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Neotyphodium species are fungal endophytes best known for their protection of grass hosts and
production of bioactive metabolites including ergot alkaloids. Perennial ryegrass—Neotyphodium sp.
Lpl symbiota that have altered ergot alkaloid profiles (resulting from knockouts in two different
endophyte genes) were fed, along with controls, to rabbits to test the effects of ergot alkaloids on
food preference and satiety. Interestingly, rabbits dramatically preferred plants that were endophyte-
infected but free of ergot alkaloids over endophyte-free plants (P = 0.01). Accumulation of ergot
alkaloids of the clavine class counteracted the added appeal of endophyte-infected plants. In satiety
tests, consumption of ergovaline (the ultimate ergot pathway product in wild-type endophyte), but
not of several other ergot alkaloids, during an initial meal had a negative effect on subsequent rabbit
chow consumption (P < 0.05). The data indicate that clavines were sufficient to reduce the appeal
of endophyte-infected grasses, whereas only ergovaline reduced appetite.
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INTRODUCTION accumulation of certain intermediates and diversion of inter-
mediates to shunts off the central ergot alkaloid pathvi#y.(
Neotyphodiumspp. endophytes that produce ergot alkaloids
Without causing visible symptoms, these fungi colonize inter- typically accu_mulate er_govalin_e as the L_Jltimate product and one
cellular spaces of grass tissues and are transmitted vertically?! More clavine alkaloids as intermediates or shunt products,
via seed. Comparisons of endophyte-infected grasses with®S v_v_eII as simple amides of Iyserglc acid, such as ergine, as
endophyte-free varieties have associated endophyte presence jdditional shunt products (14—18jigure 1). _
certain grasses with resistance to various stresses including, in 1€ ergot alkaloid pathway has been partially characterized
some cases, vertebrate herbivay-). In agricultural settings 1" Neotyphodiumsp. Lpl, a species of perennial ryegrass
the antiherbivore effects may be manifested as toxicoses in©€ndophyte separate from the more commonly obseNesaty-
grazing animals (8—12). phoo_llum lolii but denveq from the hybridN. lolii x _Eplchloe
Some endophytidleotyphodiunspecies produce ergot alka-  YPhina(19). Neotyphodiunsp. Lp1 accumulates high concen-
loids. These ergot alkaloids have been linked to the toxicosesrations of ergot alkaloids in a profile similar to that produced
and antimammalian herbivore activities of endophytes in DY the tall fescue endophytd. coenophialun(17) but has a
agricultural plants, in particular, in tall fescue infected with its €SS complex genome and is more amenable to molecular genetic
endophyteNeotyphodium coenophialurf®—11, 13). Many research. Genes encodmg two enzymes in the ergot alkaloid
studies have focused on the ergopeptine alkaloid ergovaline,Pathway of Neotyphodiumsp. Lpl have been cloned and
but ergovaline is just one of several ergot alkaloids produced characterized. The first pathway-unique step is the prenylation
by N. coenophialun{14, 15). Ergot alkaloid producing fungi of tryptophan catalyzed by dlmethylallyltryptophan (DMATTIp)
commonly produce complex profiles of ergot alkaloids through Synthase. The geneimaW, encoding DMATp synthase has
been knocked out by homologous recombination with an altered
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Figure 1. Structures and common names of ergot alkaloids abundant in
Neotyphodium sp. Lpl—perennial ryegrass associations. Alkaloids most
abundant in the leaf tissue of the current study are illustrated in boldface
and with larger structures. Additional key intermediates are included to
provide context for the abundant alkaloids and for steps inactivated by
gene knockout (designated dmaW and JpsA). Double arrows between
alkaloids indicate more than one step between illustrated alkaloids. Dashed
arrows represent proposed divergence points of incompletely characterized
spurs. DMAPP, dimethylallylpyrophosphate; Trp, tryptophan; DMATrp,

dimethylallyltryptophan.
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knocked out ilfNeotyphodiunsp. Lp1 (22). ThépsA-knockout
strain produced clavine alkaloids and lysergic acid in infected
perennial ryegrass but not ergovaline or the lysergic acid amides
ergine and lysergyl-alanine, which are typically produced by
the wild-type isolate (1722).

Perennial ryegrass plants containing the two ergot alkaloid
pathway knockout strains provide a means to resolve effects of
ergot alkaloids from other endophyte-associated effects, when
compared to endophyte-free plants and plants infected with the
wild-type endophyte. Because plants containing the modified
endophytes were initially available in limited quantities and
grown in containment, we sought to investigate the effects of
ergot alkaloids on herbivory with relatively small quantities of
vegetative material and model animals. Previous studies indi-
cated that rabbits were sensitive to endophyte-associated toxi-
coses and that endophyte affected food intake in rabb8s (
23). In this study, we investigated the effects of endophyte-
produced ergot alkaloids, as manipulated through the gene
knockouts described above, on food preference and satiety in
rabbits. The knockout endophytes allowed the separation of ergot
alkaloid effects from other potential endophyte effects and also
allowed for the separation of classes of ergot alkaloids in
otherwise identical endophyte—grass associations.

MATERIALS AND METHODS

Endophytic Fungus—Grass AssociationsFour types of endophytic
fungus-grass associations (symbiota) differing in ergot alkaloid profiles
(Table 1) were cultivated in 15-cm diameter pots at the West Virginia
University (WVU) Plant and Soil Sciences greenhouses. In each case
the host plant was perennial ryegragslium perenng cv. Rosalin
(Advanta Seeds Pacific, Albany, OR). Associations were defined by
the following endophyte states: endophyte-free (E-), lacking all ergot
alkaloids; wild-typeNeotyphodiunsp. Lpl endophyte (Wt), containing
wild-type ergot alkaloid profilejpsA knockout (IpsAko) of Neoty-
phodiumsp. Lpl, producing clavines but not ergovaline or simple
amides of lysergic acid (122); and,dmaWknockout (dma\ko) of
Neotyphodiunsp. Lp1, producing no ergot alkaloid®Q). For each of
the symbiota, plants derived from six separately infected seedlings were
maintained, and material from at least three individuals was pooled in
each feeding trial. Pooling of material was intended to minimize any
plant genotype effects, because perennial ryegrass is an obligately
outcrossing species. Perennial ryegrass samples used in feeding trials
were cut at approximately the same time of day (9:00:30 a.m.),
sealed in plastic bags until the trial began, and offered to rabbits within
30 min of harvest. All experiments involving genetically modified
endophytes were conducted in compliance with protocol 2003I1BC013
approved by the WVU Institutional Biohazards Committee.

Ergot Alkaloid Analyses. A subsample of every grasgndophyte
association used in each feeding trial was analyzed to quantify ergot
alkaloids. Alkaloids were extracted as previously descridgt) ith
the following modifications. Material analyzed was primarily leaf blade,
as opposed to exclusively pseudostem (defined as leaf sheaths of mature
leaves, stem, and unfurled leaf blade of the youngest leaf) in the
previous study. Material was dried at 8C and pulverized in 2-mL,
screw-cap microcentrifuge tubes (Fisher Scientific, Pittsburgh, PA)
containing 10 3-mm glass beads, along with the extraction solvent, in
a FastPrep FP120 (Q-biogene, Irvine,CA) with agitation at 6.5 m/s for
45 s,

Ergot alkaloids were analyzed by HPLC on a 150 mm#.6 mm
Phenomenex Prodigy 5-um ODS3 reverse phase C18 column (Phe-
nomenex, Torrance, CA) subjected to a gradient of 5% (v/v) acetonitrile
+ 95% 50 mM ammonium acetate to 75% acetonittil®5% 50 mM
ammonium acetate, as described previously, 24). Ergot alkaloids
other than chanoclavine were detected by fluorescence with excitation
at 310 nm and emission at 410 nm and quantified by comparison to an
internal standard of ergotamine tartrate (Sigma, St. Louis, MO).
Chanoclavine was detected by passing the eluates through a second
fluorescence detector with excitation and emission wavelengths of 272
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Table 1. Concentrations of Ergot Alkaloids in Leaf Blade Samples Fed to Rabbits in Preference Experiments

endophyte ergovaline ergine 6,7-secolysergine chanoclavine setoclavine
Wt 1.22+0.14 (2.3)2 0.18 £0.02(0.7) 0.49 £0.04 (2.0) 1.24 +0.16 (4.8) 0.09£0.01(0.4)
IpsA ko nd? nd 1.25+0.15(5.2). 1.18 £0.17 (4.6) 0.12+0.01 (0.5)
dmaW ko nd nd nd nd nd

E- nd nd nd nd nd

@ The first set of numbers represents the mean for each alkaloid in «g/g of dry weight of plant material + standard error; in the second set (in parentheses), mass data
have been converted to umol/kg. ®nd, none detected.

and 372 nm, respectively, and quantified relative to dilutions of RESULTS AND DISCUSSION

agroclavine (Sigma) as an external standard (25). Differences in Ergot Alkaloid Content in Leaf Tissue Fed to Rabbits.
guantities of individual alkaloids accumulating in Wt versgpsA ko . .
: The mean ergot alkaloid content of samples fed in the preference
symbiota were assessed by Studenhtsst. . g . .
Animals. Expeiment ducted with four female N experiments is shown iffable 1, and the positions of these
nimas. EXperments were conducted with four 1emale WNew —4.a16ids in the pathway relative to the two mutated steps are
Zealand White rabbitsdryctolagus cuniculus) obtained from Harlan . A
. . ) . illustrated in Figure 1. Endophyte-free plants and plants
(Indianapolis, IN). Rabbits were 9 weeks old at the onset of the feeding . . .
containing dmaW ko contained no ergot alkaloids. Plants

trials, and experiments were conducted periodically over a period of 5 . .
months. Rabbits were housed at the WVU Office of Laboratory Animal infected with Wt endophyte contained a full spectrum of ergot

Research and were maintained on Purina Mills (St. Louis, MO) high- alkaloids including three clavines, the simple amide of lysergic
fiber rabbit chow. Rabbit chow was tested for ergot alkaloids, and none acid (ergine), and ergovaline. Consistent with previously
were detected. During the weeks preceding the first feeding trial, rabbits reported results (17), thépsA ko produced no detectable
were familiarized with the plant material by feeding them perennial €rgovaline or ergine but accumulated clavines, including
ryegrass infected with wild-typeotyphodiunsp. Lp1 as a sole source  significantly more 6,7-secolysergine (a shunt product from the
of food for~15 h on four separate occasions. On three other occasions,early stages of the pathway) than did We (< 0.001).
the rabbits were fed endophyte-free perennial ryegrass under similarDifferences in concentrations of other clavines were not
conditions. All animal protocols (00-1205) were approved by the WVU  significant (P> 0.19). The shift in alkaloid profiles resulted in
Animal Care and Use Committee. thelpsAko accumulating 43% more clavines, on a molar basis,
Preference ExperimentsFood was withheld for 16 himmediately  than did Wt, but remarkably the total moles of ergot alkaloid
preceding each trial, and each trial was conducted at approximately measured ilpsA ko as compared to Wt were approximately
the same time of day (9:30—11:00 a.m.). Rabbits were offered equal equal (10.3:mol/kg of infected plant tissue versus 1@ol/
quantities (5 g) of freshly cut samples of perennial ryegrass defined kg, respectively).
by two of the four Qndophyte_ states described_gbove. Rabbits were |, previous studies of the these perennial ryegragsoty-
aIIowgd up to 20 min to eat, if adequate quantities of _both sampl_es phodiumsp. Lpl symbiota, two additional ergot alkaloids—
remained. If one sample was completely consumed prior to 20 min, lysergic acid and lysergyl-alaninavere measured in plants

the trial was stopped immediately. The amount of time spent eating infected with Wt endophyte, and lysergic acid also was present
each of the samples was recorded, and the amount of each grass

remaining was measured at the end of the 20 min. All possible pairwise In plants con_talnlngpsAko endoph_yte:(7). In the pre_sent study,
comparisons were made a minimum of nine times and a maximum of these alk.aI0|ds were only occa_5|onally Q9tected n VMpQA_
13 times. Each rabbit participated in at least 2 of 9 or 3 of 13 trials KO Symbiota and were present in quantities below the limit of
with each grass pair combination. Data were analyzed with analysis of aCcurate quantification, which is40 ng/g of dry weight of
variance (ANOVA) techniques, using a nested design within random- plant tissue (26). A critical difference between the current
ized complete blocks. Each rabbit constituted a block. The ANOVA analyses and those in the previous paper is the type of plant
tested for differences among the six possible diet pairs and betweenmaterial analyzed. In the present study, mainly leaf blade
diets within each pair. The General Linear Models procedure of SAS material was analyzed because this was the material being
(Cary, NC) was used to perform these analyses. harvested and fed to rabbits. In the previous paper, pseudostems
Satiety Experiments. Food was withheld for 16 h immediately — exclusively were analyzed because they were hypothesized to
preceding each trial, and each trial was conducted at approximately be the richest available source of ergot alkaloids. In similar
the same time of day (9:3611:00 a.m.). Rabbits were offered an initial  analyses of separated tissues, lysergic acid and lysergyl-alanine
meal of 10 g of one of the four endophyte states of perennial ryegrass also were not detectable, or were below the limit of quantifica-
and allowed 20 min to eat. After 20 min, there was an 8-min pause in tion, in leaf blades of tall fescueN. coenophialunsymbiota
the feeding, during which any remaining grass was weighed. Rabbits pt were present in quantifiable concentrations in pseudostems
were then given free access.to 60 g of rabbit chow for 20 min, and the of the same plants (unpublished results). Differences in process-
amount of chow consumed in the second course was recorded. ing of samples—freeze-drying followed by milling in a coffee
In initial regression analyses, the grams of chow consumed during grinder for the previous analysek) as compared to air-drying
the second course of the two-course feeding trial was analyzed relative5¢ 5o ang bead-beating in the current studyso may have
to the following factors: trial date; participating rabbit; endophyte .,nyrihted to the observed differences in profiles. However,
s bsnce ey v el o UGt operimets measing ergot ko exacied from
X ’ pseudostem tissue indicated that the two methods produce

quantity (in nanomoles) of each individual ergot alkaloid consumed "™~ . .
during the first course (measured for each individual sample). This similar yields (unpublished results). Moreover, the effects of

analysis was followed by a backward stepwise selection process until Plant tissue on alkaloid yield are well documentéd,(26).

only factors having a significant main effed® (< 0.05) remained. Preference Experiments. Preference tests oflmaW ko
Subsequent regression analyses included only three fadtarstwo compared with E- resulted in significantly matenaWko being
significant non-alkaloid factors from the initial analysis (rabbit and grass €aten than E- (B= 0.01;Figure 2A). These data indicate that
eaten) and each ergot alkaloid individually. Analyses were conducted in the case oNeotyphodiunsp. Lp1, the presence of endophyte
with JMP (SAS). in the absence of ergot alkaloids increases the appeal of the



Ergot Alkaloid Knockout Endophytes and Rabbits J. Agric. Food Chem., Vol. 54, No. 13, 2006 4585

5 No previous studies have been published on animal preference
o * A * . _ . ..
S 4 and theNeotyphodiunsp. Lpl—perennial ryegrass association.
s However, several studies haye addrgssed .vertebrate herplvore
Ei 3 preference for tall fescue with or without its ergot alkaloid-
2 2 producing endophytdN. coenophialum. Zebra finche3de-
g niopygia guttata first preferred endophyte-infected tall fescue
© 1 seeds to endophyte-free seeds but over several months reversed
0 their preferenceX). Canada gees@®fanta canadensis) dem-
@ 300 B * onstrated an initial lack of preference, followed by a learned
2 aversion for endophyte-infected grass plds. (n a study of
§ 200 wild birds that presumably had previous experience with
€ endophyte-infected tall fescue, four of five species preferred
§ 100 tall fescue seed that was endophyte-frée (
g Similar trends have been observed with mammalian herbi-
(= vores of tall fescue. Meadow voleBlicrotus pennsylvanicus)
e WwE W 2% 22 8 demonstrated a preference for endophyte-free tall fescue in some
% 35 % %5 5 trials but no preference in othe®)(Ram lambs and beef heifers
A3 = S g\Q = preferred endophyte-free tall fescue hay compared to hay from
the same cultivar infected witN. coenophialun{8).
Endophyte status In field plots containing initially equal mixtures of endophyte-
Figure 2. Quantities of (A) grass samples consumed and (B) time spent infected tall fescue and endophyte-free tall fescue, endophyte
eating individual samples by rabbits in preference tests of grasses infection frequency increased more rapidly in the presence of
containing the indicated endophyte or no endophyte. Error bars indicate mammalian herbivores, indicating preferential grazing of en-
standard error of the mean. Asterisks indicate a significant difference in dophyte-free tall fescued]. Conversely, in a study of a grass
means (P < 0.05). endophyte association in which no ergot alkaloids are produced

(Festuca arizonicavith its nativeNeotyphodiunsp. endophyte),
infected grass to rabbits. When E- was fed alongside Wt, rabbits endophyte presence did not deter herbiv@§)( In fact, at one
demonstrated no preference for either type. Similarly, consump- of six sites in this study, endophyte-infected plants decreased
tion levels of E- andpsA ko, when offered side-by-side, were in proportion relative to endophyte-free plants under grazing
not significantly different, although there was a trend toward pressure. Although they represent different gramsdophyte
greater consumption of E-. Because Wt s ko differ from associations, comparison of these two field studies suggests that
dmaWko only in producing ergot alkaloids, the accumulation  ergot alkaloids, rather than the fungi themselves or other factors
of ergot alkaloids in Wt antbsAko appeared to counteract the that they may produce, may serve as vertebrate feeding
appeal of endophyte presence observed in the comparison ofjeterrents ifNeotyphodium-infected grasses.
dmaWko and E-. The observation thisAko was equally, if Because of the separation of ergot alkaloid effects from
not more, effective compared with Wt at counteracting the gnqophyte effects, the present study provides a more direct
endophyte appeal demonstrates that clavine alkaloids (whichgemonstration of ergot alkaloids as critical factors in affecting
are produced in botlpsA ko and W) are sufficient to offset  the appeal of aleotyphodiunsp. endophyte-infected grass. Our
the endophyte appeal. Ergovaline and lysergic acid amides, ggits further indicate that in this particular interaction, the

which are produced by Wt but eliminated by tipsA ko, are endophyte-infected grass without ergot alkaloids was more
e|th¢r ineffective in reducing appeal or are redundant with the appealing than endophyte-free and that the clavine class of ergot
clavines present. alkaloids is sufficient to reduce the appeal.

WhendmaWko was fed alongside Wt, modmaWko was Satiety Experiments.In initial regression analyses involving

eaten on average, although the difference was not significanty| recorded and measured variables, the amount of ergovaline
(Figure 2A). In pairings of the two knockout-containing grasses, eaten in the first course had a significant negative effect on the
significantly moredmaWko was eaten thaipsAko (P = 0.02). amount of rabbit chow eaten in the second couPse (0.05).
These data, along with the observation fpaf\ko accumulates  Tywqg other factors had significant effects on chow consumption
more clavines than Wt (Table 1), are consistent with clavines (p < 0.05). The rabbit that participated in an individual trial
being important factors in reducing the appeaNebtyphodium  was a significant factor, with one rabbit eating less than the
sp. Lpl infected perennial ryegrass. When the two ergot alkaloid pther three regardless of treatment. Also, the amount of grass
producing symbiota (Wt and IpsA ko) were offered together, eaten in the first course was positively correlated with the
more Wt was eaten thaipsA ko, but the difference was not  amount of chow eaten in the second course, indicating that on
Signiﬁcant. The same Signiﬁcant differences and trends Observedoccasions when rabbits ate more grass, they were ||ke|y to eat
with the mass of grass consumed were reflected in the time more chow. Trial date, endophyte presence or absence, and the
spent eating individual grass samples in each of the pairwise quantities of ergine, setoclavine, chanoclavine, and 6,7-seco-
comparisons (Figure 2B). lysergine consumed during the first course did not have a
In limited previous work on theNeotyphodiumsp. Lpl— significant effect on chow consumptiof® (> 0.24). After a
perennial ryegrass association, two mice (in two trials each) backward stepwise selection process, a model containing only
showed no preference when offered perennial ryegrass seedactors that had a main effect on chow consumption was
infected with Wt (mean mass of seed consurre®5 + 15 obtained. In this model, ergovaline eaten in the first course again
mg) compared to E- seed of the same variety (mean mass ofhad a significant negative effect on chow consumption in the
seed consumeer 72 + 8 mg) (27). This result is consistent second (P= 0.001). Rabbit and grass consumption also
with the lack of preference demonstrated by rabbits for Wt remained as main effect® (& 0.001). After removal of other
versus E- perennial ryegrass observed in our present study. factors during the backward selection process, ergine and
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30 on a diet containing endophyte-infected tall fescue consumed
1 §2—=006323 less food than those maintained on a diet of endophyte-free tall
25-] e fescue. Moreover, immunization of rabbits with an antigen
consisting of the ergot alkaloid lysergol conjugated to human
serum albumin temporarily increased food intake in rabbits
consuming N. coenophialuminfected tall fescue. Antisera
collected from similarly immunized animals reacted with several
other ergot alkaloids (10). Collectively, these data indicate that
ergot alkaloids fromN. coenophialuneduce food intake. Our
10+ results extend these observations further to indicate that er-
; ' ' ' ; govaline in particular is important for appetite suppression. The
0 5 10 15 20 25 association of ergovaline with reduced food intake is consistent

Ergovaline (nmol) with the results of Schéning et al31), who demonstrated

(first course) agonist activity of ergovaline at 5-HA and 5-HTig/1p receptors

and speculated that this affinity may be responsible for the
suppression of appetite observed in cattle grazing endophyte-
infected tall fescue.

Implications of Ergot Alkaloid Diversity and Antiherbi-
vore Activities to the Success of GrassEndophyte Sym-
bioses. Comparisons of plants infected with ergot pathway
knockout strains with Wt-infected and E- controls allowed for
separation of the effects of endophyte presence from those of
ergot alkaloids, as well as for separation of effects of different
ergot alkaloid classes. Variation in the concentration of indi-
vidual alkaloids, which likely resulted from different plant
eqenotypes and multiple harvests over several months, further
aided in separating ergot alkaloid effects. The results suggest
that different endophyte-produced ergot alkaloids contributed
by different means to reducing pressure from mammalian
herbivory, thus potentially benefiting the producing fungus and
its host grass. The unexpected observation etyphodium
sp. Lpl that was modified to not produce any ergot alkaloids
(dmaWko) actually enhanced the appeal of perennial ryegrass
to rabbits introduces a new facet to the concept of biological
protection, suggesting that sometimes alkaloids may be neces-
sary to counteract an otherwise counterprotective effect of an
endophyte. Comparisons of pairings involvipgAko (lacking
ergovaline and ergine but containing clavines) or Wt (containing
. ) R . : . ergovaline, ergine, and clavines) indicated that clavine alkaloids
mc[udmg r?bb't with ergovaline, also were investigated, and a6 syfficient to reduce the appeal of the endophyte-infected
no mteracﬂons were deteCted'_ . grass and that ergovaline and ergine were either insignificant
_ Direct comparisons of alkaloid factors with chow consump- oy redundant with clavine alkaloids in affecting food preference
tion were complicated _by the fact that grass consumption was i rapbits. Conversely, data from the satiety experiments
positively correlated with chow consumption®(R 0.20;P = indicated that ergovaline, but not clavines or other measured
0.001). To provide a visual dep|ct|9n of the gffect of'ergovallne ergot alkaloids, suppressed appetite. Together these observations
on chow consumption, data from trials in which rabbits ate from support the hypothesis that the accumulation of different ergot

9 to 10 g of grass were graphed, minimizing grass consumption gkaoids, as opposed to a singular pathway product, can benefit
as a variableRigure 3). In similar analyses with each of the  he producing fungus (16).

other ergot alkaloids (including ergine and setoclavine), no
significant correlation was found. ACKNOWLEDGMENT
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Figure 3. Relationship of ergovaline consumed during the first course of
satiety experiments to rabbit chow consumed in the second course. Only
data from trials in which rabbits ate at least 9 g of endophyte-infected
grass are shown (to minimize confounding effect of grass consumption
on chow consumption).

setoclavine appeared to have a positive effect on chow
consumption® = 0.02). One possibility is that these particular
alkaloids may act as antagonists of ergovaline. However, this
proposal was not supported by inclusion of the relevant
interaction factors in the model (data not shown). Additional
analyses described below did not support ergine and setoclavin
as factors affecting chow consumption.

Separate, simplified regression models that included only the
two significant non-alkaloid factors from the initial analysis
(rabbit and quantity of grass eaten) and an individual ergot
alkaloid as factors also indicated that ergovaline consumed in
the first course uniquely reduced chow consumption in the
second course (modBf = 0.43;P = 0.03 for ergovaline effect).
None of the other ergot alkaloids had a significant effect
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