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Abstract: Fungal endophytes of the genus Epichloé live symbiotically in cool season grass species
and can produce alkaloids toxic to insects and vertebrates, yet reports of intoxication of grazing
animals have been rare in Europe in contrast to overseas. However, due to the beneficial resistance
traits observed in Epichloé infected grasses, the inclusion of Epichlo¢ in seed mixtures might become
increasingly advantageous. Despite the toxicity of fungal alkaloids, European seed mixtures are
rarely tested for Epichloé infection and their infection status is unknown for consumers. In this study,
we tested 24 commercially available seed mixtures for their infection rates with Epichlo¢ endophytes
and measured the concentrations of the alkaloids ergovaline, lolitrem B, paxilline, and peramine.
We detected Epichloé infections in six seed mixtures, and four contained vertebrate and insect toxic
alkaloids typical for Epichloé festucae var. lolii infecting Lolium perenne. As Epichloé infected seed
mixtures can harm livestock, when infected grasses become dominant in the seeded grasslands, we
recommend seed producers to test and communicate Epichloé infection status or avoiding Epichloé
infected seed mixtures.

Keywords: Epichloé spp.; grass endophytes; cool-season grass species; infection rates; alkaloids;
toxicity; livestock; horses; Lolium perenne; perennial ryegrass

1. Introduction

Infection of crops with fungal endophytes can enhance resistance against environmental stressors,
such as drought, herbivores, and pathogens, and therefore have a high potential to increase yield [1,2].
Due to these beneficial traits, some endophytes have been used in seed breeding efforts to symbiotically
modify their host plants [3,4]. Economically important fungal endophytes commercially used in
grass seed mixtures belong to the genus Epichloé, which are naturally distributed in cool season grass
species and often produce vertebrate and insect toxic compounds [5,6]. Epichlo¢ endophytes are
systemic endophytic fungi occurring exclusively in cool season grass species [7]. The anamorphs of
Epichloé endophytes, formerly known as Neotyphodium endophytes, are the most prominent producers
of defensive metabolites, which are responsible for livestock intoxications, and of anti-herbivore
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compounds that are active against insects [8-11]. The main insect toxic or insect deterring compounds
are 1-aminopyrrolizidines, including lolines such as N-formylloline and the pyrrolopyrazine, peramine,
whereas the ergot alkaloid ergovaline and the indole-diterpene lolitrem B and several of their precursors
are toxic to livestock, causing fescue toxicosis in cattle and ryegrass staggers in sheep [10-13]. Other
ergot alkaloids in native grass species can cause, e.g., the drunken horse syndrome [12].

Intoxication of livestock and severe economic losses have been frequently reported from New
Zealand, Australia, and the U.S. [9,14] but few cases have been reported from Europe [9,15-17].
Severe outbreaks of ryegrass staggers are especially known from New Zealand and Australia [18,19],
but have been also documented in Argentina [20], Chile [21], and South Africa [9]. Single cases of
ryegrass staggers in Europe have been recorded in Germany, France, the Netherlands, and the United
Kingdom [9,15-17,22]. Ryegrass staggers are caused by high concentrations of lolitrem B, produced by
Epichloé festucae var. lolii infecting Lolium perenne (perennial ryegrass) [9], but lolitrem B can also be
produced by the unnamed Epichloé sp., found in fine fescues, as well as Epichloé¢ sp. FaTG2 in Festuca
arundinacea (tall fescue) [23,24]. When recognized in a timely manner, the intoxication is reversible [25]
and the intoxication risk of humans due to consumption of animal products such as milk is considered
to be low, because concentrations of alkaloids in the milk of intoxicated cows are below the toxicity
threshold [26]. L. perenne can also be infected with the allopolyploid Epichloé hybrida (LpTG-2) [27], and
the haploid LpTG-3 (such as AR37) that is able to provide resistance against porina larvae (Wiseana
cervinata) through production of epoxy-janthithrems, which also have tremorgenic effects but not as
potent as lolitrem B [28-31]. Fescue toxicosis is caused by the ergot alkaloid ergovaline, produced
predominantly by Epichloé coenophiala infecting tall fescue, but has also been observed in some Epichloé
festucae var. lolii isolates. Severe outbreaks of fescue toxicosis are known, particularly from the U.S.,
with severe economic losses [9,32], whereas reports of fescue toxicosis in Europe are scarce, with one
study in France observing ergovaline concentrations in tall fescue above the toxicity threshold [33].

Epichloé intoxication events are more common in New Zealand, Australia, and the U.S. compared
to Europe because overseas grasslands are often dominated by a single non-native grass species with
high endophyte infection rates. For example, the Epichloé infection rate of non-native perennial ryegrass
is 70% in New Zealand [34] compared to 15% in its native distribution range in Germany [35]. To
overcome vertebrate toxicity, Epichloé strains have been found and introduced into grass cultivars that
are unable to produce the causative toxins [36,37]. One of these is Epichloé festucae var. loii strain AR1,
which still produces alkaloids deterring insects, but not the vertebrate toxic compounds lolitrem B
and ergovaline [14,38]. In fact, due to high herbivore pressure, New Zealand seed companies breed
perennial ryegrass with vertebrate safe endophytes as an integral part of their cultivars [39].

Perennial ryegrass and tall fescue are important grass species used for temperate grasslands due
to their complementary traits, such as the fast initial growth associated with the ryegrasses, and winter
hardiness, high production after the second harvest year, and persistence of the fescues [6]. Forage
grass seed mixtures are used for developing pastures for agricultural purposes to feed animals [40].
However, turfgrasses are bred for traits that make them useful in lawns used under management
practices of varying intensity [41]. Turfgrass mixtures are therefore not meant to feed livestock, but are
used on sport fields, airports, parks, yards, or riding arenas.

In other regions of the world, the distribution and toxicity of Epichlo¢ endophytes has received
much attention [9], but very limited in European grasslands [35,42,43] and almost none in commercially
available cultivars and seed mixtures on the European market [43,44]. The aim of this study is to
provide an overview on infection rates of grass seeds with Epichloé¢ spp. and on the alkaloid content
observed in a selection of commercially available forage grass and turfgrass seed mixtures. We want
to call attention that sowing of vertebrate toxic endophyte-infected seed mixtures could be a risk for
grazing animals in Europe.
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2. Materials and Methods

2.1. Seed Sampling

All seed mixtures are commercially available and were bought from seed breeding companies
between March and May 2019. All except one seed mixture contained perennial ryegrass and/or tall
fescue. Composition with regard to varieties of perennial ryegrass and tall fescue and the presence of
additional grasses is given in Table 1. Samples of the seed mixtures were distributed in a single-blinded
and randomized fashion to three laboratories, where they were independently analyzed. After
completion of the analyses, the results were combined, and the composition of the seed mixtures was
shared. Due to low infection frequencies, additional seeds were analyzed for endophyte infection. The
manuscript was drafted by the two first authors without information on seed supplier names to reduce
subjective judgements.

Table 1. Composition of grassland seed mixtures, bold indicate seed mixtures with infections of Epichlo¢
spp. and detected vertebrate toxic alkaloids. Letters in brackets after the product name indicate if
seed mixtures are mainly used as forage grass (F) or turfgrass (T) according to supplier information.
Supplier names are in italics.

Tall Fescue

ID Perennial Ryegrass Varieties Lo Other Grass Species Product
Varieties
50% BARCLAY II, . .
S_10 25% BAREURO, - - Reg;;;“‘é"’“s'M‘sf;‘;‘“g
25% BARMINTON v Hurogreen
Poa pratensis, Festuca
. . pratensis, . . .
511 Unknown variety in unknown ) Dactylis glomerata, Phleum Grasermischung Weidesaat,
percentage Kriuterwiese (F)
pratense, Festuca rubra,
Agrostis

o . 20% Poa pratensis,
5 12 25% lawn type, unknown variety ) 20% Phleum pratense, Country Horse 2117, DSV

25% pasture type, unknown variety 10% Festuca rubra (F)

10% CARNAC,
18% CLEOPATRA,
10% DICKENS,
1% EURODIAMOND,
S_13 7% DOUBLE 4n, - 25% Poa pratensis
8% FABIAN 4n,
5% CORSICA,
7% SIRTAKY/SHORTY,
10% ZURICH

S_ 14 - 100% LIPALMA - Camena Samen (F)

33% MATHILDE, 34% WADI, .
S_15 33% BELIDA - - Elite Gvo, Rudloff (F)
20% EURODIAMOND, 15% BARCESAR,

15% SIRTAKY 35% MEANDRE

Regeneration Highspeed,
UFA (T)

15% Poa pratensis Reitbahn, UFA (T)

25% Festuca pratensis,
S_17 25% DISCUS 20% LIPALMA 20% Phleum pratense, Country Oko 2117, DSV (F)
10% Poa pratensis

15% BOYNE, 20% TODDINGTON,

S_18 20% INDICUS 1, 15% POLIM, - - Profi Nachsaat Gvo, HaGe
15% ARUSI, 15% GARBOR Kiel (F)
S_19 100% KARATOS - - Camena Samen (F)
7% Agrostis capillaris,
3% Alopecurus pratensis,
12% Arrhenatherum elatius,
10% Cynosurus cristatus,
S 20 ) . 10% Dactylis glomerata, Heuwiese fiir Pferde, Appels
~ 15% Festuca rubra, Wilde Samen (F)
1% Holcus lanatus,
13% Phleum pratense,

18% Poa pratensis,
1% Trisetum flavescens
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Table 1. Cont.

Tall Fescue

ID Perennial Ryegrass Varieties Lo Other Grass Species Product
Varieties
S o1 10% KARATOS, 20% KUBUS, ] 12;2 ﬂ/ ° 1: :t’s;‘:fs”;‘;ti”;“es tlic; Pferdeweide 1, Canena
- 15% TWYMAX P s Lo Samen (F)
rubra
18% Festulolium, 18%
S 22 8% PREMIUM - Phleum pratense, 15% Rotkleegras 91, Camena
. Samen (F)
Festuca pratensis
S 23 100% POLIM - - Camena Samen (F)
S 24 12% BELLEVUE, 20% BOYNE, B 18% Phleum pratense, Pferdeweide Nachsaat,
- 40% STEFANI 10% Poa pratensis Raiffeisen (F)
S 25 20% IVANA, 10% TIVOLLI, 20% SWAJ 10% Poa pratensis, 20% Pferdegreen Oko PRY40,
~ 20% SW BIRGER ° Phleum pratense BSV Saaten (F)
S 26 100% TWYMAX - - Camena Samen (F)
10% Festuca pratensis, 5%
28% MATHILDE, 23% ALFAN, LS 4 .
S 27 13% BELIDA - Poa pratensis, 21% Phleum Elite 20, Rudloff (F)
pratense
25% MARAVA, 30% BOKSER, o Equitana Nachsaat Gvo,
S_28 30% WADI - 15% Phleum pratense Rudloff (F)
45% BARCESAR . Monaco-Mischung RSM
0, 4 0, 4
S_29 10% DOUBLE 5% DEBUSSY 1 20% Poa pratensis Eurogreen (T)
10% Festuca pratensis,
11% Festulolium fedoro,
S 30 11% TREND, 10% TWYMAX, . 7% Dactylis glomerata, Krauterweide, Camena
- 5% KARATOS 5% Poa pratensis, Samen (F)
5% Festuca rubra,
14% Phleum pratense
Festuca pratensis, Poa
pratensis, Poa trivialis,
S 31 Unknown variety in unknown } Festuca rubra, Phleum Pferdeweide-Reparatursaat,
- percentage pratense, Alopecurus Kriuterwiese (F)
pratensis, Cynosurus
cristatus, Elymus repens
0,
s 32 15% MARAVA, 15% BOKSER, ) 232/ °P1; ’; l”:'u"tgfs"it:'foi’/ Equitana Universal,
- 15% WADI oloap i Rudloff (F)
Festuca rubra
5% COLUMBINE,
6% DOUBLE 4 n,
S 33 6% FABIAN 4n, ) 40% Poa pratensis, Primera Highspeed, UFA
- 12% MERCITWO, 15% Festuca rubra (T)
5% NEW ORLEANS,

11% SIRTAKY

2.2. Endophyte Detection by Multiplex PCR

Endophyte infection was performed at the Noble Research Institute, LLC, Ardmore, Oklahoma,
USA, using a multiplex PCR with endophyte specific primers on DNA extracted from individual seeds
randomly selected from each of the seed mixtures, as described previously [35]. Each seed lot was
tested twice. In both screens, 22-24 seeds per mixture were tested and the first screen was single
blinded. The PCR was performed using only the multiplex 1 primer set [35] with 6 pL instead of 3 L
of DNA, and the number of PCR cycles was increased to 33 cycles as the DNA template concentration
was low.

2.3. Alkaloid Analyses

Quantitation of the alkaloids ergovaline, peramine, lolitrem B, and paxilline was performed
by ultra-high performance liquid chromatography coupled with tandem mass spectrometry
(UPLC-MS/MS) using a Waters Acquity UPLC combined with a Quattro Premier triple quadrupole
mass spectrometer at the University of Wiirzburg (Department of Pharmaceutical Biology). Seed
samples were ground and prepared, as described previously [45,46]. For extraction, about 9-10 g (25 ml
in a Falcon tube) seeds per seed mixture (corresponding to approx. 2000-3000 L. perenne seeds) were
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ground and ground seeds (about 50 mg) were mixed with 250 ul dichloromethane/methanol 1:1 (v/v)
containing the internal standards lysergic acid diethylamide-D3 (LSD-D3) (125 ng), ergotamine (500 ng),
and homoperamine (500 ng). We tested one replicate per seed mixture. After centrifugation, the
supernatant was recovered, and the seed pellet was reextracted with 250 pl of dichlormethane/methanol
1:1 (v/v). Two aliquots of the supernatant were evaporated under reduced pressure. One sample
was reconstituted in water/acetonitrile/formic acid 50:50:0.1 (v/v/v) for the analysis of lolitrem B and
paxilline, and the other in water/acetonitrile/formic acid 80:20:0.1 (v/v/v) for the analysis of peramine
and ergovaline.

Chromatographic separation was performed as described previously [47] using 0.1% formic acid
in water as mobile phase A and 0.1% formic acid in acetonitrile as mobile phase B. Injection volumes
were 10 pl for the analysis of peramine and ergovaline and 5 pl for the analysis of lolitrem B and
paxilline. Lolitrem B, ergovaline, and peramine were detected according to [45] using multiple reaction
monitoring (MRM). In addition, paxilline was detected using the following specific transitions: m/z
436.3 — 130.1 and 436.3 — 182.1, and LSD-D3 was used as internal standard with the following specific
transitions: m/z 327.1 — 208.1 and 327.1 — 226.1. Limit of quantitation (LOQ) for peramine and
ergovaline was 0.01 ng on column (0.025 pg/g; 25 ppb), whereas for lolitrem B and paxilline it was 0.05
ng on column (0.125 pg/g; 125 ppb).

In parallel, the levels of lolitrem B and ergovaline were analyzed by the Endophyte Service
Laboratory in Corvallis, Oregon, U.S. at Oregon State University, as described previously [48]. For
ergovaline analysis, ground seeds were extracted with chloroform, 0.001 M NaOH and ergotamine
as the internal standard. After centrifugation, the organic supernatant was applied to Ergosil solid
phase extraction (SPE) columns (United Technologies Corporations (UCT), Hartford, Connecticut,
U.S.). Columns were washed with a 4:1 acetone chloroform solution, then ergovaline was eluted with
methanol. Samples were dried under nitrogen then reconstituted in methanol before analysis via HPLC.
For analysis of lolitrem B, ground seeds were extracted with a chloroform/methanol 2:1 (v/v) mixture.
After centrifugation, the supernatant was recovered and evaporated. The samples were reconstituted
in dichloromethane and purified using SPE columns (CUSIL, United Technologies Corporations (UCT),
Hartford, CT, USA). Columns were washed with 2.0 mL dichlormethane (DCM), followed by 0.5 mL 4:1
dichlormethane:acetonitrile (DCM:ACN) mixture. Samples were eluted with 3.0 mL of a 4:1 DCM:ACN
solution then captured in an amber vial for HPLC analysis. HPLC analysis of ergovaline involved
reversed-phase chromatography (Column: Perkin Elmer Brownlee, SPP C18 4.6 x 100 mm, 2.7 p
HPLC column (N9308416) or Phenomenex Kinetex C18 HPLC column; 100 A, 4.6 X 100 mm, 2.6 1
HPLC column (00D-4426-E0)) at a flow rate of 1.8 ml/min with fluorescence detection at excitation and
emission wavelengths of 250 and 420 nm, respectively. The gradient program used 35% acetonitrile
and 2 mM ammonium carbonate in water as mobile phase A and acetonitrile as mobile phase B,
and a linear gradient running from 99% A to 35% A from 1.0 to 1.6 min. For lolitrem B analysis,
the HPLC protocol used normal phase separation (Agilent Zorbax RX-SIL column 4.6 X 250 mm,
5 1 (880975-901); guard column Security Guard column, Silica packing, Upchurch (C-135B)) using
dichlormethane/acetonitrile/water (4:1:0.02, (v/t/v) as mobile phase, and run at 0.5 ml/min for 15 min
with fluorescence detection using excitation and emission wavelengths of 268 and 440 nm, respectively.
To generate reference material for use in the calibration curve, ground seed was mixed in large batches
at four target concentrations, which was validated using 98% pure ergovaline or purified lolitrem B,
respectively. For both ergovaline and lolitrem B, the limit of quantitation (LOQ) in plant samples was

100 ppb (0.1 ng/g).
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3. Results

In the 24 commercially available seed mixtures included in this study, the vertebrate toxic
endophyte alkaloids ergovaline and lolitrem B were quantified by two different laboratories. In
addition, paxilline, a vertebrate toxic precursor of lolitrem B, and the insect toxic alkaloid peramine
were quantified by one laboratory (Table 2). Four of the seed mixtures (5_10, S_24,S_32, S_33) were
found to contain ergovaline and lolitrem B and therefore must have contained Epichloé infected seeds.
The highest levels of lolitrem B were detected by both laboratories in S_10, a turfgrass seed mixture
consisting of three different varieties of perennial ryegrass (Table 1). Paxilline, a precursor of lolitrem B,
was also observed in this seed mixture (Table 2). The seed mixtures S_24, S_32 and S_33 all contained
different varieties of perennial ryegrass and some additional cool season grasses, but no tall fescue
varieties (Table 1). Seed mixture S_33 is also a turfgrass seed mixture, but S_24 and S_32 are forage
grass seed mixtures purposed for horse pastures. The insect deterring alkaloid, peramine, was detected
in levels over 1000 ppb in S_10, S_24 and S_32 and at lower levels but higher than 10 ppb in S_33, S_13
and S_16 (Table 2).

Detection for the presence of Epichloé¢ using PCR identified six seed mixtures (S_10, S_13, S_16,
S_24,S_30, S_33) with at least one infected E+ seed (Table 2). In the 18 seed mixtures with no E+
infected seeds, neither ergovaline nor lolitrem B could be detected by both laboratories with the
exception of S_32, which contained ergovaline, lolitrem B and peramine. Three of the E+ seed mixtures
(5_10, S_24, S_33) were those for which also high levels of ergovaline and lolitrem B could be detected.
Two further seed mixtures (S_13, S_16) contained a few seeds with Epichloé infections, but did not
clearly produce vertebrate toxic compounds, and only low levels of peramine were detected, whereas
in seed mixture S_30, no alkaloids could be detected at all. The PCR banding pattern for the single
E+ seed in S_30, however, suggests that the E+ seed is likely the result of a meadow fescue (Festuca
pratensis) sample (Supplementary Figure S1).

Epichloé festucae var. lolii that associates with perennial ryegrass is known to produce the alkaloids
peramine, lolitrem B, and ergovaline, but each specific endophyte strain may vary with the ability to
produce some, or all of these alkaloids. Interestingly, our results show no evidence for Epichloé infected
tall fescue, as none of the seed mixtures containing tall fescue varieties (S5_14, S_16,S_17,5_25,S_29)
were shown to contain endophyte-infected seeds or to produce ergovaline, the main vertebrate toxic
compound of tall fescue—Epichlo¢ associations (Tables 1 and 2).
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Table 2. Endophyte detection in the Noble Research Institute and quantification of alkaloids at the University of Wiirzburg and the Oregon State University. Bold
numbers/letters indicate that sample was infected/alkaloids were detected. University of Wiirzburg: one replicate (around 50 mg) of each ground seed mixture
was analyzed. Oregon State University: two replicates were analyzed with the exception of samples indicated with # with only one replicate. nd = not detected; -
not analyzed.

Endophyte Detection Alkaloid Detection [ppb]
Noble Research Institute University of Wiirzburg Oregon State University
First Screen Second Screen
Total [%]  Ergovaline Lolitrem B  Paxilline Peramine  Ergovaline Lolitrem B
ID #Seeds E+ #Seeds E+
S 10 24 3 24 0 6.3 435 851 1540 1899 844 1688
S 11 24 0 24 0 nd nd nd nd <100 <100 *
S 12 24 0 24 0 nd nd nd nd <100 -
S_13 22 1 24 0 2.2 nd nd nd 10 <100 <100
S 14 24 0 24 0 nd nd nd <10 <100 <100
S 15 24 0 24 0 nd nd nd nd <100 <100
S 16 24 2 24 1 6.3 nd nd nd 65 <100 104
S 17 22 0 22 0 nd nd nd <10 <100 <100
S 18 24 0 24 0 nd nd nd nd <100 <100
S_19 24 0 24 0 nd nd nd nd <100 <100
S 20 24 0 24 0 nd nd nd nd <100 <100
S 21 22 0 22 0 nd nd nd nd <100 <100
S_ 22 24 0 24 0 nd nd nd nd <100 <100
S_23 24 0 24 0 nd nd nd nd <100 -
S 24 24 3 24 0 6.3 709 240 nd 2286 425 991
S_25 22 0 22 0 nd nd nd nd <100 <100 #
S 26 24 0 24 0 nd nd nd nd <100 <100
S 27 24 0 24 0 nd nd nd nd <100 <100
S_28 24 0 24 0 nd nd nd nd <100 -
S 29 22 0 22 0 nd nd nd nd <100 <100
S_30 24 0 24 1 2.1 nd nd nd nd <100 <100 #
S 31 24 0 24 0 nd nd nd nd <100 <100
S 32 24 0 24 0 335 494 nd 1507 287 725
S 33 22 2 22 2 8.7 7 nd nd 40 166 372




Microorganisms 2020, 8, 498 8 of 12

4. Discussion

We found with analyses of three independent laboratories that four out of 24 commercially
available forage grass or turfgrass seed mixtures contained Epichloé endophytes, and could produce
the vertebrate toxic alkaloids, ergovaline, and lolitrem B. This result is especially surprising for the
forage grass seed mixtures (5_24, S_32), as these are used to establish pastures that feed livestock,
including sensitive animals such as horses, juveniles, or diseased grazers that are more sensitive to some
alkaloids [48]. However, as our study only evaluated the endophyte infection and alkaloid content
in the seed mixtures, we cannot conclude the potential alkaloid concentrations and possible toxicity
of the pasture after seeding the infected mixtures. Assuming the endophytes are viable at sowing,
endophyte-infected plants would be introduced into the environment. Epichloé infected agricultural
grass species have a selective advantage in hot and dry environmental conditions [49-51] and under
stressed conditions such as herbivory [52-54]. Climate change could result in environmental conditions
that are more conducive to survival of infected grasses, which may increase their distribution to a level
that endophyte-infected plants could dominate grasslands. Previous studies on grasslands in Germany
and Spain showed that single individuals of cool season grass species infected with Epichloé can contain
alkaloid concentrations above the toxicity thresholds for livestock [35,46,55], which for ergovaline are
300-500 ppb for cattle and horses, and 500-800 ppb for sheep, with lolitrem B concentrations toxic at
1800-2000 ppb [48]. In typical meadows, the infected toxic grasses are diluted by a high diversity of
other species and low infection frequencies, so have been of little concern for causing toxicity. However,
caution should prevail as our results suggest that the distribution of Epichloé infected grasses within
Europe could be altered due to planting seed mixtures, and that may inadvertently increase cases of
animal toxicity.

The evaluation of the seed mixtures by PCR indicated that the Epichlo¢ infected seed mixtures
identified in this study did not contain tall fescue, as the PCR markers indicated that the Epichloé species
present was most likely in the perennial ryegrass L. perenne, or possibly in one case, the Festuca rubra
samples (S_32). Interestingly, the alkaloid biosynthesis marker profile of the seed mixtures analyzed
here differed from that of endophyte-infected perennial ryegrass previously sampled on grasslands
throughout Germany. The German perennial ryegrass samples typically lacked the marker for the
dmaW gene and was not able to produce ergovaline [35], whereas seeds in the grass mixtures S_10,
S_24,S 32 and S_33 contained this alkaloid. From this, we conclude that the Epichloé¢ infected perennial
ryegrass seeds in the seed mixtures are likely not from grass native in Germany, but from grass varieties
infected with other Epichloé isolates that are not safe for vertebrates. The turfgrass seed mixture S_33
contains 5% of the perennial ryegrass variety NEW ORLEANS, which is listed as a top American
breeding variety and could be the source of Epichloé¢ infected seeds. The low percentage of this variety
in the seed mixture could result in sampling variation, which may explain why 8.7% of E+ seeds were
detected, and why the alkaloid quantification results differed between the two laboratories. The same
supplier that produces S_33 also produces the seed mixtures S_13 and S_16 for which 2.2% and 6.3% E+
seeds were detected, respectively, and very low levels of alkaloids. These results could either indicate
low infections with vertebrate friendly Epichloé or some seed contamination in the production process,
which was not frequent enough to clearly enhance alkaloid concentrations. As these are also turfgrass
seed mixtures, it seems implausible that they would lead to intoxication of livestock. However, S_16 is
intended for seeding riding arenas and might therefore be grazed by horses, and the Epichloé¢ infected
grass might spread to horse pastures. We would therefore consider the endophyte presence in this
seed mixture could be a matter of concern for horse keepers. For the horse pasture seed mixture S_32,
no E+ seeds could be identified, but ergovaline and lolitrem B were detected by both laboratories, as
well as high levels of peramine. Interestingly, seed mixture S_28 from the same supplier also intended
for horse pastures contains the same varieties of perennial ryegrass, but neither E+ seeds nor alkaloids
were detected here (Tables 1 and 2). Therefore, the potential source of seeds infected with Epichloé in
the S_32 mixture could also be Festuca rubra. Infection rates show high variability (44-92%) in Festuca
rubra from Spain [56]. However, we have no information on the infection variability that might be seen
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in different Festuca rubra lines used in commercial seed lines. Ergot alkaloids and paxilline have been
detected in Festuca rubra seeds, but at much lower concentrations than seen in L. perenne samples [57].

The data on alkaloid concentrations provided here were determined analyzing the seed mixtures.
The actual content of fungal alkaloids in infected Epichloé grasses is known to depend on environmental
conditions and to be different in the different plant parts [46]. In addition, alkaloids were detectable in
lower concentrations in the grasses grown from infected seeds than in the seeds themselves [57]. As
Epichloé endophyte hyphae accumulate in the developing seeds once the grass enters its reproductive
phase, the alkaloid content in seeds in early autumn is especially relevant when grass seed straw or
hay is used for feeding animals [58]. As such, while the actual alkaloid concentrations in grasses
developing from Epichloé infected seed mixtures depend on different factors and may be lower than in
the seeds, these grasses contain asexually transmitted Epichloé spp. that have the potential to produce
considerable levels of vertebrate toxic alkaloids.

In conclusion, our results demonstrate that commercially available turfgrass and forage grass
seed mixtures can contain Epichloé¢ infected perennial ryegrass varieties producing vertebrate and
insect toxic alkaloids. We showed that endophyte infection of commercially available seed mixtures in
Europe could have the potential to cause livestock toxicity, especially if left unmonitored. We therefore
suggest a number of improvement measures to reduce risks of intoxication of livestock on European
pastures due to Epichloé infected seed material:

(1)  When establishing pastures for grazing animals, we suggest avoiding Epichloé infected seed
mixtures, especially with regard to seed mixtures containing perennial ryegrass varieties.

(2) Seed companies could conduct regular tests on Epichloé infections of the breeding and seed
material and provide detailed information on the exact composition and Epichlo¢ infection of the
seed mixtures to consumers.

(3) The use of Epichloé strains incapable of producing the vertebrate toxic compounds lolitrem B and
ergovaline could be utilized in European perennial ryegrass breeding, with simultaneous testing
the risk of toxicosis.

(4) Finally, we would like to call for attention in the EU and other European states to promote research
on the neglected risks of intoxications by Epichlo¢ infected host grasses on European grasslands.

Supplementary Materials: The following are available online at http://www.mdpi.com/2076-2607/8/4/498/s1,
Figure S1: A composite gel image representing examples of endophyte-infected samples.

Author Contributions: Conceptualization, K.B.; data curation, J.K., V.V,, C.A.Y. and K.B.; funding acquisition,
K.B., ].K,; investigation, V.V.,, C.A.Y.,, M.K. and M.].M.; project administration, K.B.; resources, ] K., C.A.Y.,, M.].M.,
and K.B.; visualization, K.B. and V.V,; writing—original draft preparation, ].K. and V.V.; writing—review and
editing, all authors. All authors have read and agreed to the published version of the manuscript.

Funding: The work has been funded by the Earth Vision non-profit corporation and the DFG Priority Program
1374 “Infrastructure-Biodiversity-Exploratories” (DFG-Refno. KR 3559/3-2). The Noble Research Institute LLC
provided support for Carolyn Young. This publication was supported by the Open Access Publication Fund of the
University of Wiirzburg.

Acknowledgments: We thank Jennifer M. Duringer from the Endophyte Service Laboratory in Corvallis, Oregon,
USA, for providing alkaloid detection service and contributions to the Methods section.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design of the
study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to
publish the results.

References

1. Franco, C.; Michelsen, P.; Percy, N.; Conn, V.; Listiana, E.; Moll, S.; Loria, R.; Coombs, J. Actinobacterial
endophytes for improved crop performance. Australas. Plant Pathol. 2007, 36, 524-531. [CrossRef]

2. Vujanovic, V.; Germida, J.]. Seed endosymbiosis: A vital relationship in providing prenatal care to plants.
Can. J. Plant Sci. 2017, 97, 972-981. [CrossRef]



Microorganisms 2020, 8, 498 10 of 12

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Gundel, PE,; Pérez, L.I; Helander, M.; Saikkonen, K. Symbiotically modified organisms: Nontoxic fungal
endophytes in grasses. Trends Plant Sci. 2013, 18, 420-427. [CrossRef] [PubMed]

Simpson, W.R; Faville, M.].; Moraga, R.A.; Williams, W.M.; Mcmanus, M.T.; Johnson, R.D. Epichloé fungal
endophytes and the formation of synthetic symbioses in Hordeeae (=Triticeae) grasses. J. Syst. Evol. 2014, 52,
794-806. [CrossRef]

Song, Q.-Y.; Li, F; Nan, Z.; Coulter, J.; Wei, W.-]. Do Epichloé endophytes and their grass symbiosis only
produce toxic alkaloids to insects and livestock? J. Agric. Food Chem. 2020, 68, 1169-1185. [CrossRef]
Spangenberg, G.; Wang, Z.-Y.; Potrykus, 1. Biotechnology in Forage and Turf Grass Improvement; Springer Science
& Business Media: Berlin/Heidelberg, Germany, 2012; ISBN 978-3-642-72051-2.

Leuchtmann, A.; Bacon, C.W.,; Schardl, C.L.; White, J.F; Tadych, M. Nomenclatural realignment of
Neotyphodium species with genus Epichloé. Mycologia 2014, 106, 202-215. [CrossRef]

Cheplick, G.P; Faeth, S.H.; Faeth, S. Ecology and Evolution of the Grass-Endophyte Symbiosis; Oxford University
Press: New York, NY, USA, 2009; ISBN 978-0-19-530808-2.

Hume, D.E.; Ryan, G.D.; Gibert, A.; Helander, M.; Mirlohi, A.; Sabzalian, M.R. Epichloé fungal endophytes
for grassland ecosystems. In Sustainable Agriculture Reviews: Volume 19; Lichtfouse, E., Ed.; Sustainable
Agriculture Reviews; Springer International Publishing: Cham, Switzerland, 2016; pp. 233-305. ISBN
978-3-319-26777-7.

Miiller, C.B.; Krauss, J. Symbiosis between grasses and asexual fungal endophytes. Curr. Opin. Plant Biol.
2005, 8, 450-456. [CrossRef]

Schardl, C.L.; Leuchtmann, A.; Spiering, M.]. Symbioses of grass with seed borne fungal endophytes. Annu.
Rev. Plant Biol. 2004, 55, 315-340. [CrossRef]

Liang, Y.; Wang, H.; Li, C.; Nan, Z,; Li, F. Effects of feeding drunken horse grass infected with Epichloé
gansuensis endophyte on animal performance, clinical symptoms and physiological parameters in sheep.
Bmc Vet. Res. 2017, 13, 223. [CrossRef]

Reddy, P; Deseo, M.A; Ezernieks, V.; Guthridge, K.; Spangenberg, G.; Rochfort, S. Toxic indole diterpenes
from endophyte-infected perennial ryegrass Lolium perenne L.: Isolation and stability. Toxins 2019, 11, 16.
[CrossRef]

Young, C.A.; Hume, D.E.; McCulley, R.L. Forages and pastures symposium: Fungal endophytes of tall fescue
and perennial ryegrass: Pasture friend or foe? J. Anim. Sci. 2013, 91, 2379-2394. [CrossRef] [PubMed]
Dapprich, P.; Paul, V.; Krohn, K. Incidence of Acremonium endophytes in selected German pastures and the
contents of alkaloids in Lolium perenne. IOBC WPRS Bull. 1996, 19, 103.

Lewis, G.C.; Ravel, C.; Naffaa, W.; Astier, C.; Charmet, G. Occurrence of Acremonium endophytes in wild
populations of Lolium spp. in European countries and a relationship between level of infection and climate
in France. Ann. Appl. Biol. 1997, 130, 227-238. [CrossRef]

Zabalgogeazcoa, I.; Bony, S. Neotyphodium research and application in Europe. In Neotyphodium in Cool-Season
Grasses; John Wiley & Sons Ltd; Blackwell Publishing: Oxford, UK, 2008; pp. 23-33. ISBN 978-0-470-38491-6.
Fletcher, L.R.; Harvey, I.C. An Association of a Lolium Endophyte with Ryegrass Staggers. N. Z. Vet. |. 1981,
29, 185-186. [CrossRef] [PubMed]

Reed, K.EM.; Nie, Z.N.; Walker, L.V.; Mace, W.J.; Clark, S.G. Weather and pasture characteristics associated
with outbreaks of perennial ryegrass toxicosis in southern Australia. Anim. Prod. Sci. 2011, 51, 738.
[CrossRef]

Odriozola, E.; Lopez, T.; Campero, C.; Gimenez, C.P. Ryegrass staggers in heifers: A new mycotoxicosis in
Argentina. Vet. Hum. Toxicol. 1993, 35, 144-146.

Butendieck, B.; Romero, Y.; Hazard, T.; Mardones, M.; Galdames, G. Caida del consumo y produccion de
leche en vacas alimentadas con Lolium perenne infectada con Acremonium lolii [Drop in intake and milk
production of cows fed with Lolium perenne infected with Acremonium lolii]. Agric. Técnica (Santiago) 1994, 54,
1-6.

Benkhelil, A.; Grancher, D.; Giraud, N.; Et, P.B.; Bony, S. Intoxication par des toxines de champignons
endophytes chez des taureaux reproducteurs. Rev. Méd. Veét. 2004, 156, 243-247.

Christensen, M.].; Leuchtmann, A.; Rowan, D.D.; Tapper, B.A. Taxonomy of Acremonium endophytes of tall
fescue (Festuca arundinacea), meadow fescue (Festuca pratensis) and perennial ryegrass (Lolium perenne). Mycol.
Res. 1993, 97, 1083-1092. [CrossRef]



Microorganisms 2020, 8, 498 11 of 12

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Takach, J.E.; Mittal, S.; Swoboda, G.A.; Bright, S.K.; Trammell, M.A.; Hopkins, A.A.; Young, C.A. Genotypic
and chemotypic diversity of Neotyphodium endophytes in tall fescue from Greece. Appl. Environ. Microbiol.
2012, 78, 5501-5510. [CrossRef]

Finch, S.C.; Fletcher, L.R.; Babu, J.V. The evaluation of endophyte toxin residues in sheep fat. N. Z. Vet. |.
2012, 60, 56—60. [CrossRef] [PubMed]

Finch, S.C.; Thom, E.R.; Babu, ].V.; Hawkes, A.D.; Waugh, C.D. The evaluation of fungal endophyte toxin
residues in milk. N. Z. Vet. J. 2013, 61, 11-17. [CrossRef] [PubMed]

Campbell, M. A ; Tapper, B.A.; Simpson, W.R.; Johnson, R.D.; Mace, W.; Ram, A.; Lukito, Y.; Dupont, P.-Y,;
Johnson, L.J.; Scott, D.B.; et al. Epichloé hybrida, sp. nov., an emerging model system for investigating fungal
allopolyploidy. Mycologia 2017, 109, 715-729. [CrossRef] [PubMed]

Ludlow, E.J.; Vassiliadis, S.; Ekanayake, P.N.; Hettiarachchige, I.K.; Reddy, P.; Sawbridge, T.I.; Rochfort, S.J.;
Spangenberg, G.C.; Guthridge, K.M. Analysis of the indole diterpene gene cluster for biosynthesis of the
epoxy-janthitrems in Epichloé¢ endophytes. Microorganisms 2019, 7, 560. [CrossRef]

Reddy, P; Elkins, A.; Hemsworth, ].; Guthridge, K.; Vassiliadis, S.; Read, E.; Spangenberg, G.; Rochfort, S.
Identification and distribution of novel metabolites of lolitrem B in mice by high-resolution mass spectrometry.
Molecules 2020, 25, 372. [CrossRef]

Hennessy, L.M.; Popay, AJ.; Finch, S.C.; Clearwater, M.].; Cave, V.M. Temperature and plant genotype alter
alkaloid concentrations in ryegrass infected with an Epichloé endophyte and this affects an insect herbivore.
Front. Plant Sci. 2016, 7, 1097. [CrossRef]

Babu, ]J.V; Popay, A.J.; Miles, C.O.; Wilkins, A.L.; di Menna, M.E.; Finch, S.C. Identification and structure
elucidation of janthitrems A and D from Penicillium janthinellum and determination of the tremorgenic and
anti-insect activity of janthitrems A and B. J. Agric. Food Chem. 2018, 66, 13116-13125. [CrossRef]

Aiken, G.E,; Strickland, ].R. Forages and pastures symposium: Managing the tall fescue-fungal endophyte
symbiosis for optimum forage-animal production. J. Anim. Sci. 2013, 91, 2369-2378. [CrossRef]

Repussard, C.; Zbib, N.; Tardieu, D.; Guerre, P. Endophyte infection of tall fescue and the impact of climatic
factors on ergovaline concentrations in field crops cultivated in southern France. J. Agric. Food Chem. 2014,
62,9609-9614. [CrossRef]

Easton, S.; Tapper, B. Neotyphodium research and application in New Zealand. In Neotyphodium in Cool-Season
Grasses; Wiley-Blackwell: Oxford, UK, 2008; pp. 35—42. ISBN 978-0-470-38491-6.

Vikuk, V,; Young, C.A.; Lee, S.T.; Nagabhyru, P; Krischke, M.; Mueller, M.].; Krauss, J. Infection rates and
alkaloid patterns of different grass species with systemic Epichloé endophytes. Appl. Environ. Microbiol. 2019,
85, €00465-19. [CrossRef]

Johnson, L.J.; de Bonth, A.C.M.; Briggs, L.R.; Caradus, J.R.; Finch, S.C.; Fleetwood, D.].; Fletcher, L.R.;
Hume, D.E.; Johnson, R.D.; Popay, A.].; et al. The exploitation of epichloae endophytes for agricultural
benefit. Fungal Divers. 2013, 60, 171-188. [CrossRef]

Karpyn Esqueda, M.; Yen, A.L.; Rochfort, S.; Guthridge, K.M.; Powell, K.S.; Edwards, J.; Spangenberg, G.C. A
review of perennial ryegrass endophytes and their potential use in the management of African Black Beetle
in perennial grazing systems in Australia. Front. Plant Sci. 2017, 8, 3. [CrossRef] [PubMed]

Stewart, A.V. Genetic origins perennial ryegrass. In Proceedings of the 13th Australasian Plant Breeding
Conference, Christchurch, New Zealand, 18-21 April 2006; pp. 11-20.

Hume, D.E,; Stewart, A.V.; Simpson, W.R.; Johnson, R.D. Epichloé fungal endophytes play a fundamental role
in New Zealand grasslands. J. R. Soc. N. Z. 2020, 1-20. [CrossRef]

Bundessortenamt. Beschreibende Sortenliste Futtergriser, Esparsette, Klee, Luzerne 2016; Bundessortenamt:
Hannover, Germany, 2016; ISSN 16 12-89 4X.

Bundessortenamt. Beschreibende Sortenliste Rasengriiser 2017—Describing Variety List of Lawn Grasses 2017;
Bundessortenamt: Hannover, Germany, 2017; ISSN 14 30-97 85.

Leyronas, C.; Raynal, G. Presence of Neotyphodium-like endophytes in European grasses. Ann. Appl. Biol.
2001, 139, 119-127. [CrossRef]

Saikkonen, K.; Ahlholm, J.; Helander, M.; Lehtimaki, S.; Niemelainen, O. Endophytic fungi in wild and
cultivated grasses in Finland. Ecography 2000, 23, 360-366. [CrossRef]

Jensen, A.M.D. Endophyte persistence and toxin (lolitrem b) production in a Danish seed crop of perennial
ryegrass. Eur. J. Agron. 2005, 23, 68-78. [CrossRef]



Microorganisms 2020, 8, 498 12 of 12

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Fuchs, B.; Krischke, M.; Mueller, M.J.; Krauss, J. Peramine and lolitrem B from endophyte-grass associations
cascade up the food chain. J. Chem. Ecol. 2013, 39, 1385-1389. [CrossRef]

Konig, J.; Fuchs, B.; Krischke, M.; Mueller, M.].; Krauss, ]. Hide and seek—Infection rates and alkaloid
concentrations of Epichloéfestucae var. lolii in Lolium perenne along a land-use gradient in Germany. Grass
Forage Sci. 2018, 73, 510-516.

Rudolph, W.; Remane, D.; Wissenbach, D.K.; Peters, F.T. Development and validation of an ultrahigh
performance liquid chromatography-high resolution tandem mass spectrometry assay for nine toxic alkaloids
from endophyte-infected pasture grasses in horse serum. J. Chromatogr. A 2018, 1560, 35—44. [CrossRef]
Craig, A.M.; Blythe, L.L.; Duringer, ] M. The role of the Oregon State University Endophyte Service Laboratory
in diagnosing clinical cases of endophyte toxicoses. J. Agric. Food Chem. 2014, 62, 7376-7381. [CrossRef]

Ju, H.-J; Hill, N.S.; Abbott, T.; Ingram, K.T. Temperature influences on endophyte growth in tall fescue. Crop
Sci. 2006, 46, 404-412. [CrossRef]

Rudgers, J.A.; Swafford, A.L. Benefits of a fungal endophyte in Elymus virginicus decline under drought
stress. Basic Appl. Ecol. 2009, 10, 43-51. [CrossRef]

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

Bastias, D.A.; Martinez-Ghersa, M.A.; Ballare, C.L.; Gundel, P.E. Epichloé¢ fungal endophytes and plant
defenses: Not just alkaloids. Trends Plant Sci. 2017, 22, 939-948. [CrossRef] [PubMed]

Dupont, P-Y.; Eaton, C.J.; Wargent, ].J.; Fechtner, S.; Solomon, P.; Schmid, ]J.; Day, R.C.; Scott, B.; Cox, M.P.
Fungal endophyte infection of ryegrass reprograms host metabolism and alters development. N. Phytol.
2015, 208, 1227-1240. [CrossRef] [PubMed]

Schardl, C.L. Epichloé species: Fungal symbionts of grasses. Annu. Rev. Phytopathol. 1996, 34, 109-130.
[CrossRef]

Soto-Barajas, M.C.; Vazquez-de-Aldana, B.R.; Alvarez, A.; Zabalgogeazcoa, 1. Sympatric Epichloé species and
chemotypic profiles in natural populations of Lolium perenne. Fungal Ecol. 2019, 39, 231-241. [CrossRef]
Zabalgogeazcoa, I.; De Aldana, B.R.V.; Criado, B.G.; Ciudad, A.G. The infection of Festuca rubra by the
fungal endophyte Epichloé festucae in Mediterranean permanent grasslands. Grass Forage Sci. 1999, 54, 91-95.
[CrossRef]

Bauer, ].I.; Gross, M.; Cramer, B.; Humpf, H.-U.; Hamscher, G.; Usleber, E. Inmunochemical analysis of
paxilline and ergot alkaloid mycotoxins in grass seeds and plants. J. Agric. Food Chem. 2018, 66, 315-322.
[CrossRef]

Pirelli, G.J.; Anderson, N.P; Craig, A.M.; Young, C.A. Endophyte toxins in grass and other feed sources—Risks
to livestock. Or. State Univ. Ext. Serv. 2016, EM9156, 1-10.

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).



	Introduction 
	Materials and Methods 
	Seed Sampling 
	Endophyte Detection by Multiplex PCR 
	Alkaloid Analyses 

	Results 
	Discussion 
	References

