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Abstract Cool season grasses host multiple fungal sym-
bionts, such as aboveground Epichloë endophytes and
belowground arbuscular mycorrhizal fungi (AMF) and
dark septate endophytes (DSEs). Asexual Epichloë en-
dophytes can influence root colonization by AMF, but
the type of interaction—whether antagonistic or benefi-
cial—varies. In Schedonorus arundinaceus (tall fescue),
Epichloë coenophiala can negatively affect AMF, which
may impact soil properties and ecosystem function.
Within field plots of S. arundinaceus that were either
E. coenophiala-free (E−), infected with the common,
mammal-toxic E. coenophiala strain (CTE+), or infected
with one of two novel, non-toxic strains (AR542 NTE+
and AR584 NTE+), we hypothesized that (1) CTE+
would decrease AMF and DSE colonization rates and
reduce soil extraradical AMF hyphae compared to E−
or NTE+, and (2) this would lead to E− and NTE+
plots having greater water stable soil aggregates and C
than CTE+. E. coenophiala presence and strain did not
significantly alter AMF or DSE colonization, nor did it
affect extraradical AMF hypha length, soil aggregates,
or aggregate-associated C and N. Soil extraradical AMF
hypha length negatively correlated with root AMF col-
onization. Our results contrast with previous demonstra-
tions that E. coenophiala symbiosis inhibits below-
ground AMF communities. In our mesic, relatively
nutrient-rich grassland, E. coenophiala symbiosis did

not antagonize belowground symbionts, regardless of
strain. Manipulating E. coenophiala strains within
S. arundinaceus may not significantly alter AMF com-
munities and nutrient cycling, yet we must further ex-
plore these relationships under different soils and envi-
ronmental conditions given that symbiont interactions
can be important in determining ecosystem response to
global change.
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Introduction

Plants form and maintain myriad symbioses with microorgan-
isms. These relationships occur above- and belowground, can
be host-specific, and function on a continuum of interactions
from parasitism to mutualism. One symbiosis of great ecolog-
ical importance occurs between Schedonorus arundinaceus
(Schreb.) Dumort (tall fescue) (= Lolium arundinaceum
(Schreb.) Darbysh. = Festuca arundinacea Schreb.), a cool-
season grass, and Epichloë coenophiala (Morgan-Jones & W.
Gams = Neotyphodium coenophialum (Morgan-Jones & W.
Gams) = Acremonium coenophialum Morgan-Jones & W.
Gams), an asexual (transmitted only via plant seeds) above-
ground fungal endophyte thought to have evolved with
S. arundinaceus. A large proportion of the 15 million hectares
of S. arundinaceus across the USA [1], where it is non-native,
is infected with E. coenophiala [2].

E. coenophiala is commonly a defensive mutualist, grow-
ing intercellularly within S. arundinaceus and consuming
apoplastic sugars and amino acids. It enhances drought and
mineral stress resistance [3–6], increases competitive ability
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[7], growth, and reproduction [8], and produces alkaloid com-
pounds that deter herbivory [9, 10]. Consequently,
E. coenophiala infection reduces plant diversity and gradually
increases S. arundinaceus abundance in plant communities
[11, 12]. Endophyte-infected (E+) S. arundinaceus stands also
accumulate more soil organic carbon and total nitrogen with
time compared to uninfected (E−) stands [13–15].

The most common strain of E. coenophiala in the USA
produces ergot alkaloids that cause well-documented toxicity
symptoms in grazing livestock, such as impaired heat toler-
ance and reduced reproductive success, which are cohesively
termed Btall fescue toxicosis^ [16]. Naturally occurring
E. coenophiala strains that do not produce mammal-toxic er-
got alkaloids, yet continue to deter insect herbivory through
loline and peramine alkaloid production, have been isolated
and introduced into forage cultivars [17], often reducing
endophyte-conferred plant benefits [4]. These Bnovel^ or
Bnon-toxic^ endophytes (NTEs) are increasingly present in
managed grasslands worldwide, yet we do not fully under-
stand the ecological implications of these symbioses on plant
communities, soil properties, and concomitant symbionts in
S. arundinaceus.

Another important plant-microbial symbiosis exists be-
tween nearly 80 % of land plants and arbuscular mycorrhizal
fungi (AMF) of the phylum Glomeromycota [18, 19]. AMF
colonize plant roots, increasing water and nutrient uptake in
exchange for host photosynthate [19, 20]. The availability of
nutrients, such as P and N, influences the relative benefit these
nutritional mutualists confer to hosts. For example, AMF
may be a parasitic sink for plant C when environmental
N and P are in abundance, but become beneficial when P
is limited [21]. AMF soil hyphal networks also improve
soil physical properties such as aggregate size and stability,
and increase C sequestration [22, 23].

Other belowground endophytic fungi frequently coexisting
with AMF include dark septate endophytes (DSEs) of the
phylum Ascomycota. DSE may perform similar or comple-
mentary functions to AMF, but researchers are just beginning
to investigate these possibilities [24, 25]. If DSEs function
similarly to AMF, both symbionts may influence plant pro-
ductivity and soil properties in grassland ecosystems, such as
S. arundinaceus-dominated pastures.

Little is known about how S. arundinaceus’ aboveground
symbiosis with E. coenophiala affects belowground symbio-
ses with AMF and DSE. Symbiosis with CTE strains can
decrease AMF root colonization rate in S. arundinaceus [26,
27]. CTE symbiosis also lowered the abundance of AMF
spores [28] and lipid biomarker 16:1 ω5 cis [29] in soils
compared to E−. Decomposing CTE+ thatch reduced AMF
colonization rates in other plants, whereas E− and NTE+
(AR542 strain) did not [30]. This suggests that compounds
produced in CTE+ S. arundinaceus, such as ergot alkaloids,
negatively affect AMF. A similar asexual endophyte Epichloë

festucae var. lolii can reduce AMF infection in Lolium
perenne L. [31], yet Liu et al. [32] observed that competition
between the endophyte and AMF was mitigated in a higher
sugar host cultivar. Epichloë occultans (C.D. Moon, B. Scott
&M.J. Chr.) [=Neotyphodium occultansC.D.Moon, B. Scott
&M.J. Chr.] in Loliummultiflorum Lam. also decreased AMF
colonization in E+ plants, but increased AMF colonization in
neighboring E− plants [33]. Studies of other cool-season
grasses hosting asexual Epichloë species show that endophyte
infection may stimulate host AMF colonization [34–36] and
augment plant growth [34, 37].We do not fully understand the
divergence between different grass host–endophyte–AMF re-
lationships, nor have there been comprehensive examinations
of these relationships considering S. arundinaceus containing
different endophyte strains, DSE, or their impacts on related
ecosystem parameters.

To address this knowledge gap, using plant and soil sam-
ples collected from a 5-year-old field study, we examined how
CTE and NTE strains of E. coenophiala in S. arundinaceus
affected root mycorrhizal and DSE colonization, associated
shoot and root nutrients, lengths of soil extraradical AMF
hyphae, water stable soil aggregates, and C and N within
aggregates. We hypothesized that (1) CTE+ plots would de-
crease root AMF and DSE colonization rates and reduce
extraradical AMF hyphae compared to E− or NTE+; and (2)
these effects would lead to greater water stable soil aggregates
and C concentration in E− and NTE+ plots than in CTE+.

Materials and Methods

Site Description and Study Design

The study was located in Lexington, Kentucky, at the
University of Kentucky Spindletop Research Farm (38° 6′
29″N, 84° 29′ 31″W), which has average summer and winter
temperatures of 23.8 and 1.6 °C, respectively, and 1163 mm
mean annual precipitation [38]. The soil is described as a
Bluegrass-Maury silt loamweathered from a silty loess mantle
over clayey phosphatic limestone residuum, and is a well-
drained fine, mixed, semi-active, mesic Typic Paleudalf [39].
Soil C, N, and P levels at establishment (2008) were 2.25%C,
0.25 % N, and 184 mg P kg−1 soil [12]. In May 2013, the
mean soil test nutrient levels and Sikora II buffer pHmeasured
by the University of Kentucky Soil Testing Regulatory
Services were as follows: 184.21 mg P kg−1 soil,
90.81 mg K kg−1 soil, 1582.98 mg Ca kg−1 soil,
143.90 mg Mg kg−1 soil, 1.88 mg Zn kg−1 soil, and 6.57 pH.

On 10 April 2008, field plots were established in a random-
ized complete block design (RCBD) with six blocks containing
four plots each, resulting in 24, 2 × 2m total squares separated by
1 m Poa pratensis L. (Kentucky bluegrass) alleys. Pasture dem-
onstration farm (PDF) variety S. arundinaceus seed was hand-

Epichloë coenophiala–Grass Associations and Belowground Fungi 683



broadcast in monoculture at 11.2 kg ha−1 in each plot and
contained one of four treatments: E−, infected with a CTE strain
of E. coenophiala (CTE+), or infected with one of two NTE
strains (AR542 NTE+ or AR584 NTE+). Endophyte frequency,
via immunoblot assay, and endophyte strain, via genetic screen-
ing [40], were verified inMay 2010. E− plots were 1 % infected,
CTE+ plots were 84 % infected, AR542 NTE+ plots were 84 %
infected, and AR584 NTE+ plots were 97 % infected. Genetic
tests confirmed that CTE+ and NTE+ treatments were as
planned. Tall fescue abundance (%) in treatment plots on 13
June 2013 averaged 51 ± 8 (E−), 92 ± 1 (CTE+), 64 ± 5
(AR542 NTE+), and 75 ± 6 (AR584 NTE+).

Sample Harvest and Preparation

Five years after establishment (30 May 2013), we harvested
ramets (2–4 vegetative tillers) of S. arundinaceus with intact
roots from three plants within each plot, obtaining 72 total
samples. Three 1.5 cm diameter soil cores were collected
and composited for each plot, totaling 24 soil samples, which
were sieved to 2 mm and air-dried. Roots were separated from
each ramet, washed, and dried at 55 °C. After AMF and DSE
colonization analysis, composited roots per plot were cyclone
milled. Endophyte presence/absence was verified in individu-
al tillers within each ramet using an Epichloë-specific immu-
noblot assay [41]. Tillers comprising six ramets tested as E− in
CTE+ or NTE+ treatments out of the 72 samples and were
excluded from the study. Tillers were composited per plot,
dried, and milled.

Root Mycorrhizal and DSE Colonization

Mycorrhizal and DSE colonization in S. arundinaceus were
measured via root microscopy [42]. Dried root subsections
were cleared using 10 % KOH, acidified in 2 % HCl, and
stained with 0.05 % trypan blue. Roots were de-stained in
1:1 glycerol/deionized (DI) water, then allowed to dry on
25-mm microscope slides before preserving with polyvinyl
lactoglycerol (PVLG; INVAM). AMF colonization rate was
measured using a line intersect method at ×400 magnification
modified fromMcGonigle et al. [42], counting the presence of
AMF arbuscules, vesicles, or hyphae at each intersection.
Only one count was recorded when structures intersected,
prioritizing arbuscules > vesicles > hyphae. We also tallied
melanized, septate DSE hyphae or microsclerotia presence.
Total AMF and DSE colonization (%) was calculated as the
number of presences divided by possible views and multiplied
by 100.

Plant Nutrients

Total N and P concentrations within milled root and shoot
tissue were measured via wet digestion. Plant N was

converted to NH3 [43] and colorimetrically determined (%)
via modified Berthelot reaction [44]. Plant P was reduced to
PO4

3− and colorimetrically determined (%) based on Fiske
and Subbarow [45].

Extraradical AMF in Soil

To estimate the length of extraradical AMF hyphae, we ex-
tracted hyphae from a 4-g soil subsample by an aqueous ex-
traction and membrane filter technique modified from
Jakobsen et al. [46] and Rillig et al. [47]. Subsamples were
dispersed in 100 mL of DI water with an added 12 mL of
35 g L−1 (NaPO3)6. Solutions were shaken by hand, sonicated,
allowed to settle before passing through a 38-μm sieve to
retain hyphae, roots, and organic material, and then washed
into 250-mL flasks with 200 mL of DI water. A 4-mL aliquot
was pipetted into a syringe attached to a 25-mm Millipore
filter holder containing 0.45-μmpore size nitrocellulosemem-
brane filters. Aliquots were stained with 0.05 % trypan blue
for 1.5 h [48], vacuum-filtered to retain stained AMF hyphae
on the membrane, and rinsed with DI water. Membranes were
allowed to dry on 25-mmmicroscope slides before preserving
with PVLG. We estimated AMF hyphal length via gridline-
intersect method [48] with a 10-mm2 gridded graticule (100
squares total) at ×100 magnification and 50 fields of view per
slide, differentiating AMF and non-AMF hyphae using
criteria for internal hyphae [49–51]. Extraradical AMF hypha
length within each plot was calculated as m hyphae g−1 soil,
using Tennant’s equation [48]. Extraction efficiency was mea-
sured as described inMiller et al. [49], resulting in a correction
factor of 88 % efficiency.

Soil Aggregate Stability and Nutrients

We determined water-stable soil aggregate percentage in soils
using wet-sieving apparatus (Eijkelkamp, Giesbeek, NL) as
described in Wuddivira and Camps-Roach [52]. A 4-g soil
subsample from each plot was placed into the apparatus
equipped with a 250-μm sieve (small macroaggregates), cov-
ered with DI water, and rotary sieved for 3 min
(stroke = 1.3 cm, approximately 34 times/min). All material
washed through the 250-μm sieve was passed through a
53-μm sieve (microaggregates). Material retained on each
sieve was dispersed by sieving in a solution of 2 g L−1

(NaPO3)6 for 5–8 min. The dispersed solutions from each
sieve size and the material not retained on sieves (not water
stable, NWS) were transferred into pre-weighed cans and
dried at 105 °C for 48 h. Percentage water-stable small mac-
roaggregates (250–2000 μm) and microaggregates (53–
250 μm) within each sample were calculated using the weight
of soil obtained in the dispersing solution cans for each sieve
size divided by the sum weight obtained in both dispersing
solution cans and the distilled water can. Total C and N
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concentrations (%) within dried, ball-ground soils from each
aggregate fraction were determined on an elemental analyzer
(FlashEA 1112 series, Thermo Fisher Scientific, Waltham,
MA).

Statistical Analysis

Significant main effects of endophyte treatment (α = 0.05)
were assessed on AMF and DSE root colonization rate, tissue
N and P for roots and shoots, and percentage of water stable
soil macro- and microaggregates using the PROC MIXED
procedure in SAS (9.3 SAS Institute Inc., Cary, NC, USA)
for a RCBD design with endophyte treatment as a fixed effect
and block as a random effect. Averaged AMF and DSE colo-
nization rates across individual ramets per plot were used for
statistical analysis. Significant fixed endophyte treatment and
soil aggregate size fraction effects on aggregate C and N were
analyzed as a split-plot design using PROC MIXED, with
block as a random effect. Significant differences between
means were compared using LSMEANS and the PDIFF op-
tion in SAS. Potential correlations between quantitative pa-
rameters such as AMF colonization and plant nutrients were
explored using the PROC REG procedure in SAS and are
reported where significant.

Results

Root Mycorrhizal and DSE Colonization

Total AMF and DSE colonization in S. arundinaceus roots at
the site averaged 38 (±2) and 20 (±1) %, respectively.
E. coenophiala treatment did not significantly affect total root
AMF colonization rates (%) (Fig. 1a; P = 0.5751), although
CTE+ plants had lower AMF colonization than E− or NTE+
treatments (33 % in CTE+ vs. 40 % averaged across E−,
NTE+). Endophyte treatment did not significantly affect
AMF arbuscule, vesicle, or hypha presence (F3, 15 = 0.42–
1.43; all P > 0.05) or DSE colonization (F3, 15 = 0.10;
P = 0.9586; Table 1). We also observed no correlation be-
tween total AMF and DSE colonization (regression
P = 0.8313; R2 = 0.0021).

Plant Nutrients

Endophyte treatment did not significantly influence %N (F3,

15 = 1.13; P = 0.3669) or P (F3, 15 = 1.04; P = 0.4025) in root
tissue (Fig. 2a, b), or shoot tissue N (F3, 15 = 2.86; P = 0.0722)
or P (F3, 15 = 0.38; P = 0.7672; Fig. 2a, b). However, shoot
%N trended greater in CTE+ compared to E− (LSMeans
p = 0.0112, CTE+ 0.16 percentage points > E−).
Additionally, plant shoot %P significantly correlatedwith total
AMF colonization, where %AMF was higher in plants

containing lower shoot %P (Fig. 3). No other significant nu-
tritional relationships were identified. There was no

Fig. 1 a Root colonization rate (%) of arbuscular mycorrhizal fungi
(AMF) measured in S. arundinaceus roots. b Length of extraradical
AMF hyphae in soil samples (m hyphae g−1 dry soil). Values in a and b
are means (±S.E.) of the 6 replicates within each treatment, while c shows
the linear regression of soil extraradical AMF (m hyphae g−1 dry soil)
with S. arundinaceus root AMF colonization (%) across the 24 research
plots labeled by endophyte treatment
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endophyte treatment effect on plant N/P ratio in roots (F3,

15 = 0.23; P = 0. 0.8722) or shoots (F3, 15 = 0.67;
P = 0.5823; Table 2).

Extraradical Soil AMF

Endophyte treatment did not significantly affect soil
extraradical AMF hyphal length (m hyphae g−1 soil; Fig. 1b;
F3, 15 = 0.81; P = 0.5097). Unlike root colonization, CTE+

plots typically exhibited greater soil hyphal length than E− or
NTE+ plots (particularly AR542 NTE+). Plots with greater
total root AMF colonization generally contained less
extraradical soil hyphae (Fig. 1c), but we found no significant
plant or soil correlations.

Soil Aggregate Stability and Nutrients

Endophyte treatment did not significantly influence the pro-
portion of NWS aggregates (F3, 15 = 1.30; P = 0.3109), water
stable microaggregates 53–250 μm (F3, 15 = 0.45;
P = 0.7221), water stable small macroaggregates 250–
2000 μm (F3, 15 = 0.64; P = 0.5992), or total water stable
aggregate amount (macro + micro; F3, 15 = 1.30; P = 0.3109).

Soil aggregate C was determined by size (aggregate size F2,
40 = 45.74; P = <0.0001), but not endophyte treatment (endo-
phyte F3, 15 = 1.89; P = 0.1755) or the interaction between
aggregate size and endophyte treatment (endophyte * aggregate
size F6, 40 = 1.11; P = 0.3758). Carbon was highest in small
macroaggregate and NWS fractions but not different between
them (Table 3). Soil aggregate N was also determined by size
(aggregate sizeF2, 40 = 116.24; P = <0.0001), and not endophyte
treatment (endophyteF3, 15 = 0.92;P = 0.4548) or the interaction
(endophyte * aggregate size F6, 40 = 0.47; P = 0.8241). N

Fig. 2 a N and b P concentration (%) in S. arundinaceus tissue. Values
are means (±S.E.) of each treatment

Fig. 3 Linear regression of shoot P concentration (%) and root AMF
colonization (%) in S. arundinaceus
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Table 1 Colonization rates (%) of arbuscular mycorrhizal fungi (AMF) arbuscules, vesicles, and hyphae, and the rate of dark septate endophyte (DSE)
colonization (total hyphae and microsclerotia) measured in S. arundinaceus roots. Values are means (±S.E.) of 6 replicates within each treatment

Endophyte treatment

E− CTE+ AR542 NTE+ AR584 NTE+ Site average

AMF arbuscules (%) 11 (2) 8 (3) 14 (3) 15 (3) 12 (1)

AMF vesicles (%) 5 (1) 5 (1) 6 (1) 3 (1) 5 (1)

AMF hyphae (%) 24 (3) 20 (4) 19 (2) 21 (4) 21 (2)

DSE colonization (%) 19 (3) 21 (2) 20 (3) 19 (3) 20 (1)



concentration was also highest in small macroaggregate and
NWS fractions but not different between them (Table 3).

Discussion

To our knowledge, this is the first study quantifying above-
ground E. coenophiala strain effects on root AMF and
DSE colonization and soil hyphae. None of these charac-
teristics differed between E−, CTE+, AR542 NTE+,
and AR584 NTE+ plants. There were no significant
symbiont-associated changes in above- or belowground
plant nutrients, soil aggregates, or aggregate-associated C
and N, although we observed negative correlations be-
tween plant shoot P and root AMF colonization, and be-
tween soil and root AMF. Aboveground E. coenophiala,
regardless of strain or alkaloid production potential, may
neither antagonize belowground AMF and DSE in shared
S. arundinaceus hosts nor substantially affect plant nutri-
ents or soil properties in mesic, P-rich temperate-managed
grasslands.

Our first hypothesis that CTE symbiosis in S. arundinaceus
would inhibit root AMF and DSE colonization compared to
NTE+ or E− plants was unsupported by this study. This

contrasts with previous demonstrations that CTE symbiosis
reduces AMF colonization in roots and inhibits AMF prop-
agules in soils [26–28], potentially due to methodological
and environmental differences. Prior studies lasted one
growing season (103 days from seed in Mack and
Rudgers [27], 15 weeks from seed in Guo et al. [26]) and
used either a live soil inoculum from nearby fields, a com-
mercial fungal inoculum with one strain [27], or single-
species isolates of Glomus sp. taken from field soils [26].
Chu-Chou et al. [28] used soil and S. arundinaceus seeds
harvested from 3-year-old field plots of CTE+ and E−
plants, and measured propagules kilograms per soil and
spores per plant using most probable number (MPN) assays
[53, 54]. By serially diluting soil samples with sterilized
sand, growing host plants from seed, then harvesting soil
and roots to examine spores and AMF propagules, this
method essentially captures initial seedling colonization
capacity using environmental inoculum. Our direct assess-
ment of plants and soils from 5-year-old field plots con-
founds equitable comparison to these studies.

S. arundinaceus in this study experienced 5 growing sea-
sons, and only E. coenophiala within seeds was manipulated,
with no controls on soil microbes. Plants harboring different
E. coenophiala strains may have accumulated different

Table 3 Percentage (%) of non-water stable (NWS) silt and clay, water stable microaggregates (53–250 μm), and water stable small macroaggregates
(250–2000 μm) in soil samples, and aggregate-associated C and N concentration (%). Values are means (±S.E.)

Endophyte treatment

Aggregate size E− CTE+ AR542 NTE+ AR584 NTE+ Site average

% NWSa 9.8 (0.3) 11.0 (1.0) 11.3 (0.4) 10.0 (0.9) 10.2 (0.3)

% C 2.1 (0.0) 2.1 (0.0) 2.2 (0.0) 2.3 (0.1) 2.2 (0.0)

% N 0.2 (0.0) 0.2 (0.0) 0.2 (0.0) 0.3 (0.0) 0.2 (0.0)

% 53–250 μmb 12.5 (1.4) 11.0 (1.0) 12.3 (1.6) 11.0 (1.0) 11.7 (0.6)

% C 1.7 (0.0) 1.7 (0.1) 1.9 (0.1) 1.7 (0.1) 1.8 (0.1)

% N 0.2 (0.0) 0.2 (0.0) 0.2 (0.0) 0.2 (0.0) 0.2 (0.0)

% 250–2000 μma 77.7 (1.5) 79.2 (1.7) 76.4 (1.9) 79.1 (1.5) 78.1 (0.9)

% C 2.2 (0.0) 2.2 (0.0) 2.2 (0.0) 2.3 (0.0) 2.2 (0.0)

% N 0.2 (0.0) 0.2 (0.0) 0.2 (0.0) 0.3 (0.0) 0.2 (0.0)

a, b Different letters indicate significantly different mean C and N between soil aggregate sizes (F2, 40 = 45.74–116.24; all aggregate size P = <0.0001).
Although C and N were analyzed individually, one letter is used to indicate parallel patterns of significant differences between soil aggregate sizes for
ease of interpretation

Table 2 Ratio of N/P in
S. arundinaceus tissue. Values are
means (±S.E.)

Endophyte treatment

N/P E− CTE+ AR542 NTE+ AR584 NTE+ Site average

Shoot 3.72 (0.23) 4.04 (0.15) 4.01 (0.16) 3.92 (0.25) 3.92 (0.10)

Root 4.55 (0.28) 4.36 (0.53) 4.78 (0.25) 4.52 (0.30) 4.55 (0.17)
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belowground fungal communities with time [55]. While prior
studies proved that E. coenophiala symbiosis can reduce root
AMF colonization in S. arundinaceus and inhibit certain
AMF species in surrounding soils, we find these differences
may not persist with time or in certain field conditions, or
extend to other belowground symbionts such as DSE.
Research remains to be done evaluating potential effects of
different endophyte strains on the establishment and compo-
sition of belowground fungal communities over time.

Neither endophyte treatment nor root symbiont coloniza-
tion rates significantly determined plant nutrient concentra-
tions. Average plant root and shoot N/P ratios of 4.6 and 3.9,
respectively, indicate a relatively N-limited, P-rich site [56],
which predictive theory suggests would foster a commensal
plant–AMF relationship [21]. We noted a weak negative cor-
relation between AMF colonization and shoot P (Fig. 3). This
was also observed in Ryan et al. [57], perhaps suggesting that
plants relied more on AMF colonization as they became P-
deficient in shoots. Alternatively, in this site’s high P soils, the
optimum plant benefit from AMF was achieved at lower col-
onization rates while higher colonization rates produced no
additional benefit or even antagonistic feedback to plant P
[58]. Because we cannot fully evaluate AMF contribution to
P uptake at different colonization levels based solely on plant
P [59], we cannot completely delineate this relationship.
Potential commensalism between S. arundinaceus and AMF
at our P-rich site may have modulated nutritional contribution
from AMF, and thus potentially interactions between
E. coenophiala and AMF, which would likely have differed
under nutrient limitation.

We had further hypothesized that plots containing CTE+
S. arundinaceuswould support less extraradical AMF hyphae
compared to NTE+ or E− plots, which was also not validated
by our study results. We observed the opposite trend, with a
small increase in the length of extraradical soil hyphae in
CTE+ plots compared to E− or the two NTE+ treatments.
This contrasts with Antunes et al. [30], where root AMF col-
onization was inhibited in Bromus inermis Leyss. (smooth
brome) subjected for 120 days to decomposing CTE+
S. arundinaceus thatch, but not to AR542 NTE+ thatch, sug-
gesting that extraradical growth through soil may have been
affected. Although lacking significant differences due to en-
dophyte presence, our results support Antunes et al.’s [30]
alternative hypothesis: differences between CTE+ and NTE+
strains are not due specifically to the presence or amounts of
livestock-toxic ergot alkaloids, but to other differences depen-
dent on host genetics or nutrient resources, such as other al-
kaloids or metabolites [60, 61], or root exudates [62].

These data also contrast with those from an adjacent exper-
iment of a similar age containing the same S. arundinaceus
variety and endophyte treatments, in which Rojas et al. [63]
found increased AMF DNA abundance in bulk and rhizo-
sphere soils of E+ plots compared to E− regardless of

endophyte strain. Uneven distribution of nuclei within
aseptate AMF hyphae can unbalance analyses of DNA abun-
dance and cause poor correlation with microscopy-based ex-
aminations [64] such as estimates of extraradical hyphal
length. Further, certain AMF species preferentially produce
either spores, hyphae, or root colonization structures [65],
and AMF spores and hyphae harbor different concentrations
of nuclei [66]. We evaluated hyphal length via microscopy
and did not account for spores present in soil samples which
would have been included in DNA analyses, which may ex-
plain why our results differed from Rojas et al. [63].

Species-specific allocation between fungal structures also
cause differences in AMF communities between roots and soil
extraradical mycelium [67, 68], which may explain why plant
root AMF was inversely proportional to the amount of
extraradical soil AMF in this study (Fig. 1c). Although not
statistically significant, it is possible that endophyte-mediated
effects on AMF could manifest as tradeoffs between root col-
onization and soil networks, as suggested by lower root colo-
nization rates but higher extraradical soil hyphae in CTE+
stands. These tradeoffs could intensify with reduced plant di-
versity and increased abundance of CTE+ S. arundinaceus
compared to E− or NTE+ plots. Although AMF and DSE
can be positively correlated [69], lack of an E. coenophiala
effect or correlation between AMF and DSE in this study
obfuscates hypotheses regarding these symbionts. Future
studies of Epichloë endophyte effects on belowground sym-
bioses within hosts and soil should consider differences in
fungal species.

Our second hypothesis that long-term E− or NTE+ field
plots supporting increased soil hyphae would havemore water
stable soil aggregates was also not validated by our study. This
is likely because we found no significant changes in
extraradical soil hyphae, which impact soil aggregate size
[23]. Our lack of observed changes in both macro- and
microaggregates, and C and N within aggregates contrasts
with a prior study finding that C and N was primarily accu-
mulated and protected in small macroaggregates due to CTE
symbiosis [14]. Stand age might have contributed to our re-
sults, as endophyte effects on soil aggregates or aggregate-
associated C or N can be difficult to detect in short-term stud-
ies (e.g., ≤60 weeks [70, 71]), yet have been detected after at
least 5, 8, or 20 years [13–15]. Because our analysis occurred
5 years after planting, increases in extraradical hyphae within
CTE+ plots in the current study, even with greater CTE+
S. arundinaceus abundance, may not have had sufficient time
to significantly impact soil aggregates and C sequestration.

Conclusions

In this 5-year-old field study, neither E. coenophiala presence
nor strain significantly impacted root AMF or DSE
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colonization of S. arundinaceus or soil extraradical hyphae.
CTE+ plots exhibited lower root AMF colonization but great-
er extraradical hyphae length compared to other treatments,
but these subtle effects did not cause any endophyte-
associated changes on plant P or N, soil aggregates, or aggre-
gate C or N. Our report of similar soil AMF and root AMF and
DSE within two strains of NTE+ S. arundinaceus is novel,
and the disparity of our results with those of prior studies
examining E. coenophiala/S. arundinaceus/AMF relation-
ships call attention to the sensitivity of these tripartite interac-
tions to other environmental parameters, such as stand age,
field conditions, and AMF species. We suggest that presence
or manipulation of E. coenophiala strains in S. arundinaceus
may not substantially alter belowground symbioses and asso-
ciated plant nutrition or nutrient cycling, at least in P-rich
grasslands in the USA. High soil P may have promoted com-
mensal interactions between aboveground E. coenophiala and
belowground AMF and DSE. Future studies should mecha-
nistically explore how these effects could differ among other
soils or field conditions, considering the potential for interac-
tions between symbionts (or lack thereof) to impact resource
management decisions, ecosystem properties, and ecosystem
response to global change factors.
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