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Understanding how global change alters the associations between 
hosts and their microbial symbionts may be critical to predicting 
future changes in host population dynamics and microbial diver-
sity (Kivlin et al., 2013; Classen et al., 2015; van der Putten et al., 
2016). Microbial symbionts, which we broadly define as host‐as-
sociating microorganisms (de Bary, 1879; as translated by Oulhen 
et al., 2016), associate with all known plant lineages (Arnold, 2007) 
and can provide direct benefits to their hosts such as disease pre-
vention, protection against herbivores and drought, or increased 
nutrient uptake (e.g., O’Hanlon et  al., 2012; Worchel et  al., 2013; 
Bourguignon et al., 2015). These benefits may prove crucial under 
anthropogenic changes that include increases in disease prevalence, 
drought, and resource limitation. In this study, we investigated how 

altered precipitation, an important global change factor, influence 
communities of microbial symbionts (hereafter, symbionts) in plant 
hosts and asked how these drivers interact with symbionts to affect 
host performance.

Symbiont taxa, like their host organisms, respond to global 
change factors, but not all symbionts respond alike. In particular, 
different factors may elicit distinct responses of Epichloë, a com-
mon aboveground fungal endophyte of C3 grasses that is usually 
vertically transmitted (adult to offspring) and systemic, versus non‐
epichloid endophytes that are typically horizontally transmitted 
(individual to individual) and localized (Rodriguez et  al., 2009). 
For example, global change factors such as altered precipitation 
can alter the environmental conditions necessary for particular 
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PREMISE: Microbial symbionts can buffer plant hosts from environmental change. 
Therefore, understanding how global change factors alter the associations between 
hosts and their microbial symbionts may improve predictions of future changes in host 
population dynamics and microbial diversity. Here, we investigated how one global 
change factor, precipitation, affected the maintenance or loss of symbiotic fungal 
endophytes in a C3 grass host. Specifically, we examined the distinct responses of Epichloë 
(vertically transmitted and systemic) and non‐epichloid endophytes (typically horizontally 
transmitted and localized) by considering (1) how precipitation altered associations with 
Epichloë and non‐epichloid endophytic taxa across host ontogeny, and (2) interactive 
effects of water availability and Epichloë on early seedling life history stages.

METHODS: We manipulated the presence of Epichloë amarillans in American beachgrass 
(Ammophila breviligulata) in a multiyear field experiment that imposed three precipitation 
regimes (ambient or ±30% rainfall). In laboratory assays, we investigated the interactive 
effects of water availability and Epichloë on seed viability and germination.

RESULTS: Reduced precipitation decreased the incidence of Epichloë in leaves in the final 
sampling period, but had no effect on associations with non‐epichloid taxa. Epichloë 
reduced the incidence of non‐epichloid endophytes, including systemic p‐endophytes, in 
seeds. Laboratory assays suggested that association with Epichloë is likely maintained, in 
part, due to increased seed viability and germination regardless of water availability.

CONCLUSIONS: Our study empirically demonstrates several pathways for plant symbionts to 
be lost or maintained across host ontogeny and suggests that reductions in precipitation 
can drive the loss of a plant’s microbial symbionts.
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non‐epichloid taxa to colonize (Zimmerman and Vitousek, 2012; 
Giauque and Hawkes, 2013), but will not directly affect the arrival 
and establishment of vertically transmitted Epichloë (Rodriguez 
et  al., 2009). Maintaining symbiosis with Epichloë will typically 
depend on the costs and benefits of symbiosis in the novel envi-
ronmental context and the rate of vertical transmission (Cheplick, 
2007; Davitt et al., 2010; Emery et al., 2010; Gundel et al., 2011; Yule 
et al., 2013; Cavazos et al., 2018).

Factors that affect the maintenance or loss of plant symbioses 
with Epichloë could have important consequences for the fitness, 
abundance, and distribution of non‐epichloid symbioses and for 
host taxa under various  global change scenarios (Classen et  al., 
2015). For example, drought or nitrogen deposition could alter 
competitive dynamics among symbionts within a shared host, in-
tensifying antagonisms among symbiont taxa (Benitez et al., 2004; 
Pan et  al., 2008; Nelson and May, 2017). Epichloë, which grows 
along with its host plant’s aboveground meristematic tissue, may 
have a competitive advantage over non‐epichloid taxa that subse-
quently colonize hosts from the environment (Schulthess and Faeth, 
1998; but see König et al., 2018), and such intensified competition 
could exacerbate global change‐induced effects on non‐epichloid 
taxa. Furthermore, symbionts that occur within host propagules 
(e.g., seed‐transmitted symbionts) can alter host recruitment 
rates and, ultimately, the composition of symbionts that colonize 
during later stages of host life history (David et al., 2016a, 2017). 
Therefore, a global change factor with strong impacts on Epichloë 
symbioses could have cascading effects on the community assem-
bly of non‐epichloid symbionts and ultimately influence host fit-
ness both directly and through indirect changes in the full symbiont 
microbiome.

Here, we investigated how one global change factor, precipita-
tion, influenced plant associations with two types of symbionts— 
Epichloë and non‐epichloid endophytes—across plant ontogeny. 
While research on plant symbioses with endophytes is often limited 
to observational studies in the field or controlled experiments in the 
laboratory (Saikkonen et al., 1999; Arnold et al., 2003; Rudgers et al., 
2014), plants in which Epichloë can be manipulated provide viable 
experimental systems for field studies. We used a grass– Epichloë 
system to explore (1) how precipitation alters associations with 
Epichloë and non‐epichloid taxa across ontogeny of the host and (2) 
how water availability and symbiosis interactively affect early seed-
ling life history stages. Our field experiment manipulated the pre-
cipitation regime (ambient ±30% rainfall) and presence of Epichloë 
amarillans White in Ammophila breviligulata Fernald (American 
beachgrass). We quantified prevalence and community composi-
tion of endophytic taxa using a combination of culture‐based and 
microscopy approaches. We further conducted laboratory experi-
ments to investigate the interaction between endophytes and water 
availability on seed viability and germination using seeds collected 
from the field experiment. Together, these experiments shed light 
on the diversity of pathways for symbiont loss across host ontogeny 
and suggest that reduced precipitation can result in loss of Epichloë.

MATERIALS AND METHODS

Study system

The Great Lakes dune ecosystem, a classic model of primary succes-
sion (Cowles, 1899), is predicted to be highly responsive to climate 

change (Pendleton et al., 2010). Drought may be an especially crit-
ical element of climate change to the Great Lakes, as climate mod-
els project a range of possible outcomes from a 45% decrease in 
precipitation to a 35% increase in precipitation (Vavrus and Van 
Dorn, 2010). Many of the native plants are water‐limited (Lichter, 
2000), and thus their populations may be susceptible to chang-
ing precipitation regimes. Of particular importance to the native 
dune plant communities is the response of the early‐successional, 
perennial grass A. breviligulata, an ecosystem engineer that builds 
dunes, stabilizes sand, and facilitates colonization of later‐succes-
sional species (Lichter, 2000). Ammophila breviligulata associates 
with the fungal endophyte E. amarillans (Clavicipitaceae) in its 
aboveground tissues (Drake et al., 2018), and the fungus is verti-
cally transmitted to offspring through seeds or transmitted to new 
grass tillers via rhizomes (Emery et al. 2010). Incidence of Epichloë 
in wild A. breviligulata populations varies across the Great Lakes 
region (Emery et al., 2014).

Field experiment

The full experimental design has been described previously by 
Rudgers et al. (2015) and Emery et al. (2015). Briefly, we established 
a 2 × 3, fully crossed factorial experiment that manipulated the pres-
ence of Epichloë in A. breviligulata in the context of three precipita-
tion manipulations (low, ambient, and high). Germinated seedlings 
were assigned to an endophyte treatment and subsequently inocu-
lated (E+) or sham‐inoculated (E‐) with Epichloë via injection into 
the meristems. Because seedlings should not be genetically identical 
to one another due to recombination, we considered them to be 
distinct genotypes. A total of 12 E+ and 12 E‐ genotypes were estab-
lished and clonally propagated before the start of the experiment. 
In late May 2010, plants were transplanted into 2 × 2 m plots lo-
cated on a large blowout ~200 m from the Lake Michigan shoreline 
in Leelanau State Park, Leelanau County, Michigan, United States 
(45°10.964′, −85°34.578′). Each of the 90 plots received one precipi-
tation × endophyte treatment combination and was planted with 25 
A. breviligulata individuals representing all 12 E+ or E‐ genotypes. 
Precipitation was manipulated using 2‐m high rainout shelters. In 
the low‐precipitation plots, gutters removed ~30% of ambient rain-
fall during the growing season (May–October). Rainwater from the 
low‐precipitation plots was collected in buckets and added to the 
high‐precipitation plots following each rainfall event. The ambi-
ent‐ and high‐precipitation plots had control shelters with gutters 
oriented upside‐down to allow rain to fall on the plots. The plots 
were arranged in a grid on the slope of the blowout. Because rows of 
plots situated at varying elevations may have experienced different 
environmental conditions, we controlled for each plot’s “row” as a 
block effect in statistical analyses.

Culturing—We cultured fungal endophytes of adult leaves from 
a subset of experimental plants in the summer (late July/early 
August) and fall (late September/early October) of 2011 and 2012. 
We selected five genotypes of each Epichloë treatment to sample 
from eight randomly selected replicate plots of each treatment 
combination (48 of the 90 plots). During summer 2011, we did not 
sample E‐ plots with low‐ or high‐precipitation (only 32 plots sam-
pled) because of financial and logistical limitations. One healthy 
leaf was harvested from each genotype within plots and kept in a 
Ziploc bag in a cooler until processing. Within 72 h of collection, 
leaves were surface‐sterilized under sterile laboratory conditions 
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using an initial rinse in sterile deionized (DI) water and successive 
baths of 70% v/v ethanol (1 min), 70% v/v bleach (3.6% NaOCl, 
2 min), and 70% ethanol (1 min), and a final rinse in autoclaved DI 
water (David et al., 2016b). Following surface‐sterilization, 10 tis-
sue segments (~1.5 mm2) were plated on 2% w/w malt extract agar 
in individual 2 mL microcentrofuge tubes. We verified the efficacy 
of the surface‐sterilization by pressing surface‐sterilized leaves to 
plates and checking for contaminant growth.

We visually identified emergent fungi as Epichloë or non‐ 
epichloid based on culture morphology and used sequencing to 
identify non‐epichloid fungi. We verified our visual identification 
by checking 25 randomly selected isolates that we had visually iden-
tified as Epichloë using the sequencing approach described below, 
and all were correctly identified. We isolated and amplified DNA 
from emergent fungi using one of two methods (David et al., 2016b). 
For 2011 samples, we used SDS buffer and phenol– chloroform ex-
traction. We then amplified the ITS‐LSU region as a single ampl-
icon using the ITS1F (Gardes and Bruns, 1993) and LR3 primers 
(Vilgalys and Hester, 1990). PCR was conducted in 40 μL reactions 
consisting of 5 μL Takara 10× buffer (Takara Bio, Otsu, Japan), 1 μM  
dNTP, 0.25 μM of each forward and reverse primer, and 0.25 μL 
Takara Taq and using 35 cycles of 95°C for 1 min, 52°C for 1 min, 
72°C for 1.5 min. For 2012 samples, we used the REDExtract‐N‐
Amp ReadyMix kit (Sigma Aldrich, St. Louis, MO, USA) to extract 
and amplify DNA (20 μL volume consisting of 5 μL REDExtract‐N‐
Amp buffer, 0.4 μM each of forward and reverse primer, with 35 
cycles of 95°C for 30 s, 54°C for 30 s, 72°C for 1 min). Amplicons 
were sequenced at the Sanger sequencing facilities at Beckman 
Coulter (Brea, CA, USA). We edited sequences using Geneious 
version 5.5.9 (Kearse et al., 2012) and extracted the ITS1 and ITS2 
regions using ITSx (Nilsson et al., 2010). We clustered sequences 
into operational taxonomic units (OTUs) at 97% similarity and 
removed chimeras using usearch (Edgar, 2010). We assigned tax-
onomy to OTUs using the naïve Bayes classifier in MOTHUR (min-
imum confidence allowed = 0.60) implemented through QIIME 
(Caporaso et al., 2010), and used a combined fungal ITS database 
of UNITE 7.0 (Abarenkov et al., 2010) and the Emerencia data sets 
(Ryberg et al., 2009). To control for contamination, we sequenced 
contaminant fungi that had emerged on the control Petri plates and 
removed all OTU clusters that contained a known contaminant. 
All isolates sequenced, including isolates of Epichloë and potential 
contaminants, were deposited in NCBI GenBank under accessions 
KU837577–KU837876.

Leaf microscopy—In September 2014, aboveground tillers from 
four randomly chosen individual plants (1–10 tillers per individual) 
were harvested from each plot and transported to the University 
of New Mexico on ice. Thin sections of the lower epidermis of the 
leaf sheath were removed from one randomly chosen tiller per in-
dividual and stained with aniline blue (Clark et al., 1983). Leaves 
were scored for the presence of Epichloë at 100–400× on a light mi-
croscope (Leica Microsystems, Wetzlar, Germany) as described by 
Rudgers et al. (2009).

Seed microscopy—Inflorescences were collected from all 90 plots 
in September 2012 and transported to the University of New 
Mexico. Seeds were bulked by plot and stored at −20°C to maintain 
endophyte viability until they were processed. Six seeds were ran-
domly chosen from each plot and soaked in 5% NaOH for 12–24 h. 
Seed coats were removed and stained with aniline blue–lactic acid 

(Clark et al., 1983). Seeds were scored for the presence of Epichloë, 
p‐endophytes, and other non‐epichloid fungal endophytes at 
100–400× with a light microscope (Leica Microsystems, Wetzlar, 
Germany). The p‐endophytes, often described as Phialophora‐like 
or Gliocladium‐like, are a group of fungi, that, like Epichloë, grow 
intercellularly in aboveground grass tissue, but are differentiated 
from Epichloë by their thinner hyphae and branching tips (An et al., 
1993). The “other” non‐epichloid hyphae classification included po-
tential seed endophytes as well as seed‐borne pathogens that ap-
peared as branching, non‐uniform, and non‐systemic hyphae.

Data analysis—To investigate how precipitation treatments influ-
enced Epichloë incidence within leaves and seeds, we fit generalized 
mixed‐effects models with binomial error using the lme4 package 
(Bates et al., 2015) in R version 3.2.3 (R Core Team, 2015). The cul-
ture‐based data set contained data from four sampling periods over 
2 years, but because there was no variation in Epichloë incidence 
during the first sampling period (Epichloë was detected in 100% of 
E+ plants), these data were not included in the analysis. Therefore, 
we used data from the three later sampling periods to investigate 
how incidence of Epichloë in E+ plants was affected by the fixed 
effects of sampling period, precipitation treatment, and their inter-
action and the random effects of plot row, plot nested within plot 
row, and plant genotype. Because the model would not converge 
with the sampling period × precipitation interaction, we removed 
this term from the model.

In the leaf and seed microscopy data sets (one‐time measure-
ments in 2014 and 2012, respectively), we modeled Epichloë inci-
dence in E+ plants (measured as the proportion of individual plants 
colonized within a plot) using the fixed effect of precipitation treat-
ment and the random effect of plot row. In these models, we tested 
for overall significance of the precipitation treatment using analysis 
of deviance using the car package (Fox and Weisberg, 2011), and, 
when significant, conducted Tukey post hoc tests to examine for 
differences between precipitation treatments.

We investigated the drivers underlying non‐epichloid endo-
phyte colonization and composition. Because there were relatively 
few endophyte isolations in the culture‐based data set, we used the 
incidence of at least one non‐epichloid endophyte within plant indi-
viduals as the response variable to reduce zero‐inflation of data. We 
modeled non‐epichloid endophyte incidence using a generalized 
mixed‐effects model with binomial error. We examined the influ-
ence of the endophyte treatment, precipitation treatment, and sam-
pling period, and the interactions among these three fixed effects. 
As with the Epichloë incidence described above, we included the 
random effects of plot row, plot nested within plot row, and plant 
genotype. We tested for significance using analysis of deviance with 
type II error to test each main effect after accounting for the other 
effects. Because the summer 2011 sampling period did not include 
the E‐ low and high precipitation plots, we removed data from this 
sampling period from the analysis.

Next, we investigated the factors underlying non‐epichloid en-
dophyte community composition in the culture‐based data set. 
Only plants in which at least one non‐epichloid endophyte was iso-
lated were included in these analyses. We calculated community dis-
similarity between plants using the Jaccard index. In a preliminary 
analysis, we found no significant difference in multivariate disper-
sion between endophyte treatment groups (F1, 143 = 0.90, P = 0.396) 
using the PERMDIST function in PRIMER v.6 (Clarke et al. 2006). 
Therefore we proceeded to analyzing community composition. We 
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attempted to fit a model to explain community composition of in-
dividual plants with a random effect of plot and the fixed effects 
of year, the endophyte treatment, precipitation treatment, and all 
the interactions among the fixed effects using PERMANOVA in 
PRIMER v.6. However, because many of the plants did not have any 
isolated endophytes, we were unable to test all treatment combina-
tions. Therefore, the final model included only the endophyte, pre-
cipitation, and endophyte × precipitation interaction terms.

Finally, we investigated the extent to which seeds were colonized 
by non‐epichloid endophytes using the seed microscopy data set. 
We fit generalized mixed‐effects linear models with binomial error 
to model the presence of endophyte colonization of seeds within 
plots using the fixed effects of endophyte, precipitation treatments, 
and the endophyte × precipitation interaction and the random 
effect of plot row. We analyzed the presence of two morphologi-
cally different types of non‐epichloid hyphae—p‐endophytes or 
“other” hyphae. For p‐endophytes, the model did not converge, and 
we subsequently removed the interaction term from the model. 
Significance of fixed‐effect terms was determined using analysis of 
deviance.

Seed viability and germination experiments

We investigated the maintenance or loss of Epichloë from parent to 
offspring, and the role of water availability in this process using seed 
viability and germination experiments.

Seed viability experiment—To investigate how the colonization by 
Epichloë affected seed viability, we collected E‐ and E+ seeds from 
reproductive plants in the field experiment in 2012. We placed 20 
seeds of E+ or E‐ seeds onto wet sterile filter paper in Petri dishes 
wrapped in Parafilm (n = 50). These seeds were not sterilized in or-
der to better quantify the viability of seeds from the field. After 2 wk 
of cold stratification at 4°C to simulate cold, wet winter conditions, 
we characterized seeds as potentially viable (including 10.6% that 
germinated during stratification) or inviable. Inviable seeds were 
characterized by degraded embryo tissue combined with extensive 
fungal overgrowth. We also recorded whether the surface of seeds 
were colonized by fungal mycelium (>50% of seed covered) as an 
indicator of seed pathogens. Seeds that were <50% covered with 
fungi were typically viable.

Germination experiment—We investigated the interaction be-
tween water availability and Epichloë on seed germination. Because 
seed germination is often influenced by soil microbes that can mit-
igate or exacerbate environmental stresses (David et al., 2018), we 
also included a soil treatment that manipulated the presence of soil 
microbes. Soil was collected from and pooled across the field ex-
periment plots, and half of the soil was sterilized via autoclave (3 h 
at 121°C). Live or sterilized field soil was added to individual pots 
(10 × 10 × 10 cm; Growers Solution, Cookeville, TN, USA) as a 
thin middle layer (8% of soil mass per pot) between layers of au-
toclaved play sand (Quikrete Premium Play Sand) to manipulate 
the presence of soil microbes. Pots were watered daily with either 
a low‐watering treatment (10 mL) or a high‐watering treatment 
(15 mL). From the seed viability experiment described above, we 
collected viable, ungerminated E‐ or E+ seeds. Seeds were surface 
sterilized in 10% bleach for 1 min after stratification to limit any 
effect of seed pathogens on germination (these effects were already 
tested in the viability experiment). We sowed 10 seeds into each pot. 

Pots were arranged into 15 blocks, each of which contained a full 
replicate of eight pots (2 soil treatments × 2 watering treatments × 2 
endophyte treatments) for a total of 120 pots. The experiment lasted 
6 weeks. Pots were monitored daily for new germinants during the 
first 3 weeks, and every 2 d thereafter.

Data analysis—For the viability experiment, we analyzed whether 
seed viability and fungal mycelial growth were functions of the en-
dophyte treatment using separate generalized linear models with 
binomial error and analysis of deviance. For the germination ex-
periment, we analyzed the proportion of seeds that had germinated 
after 6 weeks. We used generalized linear mixed‐effects models 
with binomial error to analyze the effect of the endophyte, soil, and 
watering treatments, and all 2‐ and 3‐way interactions using block 
as a random effect, and we tested for significance using analysis of 
deviance.

RESULTS

Drivers of Epichloë incidence

Loss of the Epichloë from leaves of adult plants was greatest in the 
low‐precipitation treatment, although this finding was not apparent 
until the final sampling period. The culture‐based results from early 
in the experiment (2011–2012) showed high incidence of Epichloë 
in E+ plants, and no incidence in E‐ plants. In summer 2011, 100% 
of E+ plants were colonized by Epichloë. The following sampling 
periods showed mean incidences of 99.7 ± 0.4% in fall 2011, 94 ± 
4% in summer 2012, and 98 ± 1% in fall 2012 (back‐transformed 
means ± SE, df = 2, χ2 = 11.0, p = 0.004). For these last three sam-
pling periods in the culture‐based results, we found no significant 
effect of precipitation on Epichloë incidence (df = 2, χ2 = 2.4, p = 
0.30; Fig. 1A). However, by 2014, we observed Epichloë in only 90% 
of the individuals in E+ plots and 3% of the individuals in E‐ plots 
surveyed using the leaf microscopy data set. Precipitation signifi-
cantly affected Epichloë incidence (df = 2, χ2 = 12.7, p = 0.002), and 
incidence was highest in the high precipitation treatment (96 ± 2%, 
back‐transformed mean ± SE), followed by the ambient (90 ± 3%) 
and low treatments (81% ± 4) (Fig. 1C).

In contrast, loss of Epichloë from seeds was insensitive to pre-
cipitation, suggesting drought did not additionally reduce the 
vertical transmission rate in the year we quantified transmission 
(2012). Epichloë was observed microscopically in 82% of seeds col-
lected from plants in E+ plots, and in 1.6% of seeds from E‐ plots. 
Precipitation did not influence the prevalence of Epichloë in seeds 
from E+ plots (df = 2, χ2 = 1.18, p = 0.553; Fig. 1B).

Drivers of non‐epichloid endophyte incidence and community 
composition

We isolated 262 non‐epichloid fungal colonies from 8774 total sur-
face‐sterilized leaf segments (3%), and 162 of 878 (19%) individ-
ual tillers harbored at least one non‐Epichloë endophyte across all 
sampling periods. The frequency of plants infected by at least one 
non‐epichloid endophyte was substantially higher in summer 2011 
(37% of tillers infected) compared with fall 2011 (15%), summer 
2012 (17%) or fall 2012 (11%). We clustered sequences of these iso-
lates into 38 OTUs at 97% similarity (Appendix S1). All OTUs be-
longed to the phylum Ascomycota, and most OTUs belonged to the 
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classes Dothideomycetes (14 OTUs), Sordariomycetes (12 OTUs), 
or Eurotiomycetes (7 OTUs). The most frequently isolated OTUs 
were assigned as Alternaria longipes (51 isolations), Phaeosphaeria 
pontiformis (33 isolations), Penicillium glabrum (29 isolations), 
Penicillium variabile (23 isolations), and Cladosporium spp. (13 
isolations).

Incidence of non‐epichloid endophytes did not vary with either 
the endophyte or precipitation treatments. None of the predictor 
variables significantly affected incidence of non‐epichloid endo-
phytes (minimum p‐value = 0.160; Fig. 2A, Appendix S2). Similarly, 
analysis of endophyte community composition showed strong ef-
fects of year (R2 = 0.10, F1, 95 = 5.27, p = 0.001) and plot (R2 = 0.25, 

F36, 95 = 1.12, p = 0.086; Appendix S3), indicative of adequate sta-
tistical power, but no effects of plot row, endophyte, precipitation, 
or plant genotype (min. p = 0.305). Most of the variation was not 
explained by any of the factors (R2 of residuals = 0.59).

Despite the unresponsiveness of non‐epichloid leaf endophytes, 
non‐epichloid seed endophytes responded strongly to the presence 
of the Epichloë in maternal plants. The p‐endophytes colonized  
32% ± 6 (back‐transformed mean ± SE) of individual seeds from E+ 
plots and just 0.8% ± 0.8 of seeds from E‐ plots (df = 1, χ2 = 15.7, p < 
0.001; Fig. 2B). We found no significant effects of the precipitation 
treatment (df = 2, χ2 = 3.2, p = 0.206) on p‐endophyte incidence. 
The “other” non‐epichloid hyphae occurred significantly more fre-

quently on seeds from E‐ plots (52 ± 5% of 
seeds) compared with those from E+ plots 
(28 ± 7%) (df = 1, χ2 = 9.64, p = 0. 001; 
Fig. 2B). Neither precipitation (df = 2, χ2 = 
2.10, p = 0.350) nor the endophyte × pre-
cipitation interaction (df = 2, χ2 = 1.18, p = 
0.555) affected incidence of “other” non‐
epichloid hyphae.

Seed viability and germination

The Epichloë treatment significantly in-
creased seed viability (df = 1, χ2 =25.9, p < 
0.001; Fig. 3A). E‐ seed viability was 79 ± 
1% (back‐transformed means ± SE), and 
E+ seed viability was 88 ± 1%. The endo-
phyte treatment also significantly reduced 
the percentage of seeds covered in fungal 
mycelium (df = 1, deviance = 4.62, p = 
0.031) from 7.9 ± 0.8% in the E‐ seeds to 
5.5 ± 0.7% in the E+ seeds. For seeds that 
were viable after cold stratification, E+ 
seeds (86 ± 2%, back‐transformed mean 
± SE) emerged from soils less frequently 
than E‐ seeds (89 ± 2%) after 6 wk (df = 1, 

FIGURE 1. Drivers of Epichloë endophyte incidence in Ammophila breviligulata. Epichloë incidence across low‐, ambient‐, and high‐precipitation 
treatments in (A) the leaf culture‐based data set from 2011–2012, (B) the seed microscopy data set from 2012, and (C) the leaf microscopy data set 
from 2014. Back‐transformed mean proportions ± 1 SE of the mean shown for E+ plants that began experiment colonized by Epichloë. Results for  
E‐ plants are found in the text. Letters denote significant differences among treatment groups using Tukey post‐hoc test.
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epichloid endophyte incidence in leaves across precipitation treatments from the culture‐based data 
set (Fall 2011, Summer 2012, and Fall 2012). There were no significant effects of Epichloë treatment, 
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χ2 = 4.24, p = 0.040; Fig. 3B, C; Appendix S4). Yet, when we quanti-
fied the net effect of Epichloë on seedling emergence by multiplying 
these emergence percentages by the seed viability, we found that E+ 
seeds had higher net recruitment (75%) than E‐ seeds (71%). We 
found no significant interactions between the endophyte treatment 
and the soil or greenhouse watering treatments, suggesting that the 
overall benefit of Epichloë to seed germination did not depend on 
these factors. The soil and water treatments interacted to affect seed 
germination (df = 1, χ2 = 8.79, p = 0.003), such that the combined 
effects of sterilized soil and low water availability achieved 7.2–9.8% 
higher germination than in any of the other three treatment combi-
nations (Tukey post hoc comparisons; Fig. 3D).

DISCUSSION

Global change factors have the potential to alter host–microbe sym-
bioses, with important implications for both symbiont communi-
ties and host fitness (Kivlin et al., 2013; Rudgers et al., 2014). In this 

study, we considered how precipitation 
regimes altered plant associations with 
Epichloë and non‐epichloid endophytic 
taxa across host ontogeny, and we reported 
two key findings. First, we found that re-
duced precipitation contributed to loss of 
Epichloë through reduced associations in 
adult plants, albeit this evidence was lim-
ited to the final sampling period. Second, 
while association with Epichloë increased 
net recruitment of seeds, this benefit did 
not depend on water availability. Taken 
together, our results demonstrate a diver-
sity of ways in which plant symbioses with 
Epichloë and non‐epichloid taxa can be 
lost or maintained across host ontogeny 
and highlights the role of altered precip-
itation in symbiont loss.

Symbiont loss under global change

Symbionts can allow their hosts to cope 
with global change (Kivlin et  al., 2013; 
Cavazos et  al., 2018), yet our work sug-
gests that associations with the Epichloë 
endophyte can be gradually lost over time 
with reduced precipitation. These findings 
could suggest that A. breviligulata’s asso-
ciation with Epichloë may be particularly 
costly under drought conditions or that 
Epichloë itself may be unable to persist 
in drought‐exposed host plants. While 
our leaf microscopy sampling could not 
definitively distinguish between Epichloë 
loss in E+ plants versus clonal spread of 
E‐ plants into E+ plots, we note that the 
low percentage (3%) of Epichloë observed 
in the E‐ plots suggests minimal clonal 
spread into neighboring plots and there-
fore that Epichloë had likely been lost in 
many E+ plants. Our finding showing loss 

of Epichloë under reduced precipitation is consistent with previous 
work that showed limited geographical extent of Epichloë in natural 
A. breviligulata populations (Emery et al., 2014). However, previ-
ously reported findings from this same field experiment showed that 
Epichloë inoculation increased tiller production up to 19% regard-
less of the precipitation treatment, and this effect grew stronger over 
time (Emery et al., 2015). Interestingly, our current findings suggest 
that despite greater E+ tiller density, many of these tillers had likely 
lost their association with Epichloë. Therefore, while Epichloë in-
creased tiller production, its association with the beachgrass was 
simultaneously being lost, particularly under reduced precipitation.

Furthermore, the responses of Epichloë and non‐epichloid 
taxa to precipitation highlight the complexity in predicting plant– 
microbe interactions under global change. Symbioses involving 
vertically transmitted symbionts can be lost during any life stage 
of the host (Gundel et al., 2011). Such loss can be induced by envi-
ronmental factors—as we observed in older, adult plants that lost 
their Epichloë under reduced precipitation—if the costs and bene-
fits of symbiosis for either partner changes (West et al., 2002). Loss 

FIGURE 3. Results from seed viability and germination experiments. (A) Seed viability is significantly 
affected by Epichloë, bars show mean ± 1 SE. (B) Cumulative number of germinating seeds within 
pots in the germination study. Each pot was planted with 10 E+ or E‐ seeds and was assigned to 
one watering treatment (low or high) and one soil treatment (live or sterilized). (C) and (D) show the 
proportion of seeds germinating within each treatment group after 6 wk. Error bars show 1 SE. In (C), 
there was a significant main effect of Epichloë. In (D), there was a significant interaction between the 
soil and water treatments.
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of Epichloë also can occur naturally due to imperfect transmission 
(Afkhami and Rudgers, 2008) as was likely the case with E+ seeds 
that did not harbor Epichloë. In contrast, we found no evidence 
that the altered precipitation regime led to a loss of non‐epichloid 
taxa. We caution that this finding was based on only 2 years of data 
(2011–2012), and we did not sample non‐epichloid endophyte 
communities in 2014, the year in which reduced precipitation 
led to the loss of Epichloë. Nevertheless, this finding was surpris-
ing given the role of precipitation in structuring fungal symbiont 
communities in other studies (Zimmerman and Vitousek, 2012; 
Giauque and Hawkes, 2013). However, previous, culture‐based 
work on fungal symbionts in A. breviligulata leaves in the intro-
duced range on the West Coast of the United States suggests that 
symbiont colonization varies with plant species and spatial factors 
such as geographic distribution (David et al., 2016b), and there-
fore might not be affected by precipitation. Because we used one 
host species at one field site, it is likely that stochasticity played 
a prominent role in structuring communities of non‐epichloid 
symbionts.

Interactions between Epichloë and non‐epichloid symbionts

Epichloë and non‐epichloid taxa appeared to interact most inten-
sively within seeds and less so within leaves. Epichloë likely excluded 
non‐epichloid taxa in the E+ seeds through either competition or 
priority effects, leading to subsequent increases in seed viability and 
germination. Furthermore, our finding that Epichloë was associ-
ated with reduced non‐epichloid mycelial growth on seeds could 
suggest an important role of Epichloë in maintaining viable seeds 
though exclusion of pathogens, though further work is needed to 
demonstrate this interaction. Interestingly, Epichloë also substan-
tially reduces the production of inflorescences (up to 46%, Emery 
et al., 2015), suggestive of a potential tradeoff between seed viability 
and fecundity. Yet, despite these interactive effects between Epichloë 
and non‐epichloid taxa in seeds, we found no such result in leaves. 
A recent grassland survey of the Epichloë‐associating grass Lolium 
perrene similarly found no effect of Epichloë on the diversity or com-
position of fungal endophyte communities in leaves (Konig et al., 
2018). One potential explanation is that in leaves, non‐epichloid  
taxa opportunistically colonized plant tissue left uncolonized by 
Epichloë, whose colonization within leaves was often relatively 
sparse (L. P. Bell‐Dereske, personal observation). In seeds, Epichloë 
can be particularly concentrated and leave little space uncolonized 
(White Jr. and Cole, 1985), perhaps explaining why we found strong 
antagonistic effects of Epichloë on non‐epichloid symbionts of seeds 
but not leaves. Interestingly, previous work in this system showed 
that Epichloë presence did reduce root colonization and diversity 
of arbuscular mycorrhizal fungi in A. breviligulata (Bell‐Dereske 
et al., 2017). Discrepancies between mycorrhizal and non‐epichloid 
endophytic responses to Epichloë could be attributable to plant in-
vestment; plants invest considerable resources into AMF structures 
that must be balanced with investment in the systemic aboveground 
Epichloë, while many of the non‐epichloid taxa in leaves might per-
sist opportunistically on the leftover resources (Rodriguez et  al., 
2009; Bever et al., 2015).

One unexpected finding was that p‐endophytes associated pos-
itively with Epichloë in this system. While relatively little is known 
about this group of fungi, p‐endophytes, much like Epichloë, grow 
systemically within other host grasses and often co‐occur with 
Epichloë (Latch et al., 1984; An et al., 1993). The p‐endophytes are 

thought to belong to a closely related group (An et al., 1993), and 
the p‐endophyte that associates with E. amarillans within A. brevil-
igulata needs to identified. The fact that we observed p‐ endophytes 
in only approximately one third of E+ seeds examined (compared 
to 82% with Epichloë) could suggest there is variability in how 
frequently the p‐endophyte co‐occurs with Epichloë. It is possible 
that if the p‐endophyte was present with the inoculating strain of 
Epichloë and horizontally transmitted throughout the study that the 
p‐ endophyte’s own association with the host grass was lost faster 
than that of Epichloë. Alternatively, because p‐endophytes can estab-
lish via conidial (asexual) spores (Latch et al., 1984), p‐endophytes 
could be disseminated via spores but require Epichloë to facili-
tate establishment. More work is clearly needed to elucidate how  
p‐ endophytes maintain their symbioses with host grasses and asso-
ciations with Epichloë.

CONCLUSIONS

The ways in which hosts maintain or lose their microbial partners 
vary substantially. Our study demonstrates that the interplay among 
symbiont transmission mode, host ontogeny, and precipitation can 
all contribute to associations with symbionts within a single host 
plant species. As researchers consider how global change factors will 
alter biotic interactions, including symbioses, our findings suggest 
that interactions with closely associating species like the vertically 
transmitted, systemic Epichloë could be particularly vulnerable to 
loss, with potentially detrimental effects for the host species.

ACKNOWLEDGEMENTS

We thank B. Haley for laboratory and field assistance and G. May 
for providing feedback and laboratory support. We thank Editor‐In‐
Chief P. Diggle, the Associate Editor, and two anonymous review-
ers for constructive feedback that greatly improved this manuscript. 
This work was funded by NSF DEB 0918267 to S.M.E. and J.A.R., 
NSF DEB 1145588 to J.A.R., National Science Foundation Graduate 
Research Fellowship (NSF 0940902) and the George Melendez Wright 
Climate Change Fellowship to L.B.D., and awards from the NSF 
IGERT Introduced Species and Genotypes program (DGE‐0653827), 
NSF Graduate Research Fellowship program (NSF 00039202), and 
University of Minnesota Rothman Fellowship to A.S.D.

AUTHOR CONTRIBUTIONS

All authors contributed to the study design. S.M.E. and J.A.R. 
conceived and designed the field experiment, and performed ex-
periments with L.P.B.; A.S.D. and E.W.S. designed and performed 
the culture‐based study; L.P.B., B.M.M., and J.A.R. designed and 
performed the microscopy studies; and L.P.B. and J.A.R. designed 
and performed the laboratory assays. A.S.D. analyzed the data and 
wrote the manuscript with input from all authors.

SUPPORTING INFORMATION

Additional Supporting Information may be found online in the 
supporting information tab for this article.



8 • American Journal of Botany

APPENDIX S1. Assignment of operational taxonomic units 
(OTUs).

APPENDIX S2. Analysis of deviance results from non‐epichloid 
endophyte incidence using culture‐based data.

APPENDIX S3. Analysis of community composition of non‐epi-
chloid endophytes using culture‐based data.

APPENDIX S4. Analysis of seed germination experiment.

LITERATURE CITED

Abarenkov, K., R. H. Nilsson, K. H. Larsson, I. J. Alexander, U. Eberhardt, S. 
Erland, K. Høiland, et al. 2010. The UNITE database for molecular identi-
fication of fungi – recent updates and future perspectives. New Phytologist 
186: 281–285.

Afkhami, M. E., and J. A. Rudgers. 2008. Symbiosis lost: imperfect vertical trans-
mission of fungal endophytes in grasses. American Naturalist 172: 405–416.

An, Z. Q., M. R. Siegel, W. Hollin, H. F. Tsai, D. Schmidt, and C. L. Schardl. 1993. 
Relationships among non‐Acremonium sp. fungal endophytes in five grass 
species. Applied and Environmental Microbiology 59: 1540–1548.

Arnold, A. E. 2007. Understanding the diversity of foliar endophytic fungi: prog-
ress, challenges, and frontiers. Fungal Biology Reviews 21: 51–66.

Arnold, A. E., L. C. Mejía, D. Kyllo, E. I. Rojas, Z. Maynard, N. Robbins, and E. 
A. Herre. 2003. Fungal endophytes limit pathogen damage in a tropical tree. 
Proceedings of the National Academy of Sciences, USA 100: 15649–15654.

de Bary, A. 1879. Die Erscheinung der Symbiose. Verlag von Karl J. Trubner: 
Strassburg, Austria.

Bates, D., M. Mächler, B. Bolker, and S. Walker. 2015. Fitting linear mixed‐effects 
models using lme4. Journal of Statistical Software 67: 1–51.

Bell‐Dereske, L., C. Takacs‐Vesbach, S. N. Kivlin, S. M. Emery, and J. A. 
Rudgers. 2017. Leaf endophytic fungus interacts with precipitation to alter 
belowground microbial communities in primary successional dunes. FEMS 
Microbiology Ecology 93: 1–16.

Benitez, T., A. M. Rincon, M. C. Limon, and A. C. Codon. 2004. Biocontrol 
mechanism of Trichoderma strains. International Microbiology 7: 249–260.

Bever, J. D. 2015. Preferential allocation, physio‐evolutionary feedbacks, and the 
stability and environmental patterns of mutualism between plants and their 
root symbionts. New Phytologist 205: 1503–1514.

Bourguignon, M., J. A. Nelson, E. Carlisle, H. Ji, R. D. Dinkins, T. D. Phillips, and 
R. L. McCulley. 2015. Ecophysiological responses of tall fescue genotypes to 
fungal endophyte infection, elevated temperature, and precipitation. Crop 
Science 55: 2895–2909.

Caporaso, J. G., J. Kuczynski, J. Stombaugh, K. Bittinger, F. D. Bushman, E. K. 
Costello, N. Fierer, et  al. 2010. QIIME allows analysis of high‐throughput 
community sequencing data. Nature Methods 7: 335–336.

Cavazos, B. R., T. F. Bohner, M. L. Donald, M. E. Sneck, A. Shadow, M. Omacini, 
J. A. Rudgers, and T. E. X. Miller. 2018. Testing the roles of vertical transmis-
sion and drought stress in the prevalence of heritable fungal endophytes in 
annual grass populations. New Phytologist 219: 1075–1084.

Cheplick, G. P. 2007. Costs of fungal endophyte infection in Lolium perenne gen-
otypes from Eurasia and North Africa under extreme resource limitation. 
Environmental and Experimental Botany 60: 202–210.

Clark, E. M., J. F. White, and R. M. Patterson. 1983. Improved histochemical 
techniques for the detection of Acremonium coenophialum in tall fescue and 
methods of in vitro culture of the fungus. Journal of Microbiological Methods 
1: 149–155.

Clarke, K. R., and R. N. Gorley. 2006. PRIMER v6: User manual/tutorial 
(Plymouth Routines in Multivariate Ecological Research). PRIMER‐E, 
Plymouth, U.K.

Classen, A., M. K. Sundqvist, J. A. Henning, G. S. Newman, J. A. M. Moore, M. 
A. Cregger, L. C. Moorhead, and C. M. Patterson. 2015. Direct and indirect 
effects of climate change on soil microbial and soil microbial–plant interac-
tions: What lies ahead? Ecosphere 6: art130.

Cowles, H. C. 1899. The ecological relations of the vegetation on the sand dunes 
of Lake Michigan. Botanical Gazette 27: 167–202.

David, A. S., G. May, D. Schmidt, and E. W. Seabloom. 2016a. Beachgrass inva-
sion in coastal dunes is mediated by soil microbes and lack of disturbance‐
dependence. Ecosphere 7: 1–12.

David, A. S., E. W. Seabloom, and G. May. 2016b. Plant host species and geo-
graphic distance affect the structure of aboveground fungal symbiont com-
munities, and environmental filtering affects belowground communities in a 
coastal dune ecosystem. Microbial Ecology 71: 912–926.

David, A. S., E. W. Seabloom, and G. May. 2017. Disentangling environmen-
tal and host sources of fungal endophyte communities in an experimental 
beachgrass study. Molecular Ecology 26: 6157–6169.

David, A. S., K. B. Thapa‐Magar, and M. E. Afkhami. 2018. Microbial mitiga-
tion–exacerbation continuum: a novel framework for microbiome effects on 
hosts in the face of stress. Ecology 99: 517–523.

Davitt, A. J., M. Stansberry, and J. A. Rudgers. 2010. Do the costs and benefits 
of fungal endophyte symbiosis vary with light availability? New Phytologist 
188: 824–834.

Drake, I., J. F. White Jr, and F. C. Belanger. 2018. Identification of the fungal 
endophyte of Ammophila breviligulata (American beachgrass) as Epichloë 
amarillans. PeerJ 6: e4300.

Edgar, R. C. 2010. Search and clustering orders of magnitude faster than BLAST. 
Bioinformatics 26: 2460–2461.

Emery, S. M., and J. A. Rudgers. 2014. Biotic and abiotic predictors of ecosys-
tem engineering traits of the dune building grass, Ammophila breviligulata. 
Ecosphere 5: 1–18.

Emery, S. M., D. Thompson, and J. A. Rudgers. 2010. Variation in endophyte sym-
biosis, herbivory and drought tolerance of Ammophila breviligulata popula-
tions in the Great Lakes region. American Midland Naturalist 163: 186–196.

Emery, S. M., L. Bell‐Dereske, and J. A. Rudgers. 2015. Fungal symbiosis and 
precipitation alter traits and dune building by the ecosystem engineer, 
Ammophila breviligulata. Ecology 96: 927–935.

Fox, J., and S. Weisberg. 2011. Nonlinear regression and nonlinear least squares 
in R. Sage, Thousand Oaks, CA, USA.

Gardes, M., and T. Bruns. 1993. ITS primers with enhanced specificity for ba-
sidiomycetes‐application to the identification of mycorrhizae and rusts. 
Molecular Ecology 2: 113–118.

Giauque, H., and C. V. Hawkes. 2013. Climate affects symbiotic fungal endophyte 
diversity and performance. American Journal of Botany 100: 1435–1444.

Gundel, P. E., J. A. Rudgers, and C. M. Ghersa. 2011. Incorporating the process 
of vertical transmission into understanding of host–symbiont dynamics. 
Oikos 120: 1121–1128.

Kearse, M., R. Moir, A. Wilson, S. Stones‐Havas, M. Cheung, S. Sturrock, S. 
Buxton, et al. 2012. Geneious. Bioinformatics 28: 1647–1649.

Kivlin, S. N., S. M. Emery, and J. A. Rudgers. 2013. Fungal symbionts alter plant 
responses to global change. American Journal of Botany 100: 1445–1457.

König, J., M. A. Guerreiro, D. Peršoh, and D. Begerow. 2018. Knowing your neigh-
bourhood—the effects of Epichloë endophytes on foliar fungal assemblages in 
perennial ryegrass in dependence of season and land‐use intensity. PeerJ 6: e4660.

Latch, G. C. M., M. J. Christensen, and G. J. Samuels. 1984. Five endophytes of 
Lolium and Festuca in New Zealand. Mycotaxon 20: 535–550.

Lichter, J. 2000. Colonization constraints during primary succession on coastal 
Lake Michigan sand dunes. Journal of Ecology 88: 825–839.

Nelson, P. G., and G. May. 2017. Coevolution between mutualists and parasites 
in symbiotic communities may lead to the evolution of lower virulence. 
American Naturalist 190: 803–817.

Nilsson, R. H., V. Veldre, M. Hartmann, M. Unterseher, A. Amend, J. Bergsten, E. 
Kristiansson, et al. 2010. An open source software package for automated ex-
traction of ITS1 and ITS2 from fungal ITS sequences for use in high‐through-
put community assays and molecular ecology. Fungal Ecology 3: 284–287.

O'Hanlon, K. A., K. Knorr, L. N. Jørgensen, M. Nicolaisen, and B. Boelt. 2012. 
Exploring the potential of symbiotic fungal endophytes in cereal disease sup-
pression. Biological Control 63: 69–78.

Oulhen, N., B. J. Schulz, and T. J. Carrier. 2016. English translation of Heinrich 
Anton de Bary's 1878 speech, “Die Erscheinung der Symbiose” (“De la sym-
biose”). Symbiosis 69: 131–139.



 2019, Volume 106 • David et al.—Symbiont loss under altered rainfall • 9

Pan, J. J., A. M. Baumgarten, and G. May. 2008. Effects of host plant environment 
and Ustilago maydis infection on the fungal endophyte community of maize 
(Zea mays). New Phytologist 178: 147–156.

Pendleton, E. A., E. R. Thieler, and S. J. Williams. 2010. Importance of coastal 
change variables in determining vulnerability to sea‐ and lake‐level change. 
Journal of Coastal Research 26: 176–183.

R Core Team. 2015. R: A language and environment for statistical computing. R 
Foundation for Statistical Computing, Vienna, Austria.

Rodriguez, R. J., J. F. White, A. E. Arnold, and R. S. Redman. 2009. Fungal endo-
phytes: diversity and functional roles. New Phytologist 182: 314–330.

Rudgers, J. A., M. E. Afkhami, M. A. Rúa, A. J. Davitt, S. Hammer, and V. M. 
Huguet. 2009. A fungus among us: broad patterns of endophyte distribution 
in the grasses. Ecology 90: 1531–1539.

Rudgers, J. A., S. N. Kivlin, K. D. Whitney, M. V. Price, N. M. Waser, and J. Harte. 
2014. Responses of high‐altitude graminoids and soil fungi to 20 years of 
experimental warming. Ecology 95: 1918–1928.

Rudgers, J. A., L. Bell‐Dereske, K. M. Crawford, and S. M. Emery. 2015. Fungal 
symbiont effects on dune plant diversity depend on precipitation. Journal of 
Ecology 103: 219–230.

Ryberg, M., E. Kristiansson, E. Sjökvist, and R. H. Nilsson. 2009. An outlook 
on the fungal internal transcribed spacer sequences in GenBank and the in-
troduction of a web‐based tool for the exploration of fungal diversity. New 
Phytologist 181: 471–477.

Saikkonen, K., M. Helander, S. H. Faeth, F. Schulthess, and D. Wilson. 1999. 
Endophyte–grass–herbivore interactions: the case of Neotyphodium endo-
phytes in Arizona fescue populations. Oecologia 121: 411–420.

Schulthess, F. M., and S. H. Faeth. 1998. Distribution, abundances, and associa-
tions of the endophytic fungal community of Arizona fescue (Festuca arizo-
nica). Mycologia 90: 569–578.

van der Putten, W. H., M. A. Bradford, E. Pernilla Brinkman, T. F. J. van de 
Voorde, and G. F. Veen. 2016. Where, when and how plant–soil feedback 
matters in a changing world. Functional Ecology 30: 1109–1121.

Vavrus, S., and J. Van Dorn. 2010. Projected future temperature and  
precipitation extremes in Chicago. Journal of Great Lakes Research 36: 
22–32.

Vilgalys, R., and M. Hester. 1990. Rapid genetic identification and mapping of 
enzymatically amplified ribosomal DNA from several Cryptococcus species. 
Journal of Bacteriology 172: 4238–4246.

West, S. A., E. T. Kiers, E. L. Simms, and R. F. Denison. 2002. Sanctions and 
mutualism stability: Why do rhizobia fix nitrogen? Proceedings of the Royal 
Society, B, Biological Sciences 269: 685–694.

White, J. F. Jr, and G. T. Cole. 1985. Endophyte–host associations in forage 
grasses. I. Distribution of fungal endophytes in some species of Lolium and 
Festuca. Mycologia 77: 323–327.

Worchel, E. R., H. E. Giauque, and S. N. Kivlin. 2013. Fungal symbionts alter 
plant drought response. Microbial Ecology 65: 671–678.

Yule, K. M., T. E. X. Miller, and J. A. Rudgers. 2013. Costs, benefits, and loss of 
vertically transmitted symbionts affect host population dynamics. Oikos 122: 
1512–1520.

Zimmerman, N. B., and P. M. Vitousek. 2012. Fungal endophyte communities 
reflect environmental structuring across a Hawaiian landscape. Proceedings 
of the National Academy of Sciences, USA 109: 13022–13027.


