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Abstract Kentucky bluegrass (Poa pratensis L.) is a very
common grass species with a wide distribution, including in
Mediterranean areas. The objective of this study was to inves-
tigate the effects of non-clavicipitaceous fungal endophytes on
forage production by P. pratensis, and on the nutritive value
and mineral status of its herbage. Plants were inoculated with
each of eight endophytic species and grown under greenhouse
conditions. After 3 months, the plants were harvested and
dried before evaluating the following parameters: dry mass
of herbage and roots, crude protein content, neutral detergent
fibre content, and mineral contents in herbage. The results
showed that endophytes affected the biomass yield (herbage
and roots), fibre content, and mineral contents in the forage.
Compared with controls, plants inoculated with Stemphylium
globuliferum showed the highest herbage and root biomass
values, whilst those inoculated with Embellisia leptinellae
and S. globuliferum showed reduced fibre contents in herbage.
Plants infected with Epicoccum nigrum and S. globuliferum
showed increased herbage concentrations of calcium, magne-
sium, molybdenum, and titanium. These results demonstrate
that inoculation of Poa pratensis with endophytes can in-
crease its biomass yield and the nutritive value of its herbage.
Therefore, endophyte inoculation may be a useful strategy to
reduce nutrient deficiencies in P. pratensis forage.

Keywords Kentucky bluegrass . Forage . Fungi . Nutrients .

Quality

Introduction

Kentucky bluegrass or smooth-stalked meadow-grass (Poa
pratensis L.) is a common perennial grass native to Europe,
Asia, North America, and northern Africa. The ecological
variability of this grass allows it to adapt to cold winter cli-
mates (Reader et al. 1994) and explains its ability to grow in
many different conditions and at various latitudes. In Mediter-
ranean areas, for instance, it is a naturalized species commonly
found in permanent grasslands, meadows, open woodlands,
prairies, and at disturbed sites. Owing to its high adaptive
capacity, P. pratensis has been widely cultivated in temperate
climates as forage and turf grass. As forage, its herbage yields
range from 4100 to 10,400 kg ha−1, depending on the envi-
ronmental conditions (Dürr et al. 2005). Several studies have
focused on differences in the forage quality of P. pratensis
(Dürr et al. 2005; Holman et al. 2007). The crude protein
(CP) content has been reported to range from 7.6 to 26.6 %,
and neutral detergent fibre (NDF) content from 43.5 to
58.7 %. However, in Mediterranean areas, the herbage pro-
ductivity of P. pratensis is low, despite its high nutritive qual-
ity. As a forage crop, this grass species can be sown alone or in
mixtures with other grasses or legumes such as white clover
(Trifolium repens L.) (Murphy et al. 1997).

Climatic conditions, especially precipitation during the
growing season, are the most important factors affecting the
growth, biomass production, quality traits, persistence, and re-
generation of P. pratensis (Croce et al. 2001). However, soil
fertility (Hodge 2004), the plant growth stage (Holman et al.
2007), and the photoperiod (Hay and Heide 1983) can also
affect these parameters. Fungal endophytes, which invade the
living tissues of plants for part or all their life cycle without
causing disease, can also affect the production and performance
of different pasture species (Zabalgogeazcoa et al. 2006;
Iannone et al. 2011). Endophytes have been shown to have
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some beneficial effects; for example, increasing the drought
resistance of their host (Assuero et al. 2006), protecting their
hosts against plant pathogens (Clarke et al. 2006; Santamaría
et al. 2012), and improving forage quality (Oliveira et al. 2004).
Other studies have shown that biomass production and re-
growth capacity are greater in endophyte-infected plants than
in uninfected plants (Hesse et al. 2005; Thom et al. 2013),
especially when plants are subjected to biotic or abiotic stresses
(Assuero et al. 2006; Oberhofer et al. 2014).

The beneficial effects of endophytes could be due to im-
proved adaptive responses and increased effectiveness of phys-
iological and developmental processes in response to water
deficit mediated by the plant hormone abscisic acid (Zhang
et al. 2006). Endophyte-infected plants growing in non-
limiting growth conditions showed increased biomass yield
(Iannone et al. 2011; de Lima Fávaro et al. 2012), but such
positive effects can be missed because of the profuse growth of
both infected and uninfected plants within a population. Con-
sequently, several other studies have reported that under non-
limiting conditions, herbage and root biomass yields of the
host plants were unaffected or negatively affected by endo-
phyte infection (Zabalgogeazcoa et al. 2008; Faeth et al. 2010).

Infection with the endophyte Neotyphodium resulted in
higher antioxidant activity in two grasses, Stipa robusta
(Vasey) Scribn. and Festuca arizonica Vasey (Hamilton and
Bauerle 2012). Endophytes have also been shown to alter the
mineral status of some other forage plants, including
Neotyphodium coenophialum (Morgan-Jones & Gams)
Glenn, Bacon & Hanlin in Festuca arundinacea Schreber
(Matthews and Clay 2001). In another case, endophytes pro-
vided a solution for cropping in polluted areas where infected
plants can grow and degrade contaminant compounds
(Soleimani et al. 2010). Recently, Likar and Regvar (2013)
demonstrated the mutualistic relationship between
Phialophora endophytes and Salix plants that allowed plants
to grow in cadmium-polluted soil. The endophyte-infected
plants showed decreased uptake of this contaminant metal.

However, the positive effects of endophyte infection are not
always detected, as they appear to be dependent on the species
of the endophyte and the host, and on various environmental
conditions (Ahlholm et al. 2002). For example, Oliveira et al.
(2004) found that Neotyphodium lolii (Latch & Samuels)
Glenn, Bacon & Hanlin did not notably affect many forage
quality parameters in perennial ryegrass. Some studies have
reported negative effects of endophyte infection on plant pro-
duction or forage quality. For example, Epichloë typhina
(Pers.) Tul. & Tul. was shown to cause ear sterility in several
grass species (White 1988), and other endophytes, such as
Neotyphodium lolii, produce secondary metabolites that cause
ryegrass staggers disease in livestock (Fletcher et al. 1993).

Fungal endophytes can be divided into two major groups:
the clavicipitaceous and non-clavicipitaceous fungi (Rodriguez
et al. 2009).Most studies on plant–endophyte interactions have

been conducted on grass species infected with clavicipitaceous
fungi (Tanaka et al. 2012). The interactions between endo-
phytes and their hosts appear to differ between clavicipitaceous
and non-clavicipitaceous endophytes. Clavicipitaceous endo-
phytes are transmitted vertically through seeds, they usually
form a systemic intercellular infection, and their ecological
and functional roles are well-defined. In contrast, most non-
clavicipitaceous endophytes are horizontally transmitted, are
locally restricted within plant tissues after infection, and their
ecological roles are poorly defined (Rodriguez et al. 2009).
The hypothesis tested in the present study was that non-
clavicipitaceous endophytes affect the production and quality
performance of Kentucky bluegrass. To test this hypothesis,
we evaluated the effects of eight non-clavicipitaceous fungal
endophytes on the biomass production (herbage and root bio-
mass), nutritive value (protein and neutral detergent fibre con-
tents), and mineral status of P. pratensis.

Materials and methods

Fungal and plant materials

Eight fungal endophytes that were previously isolated from
pasture species and identified in our laboratory were used in
these experiments (Table 1). Endophyte identification was
based on comparison of the ITS region sequence with se-
quence data from EMBL/GenBank using BLASTn. A simi-
larity of > 97 % was used for species identification. When
several species met this criterion, they were further identified
based on their morphology (colony characteristics and repro-
ductive structures). Two months before experiments, fungi
were grown at 25 °C in the dark in 1.5-L flasks containing
1-L potato dextrose broth (PDB) to obtain sufficient inoculum
for plant inoculations.

Seeds of P. pratensis cv ‘Sobra’ were surface-disinfected
by immersion for 2 min in 2.5 % NaClO, then washed three
times with sterilized distilled water. In early December 2012,
sterilized seeds (ten seeds per pot) were planted in plastic pots
(7×7 cm, and 6 cm high) containing soil substrate (1:1 vol/vol
perlite:peat; COMPO SANA Universal, COMPO GmbH &
Co. KG,Münster, Germany). The pots were placed in a green-
house and watered to field capacity every 2–3 days. The max-
imum and minimum temperatures and relative humidity re-
corded in the greenhouse during the experiments are shown in
Fig. 1. When plants were 1 month old, they were treated every
10 days with three doses of Amistar Xtra® (Syngenta,Madrid,
Spain), a systemic fungicide, applied as a foliar spray (approx.
1 mL per pot of a dilution of 1-mL fungicide in 1-L distilled
water). At the third application, 1 mL of fungicide solution
was also applied to the soil substrate in each pot.

Four soil substrate samples were analysed to determine
their chemical properties. In dried and homogenised soil
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samples, pH was determined using a calibrated pH meter
(CLP22, Crison Instruments SA, Barcelona, Spain) (10 g soil:
25 ml deionized H2O). The dried soil samples were extracted
with ammonium acetate (1 N) adjusted to pH 7, and then
extractable Ca and K were quantified by atomic absorption
spectrophotometry (Helyos alpha, 9423-UVA, Unicam, Cam-
bridge, UK). Extractable P was determined by the Olsenmeth-
od (Olsen et al. 1954). Electrical conductivity (EC) was deter-
mined using an EC-meter (Basic30, Crison Instruments SA,
Barcelona, Spain). Total N was determined using the Kjeldahl
method (Bremner 1996) (Kjeltec™ K350 destillation Unit,
Buchi Ltd., Flawil, Switzerland).

Inoculations and experimental design

Four weeks after the last fungicide application, plants were
wounded by puncturing their leaves and stems with a home-
made tool with two arms; one with multiple needles at the end,
and the other with a smooth surface. In this way, plants were
wounded sufficiently to facilitate fungal infection, but were
not seriously damaged. The actively growing mycelia of each
endophyte were homogenized in culture medium using a
blender. Inoculation was carried out using a hand sprayer in
two doses: half of the homogenized inoculum (i.e., 500 mL)
was applied immediately after wounding the plants, and the
other half was applied 3 days later. During the 48 h following
inoculation, the plants were maintained under high humidity
conditions to maximize fungal infection. Each set of ten plants

(i.e., one pot) was inoculated with one endophyte. Plants in
additional pots were inoculated only with culture medium as
the control. Pots containing inoculated plants were arranged
following a completely randomized design with ten replicates
(pots) per treatment. To avoid secondary infections, the pots
were placed at least 5 cm apart, with no direct contact, on the
greenhouse benches. Plant samples collected before inocula-
tion and approximately 1 month after inoculation were
analysed to verify that they were free of endophytes before
inoculation, and infected with endophytes after inoculation.
Plants were surface-disinfested by immersion in 95 % ethanol
for 30 s, and then in 2 % NaClO plus Tween 80 (two drops/L)
for 1 min. Then, five 5-mm-long segments were cut from
different parts of each plant and placed on Potato Dextrose
Agar (PDA) in a Petri dish. The Petri dishes were incubated at
25 °C in the dark to allow the fungal endophytes to grow from
the plant pieces.

Analyses of biomass, crude protein, biomass nitrogen,
neutral detergent fibre, and mineral contents

The herbage and roots were harvested and processed 3months
after inoculation with the fungal endophytes. The roots were
carefully washed with tap water to remove soil substrate. The
herbage and root samples were air dried to constant weight at
70 °C before recording dry matter (DM). A portion of each
herbage sample was used to analyse crude protein (CP). The
CP content was calculated as follows: biomass N×6.25

Table 1 Origin and identification of endophytes used in these experiments

Isolate no. Herbaceous host Geographic origin GenBank identificationa

E060 Biserrula pelecinus L. Moheda de Olalla (Cáceres) Fusarium lateritium Nees

E138 Ornithopus compressus L. Malpartida de Plasencia (Cáceres) Embellisia leptinellae Simmons & Hill

E140 Trifolium subterraneum L. Malpartida de Plasencia (Cáceres) Stemphylium globuliferum Vestergr.

E202 Biserrula pelecinus L. Malpartida de Plasencia (Cáceres) Chaetosphaeronema sp.

E244 Lolium rigdum Gaud Malpartida de Plasencia (Cáceres) Pleosporales sp.

E269 Lolium rigdum Gaud Moheda de Olalla (Cáceres) Penicillium sp.

E361 Lolium rigdum Gaud Cheles (Badajoz) CODE361

E631 O. compressus L. Cheles (Badajoz) Epicoccum nigrum Link

a Based on ITS sequence (> 97 % similarity to ITS sequence in GenBank)
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(protein on average contains 16 % N). Biomass N was deter-
mined using the Kjeldahl method, and neutral detergent fibre
(NDF) was analysed with a fibre analyser (ANKOM 8-98,
ANKOM Technology, Macedon, NY). Another portion of
each herbage sample was analysed by the Ionomics Service
of the CSIC (Spanish High Centre for Science and Research)
to determine mineral determinations. After digestion with
HNO3/H2O2 in an UltraClave Microwave (Milestone S.r.l.,
Sorisole, Italy), samples were analysed by inductively coupled
plasma optical emission spectrometry (ICP-OES) to quantify
Al, B, Ca, Cr, Cu, Fe, K, Li, Mg, Mn,Mo, Na, Ni, P, Pb, S, Se,
Sr, Ti, and Zn. These analyses were also conducted for the
four soil substrate samples described above (Table 2).

Statistical analyses

The effects of the endophyte (nine treatments, including con-
trols: E0, E060, E138, E140, E202, E244, E269, E361 and
E631) on herbage and root dry matter yield, nutritive value
parameters (CP, and NDF) and mineral contents (Al, B, Ca,
Cr, Cu, Fe, K, Li, Mg, Mn, Mo, Na, Ni, P, Pb, S, Se, Sr, Ti, Tl
and Zn) were evaluated by one-way ANOVA. Fisher’s
protected least significant difference (LSD) test for multiple
comparisons was used when significant differences (p<0.05)
were detected in the ANOVA. Assumptions of normality and
homoscedasticity were assured by Kolmogorov–Smirnov and
Levene’s tests, respectively. Pearson correlation tests were
performed among the different parameters. All of these anal-
yses were conducted using Statistix v. 8.10.

Results

Soil substrate properties and effects of endophytes
on herbage and root biomass

Table 2 summarizes the soil substrate properties. None of the
endophytes caused plant disease symptoms during these exper-
iments. No endophytes were detected in plant samples collected
before inoculations. Five of the endophytes [E060 (Fusarium
lateritium), E140 (Stemphylium globuliferum), E202
(Chaetosphaeronema sp.), E244 (Pleosporales sp.), and E631
(Epicoccum nigrum)] were positively re-isolated 1 month after
inoculation. The presence of an endophyte significantly affect-
ed (P<0.05) herbage and root biomass ofP. pratensis (Table 3).
The dry matter yield was nearly 40 % greater in plants inocu-
lated with endophyte E269 (Penicillium sp.) (1.01 g pot−1) than
in the control (0.63 g pot−1; Fig. 2a). The herbage biomass was
also significantly greater in plants inoculated with the endo-
phytes E140 (Stemphyl ium globul i ferum ) , E202
(Chaetosphaeronema sp.), or E361 (unidentified endophyte)
than in the control (Fig. 2a). The root biomass was higher in
plants inoculated with E202 and E269 (2.17 and 2.41 g pot−1,

respectively) than in control plants (1.67 g pot−1; Fig. 2b). None
of the studied endophytes caused a reduction in herbage or root
biomass (Fig. 2a, b). There was a strong correlation between
herbage biomass and root biomass (r=0.84).

Effects of endophyte infection on crude protein
and neutral detergent fibre contents

None of the endophytes significantly (p>0.05) affected the
CP content (Table 3). The CP contents ranged from 4.96 to
5.82 % (Fig. 2c). Conversely, the NDF content in plants was
significantly (P≤0.05) affected by some endophytes (Table 3).
Plants infected with E138 (Embellisia leptinellae), E140
(Stemphylium globuliferum), E202 (Chaetosphaeronema
sp.), E244 (Pleosporales sp.), or E269 (Penicillium sp.)
showed considerably lower NDF contents (p≤0.05) (approx-
imately 5 % lower) than that in the control plants (56 %,
Fig. 2d). None of the endophytes resulted in increased NDF
content (Fig. 2c, d).

Effects of endophytes on mineral contents in herbage

The presence of endophytes significantly affected (p≤0.05)
the concentrations of Al, B, Ca, Cr, Fe, Li, Mg, Mn, Mo, Ni,
P, Se, Sr, Ti, and Zn in herbage (Tables 3 and 4). Plants infect-
ed with E631 (Epicoccum nigrum) showed increased herbage
concentrations of Al, Mo, and Ti (approx. 6, 2, and 8 times
that in control plants, respectively; Table 4), and B, Fe, Li, and
Ni (20, 64, 22, and 28 % higher than that in control plants,
respectively; Table 4). Plants infected with E361
(unidentified) also showed increased herbage concentrations
of B, Ca, Mg, Ni, and Sr (20, 12, 15, 27, and 15 % higher,
respectively, than that in control plants; Table 4).

Conversely, plants infected with the endophyte E244 (be-
longing to the Pleosporales order) showed lower herbage

Table 2 Soil substrate properties

Parameter Mean±SE Parameter Mean±SE

pH (1:2.5) 4.43±0.01 Litot (mg kg−1) 4.61±0.74

EC (S m−1) (1:5) 0.05±0.01 Mgtot (mg kg−1) 521.42±40.11

Ntot (g kg
−1) 9.6±0.2 Mntot (mg kg−1) 26.55±2.51

POlsen (mg kg−1) 5.11±0.30 Motot (mg kg−1) <0.01

K (mg kg−1) 238.51±0.01 Natot (g kg−1) 3.86±0.67

Ca (g kg−1) 7.23±0.07 Nitot (mg kg−1) 1.03±0.13

Altot (mg kg−1) 532.88±37.08 Ptot (mg kg−1) 286.39±13.46

Btot (mg kg−1) 3.19±0.17 Pbtot (mg kg−1) 2.07±0.18

Catot (g kg
−1) 5.16±0.50 Stot (mg kg−1) 765.59±13.46

Crtot (mg kg−1) 1.63±0.21 Setot (mg kg−1) <0.01

Cutot (mg kg−1) 5.19±0.64 Srtot (mg kg−1) 18.21±1.81

Fetot (mg kg−1) 436.16±85.89 Titot (mg kg−1) 22.04±1.46

Ktot (mg kg−1) 1210.59±98.98 Zntot (mg kg−1) 6.86±56.51
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concentrations of Ca, Cr, Ni, P, Se, and Zn, compared with
those in control plants (Table 4). Plants inoculated with
E. leptinellae (E138) showed decreased herbage concentra-
tions of Cr, Mn, P, and Se (65, 11, 18, and 51 % lower, re-
spectively, than those in control plants) (Table 4). The endo-
phyte E140 (S. globuliferum) resulted in increased herbage
concentrations of Ca, Mg, and Sr (0.90 g kg−1, 0.36 g kg−1

and 77.68 mg kg−1, respectively; compared with 0.78 g kg−1,
0.31 g kg−1, and 68.07 mg kg−1, respectively, in control
plants). This endophyte also resulted in significantly lower
herbage concentrations of Cr and Se (2.70 mg kg−1 and
1.12 mg kg−1, respectively, compared with 6.37 mg kg−1

and 1.73 mg kg−1, respectively, in control plants; Table 4).

Discussion

The lack of disease symptoms in the inoculated plants indicat-
ed that the fungi used in these experiments were non-patho-
genic, at least for the duration of this experiment. This is an
important and basic requirement for the eventual application
of fungal endophytes in the field. We failed to re-isolate three
of the eight endophytes, possibly because of the limited effi-
ciency of culture-dependent re-isolation methods (Prior et al.
2014), rather than inefficient inoculation. All of the endo-
phytes, even those that could not be re-isolated (E138:
Embellisia leptinellae, E269: Penicillium sp., and E361: un-
identified species), significantly affected (p≤0.05) at least one

Table 3 Summary of one-way
ANOVA for each parameter
evaluated

Source DF HDM RDM CP NDF Al B Ca Cr

Endophyte 8 3.41** 2.12* 0.92 3.01* 5.47** 3.30* 3.98*** 7.08***

Source DF Cu Fe K Li Mg Mn Mo Na

Endophyte 8 1.46 24.98*** 1.94 3.73** 4.39** 3.40* 2.76* 1.86

Source DF Ni P Pb S Se Sr Ti Zn

Endophyte 8 7.19*** 5.26** 2.02 2.40 4.25** 5.51** 6.11*** 3.64*

First column shows DF (degrees of freedom); other columns show F values, including level of significance (*p≤
0.05, **p≤0.01, ***p≤0.001)
HDM herbage dry matter, RDM root dry matter, CP crude protein, NDF neutral detergent fibre
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of the evaluated parameters in P. pratensis. This suggested
that the inoculation method had been sufficiently effective to
achieve infection, as a failed inoculation would not be expect-
ed to result in a significant effect. The significant effects ob-
served in this study could be a result of the endophyte growing
internally in, or externally on the plant, or result from products
produced by the endophyte. Nevertheless, the results obtained
for the three endophytes that could not be re-isolated should
be considered cautiously until effective inoculation can be
confirmed in further experiments.

In our study, plants infected with the endophytes E269
(Penicillium sp.), E361 (unidentified species), E140
(Stemphylium globuliferum), or E202 (Chaetosphaeronema
sp.) showed the greatest herbage biomass yields.
Clavicipitaceous fungi have been shown to lengthen the veg-
etative growth period of their host (Zabalgogeazcoa et al.
2006), which may explain the higher herbage yield in infected
plants in the present study. Further research should be con-
ducted to determine whether non-clavicipitaceous endophytes
affect the length of the growth stage of their hosts. Assuero
et al. (2006) suggested that endophytes may promote plant
growth by producing hormone-like substances that delay the
growth cycle of the plant or promote root growth, which
would increase the water and mineral absorption capacity of
the plant. Our data showed that some of the endophytes pos-
itively affected root growth—the plants infected with E269
(Penicillium sp.) or E202 (Chaetosphaeronema sp.) produced
significantly (p≤0.05) increased herbage yields and also had
considerably (p≤0.05) enlarged root systems, compared with
those of controls. The plants infected with E361 (unidentified
species) and E140 (Stemphylium globuliferum) showed the
highest herbage production and also tended to produce large
root systems, although not significantly larger than that of the
control. Fungal endophytes have been shown to affect photo-
synthesis and CO2 fixation (Spiering et al. 2006), which could
also explain the differences in growth rate. However, further
research should be conducted to determine whether the endo-
phytes used here have such effects on their hosts.

Several studies have focused on fungal endophytes’ pro-
duction of secondary metabolites that cause animal diseases.
Such metabolites include lolitrem B, ergovaline, and peramine
(Oliveira et al. 2003; Fuchs et al. 2013; Thom et al. 2013).
However, fewer studies have focused on the effects of endo-
phytes on other forage quality traits, such as CP and NDF
contents. Our results showed that none of the endophytes
affected the total CP content in herbage, consistent with the
results reported by Oliveira et al. (2004) for endophyte-
infected perennial ryegrass. Zabalgogeazcoa et al. (2006) re-
ported a significant reduction in NDF in the herbage of a grass
infected with an Epichloë species. Another study reported that
the NDF content in faeces was lower for animals feeding on
endophyte-infected forage than for those feeding on uninfect-
ed forage (Cripps and Edwards 2013). In our study, two

endophytes resulted in decreased NDF contents in herbage.
This may have been due to the production of hemicellulolytic
enzymes by endophytes, as was reported to occur in
Acremonium zeae infecting maize (Bischoff et al. 2009). It
has been also proposed that endophytes might delay plant
maturity, thus prolonging the vegetative growth phase of the
host (Zabalgogeazcoa et al. 2006). This could also explain the
NDF contents in infected plants, because fibre and lignin con-
tents in forage increase with plant maturity (Santamaría et al.
2014). However, a delay in maturity could also be expected to
increase the CP content in forage, which was not observed in
our study. Further experiments on the effects of endophytes on
the lengths of plant growth phases should be conducted to test
this hypothesis.

The various endophytes had different effects on mineral
contents in the herbage. Three endophytes resulted in in-
creased concentrations of several minerals in herbage (E060,
E361, E631); four endophytes resulted in decreased contents
of some minerals in herbage (E138, E202, E244, E269); and
one resulted in increased contents of some minerals and de-
creased contents of others in herbage (E140). Those that in-
creased the contents of some minerals may have promoted
root growth, resulting in greater mineral absorption capacity
of the host, as reported by Assuero et al. (2006). However, our
data did not support this hypothesis, because none of the en-
dophytes that resulted in increased mineral concentrations in
herbage resulted in larger root systems than those of control
plants. Therefore, further research should be conducted to
clarify the mechanisms involved in increased mineral contents
in herbage. The decreased mineral contents in herbage caused
by several of the endophytes could be explained by pathogen-
ic behaviour; that is, negative effects of the fungus on meta-
bolic and physiological processes in the host. We did not ob-
serve disease symptoms in any of the endophyte-infected
plants, but low-level pathogenicity could cause small changes
leading to lower accumulation of minerals such as Cr, Mn, P,
and Se in the herbage of P. pratensis. Two of the endophytes
that caused decreases in mineral contents in this study have
been reported to be pathogens of other hosts, including
Stemphylium globuliferum (Debbab et al. 2009) and
Embellisia leptinellae (Lawrence et al. 2011). However, the
other two endophyte species (E202 and E269) that resulted in
decreased mineral contents in this study have not been report-
ed as pathogens in other studies. A dilution effect might ex-
plain the decreased concentrations of some minerals; that is,
these two endophytes resulted in increased herbage produc-
tion compared with that of the control.

We observed that the endophyte F. lateritium resulted in
increased concentrations of several minerals in P. pratensis
herbage. However, this fungus has been reported to be a path-
ogen that causes diseases in several woody hosts such as com-
mon ash in apple trees (Przybył 2002; Weber and Dralle 2013).
However, it has been reported to be an endophyte of Taxus
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baccata (Strobel et al. 1996), and its presence was detected in
several wild grasses in Malaysia (Azliza et al. 2014). There
have been more studies on the effects of F. lateritium on woody
species than on pasture species. We observed that F. lateritium
inoculation had no negative effects on P. pratensis plants, and
that it increased Fe, Ni, and Zn contents in herbage by 31, 32,
and 16 %, respectively, compared with those in the control. All
of these are essential minerals for animals (Underwood 1981)
and increased levels in forage crops would be desirable. For
example, forage with a 32 % increase in Ni content was shown
to greatly improve rumen metabolism (Suttle 2010).

An increase in Fe uptake by endophyte-infected plants has
been already reported by other authors, such as Bartholdy et al.
(2001) for Phialocephala fortiniiWang &Wilcox and Johnson
et al. (2013) for Epichloë/Neotyphodium. This increase in Fe
uptake could be due to the production of siderophores, which
strongly bind Fe3+, by the endophytes. Johnson et al. (2013)
showed that Epichloë/Neotyphodium fungi contain a non-
ribosomal peptide synthetase gene (sidN) encoding a
siderophore synthetase. In our study, E060 (F. lateritium) and
E631 (E. nigrum) resulted in significantly higher Fe contents in
herbage, compared with that in the control. It is possible that
these two fungi were able to produce siderophores, but further
experiments are required to confirm this.

The endophyte E. nigrum is a widespread ascomycete
associated with plant primary decomposition and
endophytism in a variety of plants that are not taxonomically
related (Martini et al. 2009). This fungus is a pathogen of
several plants, such as Indian bean (Mahadevakumar et al.
2014), but it is especially known for its biocontrol activity
against several pathogens (Li et al. 2013). In a previous
study, E. nigrum was shown to increase root growth of sug-
arcane (de Lima Fávaro et al. 2012). However, to our
knowledge, this is the first report that it affects plant mineral
uptake. In our study, plants inoculated with E. nigrum
showed higher herbage concentrations of Al, B, Fe, Li,
Mo, Ni, and Ti, compared with those in plants infected with
other endophytes and control plants. The five-fold increase
in Al content would not be desirable, owing to the antago-
nistic metabolism of Al and P, and the negative effects of Al
on lambs’ appetite (Krueger et al. 1985).

In conclusion, infection with non-clavicipitaceous endo-
phytes had beneficial effects on the growth of P. pratensis
plants and on the nutritive value (NDF content and mineral
contents) of its forage. The suitability of each endophyte may
depend on the situation. Of the fungi studied, S. globuliferum,
E202 (Chaetosphaeronema sp.), E269 (Penicillium sp.), and
E361 (unidentified) could be used to increase forage produc-
tivity. These fungi (except for E361), as well as E. leptinellae
and E244 (belonging to the Pleosporales order), also resulted
in increased forage quality. The endophytes S. globuliferum
and E. nigrum resulted in increased herbage concentrations of
several nutrients that are essential for both plants and animals.
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