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Abstract Temperate grasses frequently acquire resistance to herbivores through a symbiosis with epichloid
fungi that produces alkaloids of variable deterrent effects. However, in those cases without apparent endophyte
negative effects on domestic herbivores, it is not clear whether plant consumption or preference is affected or
not. We performed three experiments with 1-year-old steers (Bos taurus, Aberdeen Angus) and the annual grass
Lolium multiflorum, infected or not by Epichlo€e occultans to evaluate preference and to identify the underlying tol-
erance mechanisms. The first experiment evaluated steer preference for L. multiflorum cultivated in plots with
three endophyte infection frequencies (low, medium and high), and investigated the role of canopy structure and
plant nutritional traits on preference. The second experiment evaluated preference for chopped grass, offered in
individual trays with contrasting infection frequencies (low and high), to discard possible effects associated with
canopy structure and to focus on nutritional traits. The third experiment was performed with a tray + basket
design that separated visual and olfactory stimuli from nutritional traits. High endophyte infection frequencies
reduced consistently animal preference, even after short (~10 min) feeding events. However, we did not find sig-
nificant evidence of plant structural, nutritional, visual or olfactory traits. Our results discarded several potential
mechanisms; therefore, the dissuasive effect of fungal endophytes on animal consumption might be related to
other mechanisms, including, likely, alkaloids and changes on grass metabolome.
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INTRODUCTION

Large herbivores usually display forage selectivity
revealing complex decision-making mechanisms that
maximize intake efficiency (Bailey et al. 1996). For
many herbivores, intake decisions are influenced by
plant abundance and structural and nutritional traits
(i.e. spines, thorns, prostrate habit, secondary com-
pounds) (Senft et al. 1987; Bailey et al. 1996). Most
grasses lack strong morphological and antinutritional
traits, but they can affect herbivores’ preference
through variation of other less apparent traits. Com-
position of structural carbohydrates, lignin, dry mat-
ter concentration, nitrogen and soluble compounds is
an important driver of voluntary intake and prefer-
ence in domestic herbivores (Smit et al. 2006;
O’Donovan & Delaby 2008; Curran et al. 2010).
Likewise, structural factors such as canopy height, til-
ler density and standing biomass also affect animal
preference (Cid & Brizuela 1994; Bailey et al. 1996).
Approximately 20–30% of C3 pooid grasses har-

bour asymptomatic and vertically transmitted fungal

endophytes which may confer defences against herbi-
vores by the synthesis of harmful alkaloids, concen-
trating the alkaloids in sheaths, developing
inflorescences, and mature seeds (Leuchtmann 1992;
Clay 1996; Schardl et al. 2012; Saikkonen et al.
2013; Young et al. 2013). These endophytes are
responsible for producing four alkaloid types –
ergots, lolitrem, lolines and peramines – and some of
them have severe effects on animal performance,
grazing behaviour or voluntary intake (Howard et al.
1992; Porter & Thompson 1992; Jones et al. 2000;
Leuchtmann et al. 2000; Schardl et al. 2013).
The association between Lolium multiflorum Lam.

(Italian ryegrass) and Epichlo€e occultans does not pro-
duce harmful alkaloids to domestic herbivores
(TePaske et al. 1993). Annual Lolium sp. populations
infected with E. occultans exhibit peramines (Suga-
wara et al. 2006), N-acetylnorlolines and N-formyllo-
lines (Moore et al. 2015) in variable concentrations
according to plant organs, phenological stage and
geographical origin. These types of alkaloids have not
been described as toxic for cattle, but they have been
described as modifiers of the preference of rodents
and arthropods for infected seeds and plants (Oma-
cini et al. 2001; Uchitel et al. 2011; Ueno et al.
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2016). Nevertheless, in addition to fungal alkaloids,
several studies suggest that epichloid endophytes may
exert further ecophysiological and metabolomic
effects (e.g. different silica absorption, flavonoid and
volatile compound synthesis, lignin concentration)
with potential impacts on herbivores’ preference
(Rasmussen et al. 2008, 2009; Huitu et al. 2014; Li
et al. 2014; Dupont et al. 2015). As documented for
domestic herbivores consuming other grass species
(Oliveira et al. 2004; Zabalgogeazcoa et al. 2006;
Soto-Barajas et al. 2016), patterns of plant nutritional
values and digestibility associated with endophyte
presence in L. multiflorum might influence animal
preference.
Lolium multiflorum has increased its distribution

range since the 17th century and became naturalized
in many temperate ecosystems worldwide. In South
American grasslands, L. multiflorum populations bear
high endophyte incidence (up to a 100% of individu-
als infected in managed systems, Gundel et al. 2009).
Continuous grazing management during the last cen-
tury reduced native cool-season grasses in these
grasslands. This reduction caused forage scarcity dur-
ing winter and favoured the invasion and further nat-
uralization of L. multiflorum, which became essential
for livestock production (Jacobo et al. 2000). Hence,
elucidating the impacts of the potential resistance
provided by E. occultans on domestic herbivores
could contribute to improve these livestock produc-
tion systems.
We conducted a set of complementary experiments

to assess the possible influence of the association
between L. multiflorum and E. occultans on preferen-
tial consumption by steers. We hypothesized that the
presence of endophyte deters herbivores through
changes to plant structural, nutritional and/or olfac-
tory traits. In the first experiment, we tested prefer-
ence by offering to steers cultivated L. multiflorum
plots with different endophyte frequency. In this
experiment, we also investigated canopy structure
and nutritional traits as potential sources affecting
preference. The second and third experiments con-
sisted on feeding experiments in trays with chopped
grass with different infection frequencies intended to
assess plant nutritional and olfactory traits without
canopy structure influence.

MATERIALS AND METHODS

Experimental site, grass populations and steers

We conducted three experiments to assess the of preference
of L. multiflorum by steers (Aberdeen Angus) in Con-
cepci�on del Uruguay experimental station of the National
Institute for Agricultural Technology (INTA), from March
2013 to October 2014. This area belongs to the R�ıo de la
Plata grasslands (Soriano 1991). Climate is humid, with a

mean annual rainfall of 1200 mm uniformly distributed
throughout the year, and mean temperatures of 18°C.

We grew forage with high and low endophyte infection
frequency (calculated as the proportion of infected seeds in
a sample) from two wild populations of L. multiflorum
(Lucero and Feliciano). The infection frequency was deter-
mined by sampling 50 seeds of each population and endo-
phyte status (high and low infection). Seeds were treated
with NaOH for 8 h, stained with Rose Bengal and exam-
ined under microscope. Positive samples showed the pres-
ence of non-branching intercellular hyphae (Bacon & White
1994). Both populations belong to different areas of the
R�ıo de la Plata grasslands and they are naturally infected
with E. occultans. Lucero belongs to the Inland Pampa
(Carlos Casares, Buenos Aires Province, 35°550S, 61°150W)
whereas Feliciano belongs to the Mesopotamic Pampa
(Soriano 1991) (Feliciano, Entre R�ıos Province, 30°260S,
58°230W). Both populations were reproduced and pre-
served by INTA. Lucero endophyte-infected seeds were
obtained from the endophytic individuals of an original
population with �53% infection, and the endophyte-free
seeds, from the non-infected plants of the same original
population. Even though in this study we did not quantify
alkaloid plant concentration, Ueno et al. (2016) recently
reported that plant concentration of loline derivatives (N-
acetylnorloline, N-formylloline and N-acetylloline) in
infected plants ranged between 200 and 300 lg g�1 of
plant in this population. Feliciano endophyte-infected seeds
were obtained from an original population with 100%
infection, and the endophyte-free seeds, from the same
original population from which the endophyte was removed
by an ageing treatment. Briefly, the ageing treatment con-
sisted of storing seeds in paper bags at room temperature
for 2 years until the endophyte viability was eliminated
(Beltramino et al. 2005). Grass seed stock was maintained
by annual cultivation in the INTA experimental station.
Infection frequency of seeds was determined in the labora-
tory by checking 30 seeds by the stained method described
above (Bacon & White 1994). Lucero-infected and non-
infected lots had 95% and 0% infection, respectively,
whereas Feliciano had 92% and 0%.

All the experiments were performed with 1-year-old
steers (Aberdeen Angus) of �220 (�13) kg. Animals were
selected to be similar in weight, size and behaviour to
reduce interference among them due to dominance effects.
Two or three days before the experiment, the steers were
fed on a corn-based diet on trays, and the day before the
experiments, feeding was restricted.

Plant and animal measurements

Plants offered in the experiments were nutritionally and
structurally characterized. We analysed those traits usually
affecting preference by domestic herbivores (Bailey et al.
1996; Jung et al. 1997) that, in turn, can be also modified
by the endophyte (Miranda et al. 2011; Soto-Barajas et al.
2016). Nutritional characterization included non-structural
(cell solubles) and structural carbohydrates (neutral and
acid detergent fibres – NDF and ADF – and lignin) (Van
Soest et al. 1991) and nitrogen content (Kjeldahl diges-
tion). High concentration of ADF, NDF and lignin denotes
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lower nutritional values, whereas high solubles and nitrogen
concentration denote high nutritional values. In Experiment
1 (see below), we characterized, previously to the offer,
above-ground biomass, tiller density and canopy height.
Biomass and tiller density were estimated using two
30 9 30 cm frames per plot. Canopy height was estimated
by placing a plastic disc (~25 cm of diameter) at random
positions (four per plot) and recording disc distance to the
soil surface. Biomass samples were weighed after harvest
(fresh weight) and after oven-drying at 60°C for 48 h to
determine water content and dry weight. All canopy mea-
surements were taken at least 20 cm inside the patch edges
to avoid border effect. In Experiments 2 and 3 (see below),
plant structure at reproductive stage was evaluated by
quantifying the dry weight of culms, blades and sheaths,
and inflorescences (five individuals per population and
infection status).

Preference was quantified through voluntary intake as the
difference between offered and remaining biomass after
consumption events (Macoon et al. 2003; Smit et al. 2006).
In the experiment in plots, we also recorded the frequency
of visits to individual plots of L. multiflorum with different
endophyte infection level (see below, Experiment 1).

Experiment 1

To evaluate the preference of L. multiflorum plots with dif-
ferent infection frequency (low, medium and high), we
delimited four blocks within an area of 500 m2. In each
block, the original vegetation was removed, three plots
(4 m2) were delimited and each one randomly received one
of the three different treatments (Appendix S1). A month
before sowing (March 2013), the area was treated with gly-
phosate (8 L ha�1) to remove the original vegetation. Plots
were 3 m away from the fences dividing blocks and from
neighbouring plots. They were fertilized with 150 kg ha�1

of commercial di-ammonium phosphate with potassium
(40N, 30P, 6K) and 100 kg ha�1 of urea. Two months
after sowing, we applied a selective herbicide for broadleaf
species (Tordon D30, 4 L ha�1) to promote the growth of
L. multiflorum. Seeds belonged to Lucero population with
the corresponding endophyte infection frequency (high:
~95.3% and low: ~0%). The intermediate infection fre-
quency was obtained by mixing seeds of high and low
infection frequencies in equal proportions (medium:
~41.5%). When the experiment finished, new seeds were
collected and endophyte infection was rechecked by sam-
pling 30 seeds from each plot. The infection was 65.5% for
the high frequency, 36% for the medium and 0% for the
low (P < 0.05).

In October 2013, forage was offered in one feeding trial
to three steers to evaluate whether the endophyte affected
preference. The frequency of visits was measured by
recording the position of each of the three animals within
the block every 2 min and for a total period of 1 h (Laca
1998; Solomon et al. 2014). Therefore, the frequency of
visits of a given treatment was the proportion of the records
on that treatment over the total number or records.
Because animals needed a period to adapt to the plot set
up, records began after �15 min since the animals entered
into the plots.

Experiment 2

We performed a 2 9 2 factorial experiment of preference
consisting of offering two L. multiflorum populations
(Lucero and Feliciano) each with two endophyte infection
frequencies (high and low). Biomass used was cultivated
in a neighbouring paddock, in 2 9 5 m plots, with 20 kg
seed per ha fertilized with 80 kg di-ammonium phosphate
with potassium (40N, 30P, 6K) after sowing and 100 kg
urea per ha when tillering. As we performed the same
experiment at two phenological stages (reproductive and
vegetative), we repeated this procedure in May 2013 and
2014.

Forage was offered to the steers in November 2013 (re-
productive stage) and in October 2014 (vegetative stage).
We harvested and chopped grass biomass (pieces ~10 cm
long) and placed 1 kg of fresh weight in individual plastic
trays (45 9 45 cm, 25 cm height). The experiment was
performed in two adjacent barnyards where trays with each
Lolium type were located on the bare soil, and consisted of
eight consecutive feeding rounds of 15 min each (time
enough for the steers to choose between treatments but not
to empty the trays). After 15 min, trays were removed and
the remaining forage was weighed and saved for dry weight
determination.

Experiment 3

This experiment was performed in October 2014 and the
offered forage was prepared as in Experiment 2. We only
used the Lucero population with both contrasting endo-
phyte infection frequencies (low and high). Because our
objective was to investigate an indirect background effect
mediated by olfactory or visual influence, we added inside
the trays a nylon mesh basket (30 9 30 9 20 cm) (see pic-
ture in Appendix S2). Therefore, we offered forage in a
mesh basket surrounded by a background forage which
could be smelt and seen but not eaten. The mesh basket
contained 500 g of fresh weight while the background in
the plastic tray contained 1 kg of Lolium biomass. We per-
formed a 2 9 2 factorial experiment with offer and back-
ground as factors in all possible combinations. In each
round, steers could eat from four different baskets, ran-
domly located in a barnyard as in Experiment 2, and the
remaining forage was also treated similarly as in Experi-
ment 2 to evaluate preference.

Data analysis

In Experiment 1 (plots), preference was analysed by a lin-
ear mixed model where consumption and frequency of vis-
its were used as dependent variables, the endophyte
infection status (low, medium and high) was used as fixed
variable, and plots were used as random variables. Charac-
terization of canopy structure (biomass, tiller density,
canopy height) and biomass chemical composition (cell sol-
ubles, neutral and acid detergent fibres, lignin and N) were
analysed by analyses of variance, where endophyte infection
was used as source of variation.
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In Experiment 2 (trays, simple offer), preference was
analysed by a linear mixed model where consumption was
the dependent variable; population, infection frequency and
the interaction between them were fixed variables; and phe-
nological stage was a random variable (because each pheno-
logical stage experiment was carried out in different years).
Plant structure (weight of culms, blades and sheaths, and
inflorescences) and nutritional content (cell solubles, neu-
tral and acid detergent fibres, lignin and N) at reproductive
stage were analysed by analyses of variance where endo-
phyte infection, population and their interaction were used
as sources of variation.

In Experiment 3 (trays, offer + background), preference
was analysed by a linear mixed-model analysis where con-
sumption was the dependent variable; background, offer
and their interaction were fixed variables; and barnyards
were the random variable. Temporal autocorrelation was
evaluated in the three experiments to assess the possible
time and learning effects in the animal response. Analyses
were performed with R (R Core Team 2013).

RESULTS

Canopy and plant structure and nutritional composi-
tion of L. multiflorum did not vary with endophyte
infection frequency (P > 0.05, Tables 1–3). We did
not detect differences in plant morphology and

nutritional composition between Lucero and Feli-
ciano populations (P > 0.05, Tables 2,3) either.
Steer preference in Experiment 1 showed greater

frequency of visits in low-infected plots (40% of total
visits) than in high-infected ones (25% of total visits)
(P = 0.003, Fig. 1a). These differences, however,
were not detected in the consumed biomass
(P = 0.77, Fig. 1b).
Steer preference in Experiment 2 (trays) revealed

greater consumption for L. multiflorum with low
endophyte infection than with high infection at both
stages, vegetative and reproductive (P = 0.03,
Fig. 2). Only consumption of Feliciano did not vary
significantly between infection frequencies at vegeta-
tive stage. In turn, steers preferred Lucero over Feli-
ciano (P = 0.001) irrespective of the endophyte
frequency (population x endophyte interaction
P = 0.6, Fig. 2).
Finally, Experiment 3 also revealed steer prefer-

ence for low endophyte-infected grasses (P = 0.03),
and it was not affected by the endophyte infection
frequency of the background (P = 0.23, Fig. 3).

DISCUSSION

Our results showed that the symbiosis between
L. multiflorum and E. occultans reduces the preference
of the steers. Three different experimental
approaches revealed, consistently, a greater prefer-
ence for L. multiflorum plants with low endophyte
infection frequency. However, changes in preference
were not mediated by changes in plant biomass,
structure, protein and fibre content, or volatile com-
pounds.
In coincidence with previous evidence, the greater

preference for endophyte-free plants was not related
to differences in plant structural or nutritional traits,
usually influencing cattle selectivity (Oliveira et al.

Table 1. Structural characterization of plots cultivated
with Lolium multiflorum bearing different endophyte infec-
tion frequency (high, medium and low)

Treatment
Above-ground

biomass (g m�2)
Tiller density
(tiller m�2) Height (cm)

High 1997.1 � 179.4 185.6 � 11.7 51.7 � 3.1
Medium 2103.7 � 143.6 180.8 � 10.1 51.0 � 3.1
Low 2384.3 � 310.8 198.1 � 6.6 49.1 � 2.9

There were not significant differences between treat-
ments (n = 4, mean � SE).

Table 2. Structural characterization of Lolium multiflorum plants from two populations (Lucero and Feliciano) with low
(~0%) and high (~80%) endophyte infection frequencies at two phenological stages

Lucero Feliciano

Low High Low High

Vegetative stage
Inflorescences 0.15 � 0.01 0.13 � 0.03 0.18 � 0.03 0.14 � 0.02
Culms 0.37 � 0.02 0.35 � 0.01 0.36 � 0.03 0.33 � 0.02
Blades + sheath 0.48 � 0.03 0.52 � 0.02 0.46 � 0.05 0.54 � 0.04

Reproductive stage
Inflorescences 0.40 � 0.01 0.38 � 0.04 0.38 � 0.02 0.41 � 0.03
Culms 0.20 � 0.02 0.23 � 0.03 0.24 � 0.01 0.22 � 0.01
Blades + sheath 0.39 � 0.01 0.38 � 0.01 0.38 � 0.01 0.37 � 0.02

Values are expressed as the proportion of above-ground biomass, and there were no significant differences between popula-
tions and infection frequency (mean � SE; n = 3).
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2004; Soto-Barajas et al. 2016). Endophyte effects on
nutritional traits have been scarcely studied and
results are variable for different species; nevertheless,
while Festuca rubra- and Lolium perenne-infected
plants have lower contents of neutral detergent fibres
(NDF) and lignin (Zabalgogeazcoa et al. 2006; Ras-
mussen et al. 2008; Soto-Barajas et al. 2016),

Schedonorus arundinaceous plants do not exhibit nutri-
tional differences accounted for the endophyte (John-
son et al. 2012).
The preference documented, for the first time in

domestic herbivores, in this study suggests that the
endophyte may deter herbivores even when alkaloids
do not cause an apparent toxic effect like those
reported for similar symbiosis (e.g. S. arundinaceus–
Epichlo€e coenophialum, Schardl et al. 2013). This
reduced preference of domestic herbivores for
infected plants could play an important role in the
maintenance of the endophyte (Hern�andez Agra-
monte & Semmartin 2016) as domestic grazing rep-
resents a major pressure in temperate systems
(Oesterheld et al. 1992). Mechanisms behind this
effect are still vague and might be related to both
alkaloid-related and alkaloid-independent mecha-
nisms like differences in the odour print (volatiles)
(Garc�ıa Parisi et al. 2014), to an increase in silica
content (Huitu et al. 2014) or to deep metabolic
changes (Rasmussen et al. 2009). Furthermore, as
the endophyte promotes the secondary metabolism of
the plant (e.g. synthesis of lignin, flavonoids and
anthocyanins) (Rasmussen et al. 2009; Dupont et al.
2015), these mechanisms might also be responsible
for these plants’ reduced preference as they can
reduce nutritional quality or alter tissue coloration.
The promotion of volatile compound emissions by

epichloid endophytes has been proposed to protect
plants from herbivores (Garc�ıa Parisi et al. 2014; Li
et al. 2014). However, the empirical evidence is lim-
ited to properly evaluate protective volatiles’ extent
and ubiquity. The composition and intensity of vola-
tiles vary between plants with contrasting endophyte
levels, but their magnitude and direction depend on
plant species (Garc�ıa Parisi et al. 2014; Li et al.
2014). In our study, we did not find evidence of dis-
suasive effects of volatiles produced by the symbiosis
on domestic herbivores, which suggests the absence

Table 3. Nutritional characterization of Lolium multiflorum biomass with different endophyte infection frequency (high
and low)

Cell solubles ADF (%) NDF (%) Lignin (%) N (%)

Experiment 1 (plot)
Lucero low 23.8 � 1.7 37.3 � 1.4 65.2 � 2.4 4.15 � 0.2 1.07 � 0.05
Lucero high 20.4 � 1.9 38.1 � 1.8 68.3 � 2.5 4.19 � 0.2 1.29 � 0.08

Experiment 2 (tray)
Lucero low 17.8 � 0.8 42.4 � 1.0 71.5 � 0.6 5.76 � 0.4 1.53 � 0.04
Lucero high 19.5 � 1.0 41.8 � 0.9 71.0 � 1.3 5.25 � 0.2 1.54 � 0.07
Feliciano low 18.1 � 1.0 42.6 � 0.5 72.2 � 1.1 5.50 � 0.1 1.58 � 0.05
Feliciano high 17.5 � 0.9 41.7 � 0.3 72.3 � 0.9 6.50 � 0.8 1.45 � 0.19

Values indicate cell solubles, ADF, acid detergent fibres; NDF, neutral detergent fibres; N, total nitrogen. Experiment 1
was performed with Lucero population (mean � SE; n = 3), and Experiment 2 was performed with Lucero and Feliciano
populations (mean � SE; n = 4, data corresponding to reproductive stage). No significant differences were found between
populations or infection frequency.
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Fig. 1. Steer preference for Lolium multiflorum plots with
different endophyte infection frequencies (low, medium
and high). (a) Frequency of visits to each plot expressed as
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the fraction of biomass removed from each plot. Different
letters indicate significant differences (P < 0.05).
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of a different volatile imprint or, at least, the absence
of a signal, strong enough in the background forage
to counteract volatiles emitted by the offered forage.
Our results also revealed a plant intraspecific effect

on preference that was independent of the endophyte
status and phenological stage. At both stages (vegeta-
tive and reproductive) of Experiment 2, steers consis-
tently consumed more Lucero population than
Feliciano. Even though intraspecific variation of for-
age nutritional traits (e.g. fibre fractions) is docu-
mented to affect animal preference or voluntary
intake (Shewmaker et al. 1997; Burns et al. 2001),
our results suggest that variations other than nutri-
tional traits affect preference. Furthermore, the lack
of a significant reduction of preference in Feliciano
endophytic plants at the vegetative stage supports the
existence of complex interactions between the host
and the endophyte (Rasmussen et al. 2009; Johnson
et al. 2012; Helander et al. 2016).
In conclusion, our results add new evidence about

the importance of this fungal endophyte–grass associ-
ation in domestic herbivores. Specifically, we found

that: (i) the endophyte reduced the preference of
Aberdeen Angus steers, (ii) this effect was consistent
in two L. multiflorum populations with different
intrinsic preference, (iii) the preference of the steers
was not related to morphological, nutritional or olfac-
tory traits typically influencing palatability. Further
research to assess the potential effect of the endo-
phyte on voluntary intake is necessary to evaluate
whether the lower preference of endophytic plants
would reduce animal production and to disentangle
the mechanisms underlying the differences in animal
preference.
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