Bradford and Jackson 2007; Evans and Wallen-
stein 2014). Consistent with this past work, dune soil Actinobac-
teria tended to increase in relative abundancewith soil moisture
when the endophyte was present and showed greater sensitiv-
ity to soil moisture than soil Acidobacteria. The effect of Epichloë
on bacterial abundance was similarly context dependent on soil
type in tall fescue pastures, where endophyte presence reduced
the abundance of more phyla of bacteria in clay loam soils than
in loamy sand (Jenkins, Franzluebbers and Humayoun 2006).

It remains unclear why Epichloë alters the responsiveness
of bacterial diversity to soil moisture (or soil texture). Growth
and feeding strategies seem to be phylogenetically conserved
in some of the dominant soil phyla (Fierer, Bradford and Jack-
son 2007), which leads to somewhat predictable shifts in the
community composition in response to changes in soil mois-
ture (Evans, Wallenstein and Burke 2014). It is possible that by
altering plant root characteristics, such as root exudates (Fran-
zluebbers and Hill 2005; Guo, McCulley and McNear 2015) or root
biomass, Epichloë shifts limitations on bacterial diversity from
carbon-based resource availability to water limitation, increas-
ing bacterial responsiveness to soil moisture. Adding carbon to
E-plots could provide a direct test of this hypothesis. Alterna-
tively, Epichloë presence also widened the range of soil moistures
observed across plots (Fig. 5), possibly making it easier to de-
tect an influence of soil moisture on bacterial diversity. Prior
work has shown that Epichloë can promote host tolerance of
drought (Malinowski and Belesky 2000), including our past work
on A. breviligulata (Emery, Thompson and Rudgers 2010). Previ-
ous studies have additionally suggested that Epichloë can alter
plant water relations in ways that retain soil moisture for longer
periods of time (Elmi and West 1995; Kannadan and Rudgers
2008). Thus, plots with Epichloë could have an expanded range
of soil moisture values. In support of this hypothesis, the coef-
ficient of variation in soil moisture for E+ plots was 42% higher
(CV = 16%) than in endophyte-free plots (CV = 11%), and differ-
ences in the range of soil moistures observed were not due to
imbalance in the sample sizes among treatments.

Since roots had vastly highermicrobial diversity and richness
than soils, these context-dependent endophyte effects on pre-
cipitation could strongly influence the total diversity of bacterial
species in dune ecosystems. Even a relatively small reduction in
diazotrophic bacteria (i.e. Rhizobiales) in response to soil mois-
ture could affect plant succession because dune soils are so ni-
trogen poor (Lichter 1998b, 2000). In contrast, we found no effect
of Epichloë on the Burkholderiales, for which both root and soil
communities showed a negative relationship with soil moisture.
Despite the responsiveness of bacterial diversity, and specifi-
cally of diazotrophs, in our system, we have not detected signif-
icant shifts in total N, nitrate or ammonium in dune soils, based
on ion resin exchange membranes placed in plots during the
2013 growing season (data not shown). Future investigations of

N process rates or extracellular enzyme activities could be useful
for resolving the N cycle in this system.

Ammophila breviligulata roots harbor islands of
bacterial biodiversity

In many plants, roots selectively filter microbial communities,
constrainingmicrobial diversity relative to that of the surround-
ing soil matrix (Wang, Yang and Falcão Salles 2016). Contrary to
this general pattern, roots of A. breviligulata act more as islands
of microbial biodiversity than as a selective filter. Perhaps root
exudates from A. breviligulata provide much needed resources
for bacteria, explaining the elevated diversity of bacteria com-
pared to that of the soil. On the other hand, resource inputs from
root exudates could lead to antagonistic interactions among
bacterial species, increasing the diversity of the root community
(Czárán, Hoekstra and Pagie 2002; Schlatter et al. 2015). In more
productive ecosystems, the root and rhizosphere typically har-
bor lower bacterial diversity than surrounding soils (reviewed in
Faure, Vereecke and Leveau 2008), an effect that grows stronger
with a longer time of interactionwith plant roots (Shi et al. 2015).
Althoughmost research on the selective effect of roots on bacte-
rial communities has focused on few well-studied plants, such
as Arabidopsis thaliana (Bulgarelli et al. 2013), barley and rice (Bul-
garelli et al. 2015; Edwards et al. 2015), studies of wild species
have found a similar selective effect of the host root on bacterial
communities (Dean et al. 2015; Nuccio et al. 2016).

Roots of A. breviligulata harbored higher relative abundances
of Burkholderiales than of Rhizobiales, suggesting that roots
may selectively favor this group of diazotrophic bacteria. In con-
trast to the diversity pattern of the whole bacterial commu-
nity, soils actually had higher proportions of both diazotrophic
clades than did roots. Prior work suggested that members of
Burkholderiales inhabit the rhizosheaths of grasses, such as
Ammophila, that grow in extremely nutrient poor soils (Wull-
stein, Bruening and Bollen 1979; Wullstein 1991; Bergmann et al.
2009). Diazotrophic bacteria in the root sheaths of A. breviligu-
lata may be an important, but unresolved, part of the nitrogen
cycle in nutrient-poor dune ecosystems. For example, the roots
of the sister species A. arenaria hosted the diazotrophic bacte-
rial species Burkholderia tropicalis in the Pacific Northwest (Dalton
et al. 2004). Although we did not directly examine levels of nitro-
gen fixation or nif gene expression, our detection of Burkholde-
riales suggests that root-associated taxa are present in North
American dunes as well. In addition, Rhizobiales made up a sig-
nificant fraction of the soil bacterial community (∼10%), suggest-
ing that free-living diazotrophs could make important contribu-
tions to the nitrogen cycle in dune soils.

CONCLUSION

An aboveground fungal endophyte reduced AM fungal diver-
sity and abundance and altered how root-associated bacteria
responded to soil moisture. Most belowground responses to
the aboveground endophyte varied among years, demonstrating
context-dependency that may be caused by interannual varia-
tion in drought. Within the spatially heterogeneous, low nutri-
ent and high disturbance ecosystem of Great Lakes dunes, plant
roots acted as an important resource for belowgroundmicrobes,
strongly increasingmicrobial diversity relative to that in the soil.
Our work highlights the importance of examining aboveground
microbes as factors that influence belowground microbes and
sheds new light on above/belowground microbial interactions.
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Nuñez MA, Moretti A, Simberloff D. Propagule pressure hy-
pothesis not supported by an 80-year experiment on woody
species invasion. Oikos 2011;120:1311–16.

Okie JG, Van Horn DJ, Storch D et al. Niche and metabolic prin-
ciples explain patterns of diversity and distribution: theory
and a case study with soil bacterial communities. P Roy Soc
B: Biol Sci 2015;282:20142630.

Oksanen J, Blanchet FG, Kindt R et al. vegan: Commu-
nity ecology package. R package version 2.3-5, 2016,
https://CRAN.R-project.org/package=vegan.

Olson JS. Rates of succession and soil changes on Southern Lake
Michigan sand dunes. Botanical Gazette 1958;119:125–70.
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