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Abstract

Aims Symbiotic fungi commonly increase plant acqui-
sition of soil nutrients. Because prior work has focused
on root fungi, we examined how leaf endophytes
(Epichloé) influenced plant responses to fertilization
and altered plant traits that may cascade to food webs
and ecosystem processes.

Methods We manipulated endophyte presence/absence
in two populations of Trisetum spicatum, a wild relative
of oat, under a 2 x 2 addition of soil nitrogen (N) and
phosphorus (P) in the greenhouse.

Results Endophyte symbiosis altered how plant bio-
mass responded to soil N and how plant traits responded
to soil P. Endophytes boosted the biomass gains from N-
fertilization in one population. Plants from a second
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population had weak benefits of symbiosis, but the
endophyte altered plant traits, by increasing specific leaf
area under P-fertilization, root diameter under low P, and
concentration of the fungal alkaloid AcAP under N
fertilization. Endophyte presence suppressed the typi-
cally observed increase in root hair density in response
to soil P limitation. Under low P, symbiotic plants from
both populations had improved forage quality relative to
symbiont-free plants, although N-fertilization had a
larger effect size on forage quality than did symbiosis.
Finally, the two populations differed in production of
fungal alkaloids, which generally increased in response
to fertilization.

Conclusions Predicting how microbial symbionts me-
diate plant acquisition of nutrients requires understand-
ing how much their effects vary among plant and endo-
phyte genotypes. Here, the magnitude and direction of
leaf symbionts’ effects on plant yield and traits varied
between populations and with soil nutrient availability.

Keywords Epichloé - Mutualism - Nitrogen -
Phosphorus - Poaceae - Mountain ecosystem

Introduction

Symbiosis with fungi is a common plant strategy to
increase nutrient uptake (Smith and Read 2008), which
could reduce the need for anthropogenic fertilizer in-
puts. Human additions of nitrogen (N) and phosphorus
(P) are major threats to ecosystems worldwide, and
reducing these inputs can help mitigate anthropogenic

@ Springer


http://orcid.org/0000-0001-7094-4857
http://crossmark.crossref.org/dialog/?doi=10.1007/s11104-018-3848-6&domain=pdf
https://doi.org/10.1007/s11104-018-3848-6

Plant Soil

disturbances (Gruber and Galloway 2008). While most
prior work has focused on root fungi as drivers of plant
resource acquisition (e.g., reviewed by Newsham 2011;
Smith and Read 2008; van de Wiel et al. 2016), many
plants also host fungal endophytes in leaves (Rodriguez
et al. 2009). These aboveground symbionts have re-
ceived less attention than root symbionts for potential
benefits to plant nutrition. Studies in wild relatives
of crops could be useful for uncovering novel
ecological functions of foliar endophytes for agricultural
applications.

Prior evidence suggests that foliar fungal endophytes
can promote mineral acquisition in grass hosts. First,
several previous studies on endophytes in the Epichloé
genus (family Clavicipitaceae, phylum Ascomycota)
have reported that plants with a symbiotic endophyte
have greater tissue nutrient content than those without
an endophyte. For example, endophyte-symbiotic red
fescue (Festuca rubra) and wild barley (Hordeum
brevisubulatum) had greater N and P content than
endophyte-free plants (Song et al. 2015; Vazquez-de-
Aldana et al. 2013). Similarly, Chinese rye grass
(Leymus chinensis) with an Epichloé sp. had higher
photosynthetic N-use efficiency than naturally
endophyte-free plants (Ren et al. 2014). Second, endo-
phyte benefits are sometimes stronger under soil nutri-
ent deficiency than when nutrients are less limiting,
suggesting endophyte-mediated enhancement of plant
nutrient acquisition. For example, an endophyte in-
creased root biomass in tall fescue grass (Schedonorus
arundinaceus, syn. F. arundinacea) under P deficiency
(Malinowski and Belesky 1999). In perennial ryegrass
(Lolium perenne), endophyte presence increased plant
biomass more when soil N content was low than when it
was high (Lewis 2004). In the same species, endophyte
presence increased P-use efficiency, but not P uptake
rate, under P deficiency (Ren et al. 2007). However, in
some prior studies, the lack of experimental manipula-
tion of endophyte presence has precluded assignment of
causality to the endophyte. Reported differences could
be caused by plant genotype, rather than by endophyte
symbiosis, and other studies have detected no influence
of foliar endophytes on plant nutrient acquisition. For
example, fertilizer (N, P, K) addition resulted in greater
plant biomass regardless of endophyte status in
tall fescue (Schedonorus pratensis syn. F. pratensis) and
red fescue, F rubra (Ahlholm et al. 2002b). Also, Ren
et al. (2009) reported that symbiotic L. perenne in
nitrogen-rich soil gained larger shoot biomass and higher
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levels of soluble sugars than endophyte-free plants in the
same rich soil, suggesting nutrient limitation of endo-
phyte benefits, rather than endophyte-mediated nutrient
uptake. Experimental manipulation of endophyte
presence/absence can help to improve understanding of
the causes of observed differences in nutrient acquisition
in these complex partnerships.

The mechanisms underlying Epichloé-mediated nu-
trient acquisition are not fully resolved. Thus far, pro-
posed mechanisms for foliar endophyte-mediated nutri-
ent uptake include altered root architecture and changes
in root exudate production or composition. For example,
under soil P deficiency, endophyte-symbiotic tall fescue
grass produced 17% longer root hairs and 11% narrower
root diameters than plants with endophytes removed
(Malinowski et al. 1999). Similarly, symbiotic perennial
ryegrass exposed to soil P-deficiency made longer roots
than endophyte-free plants (Ren et al. 2007); changes in
root architecture were also confirmed for plants grown
in agar, but additionally depended on the source of P
(Ding et al. 2015). Endophyte-presence increased total
organic carbon and total phenolics in the root exudates
of endophyte-symbiotic tall fescue (Guo et al. 2015),
although the magnitude of the effect depended on plant
genotype. It is possible that endophyte-mediated chang-
es to physiological plant traits additionally affect host
interactions with soil microbes in ways that further
promote nutrient acquisition (e.g., Bell-Dereske et al.
2017; Chu-chou et al. 1992; Garcia-Parisi et al. 2017).
Consideration of the collective genotype of the symbiota
(plant + endophyte) could enhance understanding of the
context-dependency of nutrient acquisition.

Here, we addressed gaps in understanding of the
belowground effects of foliar endophytes using experi-
mental methods in a wild grass-endophyte system. First,
we investigated the interactive effects of co-limiting
nutrients. Although prior studies have investigated the
influence of soil nutrients on endophyte-symbiotic
grasses under drought (Ren et al. 2014), herbivory
(Krauss et al. 2007), and other environmental factors
(Ahlholm et al. 2002a; Vazquez-de-Aldana et al. 2013),
studies investigating interactive nutrient combinations
have been rare. For example, Li et al. (2012) studied the
combined effects of N and P on Achnatherum sibiricum.
Under nitrogen addition, symbiosis with an Epichloé sp.
improved acid phosphatase activity enough that plant
biomass did not respond to phosphorus deficiency and
surpassed that of endophyte-free plants. These results
suggested that both N and P may influence the
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magnitude of endophyte-mediated benefits to plants.
Second, understanding whether endophytes alter plant
traits is an important step in identifying the mechanisms
underpinning foliar endophyte symbioses. Few fertili-
zation studies have examined changes in plant traits
other than tissue nutrient content (but see, e.g.,
Malinowski et al. 1999). For example, detailed analyses
of forage quality traits could improve understanding of
the consequences for consumers, food web dynamics,
and decomposition rates (Lemons et al. 2005). Third,
most prior studies have focused on a few agronomic
species, with less attention to endophyte-mediation of
nutrient acquisition in other taxa (reviewed by Cheplick
and Faeth 2009; Omacini et al. 2012).

Here, we assessed yield and plant traits in wild pop-
ulations of Trisetum spicatum, subjected to additions of
nitrogen and phosphorus and to experimental removal
of two of its natural endophytes. Trisetum spicatum is
native to the Americas and, to our knowledge, is the
closest relative to oat (Avena sativa) reported to host
foliar endophytes in the Epichloé clade. Research on this
previously unstudied Epichloé host could provide in-
sight into the type of symbiosis that would reduce the
need for fertilizer inputs into agroecosystems. We com-
pared plant growth and biomass, physiological traits,
and plant nutrient status between two Colorado popula-
tions of 7. spicatum that hosted different Epichloé sym-
bionts, in order to address the following questions. (1)
Does foliar endophyte symbiosis ameliorate soil nutri-
ent limitation in plant hosts? Based on prior research,
we predicted that endophyte presence would reduce P
limitation, such that biomass differences between E+
and E- plants would be smaller under the addition of
inorganic P. Because Epichloé spp. produce N-rich al-
kaloids, we predicted the opposite result for N addition,
for which we expected greater biomass differences be-
tween E+ and E- plants under N addition than in con-
trols. High N availability may offset the costs of endo-
phyte symbiosis. (2) Does endophyte symbiosis alter
traits associated with nutrient or carbon acquisition?
Based on prior studies, we predicted that endophyte
presence would alter root architecture, and that plant
investment in nutrient-acquisitive traits (e.g., dense root
hairs) would decline with fertilization and endophyte
symbiosis. In contrast, we expected investment in
carbon-capture traits (e.g., high specific leaf area, anti-
herbivore alkaloid production) would increase with fer-
tilization and with endophyte symbiosis due to reduced
constraints imposed by nutrient limitation. (3) Do

genotypes of symbiota (plant + endophyte) differ in their
responsiveness to soil nutrients? We tested the degree to
which two genetic combinations of plants and endo-
phytes, which differed in their fungal alkaloid chemistry,
varied in responsiveness to N and P fertilization.

Materials and methods
Study system

Trisetum spicatum (Poaceae) is a perennial bunch-
grass with a wide geographic distribution in moun-
tain ecosystems (Barkworth et al. 2007). We com-
pared the performance of two populations in the
Rocky Mountains of western North America: Niwot
Ridge in the Colorado Front Range, east of the Con-
tinental Divide (40.050278 N, 105.570278 W —
40.060556 N, 105.600556 W, elevation 3297 m—
3544 m) and Cottonwood Pass on the western slope
of the Continental Divide (38.996143 N,
106.424449 W —38.84635019 N, 106.4246687 W,
elevation 3445 m). Endophyte prevalence at Niwot
Ridge was 90% of bulk seed collected. At Cotton-
wood Pass, prevalence was 17% of field-collected
plants (Ranelli et al. 2015), and the endophyte was
detected in 86% of seeds collected from nine plants
that were endophyte-positive in the field. We used a
PCR assay to determine the presence and genotype of
the endophyte in each population (Electronic Supple-
mentary Material, Appendix 1).

Endophyte manipulation

To remove the endophyte, we placed field-collected,
endophyte-symbiotic seeds into a convection drying
oven for 7 d at 60 C. To confirm treatment effective-
ness, we scored the endophyte status of each plant
microscopically by examining thin sections of the
inner leaf sheath from one tiller per plant, staining
with aniline blue lactic acid, and scoring at 200%
magnification following Bacon and White (1994).
At harvest, we again confirmed endophyte status by
removing a 1-2 cm section from the basal
pseudostem of one tiller from each plant. Each sam-
ple was lyophilized, then DNA was extracted using
the QTAGEN MagAttract 96 DNA Plant Core Kit. A
PCR assay using multiplex 1 (Charlton et al. 2014)
that tested for the presence of the genes fefA, perA,
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lolC, dmaW and idtG was used to determine the
endophyte status of each plant (Electronic Supple-
mentary Material, Appendix 1). The PCR results for
endophyte-symbiotic samples at harvest were consis-
tent with the expected endophyte genotype from the
Cottonwood Pass and Niwot Ridge samples, the en-
dophyte was detected in all endophyte-present plants,
and all endophyte-removed samples lacked
amplification.

Experimental design

We imposed a 2 x 2 x 2 x 2 factorial manipulation of the
source population (Niwot Ridge vs. Cottonwood Pass),
endophyte presence (present vs. removed), nitrogen ad-
dition (added vs. not), and phosphorus addition (added
vs. not) with n=30 individual plants per treatment
combination, with a total of 480 plants. Following ex-
perimental endophyte removal, we planted seeds onto
the soil surface of 53 cm x 27 cm % 7 ¢cm deep plastic
flats filled with potting mix containing vermiculite, Ca-
nadian sphagnum peat moss, bark ash, dolomitic lime-
stone, and a proprietary wetting agent (MetroMix 360,
Sun Gro Horticulture, Bellevue, WA). In early Novem-
ber 2014, flats were placed on a mist bench and main-
tained under greenhouse conditions of ~24 °C with 12 h
daylight. We transplanted ~5 cm tall seedlings into
23 emx 10 cm x 10 cm deep plastic pots filled with
MetroMix 360. On 26 December 2014, immediately
prior to nutrient treatment application, we split each
plant into four clones by gently separating subsets of
~6 tillers per clone. Each clone was repotted into 10 cm
square plastic pots filled with the same potting mix, and
randomly assigned to one of the 2 x 2 nutrient addition
treatments, described below. All pots were watered daily
with drip emitters.

Nutrient additions

We applied 20 mL of deionized (DI) water per week to
control treatment plants. Each week, nitrogen-treated
plants received 10 mL of DI water and 10 mL of
nitrogen fertilizer (concentration 8.22 g urea per 2.5 L
tap water), phosphorus-treated plants received 10 mL
deionized water and 10 mL phosphorus fertilizer (4.2 g
Triple Super Phosphate per 2.5 L tap water; Hi-Yield,
Bonham, Texas, USA), and nitrogen/phosphorus-
treated plants received 10 mL nitrogen plus 10 mL
phosphorus. Levels of fertilizers were chosen to fall
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within the range of additions in prior studies with
Epichloé-symbiotic grasses (Li et al. 2012;
Malinowski and Belesky 1999; Malinowski et al.
1998; Newman et al. 2003; Ren et al. 2007, 2009,
2014), and were not intended to mimic rates of N-
deposition or agronomic fertilizer application rates. We
began fertilizer treatments on 26 Dec 2014 and applied
these weekly until harvest on 24-27 Feb 2015. Plants
were supplemented with equivalent amounts of addi-
tional water as needed between fertilizer applications.

Plant growth and biomass

Every 3 weeks, we counted tiller number and measured
the length and width of the longest live leaf to the
nearest 0.1 cm to non-destructively estimate plant
growth. We took four measurements (26 December, 16
January, 6 February, 20 February); the final measure-
ment occurred immediately prior to harvest. To harvest,
we rinsed soil from roots placed over a 1 mm sieve and
separated above- and below-ground tissue by clipping
with scissors. Plant biomass was dried at 60 C for 2 d in
a convection oven, then weighed to the nearest 0.0001 g.

Leaf traits

We assessed three aboveground traits: leaf blade surface
area, specific leaf area (SLA), and leaf dry matter con-
tent (LDMC), following methods of Perez-
Harguindeguy et al. (2013). We collected three fresh,
fully expanded non-senesced leaves per plant, placed
them into individual 10 mL centrifuge tubes containing
DI water and saturated them for 3 h in the dark. Follow-
ing hydration, we measured leaf area using a flatbed
scanner (Canon, Melville, New York). After scanning,
we blotted each leaf dry with a paper towel, weighed
wet mass to the nearest 0.0001 g, then dried leaves in a
convection oven at 60C to obtain leaf dry mass.

Root traits

On 24-27 February 2015, we harvested ~0.36 g wet
weight of living roots from each plant. We took digital
images using a Leica DFC-480 camera on a Leica
MZ12 dissecting microscope with a 50 mm field of
view (Leica Microsystems, Wetzlar, Germany). From
these images, we measured the diameter (mm) of ten
randomly chosen roots using ImageJ analysis software
(Schneider et al. 2012). Then, fine roots were
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permanently mounted onto glass microscope slides with
polyvinyl-lactoglycerol. We took digital images at 200x
magnification on a Leica DM 2500 compound micro-
scope. The length (mm) of three randomly chosen, intact
root hairs, was measured using the measure tool in
ImagelJ (Schneider et al. 2012) by tracing the root hair
tip to its intersection with the main root. Root hair
density was evaluated at 200% magnification as the
number of root hairs per mm length of root.

Plant nutritional quality

Forage quality analysis was performed on dry leaf bio-
mass collected at harvest. To obtain sufficient biomass
for analysis, we combined aboveground biomass from
three randomly selected individuals within treatment
combinations to reduce the total number of samples
from 480 to 160. Dried samples were ground in a Wiley
mill (Thomas Wiley Laboratory Mill, Thomas Scientif-
ic, Swedesboro, NJ) to pass through a 1-mm screen.
Samples were analyzed for nutrient composition using
the Foss 6500 near-infrared reflectance spectrophotom-
eter (NIRS) and analyzed with the FOSS ISIScan soft-
ware (FOSS NIRSystems, Laurel, MD) with prediction
equations developed by the NIRS Forage and Feed
Testing Consortium (Hillsboro, WI). The forage quality
components were crude protein (CP), dry matter con-
tent, acid detergent fiber (ADF), neutral detergent fiber
(NDF), relative feed value, total digestible nutrients,
lignin content, in vitro dry matter digestibility
(IVDMD), ash content, and digestible neutral detergent
fiber (ANDF). We also collected data on leaf tissue % by
dry mass for phosphorus, nitrogen, potassium, calcium,
and magnesium using calculations from NIRS data (see
Kering et al. 2013; Pittman et al. 2016; Rogers et al.
2014).

Fungal alkaloid chemistry

We quantified endophyte-produced alkaloids on the
bulked, ground dry leaf biomass (described above for
forage quality analysis). Due to the expense of alkaloid
analyses, we randomly chose 5-7 bulked samples per
population X fertilizer combination, focused on the treat-
ment with the endophyte present. Samples that were
endophyte-free or from a population lacking the
genetic capacity to produce the alkaloid (e.g.,
aminopyrrolizidine in Cottonwood Pass), were run as
controls, and alkaloids were below the threshold for

detection in all controls. Peramine and chanoclavine
were extracted in 50% 2-propanol according to the
method of Rasmussen et al. (2011) with the following
modifications for detection as reported in Shi et al.
(2018). Separation of the alkaloids was performed on
an Agilent LC 1290 infinity with a BEH column (Wa-
ters, Milford, MA) of 2.1 mm A~ 150 mm, C18 station-
ary phase, particle size = 1.7 um, using 5 mM ammoni-
um acetate (solvent A) and acetonitrile (solvent B) with
a linear gradient of (95% A:5% B to 50% A:50% B) ata
flow rate of 0.35 mL/min, at 40C in positive mode. The
detection of peramine was based on the presence of
248 m/z MS1 ion and 206 m/z MS2 ion with a retention
time of 5.3 min. The detection of chanoclavine was
based on the presence of 257 m/z MS1 ion and 226 m/
z MS2 ion with a retention time of 7.6 min.
Aminopyrrolizidine analyses were performed on
100 mg lyophilized leaf tissue from the Niwot Ridge
population using GC (Varian CP-3800, Agilent
Technologies) equipped with MS (Varian Saturn 2200,
Agilent Technologies), as described previously
(Faulkner et al. 2006; Pan et al. 2014). Quinoline was
used as an internal standard. The only
aminopyrrolizidine detected in any Trisetum spicatum
plants was exo-1-acetamidopyrrolizidine (AcAP),
which eluted at 12.2 £0.20 min, with parent ion peak
(m/z 169) and the characteristic fragment ions at m/z 83
and m/z 108.

Statistical analysis: plant biomass, traits, chemistry

Data were analyzed with mixed effects general linear
models implemented in SAS (v. 9.1.3, Cary, NC).
Models examined separately the responses of change
in tiller number (initial to final), aboveground biomass,
and belowground biomass. Each model included the
fixed effects of the endophyte treatment, nitrogen treat-
ment, phosphorus treatment, and source population,
including all interaction terms as well as the random
effect of plant genotype nested in endophyte treatment x
source population. We decomposed significant treat-
ment interactions using planned orthogonal contrasts
for pairwise contrasts that specifically tested how endo-
phyte presence modified the plant response to nutrient
additions. We also used mixed effects models to exam-
ine responses of individual plant traits, leaf tissue % N
and % P, as well as fungal alkaloid production specific
to each population. We also used ANCOVA to explore
whether treatments altered relationships between plant
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traits and biomass production, by testing for trait x
treatment interaction effects.

Statistical analysis: plant nutritional quality

Due to the large number of traits measured, we used
perMANOVA (Primer v. 6.1, Clarke and Gorley 2009)
to test how the endophyte, fertilization, and source
population affected the suite of forage quality traits.
We normalized traits so that they were analyzed on
comparable scales, and ran analyses with a Euclidean
distance metric and 9999 iterations. The model included
the fixed effects of source population, endophyte pres-
ence, nitrogen, and phosphorus, along with all interac-
tions. Following perMANOVA, we visualized treatment
effects using non-metric multidimensional scaling anal-
ysis (Primer v. 6.1, 9999 iterations, 500 restarts) (Clarke
and Gorley 2009). A two-dimensional solution had low
stress (=0.14), and stress converged with the number of
iterations. Following perMANOVA, we used SIMPER
analysis (Primer v. 6.1) to understand which traits con-
tributed most to differences among treatments.

Results
Endophyte variation in Trisetum spicatum populations

The endophytes from Cottonwood Pass and Niwot
Ridge grouped within the genus Epichloé in the maxi-
mum likelihood tree generated from tefA gene se-
quences (Supplementary Material, Appendix 1,
Fig. S1). However, the two populations of 7. spicatum
were host to different endophyte species, an interspecif-
ic hybrid (E. elymi x E. typhina subsp. poae) in Cotton-
wood Pass and a non-hybrid, E. amarillans in Niwot
Ridge (Supplementary Material, Appendix 1, Fig. S2).
Each endophyte produced a different repertoire of alka-
loids as indicated by the presence of genetic markers for
alkaloid capability and by direct analysis of alkaloids
(Supplementary Material, Appendix 1, Fig. S3). All
Cottonwood Pass samples had the same endophyte ge-
netic profile: all perA (peramine) markers were detected,
as well as markers dmaW and easC (ergot alkaloid), and
idtQ (indole diterpene). Based on this genetic profile, we
predicted and confirmed the Cottonwood Pass endo-
phytes would produce peramine and the ergot alkaloid
chanoclavine. Although idtQ was detected, no other IDT
genes were present, which indicated an inability to
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produce indole-diterpenes (Supplementary Material,
Appendix 1, Fig. S2). The Cottonwood Pass endophyte
also had both mating type genes (mtAC and mtBA),
further suppoting that it was a hybrid species (Supple-
mentary Material, Appendix 1, Fig. S2-3). In plants
from Niwot Ridge, all perA markers were detected as
well as [o/C and lo/A (lolines), and easC and cloA (ergot
alkaloids). Although we predicted both peramine and an
intermediate within the loline pathway, AcAP would be
produced, the only alkaloid detected in endophyte-
infected Niwot Ridge samples was AcAP (Supplemen-
tary Material, Appendix 1, Fig. S2-3). The Niwot Ridge
endophyte contained the ergot alkaloid markers easC
and cloA, but was unable to make ergot alkaloids as the
samples lacked dmaW, which encodes the first step in
ergot alkaloid biosynthesis. The mating type for the
Niwot Ridge samples was MTB (only the mtBA gene
was present).

Plant biomass and growth

All plants in the E+ treatment had the endophyte, both at
the beginning of the experiment (microscopy) and the
end of the experiment (PCR), and all plants in the E-
treatment lacked the endophyte. Aboveground plant
biomass was generally responsive to additions of nitro-
gen, but not to phosphorus. However, the two popula-
tions of symbiota differed in the sensitivity of above-
ground production to endophyte presence and nutrient
addition, as indicated by significant population X nitro-
gen x endophyte interactions for both shoot biomass and
tiller production (both P =0.04, Table 1). In the Cotton-
wood Pass population, nitrogen fertilization increased
aboveground biomass of endophyte-bearing plants by
36% and increased tiller production by 32%. Nitrogen
addition similarly increased aboveground biomass of
endophyte-free plants, by 22% and increased tiller pro-
duction by 23% (Fig. 1a and b, Table 1). However, the
addition of nitrogen to endophyte-bearing plants from
Niwot Ridge caused non-significant increases in shoot
biomass (12% more) and tiller production (6%), where-
as nitrogen fertilization caused endophyte-free Niwot
Ridge plants to produce significantly more shoot bio-
mass (23%) and tillers (39%) relative to unfertilized
controls (Fig. 1a and b; Table 1). Thus, nitrogen addition
increased aboveground biomass in all cases except for in
the endophyte-bearing plants from Niwot Ridge. Nitro-
gen addition decreased root biomass by ~20%, regard-
less of endophyte status, and patterns of root biomass
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Fig. 1 Means = s.e. from mixed effects GLMs for the effects of
nutrient addition (low/high nitrogen) and endophyte removal (E
—/E+) for two source populations (Cottonwood Pass and Niwot
Ridge) of Trisetum spicatum. a Total aboveground shoot biomass,
b Tiller production (Number of tillers present at end of experiment
minus pre-treatment tiller number) and ¢ Root biomass. Different
lower case letters indicate significant differences among treatments
within a population. Full statistical results appear in Table 1

allocation were similar in the two populations (Fig. lc,
P <0.0001, Table 1). Phosphorus treatments did not
significantly increase plant biomass, nor did the effect
of phosphorus interact with the endophyte or nitrogen
treatments (all z.s., Table 1).

Leaf traits

In contrast to plant biomass responses, for which
nitrogen effects dominated, plant traits were most
sensitive to manipulations of soil phosphorus. Endo-
phyte presence had opposite effects on specific leaf
area (SLA) in the two populations, as indicated by a
significant population x endophyte interaction (P =
0.0292, Table 2). The ability of the endophyte to alter
SLA was also contingent on phosphorus availability
(a marginal population X endophyte x phosphorus
interaction, P=0.0562, Table 2). Specifically, under
phosphorus addition, the endophyte increased SLA
by 12% for Niwot Ridge plants, but this endophyte
effect disappeared under low phosphorus (0% effect
size, Fig. 2a). In contrast, for Cottonwood Pass
symbiota, endophyte-bearing plants given phospho-
rus had 9% lower SLA than endophyte-free plants
under low phosphorus (Fig. 2a). In Niwot Ridge,
endophyte presence altered the relationship between
SLA and aboveground plant biomass (F; 4;=7.8,
P=0.0078). With the endophyte present, SLA was
not correlated with aboveground biomass (slope =
0.005+0.005 s.e.). With the endophyte removed,
aboveground biomass declined with higher SLA
(slope=— 0.014+0.007 s.e.). In addition to effects
that depended on nutrient treatments, endophyte-
bearing plants from both populations had 15% larger
leaf blade surface area than endophyte-free plants
(endophyte main effect, P =0.0238, Table 2). Mean
leaf blade surface area for E+ plants was 2.68 cm? +
0.11 s.e., whereas endophyte-free plants had smaller
mean area (2.34 cm” +0.11 s.e.).

Root traits

As with leaf traits, the ability of the endophyte to alter
root traits was contingent on soil resource availability.
Soil phosphorus altered the endophyte effect on root
diameter, supported by a significant population x
endophyte X phosphorus interaction (P= 0.0227,
Table 2). In Niwot Ridge symbiota under low phos-
phorus, endophyte presence increased root diameter
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Table 1 Analysis of deviance chi-square (X°) and P-values from production, and root biomass) including effects of the source
mixed effects general linear models evaluating factors affecting the population, endophyte removal treatment, additions of soil nitro-
performance of Trisetum spicatum plants (shoot biomass, tiller gen or phosphorus, and all treatment interaction effects

Effect Shoot biomass Tiller production Root biomass

X P X P X P

Population 5.48 0.0192 31.13 <0.0001 16.02 <0.0001
Endophyte 2.34 0.1264 0.38 0.5354 1.93 0.1650
PopulationxEndophyte 5.27 0.0217 0.00 0.9641 2.56 0.1095
Nitrogen 53.31 <0.0001 33.07 <0.0001 22.92 <0.0001
PopulationxNitrogen 3.75 0.0528 1.69 0.1933 0.47 0.4949
EndophytexNitrogen 0.24 0.6234 0.97 0.3238 0.74 0.3898
PopulationxEndophytexNitrogen 4.17 0.0411 4.18 0.0408 0.62 0.4326
Phosphorus 0.61 0.4345 0.07 0.7942 0.11 0.7403
PopulationxPhosphorus 0.21 0.6455 0.05 0.8262 0.01 0.9044
EndophytexPhosphorus 1.62 0.2025 1.46 0.2273 0.88 0.3472
PopulationxEndophytexPhosphorus 0.68 0.4081 0.20 0.6518 0.02 0.8845
NitrogenxPhosphorus 1.08 0.2995 0.00 0.9885 0.10 0.7546
PopulationxNitrogenxPhosphorus 8.76 0.0031 0.01 0.9337 0.42 0.5167
EndophytexNitrogenxPhosphorus 0.16 0.6906 0.14 0.7130 0.12 0.7250
PopulationxEndophytexNitrogenxPhosphorus 0.14 0.7064 0.15 0.6979 0.07 0.7940

Significant P-values (< 0.05) are shown in bold. Trends (P <0.06) are in italic

Table 2 Analysis of deviance chi-square (X°) and P-values from area, root diameter, and root hair density) including effects of the
mixed effects general linear models evaluating factors affecting the source population, endophyte removal, additions of soil nitrogen
traits of Trisetum spicatum plants (specific leaf area, leaf blade or phosphorus, and all interactions
Effect Leaf blade surface area Specific leaf area Root diameter Root hair density
X P X P X P X P
Population 0.21 0.6446 8.41 0.0037 1.03  0.3095 1.08 0.2982
Endophyte 5.11 0.0238 0.07 0.7907 0.17 0.6827 0.28 0.5939
PopulationxEndophyte 1.98 0.1595 4.75 0.0292 0.48 04887 0.25 0.6160
Nitrogen 1.43 0.2317 1.43 0.2312 339  0.0657 273 0.0987
PopulationxNitrogen 1.08 0.2993 0.08 0.7723 271 0.0997 0.01 0.9048
EndophytexNitrogen 0.31 0.5783 0.08 0.7738 1.42 02336 0.65 0.4218
PopulationxEndophytexNitrogen 0.14 0.7063 0.00 0.9899 0.29  0.5904 0.05 0.8210
Phosphorus 2.26 0.1331 1.20 0.2738 0.00 09597 0.89 0.3446
PopulationxPhosphorus 0.02 0.8905 0.22 0.6378 0.01 09202 0.00 0.9859
EndophytexPhosphorus 1.90 0.1676 0.76 0.3825 042 0.5156  3.46 0.0627
PopulationxEndophytexPhosphorus 0.97 0.3254 3.65 0.0562 519  0.0227 0.01 0.9217
NitrogenxPhosphorus 1.64 0.1999 0.33 0.5665 1.08 02976 2.02 0.1552
PopulationxNitrogenxPhosphorus 0.02 0.8780 0.94 0.3331 0.50 04789 1.24 0.2651
EndophytexNitrogenxPhosphorus 2.78 0.0952 0.74 0.3883 0.80 0.3707 0.21 0.6466
PopulationxEndophytexNitrogenxPhosphorus ~ 3.62 0.0571 1.33 0.2486 2.16  0.1418  0.38 0.5392

Significant P-values (< 0.05) are shown in bold. Trends (P <0.06) are in italic
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Fig. 2 Means = s.e. from mixed effects GLMs for the effects of
nutrient addition (low/high phosphorus) and endophyte removal
(E—/E+) for two source populations (Cottonwood Pass and Niwot
Ridge) of Trisetum spicatum. a Specific leaf area (SLA) and b
Root diameter. Different lower case letters indicate significant
differences among treatments within a population. Full statistical
results appear in Table 2

Niwot Ridge

by 28% relative to endophyte-free plants; however,
the endophyte did not significantly alter root diameter
when phosphorus was supplemented (Fig. 2b). In
contrast, for Cottonwood Pass symbiota, phosphorus
addition had no significant interactive effect with the
endophyte for root diameter (Fig. 2b; P=0.52). En-
dophyte presence also suppressed the typically ob-
served increase in root hair density in response to soil
phosphorus limitation. In both populations,
endophyte-free plants produced 22% denser root hairs
under low phosphorus than high phosphorus. Howev-
er, phosphorus limitation had marginal effects on root
hair density when the endophyte was present (Fig. 3;
endophyte X phosphorus interaction P=0.0627,
Table 2).

N

o
— o
[
o

o
— o
-

C—JE-lowP

Root hair density per mm?
o

5 —= E-, highP
Zzz2 E+, low P
¥zzz2 E+, high P
0 1T 7 A
Treatment

Fig. 3 Means + s.e. from mixed effects GLM for the effects of
nutrient addition (low/high phosphorus) and endophyte removal
(E—/E+) on root hair density per mm in Trisetum spicatum. Dif-
ferent letters indicate significant differences among treatments.
Full statistical results appear in Table 2)

Plant nutritional quality

The addition of nitrogen fertilizer increased foliar nitro-
gen content, by up to 48% (Fig. 4a). In the Cottonwood
Pass population, this increase in foliar nitrogen content
with fertilization was greater when the endophyte was
present (48 % increase) than when absent (29% increase)
(Fig. 4a; endophyte x nitrogen, Fj 4o =8.7, P=0.0053).
However, in the Niwot Ridge population fertilization-
mediated increases in leaf nitrogen were ~33%, regard-
less of endophytes status (Fig. 4a; endophyte X nitrogen,
F1’41 = 01, P= 082)

The addition of phosphorus fertilizer did not alter
foliar phosphorus content (Fig. 4b, phosphorus
treatment, F ;5=0.71, P=0.40). However, nitrogen
fertilization increased foliar phosphorus in the Cotton-
wood Pass population (population x nitrogen, F 75 =
4.1, P=0.0461). In Cottonwood Pass, leaf phosphorus
was 0.25% + 0.003 s.e. under low nitrogen, and 0.27%
+0.003 s.e. under nitrogen addition (nitrogen, £ 4, =
11.4, P=0.0016), with no effect of the endophyte treat-
ment on foliar phosphorus (endophyte, £ 4, =0.001,
P=0.98).

Endophyte presence significantly altered forage qual-
ity of 7. spicatum (perMANOVA, pseudoF 74=2.6,
P=0.0392, Fig. 5). The two populations also differed
across the suite of 14 forage quality traits
(perMANOVA, pseudoF; 74=4.3, P=0.0019, Fig. 5).
Of the 14 traits, a 4% higher calcium content in
endophyte-symbiotic plants contributed most to
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Fig. 4 Means + s.e. from mixed effects GLM for the effects of
nutrient addition and endophyte removal on leaf tissue chemistry
of Trisetum spicatum. a Low/high nitrogen and endophyte remov-
al (E—/E+) effects on percentage leaf nitrogen on a dry mass basis,
and b Low/High phosphorus and endophyte removal (E—/E+)
effects on percentage leaf phosphorus on a dry mass basis. Differ-
ent lower case letters indicate significant differences among treat-
ments within a population

differences between endophyte treatments according to
SIMPER analysis, followed by an 8% increase in crude
protein (Appendix 2, Supplementary Table S1). Endo-
phyte presence also increased, in rank order of impor-
tance according to SIMPER analysis, relative feed value
by ~2% and decreased neutral detergent fiber (NDF)
and acid detergent fiber (ADF) by 1-2% relative to
endophyte-free plants (Table S1).

Nitrogen addition altered forage quality more than
endophyte presence (Fig. 6, perMANOVA,
pseudoF’ 74=28.1, P=0.0001). Of the 14 forage traits,
a 36% increase in crude protein under nitrogen fertili-
zation contributed the most to the treatment effect on
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Fig.5 Non-metric multidimensional scaling (NMS) plot showing
differences among centroids + s.e. across 14 forage quality anal-
ysis traits for endophyte (E+/E-) treatments applied to two popu-
lations of Trisetum spicatum plants, Cottonwood Pass (CP) or
Niwot Ridge (NR). NMS 2-dimensional stress = 0.14

forage quality (SIMPER analysis; Table S1). Nitrogen
addition also increased relative feed value by 6% and
total digestible nutrients by 4%. Nitrogen fertilization
decreased lignin content by 9% and acid detergent fiber
by 5% relative to unfertilized plants (Table S1).

Fungal alkaloid chemistry

Both nitrogen and phosphorus additions increased con-
centrations of endophyte-produced alkaloids, and the
two populations differed in types of alkaloids produced.
The Cottonwood Pass population produced peramine
and chanoclavine. Relative production of peramine
was 28% greater under dual additions of nitrogen and
phosphorus than in controls that received no supplemen-
tal fertilizer (Fig. 7a), suggesting synergistic effects of
combined nutrients. The singular effects of fertilization
treatments were marginally non-significant (nitrogen
Fy21=3.5, P=0.0756; phosphorus F;,;=3.2, P=
0.0893). Phosphorus alone increased the concentration
of chanoclavine, an ergot alkaloid, with 15% higher
concentration under phosphorus addition relative to wa-
ter addition (Fig. 7b; Fj,1=5.4, P=0.0305). The
Niwot Ridge population produced only the
aminopyrrolizidine, AcAP. Like the other alkaloids,
production of AcAP varied with fertilization, although
to a much greater degree. Mean AcAP concentration in
nitrogen-fertilized plants was 76% greater than in
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Fig. 6 Non-metric
multidimensional scaling (NMS)
plot with differences among
centroids + s.e. in 14 forage
quality analysis traits for nitrogen
additions (low/high) applied to
Trisetum spicatum plants. NMS
2-dimensional stress = 0.14

controls (Fig. 7c; nitrogen, F 3, =6.9, P=0.0132), and
when both N and P were added, AcAP was 140%
greater than in controls, although the nitrogen % phos-
phorus interaction was not significant (P > 0.9).

Discussion

Predicting how microbial symbionts mediate plant ac-
quisition of soil nutrients requires understanding the
functional differences among plant genotypes and en-
dophyte genotypes. Evaluation of the endophytes pres-
ent within two populations of Trisetum spicatum re-
vealed two new records of endophyte species in this
relative of oat: a hybrid of E. elymi x E. typhina subsp.
poae (Cottonwood Pass) and a non-hybrid of
E. amarillans (Niwot Ridge). These endophyte species
differed in the alkaloids they produced. Our molecular
markers predicted, and direct chemical analysis con-
firmed, that E. elymi x E. typhina subsp. poae from
Cottonwood Pass produced peramine and chanoclavine,
whereas E. amarillans from Niwot Ridge produced only
AcAP. Unexpectedly, we did not see peramine in Niwot
Ridge samples even though our markers predicted the
capability. Further examination would be required to
determine if the perA allele was functional, as nonfunc-
tional alleles of this gene have been reported (Berry et al.
2015). Endophyte variation in different host plant pop-
ulations is not uncommon, but until recently, it was not
possible to efficiently evaluate host populations for en-
dophyte diversity (e.g., Charlton et al. 2014;
Shymanovich et al. 2017; Takach and Young 2014).
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Does endophyte presence ameliorate soil nutrient
limitation in plant hosts?

The magnitude and direction of endophyte effects on
plant yield varied with soil nutrient levels and differed
between populations. In the Cottonwood Pass popula-
tion, the foliar endophyte boosted the effectiveness of
nitrogen fertilizer. Specifically, nitrogen additions
caused a 36% increase in aboveground biomass of en-
dophyte symbiotic plants, but only a 22% increase in
endophyte-free plants. Further, we detected higher %
nitrogen in leaves when the endophyte was present
(48% higher than unfertilized) than absent (29% higher
than unfertilized). This result was consistent with our
initial hypothesis that nitrogen fertilization would in-
crease the benefit of endophyte symbiosis, perhaps by
offsetting the nitrogen cost of symbiosis. Ren et al.
(2009) showed a similar result, with endophyte-
bearing perennial ryegrass gaining greater biomass with
nitrogen addition than endophyte-free plants. However,
our study included two populations, each with a differ-
ent endophyte species. Plants from Niwot Ridge showed
a weaker response to nitrogen addition when the endo-
phyte was present than when absent, demonstrating that
endophyte symbiosis suppressed (rather than boosted)
plant responsiveness to fertilizer in this population. This
result raised the question, why were symbiota from
Niwot Ridge less responsive to fertilization than
symbiota from Cottonwood Pass?

Differences between symbiota in production of fun-
gal alkaloids suggests the new hypothesis that some
symbiota, such as those from Niwot Ridge, may allocate
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additional soil nitrogen to the production of alkaloids
rather than to plant growth. Indeed, fertilization in-
creased the concentration of AcAP in Niwot Ridge
symbiota by up to 140% relative to unfertilized plants.
Plants from Cottonwood Pass lacked the genetic capac-
ity to produce aminopyrrolizidines, which have been
detected as lolines in other grasses at concentrations up
to 2% of plant dry mass (Craven et al. 2001) and are
generally considered insect (but not mammalian) deter-
rents (Schardl et al. 2007). Other work has shown that
endophytes can increase production of defensive com-
pounds following fertilization (e.g., Ren et al. 2011).
Allocation of resources to defense provides one hypoth-
esis for the weak increase in yield observed for Niwot
Ridge plants following fertilization in the greenhouse,
where herbivores were absent. Field experiments or
insect feeding trials could be useful next steps for testing
this ecological significance of these effects. Alternative-
ly, the endophyte in the Niwot Ridge population may
restrict N-uptake or N-use efficiency, thereby reducing
the biomass gains of fertilization. Further work, such as
experimental cross inoculation of each Epichloé species
into each host, will be required to decouple the effect of
different endophyte species from that of differences in
plant genotype.

Dual nutrient additions of nitrogen and phosphorus
were important for revealing stronger nitrogen-
limitation than phosphorus-limitation of 7. spicatum
biomass, as well as differences in the mechanisms by
which plants responded to these key soil nutrients. Ni-
trogen additions generally increased plant biomass, leaf
% N content, and fungal alkaloid production. In fact,
nitrogen additions also increased leaf % P, consistent
with stronger nitrogen than phosphorus limitation in this
grass species. In contrast, phosphorus additions had
much stronger influences on the plasticity of plants
traits, including specific leaf area, root diameter, and
root hair density. The interaction between N- and P-
additions affected the relative production of peramine,
which was 28% greater under dual additions of N and P
than in the unfertilized control treatment (Fig. 7a).



Plant Soil

However, interactions involving the endophyte, nitro-
gen, and phosphorus were not statistically significant
(Tables 1 and 2). Thus, we found little evidence for dual
limitation of 7. spicatum production by the levels of
nutrients in our experiment, and the effects of each soil
nutrient were not only largely additive, but also tended
to independently influence different types of plant
responses.

Does endophyte symbiosis alter traits associated
with nutrient or carbon acquisition?

Plants can alter a suite of traits in response to nutrient
deficiency, but the degree to which fungal symbionts
mediate this trait plasticity is largely unresolved. For
example, when phosphorus is limiting, increases in root
diameter and root hair density are commonly observed
and can increase plant competitiveness under low phos-
phorus conditions (e.g., Gahoonia et al. 1997; Ma et al.
2001; Richardson et al. 2009). Similarly, grasses from
infertile habitats have been shown to increase root hair
length and density under low nitrogen conditions (e.g.,
Boot and Mensink 1990). Our results suggest a wide
range of endophyte-mediated effects on trait plasticity.
For leaf traits, soil nutrient additions increased the de-
gree to which the endophyte affected trait expression.
Under phosphorus addition, symbiotic plants had im-
proved carbon capture, with 28% greater SLA than
endophyte-free plants, whereas these differences were
nil under low phosphorus (Niwot Ridge population). In
contrast, for root traits, such as diameter and root hair
density, endophyte presence suppressed the plant’s ad-
justment of traits to the soil resource environment. For
instance, root hair density in both populations showed
the typical increase under low phosphorus in the ab-
sence of the endophyte, but remained low following
fertilization when the endophyte was present, suggest-
ing that the endophyte may alleviate some phosphorus
limitation through mechanisms other than changes in
root architecture. These results are supported by previ-
ous literature documenting altered investment in root
traits (including root hair length, architecture, exudate
composition, or diameter) in other species of foliar
endophyte-bearing grasses (Malinowski et al. 1998,
1999; Ren et al. 2007; Ding et al. 2015; Guo et al.
2015). A working hypothesis, then, is that symbiotic
plants do not require as large an investment in
nutrient-obtaining root structures because of the endo-
phyte’s ability to increase nutrient acquisition via other

mechanisms, such as alterations in the chemistry of root
exudates or interactions with root symbiota, such as
mycorrhizal fungi (Mack and Rudgers 2008).

While leaf and root traits yield important insight into
potential mechanisms of endophyte-mediated nutrient
acquisition, analysis of forage quality translates the net
trait changes into their value for consumers. To our
knowledge, our study is among the first to test for
endophyte-mediation of forage quality in a wild grass
species, and the only study thus far on an oat relative.
We discovered that the influence of endophyte symbio-
sis on plant nutritional quality was largely independent
of soil nutrient availability. Endophyte symbiosis in-
creased crude protein, relative feed value, and calcium
content, and reduced acid and neutral detergent fiber,
regardless of the level of fertilization. However, in the
Cottonwood Pass population, nitrogen addition caused
larger increases in leaf nitrogen content if plants had the
endophyte than when the endophyte was removed. Our
results suggest a potential paradox: that endophytes
increase forage quality for consumers, while at the same
time producing defensive alkaloids, such as insect-
deterring peramine and aminopyrrolizidine. These dual
effects could be harnessed for forage improvements by
cultivating symbiota that simultaneously deter insect
herbivores and increase forage quality and yield, as
may occur in Cottonwood Pass symbiota. In addition,
such benefits may have relevance for oat production
because of the phylogenetic relatedness of Trisetum to
Avena. However, the magnitude of endophyte-mediated
increases in forage quality was smaller than the direct
effects of N fertilization, which increased leaf % N,
crude protein, and relative feed value 3—4 times more
than did endophyte presence.

Do genotypes of symbiota differ in their responsiveness
to soil nutrients?

Across the board, we detected divergent responses in
two populations of symbiota (plant genotype + fungal
species) in the 7. spicatum-Epichloé system. Generally,
plants from Cottonwood Pass showed stronger benefits
of symbiosis than those from Niwot Ridge, which over-
all had lower production. The benefits of symbiosis in
the Cottonwood Pass population were associated with
fewer changes in the traits we measured and were mag-
nified with nitrogen, but not phosphorus, fertilization. In
contrast, Niwot Ridge plants experienced relatively
weak benefits of endophyte symbiosis, and these
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benefits were stronger under nitrogen limitation. How-
ever, Niwot Ridge symbiota were more likely than those
from Cottonwood Pass to have endophyte-mediated
changes in plant and fungal traits, including SLA, root
diameter, and fungal alkaloids. Due to this high vari-
ability between just two populations of plants associated
with two Epichloé species, we suggest that studies of
single host-endophyte genotype combinations will not
be useful for predicting responses at the scale of species
or landscapes.

Conclusion

Our results demonstrate a direct role of foliar fungal
endophytes in mediating soil nutrient acquisition in a
native grass. We showed that the direction and magni-
tude of endophyte effects depended strongly on the
identity of host-endophyte symbiota, and that symbiosis
can alter a range of traits that mediate resource acquisi-
tion. Importantly, we also revealed that endophyte pres-
ence can improve plant forage quality, although such
improvements were weaker than the gains from fertilizer
addition.
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