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Abstract. In diverse natural habitats of Europe, plants of Festuca rubra are commonly infected by the fungal
endophyte Epichloë festucae. Under several circumstances, the association between the grass and the fungus has been
shown to be mutualistic. Here, we conducted an experiment to study the differences in seed germination and mortality
between infected (E+) and endophyte-free plants (E–) at different temperatures (12 and 258C) and water potentials
(0 and –0.5MPa). Three half-sib lines of F. rubra, each composed of E+ and E– seeds, and derived from infected
plants from semiarid grasslands were used. Although the endophyte effect depended on the incubation condition,
germination percentage was significantly greater for E– (52%) than for E+ seeds (41%). Seed germination was
more inhibited by the low water potential (75 v. 24% for –0.5 and 0.0MPa, respectively), than by the high
temperature (64 v. 35% for 25 and 128C, respectively). However, mortality was highly dependent on the interaction
between plant genotype and endophyte, and between temperature and water condition. It is remarkable that while
highly dependent on the host genotype, there was a clear effect of endophyte increasing seed survival, especially in
those treatments that were unfavourable for germination. For example, in the more restrictive treatment (258C and
–0.5MPa), seed survival was on average, 44 and 39% for E+ and E–, respectively. In general, the endophyte affected
seed characteristics of F. rubra by reducing the percentage of germination, but simultaneously increasing seed
survival.

Additional keywords: dehesas, grasslands, plant–endophyte symbiosis, seed germination, seed survival, symbiotic
interaction.
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Introduction

Plants and animals have evolved in interaction with myriad of
micro-organisms such as bacteria, fungi, and viruses. As a result
of certain symbiotic interactions, macro-organisms have been
able to extend their ecological niche (e.g. plant–mycorrhizal
interaction), while in other cases, they have suffered a
permanent threat (e.g. plant–pathogen interaction). Symbioses
between cool-season grasses and fungal endophytes of the
Epichloë or Neotyphodium genera constitute an interesting
case of study because depending on the partners’ species,
genotype, and ecological context, it may range from
pathogenic to mutualistic (Clay and Schardl 2002; Saikkonen
et al. 2004). The replacement of host reproductive structures by a
fungal stroma during sexual reproduction, a phenomenon known
as choke disease, is the pathogenic symptom of some Epichloë
species (e.g.E. typhina;Clay andSchardl 2002).However, sexual

reproduction of the fungus never occurs in Neotyphodium and
rarely in severalEpichloë species. In these cases, the fungus relies
on vertical transmission for reproduction and dispersal. Given
that plants infectedbyasymptomatic endophytes havebeen found
to show increased resistance to herbivores and other biotic and
abiotic stress factors (Malinowski and Belesky 2000; Clay and
Schardl 2002), endophytes are being considered in many
breeding programs of forage and turf grasses (Easton 2007).
Therefore, it is important to understand the underlying
mechanisms of these context-dependent outcomes for the
applied use of the grass–endophyte symbiosis.

The positive effects of endophyte infection on host plant
performance are usually explained by mechanisms such as
alkaloid-mediated resistance to herbivory, enhanced nutrient
uptake, or higher tolerance to oxidative stress (Malinowski and
Belesky 2000; Clay and Schardl 2002; White and Torres 2010).
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Nonetheless, some effects of endophytic fungi on host growth
and persistence have been elusive. In fact, several works have
recorded neutral or negative effects of the symbiosis on different
plant traits or growth stages. For example, under a low resource
level, endophyte presence has been found to depress plant
performance in populations of tall fescue (Lolium
arundinaceum), meadow fescue (Festuca pratensis) and
perennial ryegrass (Lolium perenne) (Ahlholm et al. 2002;
Cheplick 2007; Marks and Clay 2007), but had no effect on
vegetative biomass production in red fescue (Festuca rubra),
perennial ryegrass or Brachypodium phoenicoides (Spiering
et al. 2006; Zabalgogeazcoa et al. 2006a, 2008). When the
performance of endophyte-infected plants is lower than that of
non-infected ones in the same environment, the endophyte
demand for carbohydrates and nutrients from the host can
be considered as a cost, and the symbiosis turns into
parasitism (s.l. Ahlholm et al. 2002; Spiering et al. 2006;
Cheplick 2007). Furthermore, the negative effect of endophyte
on seed germination and longevity are other negative effects
not directly caused by the fungus as a nutrient sink (Gundel
et al. 2006, 2009, 2010; Spiering et al. 2006). Therefore, the
endophyte effect on host plant performance is not only
dependent on the ecological context determined by the
partners’ genotype and environmental conditions, but also on
the plant developmental stage (Ahlholm et al. 2002; Saikkonen
et al. 2004; Spiering et al. 2006; Wäli et al. 2009).

Less studied than other fitness traits, seed and seedling traits
(e.g. seed size, weight, or germination, and seedling recruitment)
have been pointed out as critical in the interaction between
host plants and endophyte symbionts (Neil et al. 2003; Gundel
et al. 2006, 2010; Wäli et al. 2009). Seed germination
requirements are important for the ecology and agricultural
performance of species since they control phenology and
uniformity of plant stands, essential for successful extensive
cropping, forage farming, horticulture, and turfs (Harper 1977;
Martínez-Ghersa et al. 2000; Bradford 2002). Synchronised
germination may be related to uniform seedling establishment
and competitive performance, while seed dormancy is a risk-
avoidance trait that may be important for surviving future
unfavourable conditions (Benech-Arnold et al. 2000;
Martínez-Ghersa et al. 2000; Bradford 2002). Especially in
semiarid environments, temperature and water availability
appear as the main factors controlling seed germination and
dormancy (Allen et al. 2000; Martínez-Ghersa et al. 2000;
Bradford 2002). Seed dormancy level for a given population
can be easily visualised as how narrow or wide is the range of
environmental conditions that allow seeds to germinate (Benech-
Arnold et al. 2000). Seed responses to water availability and
temperature may be dependent on species, population, and
factors such as environmental conditions during seed growth
and development, after-ripening or storage conditions, and the
symbiotic association with endophytic fungi (Martínez-Ghersa
et al. 2000; Bradford 2002; Neil et al. 2003; Faeth et al. 2004;
Gundel et al. 2006).

Festuca rubra L. belongs to a complex of fine fescues that
is native to many parts of Europe (Arroyo García et al. 2002;
Bazely et al. 2007; Wäli et al. 2009). It is a very important grass
used as forage in natural and managed grasslands and also as
turf. For example, in savannah-like semiarid grasslands of

western Spain known as ‘dehesas’, it is an important forage
resource (Vázquez de Aldana et al. 2008). Natural populations
of this species are typically infected by the endophytic fungus
Epichloë festucae (Leuchtmann et al. 1994). Although the
incidence of infected plants can vary due to grazing level and
altitude (Bazely et al. 2007) incidences close to 70% have been
observed in habitats as different as semiarid grasslands and
marine cliffs (Zabalgogeazcoa et al. 1999, 2006b; Arroyo
García et al. 2002). Positive effects of this endophyte like
increased herbivore and disease resistance, and nutrient
content have been reported (Ahlholm et al. 2002;
Zabalgogeazcoa et al. 2006a; Clarke et al. 2006); however,
some effects on host seeds and seedlings have been variable
(Wäli et al. 2009). F. rubra is an important turfgrass species, and
E. festucae is being used for the improvement of turfgrass
cultivars (Brilman 2005); at the present time numerous
endophyte-infected turfgrass cultivars are commercially
available worldwide.

Considering that the seed stage is critical for plant survival,
and that high endophyte infection rates have been observed in
natural populations we expected that endophyte infection
could have an effect upon seed germination and survival.
Therefore, the objective of this study was to evaluate the
effects of the infection by E. festucae on seed weight,
germination and mortality in three different genotypes of
F. rubra under different temperature and water availability
conditions.

Materials and methods
Plant material

Three lines of half-sibs of F. rubra (RAB, SAN, and PEN), each
consisting of endophyte-infected (E+) and endophyte-free (E–)
plants were used for the experiment. Each line was developed
from a single F. rubra plant originally infected by E. festucae
(Zabalgogeazcoa et al. 2006a). The mother plants were sampled
at three locations, 40 km apart in semiarid grasslands (dehesas) of
the province of Salamanca, in western Spain. Each mother plant
was divided in six ramets, and half of them were treated with a
systemic fungicide to kill the endophyte. After verifying the
infection status, fungicide treated (E–) and non-treated (E+)
ramets were transplanted to the field in a research farm in
Salamanca. Seeds produced by these plants were harvested,
cleaned and stored at 108C until they were used. Endophyte
infection frequency in each population was determined by
inspecting stained seeds (n= 30) by light microscopy (Bacon
andWhite 1994).Results of infectionwere 100%forE+biotypes,
except forRAB,whichwas 96,6%,and0%for all theE–biotypes.

Measurements and experiments

Seed weight

Twelve samples (30 seeds each) of RAB, SAN and PEN and
endophyte infection status (E+ and E–) were weighed in order to
estimate the 1000-seed weight.

Germination experiment

Seed germination as affected by plant genotype and the
endophyte was evaluated under different conditions of
temperature and water availability since these two factors are
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the most important controlling seed germination in nature
(Benech-Arnold et al. 2000; Martínez-Ghersa et al. 2000;
Bradford 2002). The germination experiment consisted of a
four-way factorial arrangement within a randomised design
with six replications. The factors were: genotype (RAB, SAN
and PEN), endophyte (E+ and E–), water availability (0 and
–0.5MPa), and temperature (12 and 258C). The two water
potentials were obtained with distilled water (0MPa) and a
polyethylene-glycol (PEG-6000) solution (–0.5 MPa; Michel
1983). For the temperature treatments, two different growth
chambers set at 12 or 258C, and periodically checked with a
digital thermometer, were used. The non-independence
between replicates within chambers was alleviated by placing
the dishes at random and by changing the positions every day
throughout the experiment (Morrison and Morris 2000). The
experimental unit was a 9-cm Petri dish containing 30 seeds
that were sown on a germination paper disk (Filter Paper,
Whatman GmbH, Germany). Each dish was soaked with 5mL
of water or PEG solution, depending on the treatment. Before
sowing, the seeds were surface-disinfected by immersion for
10min in a 50% (v/v) commercial bleach solution (2.5% active
chlorine). Seed germination was recorded as radicle protrusion
every 2 days, and germinated seeds were removed from the
Petri dish. The seed counting was done for a period of
2 weeks, until the germination dynamics reached a plateau;
after that, all seeds were transferred to fresh distilled water and
incubated at 128C, even those that already were in this
condition. In the new condition, seeds were allowed to
germinate for 2 additional weeks, and this procedure enabled
to distinguish dead from live seeds that were inhibited by the
high temperature or PEG solution. Ungerminated seeds with
soft consistency and disease symptoms (dark fungal mycelium
growing on them) were considered dead. Thus, three seed
categories were considered: germinated seeds, dormant or
inhibited seeds, and dead seeds. Seed germination was
estimated as the ratio of germinated seeds to live seeds
(germinated seeds + inhibited seeds), while the proportion of
dead seeds (mortality) was estimated as the ratio of dead to the
total seeds sown in the dish.

Data analysis

Differences in 1000-seed weight as affected by the endophyte
infection status were analysed by means of a Student’s t-test for
each plant genotype. Effects of host plant genotype, endophyte
infection status, incubation temperature, and water potential on
total seed germination and seed mortality were analysed with
a four-way ANOVA. Normality and homogeneity of variances
were accomplished by log10 transformation of data only when
necessary. For significant interactions, the difference between
means of E+ and E– plants of each line were tested with an
l.s.d. procedure at P< 0.05. All data analyses were performed
with R software (R Development Core Team 2010).

Results

The endophyte infection status affected seed weight depending
on the plant genotype. Non-infected seeds were significantly
heavier than infected seeds in the RAB genotype, but there

were no differences associated to the infection in the SAN or
PEN genotypes (Table 1).

Regarding seed germination, the ANOVA showed three
significant three-way interactions: plant genotype�
endophyte� temperature; plant genotype� temperature�
water potential; and endophyte� temperature�water potential
(Table 2). Beyond the particularities associated to each plant
genotype, seed germination was affected by endophyte infection,
incubation temperature, and water potential (Table 2), being
inhibited at the higher temperature (258C), the lower water
potential (–0.5MPa), and in endophyte-infected seeds for
RAB and PEN genotypes (Fig. 1).

At the temperature of 128C, seed germination of PEN
genotype was significantly greater for E– than for E+ under
both water potentials. The same result was observed in RAB
genotype, but only under the low water potential, while no effect
of the endophyte was found in the SAN genotype under both
water potentials (Fig. 2). The overall proportion of germination
and the mean difference between E+ and E– seeds tended
to decrease at the higher temperature (Fig. 2). At 258C, the
difference in germination between E+ and E– seeds was
significant only for line SAN. At this temperature and the
lower water potential (–0.5MPa) germination was greatly

Table 1. 1000-seed weight (g) of three genotypes of Festuca rubra
(RAB, SAN, PEN) infected (E+) and non-infected (E–) with Epichloë

festucae
Values are averages of 12 samples of 30 seeds each, and standard errors are
shown in parentheses. Means of E+ and E– seeds of each line were compared

with a Student’s t-test

Plant Endophyte infection status P-value
genotype E+ E–

RAB 0.99 (0.01) 1.06 (0.02) 0.009
SAN 0.94 (0.01) 0.93 (0.01) 0.849
PEN 1.37 (0.01) 1.38 (0.02) 0.775

Table 2. Summary of ANOVA of the effects of plant genotype (RAB,
SAN, PEN), endophyte infection status (E+ and E–), incubation
temperature (12 and 258C) and water potential (0 and –0.5MPa) on

Festuca rubra seed germination and seed mortality
For the analysis of seed germination dead seeds were excluded

Effect d.f. Seed germination Seed mortality
F P-level F P-level

Plant genotype (L) 2 2.53 0.083 7.79 <0.001
Endophyte (E) 1 32.60 <0.001 12.23 <0.001
Temperature (T) 1 202.00 <0.001 112.95 <0.001
Water potential (W) 1 645.00 <0.001 0.30 0.584
L�E 2 9.30 <0.001 4.72 0.010
L�T 2 6.59 0.002 3.37 0.037
E�T 1 0.36 0.548 2.27 0.134
L�W 2 0.90 0.408 0.23 0.791
E�W 1 0.02 0.895 3.43 0.066
T�W 1 15.80 <0.001 4.51 0.035
L�E�T 2 10.50 <0.001 0.81 0.446
L�E�W 2 0.69 0.503 0.15 0.859
L�T�W 2 4.07 0.019 0.51 0.602
E�T�W 1 8.71 0.004 3.18 0.077
L�E�T�W 2 1.11 0.333 1.53 0.220
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inhibited, and differences between E+ and E– seeds were not
significant.

Despite the interaction with plant genotype, in general the
presence of Epichloë diminished the proportion of dead seeds
during the experiment (Fig. 3). The ANOVA detected three
significant two-way interactions on seed mortality:

temperature�water potential, plant genotype� temperature,
and plant genotype� endophyte (Table 2). The positive effect
of endophyte improving seed survival was most evident in the
treatment that had the highest inhibitory effect on seed
germination: 258C and –0.5MPa (Fig. 3). Nevertheless, at
128C and both water potentials the effect of the endophyte
on seed mortality was significant only for the RAB
genotype, and this pattern vanished under the combination of
258C and 0.0MPa (Fig. 3).

Discussion

A successful establishment depends on multiple factors, like the
maintenance of seed quality during the quiescent state, sensing
the right moment and place to germinate (dormancy), pest and
disease resistance, and the rate of germination and seedling
growth (Harper 1977; Benech-Arnold et al. 2000; Martínez-
Ghersa et al. 2000; Bradford 2002). We found a tendency of
endophyte-infected seeds to be more inhibited than non-infected
ones. However, the higher level of dormancy in endophyte-
infected seeds was clearly dependent on the host genotypes,
varying in a complex way with the incubation conditions.
This is in accordance with results by Wäli et al. (2009), who
observed differences in the germination of F. rubra seeds
dependent on the habitat where mother plants were collected.
The inhibitory effect of endophyte on seed germination is
consistent with previous studies on Lolium multiflorum, where
the hydrotime model indicated a higher (less negative) base
water potential for Neotyphodium occultans-infected than non-
infected seeds (Gundel et al. 2006). In contrast with these
results, endophyte infection did not affect the timing or the
percentage of germination in F. arizonica seeds (Neil et al.
2003; Faeth et al. 2004). The increased survival rate observed
in E+ imbibed seeds is also consistent with the observations
reported for L. multiflorum (Gundel et al. 2006). During our
experiment, moulds developed on some ungerminated seeds,
and it is possible that E. festucae may enhance seed resistance
against pathogens. This endophyte is known to improve
resistance against some fungal diseases in adult F. rubra
plants (Clay and Schardl 2002; Clarke et al. 2006).

In the dehesa natural grasslands where the plants used in
this work were obtained, ~70% of the plants of F. rubra are
associatedwithE. festucae (Zabalgogeazcoa et al. 1999;Arroyo
García et al. 2002). These habitats have a remarkable floristic
complexity, and a Mediterranean climate with precipitations
occurring mainly in spring and autumn, and severe droughts in
summer (Vázquez de Aldana et al. 2008). Therefore, although
plant competition is very likely to affect the fitness of F. rubra,
seed persistence in the soil seed bank can be a very important
fitness trait for the species. Although precipitations are
concentrated in spring and autumn, occasional rain events
can happen any time throughout the year (Vázquez de
Aldana et al. 2008), providing enough water to trigger
germination. Therefore, considering that seed ripening and
shedding occur in late spring, and that fungal alkaloids in
seeds have been found to be an effective deterrent against
granivorous animals (Clay and Schardl 2002), seed
persistence during summer might be a very important fitness
trait, perhaps more than readily germination. If the greater
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survival of endophyte-infected seeds were a fitness trait for
F. rubra in semiarid dehesa grasslands, our results would
contribute to explain the higher frequency of endophyte-

infected plants with respect to non-infected ones in this
ecosystem (Zabalgogeazcoa et al. 1999; Arroyo García et al.
2002).
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The fact that in this experiment seed germination was
significantly greater at 128C than at 258C contrasts with the
results of other studies of germination in F. rubra. Brar and
Palazzo (1997) did not find differences at 15 and 258C in the
germination rates of commercial varieties ofF. rubra, and Larsen
and Bibby (2005) reported that the final germination of F. rubra
subsp. littoralis was little affected by temperature in a range
between 8 and 248C. Germination inhibition by high
temperatures could result from the existence of a remaining
level of primary dormancy or by the re-induction of secondary
dormancy (Benech-Arnold et al. 2000). This preference for the
lower temperature in the Festuca genotypes from semiarid
grasslands might be a result of adaptation to germinate in the
early spring and autumn, when the seasonal rains occur. When
temperatures increase in the late spring and summer, rainfall is
unusual in this habitat, and seedling recruitment would be
more unlikely. The variation in germination rates observed in
F. rubra genotypes from different habitats (Wäli et al. 2009)
might result from adaptations to increase seedling survival in
particular environments.

Together with other positive effects of E. festucae on F. rubra
host plants, like increased resistance to herbivory and
diseases, and nutrient content (Wilkinson et al. 2000; Clarke
et al. 2006; Zabalgogeazcoa et al. 2006a), the increased viability
of seeds supports the mutualistic nature of this grass–endophyte
interaction, and this result adds interest to the use of endophytes
for the improvement of turfgrass cultivars. In contrast with the
undesirable toxic effect of fungal alkaloids on cattle, toxicity
can be a quality feature for turfgrasses. However, though the
concentration of ergovaline alkaloid in endophyte-infected
F. rubra plants from dehesa grasslands is below the toxic
threshold for cattle, ~50% of the plants contain peramine, an
insect deterrent alkaloid (Vázquez de Aldana et al. 2010).
Therefore, endophytes that confer tolerance to pests and
diseases, and abiotic stress factors to turf grasses, can be
applied as a sustainable and environmentally friendly strategy
by diminishing the use of non-renewable energy inputs such as
insecticides, fungicides and fertilisers.
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