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Abstract

Ergot alkaloids are a diverse family of indole-derived mycotoxins that collectively have activities against a variety of organisms
including bacteria, nematodes, insects, and mammals. Different fungi accumulate different, often characteristic, profiles of ergot
alkaloids rather than a single pathway end product. These ergot alkaloid profiles result from inefficiency in the pathway leading
to accumulation of certain intermediates or diversion of intermediates into shunts along the pathway. The inefficiency generating
these ergot alkaloid profiles may have been selected for as a means of accumulating a diversity of ergot alkaloids, potentially con-
tributing in different ways to benefit the producing fungus.
� 2005 Federation of European Microbiological Societies. Published by Elsevier B.V. All rights reserved.
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1. Introduction

The ergot alkaloids are a complex family of mycotox-
ins derived from prenylated tryptophan in several
species of fungi. They are well known from their histor-
ical role in human toxicoses. In mammals, ergot alka-
loids affect the central and sympathetic nervous
systems, as well as immune and reproductive systems,
resulting in symptoms such as muscle contractions,
changes in blood pressure, lowered immune response,
reduced lactation and reproductive capability, distur-
bances in sleep/wake cycles, hallucinations, and
gangrene of the extremities [1–4]. Different ergot alka-
loids exert their effects by acting in some cases as partial
agonists or, in other cases, antagonists at receptors for
5-HT (5-hydroxytryptamine or serotonin), dopamine,
and noradrenaline [1,3,5]. Ergot alkaloids also affect
other organisms including bacteria, nematodes, and
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insects [2,6–10]. Less is understood about the mecha-
nisms behind these activities. Whereas the pharmacolog-
ical effects of ergot alkaloids have been subjects of
considerable research, the ecological significance of the
alkaloids, which probably transcends their effects on
mammals, is poorly understood.

Ergot alkaloids are produced by several fungi repre-
senting two different orders. Certain fungi in the Clavici-
pitaceae (order Hypocreales) produce ergot alkaloids.
These include various ergot fungi in the genus Claviceps
[1,4,11,12] and several fungi in the genera Epichloë and
Neotyphodium, which live as endophytic symbionts in
grasses [2,8,11]. Aspergillus fumigatus, a common imper-
fect fungus and opportunistic human pathogen with
close relatives in the order Eurotiales, also produces a
set of ergot alkaloids [11,13–15], many of which differ
from those of the clavicipitaceous fungi. Several Penicil-
lium spp., also likely derived from ascomycete ancestors
in the Eurotiales, also have been reported to produce
ergot alkaloids [11,14]. Not all fungi in either of these
orders produce ergot alkaloids and no members of the
. Published by Elsevier B.V. All rights reserved.
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lineages in between them have been reported to produce
these alkaloids.

Ergot alkaloids range in complexity from simpler tri-
cyclic alkaloids such as chanoclavine or 6,7-secoly-
sergine to more complex tetracyclic alkaloids with
tripeptide-derived side chains such as the ergopeptines
(Fig. 1). They often are classified into three groups –
clavines, simple amides of lysergic acid, and ergopep-
tines. Clavine alkaloids are the simplest ergot alkaloids
and lack amide-linked side chains on the ergoline ring
system. Certain clavines provide a pathway to lysergic
acid, whereas others may be products of shunts off the
main ergot alkaloid pathway. Still other clavines may
be the ultimate pathway end product in their producing
organism. Simple amides of lysergic acid and ergopep-
tines contain amide linkages from lysergic acid and
require the activity of peptide synthetases for their for-
mation [16–18].

Interestingly, ergot alkaloid-producing fungi typically
produce a characteristic profile of several ergot alkaloids
rather than a single pathway end product (Fig. 1 and
Table 1). A. fumigatus produces a series of related
clavine alkaloids, which accumulate to characteristic
concentrations in or on its conidia (asexual spores), in
the process of producing the ultimate pathway product
fumigaclavine C. Ergot alkaloid producers in the
Clavicipitaceae often have profiles that include a combi-
nation of clavines, simple amides of lysergic acid, and
ergopeptines. In endophyte-infected grasses, e.g., peren-
nial ryegrass infected with the endophyte Neotyphodium
sp. Lp1, clavines and the ergopeptine ergovaline may be
detected at relatively similar concentrations. Claviceps
africana accumulates clavines and an ergopeptine of
the dihydroergot type in its sclerotia (asexual overwin-
tering structures, also called ergots), whereas C. purpu-

rea accumulates mainly simple amides of lysergic acid
and ergopeptines in its sclerotia.

The ergot alkaloid pathway appears unusually ineffi-
cient in that certain intermediates do not flow rapidly
through the pathway to an ultimate end product.
Instead there are typically points along the pathway at
which intermediates may accumulate to concentrations
approaching the same order of magnitude as the path-
way end product. Also, the pathway in certain produc-
ers contains shunts along which intermediates may be
diverted to alternate products. The accumulation of
intermediates and alternate products (rather than their
rapid conversion to the ultimate pathway product)
suggests that these alkaloids provide some benefit to
the producing fungus that differs from those conferred
by the pathway end product.

If an inefficient pathway has been selected for because
a diverse profile of alkaloids provides an advantage to
the producing organism, then two predictions follow:
(a) the pathway should be regulated to produce the
observed profile, as opposed to being a collection of
enzymes operating at randomly uncoordinated rates;
and, (b) alternate end products or accumulating inter-
mediates should have activities that differ from those
of the ultimate end products. This minireview will focus
on studies that address these particular points, as well as
on the means by which diverse profiles of ergot alkaloids
may be generated.
2. Origins of diversity in ergot alkaloid profiles

2.1. Diversification of ergot alkaloid profiles within

individual producers by inefficiency

The accumulation of intermediates observed in some
ergot alkaloid-producing fungi allows those intermedi-
ates to serve as de facto products as well as intermedi-
ates for the next step in the pathway. Examples of
such accumulating intermediates include chanoclavine
in Neotyphodium sp. Lp1, festuclavine and fumigacla-
vine A in A. fumigatus, and festuclavine and dihydroel-
ymoclavine in C. africana (Table 1 and Fig. 1). In
theory, the observed accumulation may result from
differences in concentrations and/or activities of the
relevant enzymes, or partitioning (by secretion or com-
partmentalization) of intermediates from downstream
enzymes.

The hypothesis that inefficiency in the pathway is
controlled rather than random is supported by studies
on alkaloid accumulation in pathway knockout
mutants, mRNA accumulation, and enzyme activity.
Knockout of the gene encoding lysergyl peptide synthe-
tase 1 (LPS1), controlling a late step in the pathway
(Fig. 1), resulted in changes in the regulation of up-
stream steps in Neotyphodium sp. Lp1. Concentrations
of clavine intermediates from the middle portion of
the pathway (e.g., chanoclavine) were maintained near
wild-type levels, whereas 6,7-secolysergine, believed to
be produced from an early shunt in the pathway
(Fig. 1), increased in concentration [18].

Coordinated regulation of genes in the ergot alkaloid
pathway at the mRNA level has been demonstrated by
studies on accumulation of transcripts from known
and hypothesized ergot alkaloid biosynthesis genes in
C. purpurea. Accumulation of mRNAs from genes
encoding dimethylallyltryptophan (DMAT) synthase,
LPS1, and LPS2, as well as seven closely linked genes
in the ergot cluster (cpox1, cpox2, cpox3, cpP450-1,

cpcat2, orfA, and orfB) (Fig. 2) was coordinately re-
duced in response to increased phosphate concentration,
which represses ergot alkaloid production [16,19].

Early biochemical studies with C. purpurea indi-
cated that feedback inhibition of enzyme activity also
contributes to control of the pathway. Studies with
semi-purified chanoclavine cyclase, which catalyzes
the cyclization of chanoclavine to agroclavine, showed
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Table 1
Abundant ergot alkaloids and their relative concentrations
(mean ± standard error) in four different fungi

Aspergillus fumigatus (lg/g conidia)a

Clavines
Chanoclavine 3 ± 0.3
Festuclavine 530 ± 92
Fumigaclavine B 36 ± 6
Fumigaclavine A 360 ± 74
Fumigaclavine C 5200 ± 72

Neotyphodium sp. Lp1-infected perennial
ryegrass leaves (ng/g plant tissue)b

Clavines
Chanoclavine 960 ± 150
6,7-Secolysergine 490 ± 46
Setoclavine 84 ± 9

Simple amides of LAc

Ergine 138 ± 21
Lysergyl-alanine 36 ± 4

Ergopeptines
Ergovaline 810 ± 110

Claviceps purpurea sclerotia from tall
fescue (lg/g sclerotium)d

Clavines
Chanoclavine 4 ± 3
Agroclavine 2 ± 1

Simple amides of LA
Lysergyl-alanine 3 ± 1
Ergonovine 68 ± 26

Ergopeptines
Ergovaline 2 ± 0.4
Ergosine 194 ± 50
Ergotamine 66 ± 18
Ergocornine 74 ± 20
a-Ergocryptine 60 ± 11
Ergocristine 54 ± 16

Claviceps africana sclerotia from sorghum
(% of ergot alkaloid) [41]e

Clavines
Festuclavine 4
Dihydroelymoclavine 14

Ergopeptines
Dihydroergosine 80

a Alkaloids were extracted and analyzed by HPLC as previously
described [13,15].
b Alkaloids were extracted from leaf blades [18]. Quantification of

chanoclavine [13] and the remaining ergot alkaloids [18] was by HPLC
as described previously.
c LA = lysergic acid.
d Alkaloids were extracted from sclerotia by soaking them in 2-

propanol/water/lactic acid (50:50:1) for 2 h. Clavines [13,15], simple
amides of lysergic acid [18], and ergopeptines [18,40] were quantified
according to previously published HPLC methods.
e Data retyped from Blaney et al. [41].
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that lysergic acid and elymoclavine, intermediates
downstream of chanoclavine cyclase, reduced chano-
clavine cyclase activity [12,20]. The results indicate
that control of enzyme activity (which presumably oc-
curs also at other steps in the pathway) may modulate
the observed spectrum of ergot alkaloids on a level
separate from the demonstrated changes in mRNA
accumulation. Collectively, these data indicate that
the pathway is not just a collection of enzymes oper-
ating at different rates but rather it is closely regu-
lated, indicating that accumulation of particular
intermediates is controlled and not random.

2.2. Diversification of ergot alkaloid profiles within

individual producers by shunt pathways

Several fungi produce alternate products from their
ergot alkaloid pathway that are distinct from
accumulating intermediates (though sometimes derived
from them) via short shunt pathways off of the
presumed primary or main pathway. These shunts
not only result in additional products in an individual
ergot alkaloid-producer�s profile, but also may contrib-
ute to the control of intermediates through the main
pathway. Noteworthy examples among the shunts are
those leading to the production of 6,7-secolysergine in
some Neotyphodium spp. endophytes, festuclavine in
several clavicipitaceous fungi, and setoclavine and
penniclavine in plant-associated members of the
Clavicipitaceae.

The tricyclic clavine 6,7-secolysergine is presumed to
be derived from chanoclavine or an intermediate prior
to chanoclavine [18]. The significance of this particular
shunt product is that its concentration increases in
Neotyphodium sp. Lp1 when the peptide synthetase gene
lpsA (encoding LPS1) is knocked out, whereas other
clavines in the main pathway are maintained near
wild-type concentrations.

In some clavicipitaceous fungi, festuclavine appears
to be a minor shunt product of the ergot pathway,
whereas most of the preceding intermediate (chanocla-
vine aldehyde) is cyclized into agroclavine without
reduction of the double bond (Fig. 1). Conversely, in
A. fumigatus and C. africana festuclavine is a critical
accumulating intermediate in these microorganisms�
main pathways to production of fumigaclavine C or
dihydroergosine, respectively.

Setoclavine (and its stereoisomer isosetoclavine) and
penniclavine/isopenniclavine have been reported from
grasses infected with Neotyphodium sp. endophytes
and from sclerotia of certain Claviceps isolates
[11,18]. Interestingly, many peroxidases have the
ability to oxidize agroclavine and elymoclavine to
setoclavine and penniclavine, respectively [21]. Feeding
of agroclavine or elymoclavine to endophyte-free
grasses resulted in the conversion of the alkaloids to
their oxidized counterpart, indicating that an
endophyte-infected plant can contribute to the profile
of ergot alkaloids observed in that plant [18].
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2.3. Diversification of ergopeptines within a producer by

multiple peptide synthetases and/or by peptide synthetases

with low substrate specificity

In C. purpurea, the ergopeptines represent a diverse
group of ergot alkaloids, all of which could be consid-
ered alternate pathway end products. Ergopeptines are
assembled by the lysergyl peptide synthetase (LPS) com-
plex made up of LPS2, which binds D-lysergic acid and
activates it by adenylation, and LPS1, which recognizes
and activates three amino acids and assembles the ergo-
peptine from the activated components [22,23]. Table 1
lists the concentrations of six different ergopeptines iso-
lated from C. purpurea sclerotia from tall fescue. These
six ergopeptines result from all possible combinations
of two variable amino acids at the first position of the
tripeptide moiety and three variable amino acids at the
second position (Fig. 1). Two factors are likely to con-
tribute to the diversity of ergopeptines observed in this
fungus – multiple peptide synthetases with different ami-
no acid substrate specificities and peptide synthetases
with relaxed substrate specificity.

Peptide synthetases have separate adenylation do-
mains (in which amino acid substrate recognition is con-
ferred) for each amino acid that will be incorporated
into the peptide product. The amino acid substrate rec-
ognition pocket of these adenylation domains has been
identified [24], and a code of signature sequences (for
determining which amino acid will be recognized by a
particular domain) has been proposed based on amino
acids occupying critical positions in the enzymes
[25,26]. C. purpurea has more than one (but fewer than
six) genes encoding LPS1 [17,19], and DNA sequence
data indicate that some of these genes encode enzymes
that have different specificity in their amino acid-recog-
nition domains [19].

An alternate means for generating variability would
be to have a peptide synthetase with relaxed specificity
in amino acid recognition. A single peptide synthetase
with low specificity in amino acid substrate recognition
can make more than one peptide product by accepting
different amino acids for activation during different
cycles of peptide synthesis [27]. The signature sequences
of fungal peptide synthetases in general do not match
the consensus sequences for specific amino acids very
well [27], and this is true of the amino acid-recognizing
domains of LPS1 molecules in particular [19,28]. A lack
of specificity in amino acid substrate recognition would
allow an individual enzyme to produce more than one
ergopeptine.

2.4. Diversity in ergot alkaloid profiles among producers

by pathway divergence

Gene clusters encoding several different enzymes in-
volved, or hypothesized to be involved, in ergot alkaloid
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biosynthesis have been identified in A. fumigatus [13,29]
and C. purpurea [16,19,30] (Fig. 2). Analysis of ergot
alkaloid profiles of A. fumigatus and C. purpurea, and
comparison of the gene clusters associated with their
known ergot alkaloid biosynthesis genes, indicated that
the pathways of the two fungi share early steps before
diverging to produce different end products [13] (Figs.
1 and 2). The ergot alkaloid profiles observed in these
fungi reflect the presence or absence of certain genes in
their ergot alkaloid gene clusters. For example, genes
encoding LPS1 and LPS2, required for assembly of
ergopeptines and simple amides in clavicipitaceous fungi
[16–18], are missing in the A. fumigatus gene cluster and
genome [13]. Conversely, genes encoding activities pre-
sumably required for addition of side chains of fumiga-
clavines A and C (e.g., O-Acetyl transferase and
alternate dmaW-like prenyl transferase of A. fumigatus)
are present in the A. fumigatus gene cluster but have not
been found in clavicipitaceous fungi (Fig. 2).

Other species of ergot fungi differ from C. purpurea in
ergot alkaloid profiles and pathways. C. fusiformis accu-
mulates clavines up through elymoclavine (Fig. 1) but
the pathway appears to end at that point [1,11]. Consis-
tent with its lack of ergopeptines and simple amides, C.
fusiformis does not contain a homologue of the gene
encoding LPS1 [17], which is required for synthesis of
these compounds [17,18]. C. africana accumulates
dihydroergot alkaloids derived from a pathway appar-
ently analogous to that of the other clavicipitaceous fun-
gi but via festuclavine (which could be considered
dihydroagroclavine) and dihydroelymoclavine and cul-
minating in dihydroergosine [31] (Fig. 1). The genetic
basis for this difference has not been studied.

The discovery of similar, rare biosynthetic pathways
encoded, at least in part, by clustered genes, in relatively
distant phylogenetic lineages presents the possibility that
horizontal gene transfer has been involved in the ob-
served distribution of the pathway. However, studies
of GC content and codon usage bias in A. fumigatus

and C. purpurea provided no support for a recent hori-
zontal transfer (D.G. Panaccione, unpublished data).
An alternate explanation for the current phylogeneti-
cally discontinuous distribution for the ergot alkaloids
is that the ability to synthesize some type of ergot alka-
loid was present in the most recent common ancestor of
these Ascomycetes. This fundamental biosynthetic capa-
bility may have been developed differently in a few lin-
eages (e.g., in the Clavicipitaceae, A. fumigatus, and
perhaps other fungi) under differing selective pressures
leading to the pathway diversity observed today. In
many other diverging lineages the alkaloids may have
provided no advantage, or became functionally redun-
dant with other secondary metabolites, allowing the
eventual loss of pathway genes. Interestingly, in A.
fumigatus, the ergot alkaloid gene cluster is within 40
kb of the telomere of the long arm of chromosome 2
[13]. In fungi and other eukaryotic microorganisms,
genes conferring niche-specific adaptations have been
found near telomeres (e.g., [32–35]) and these subtelo-
meric regions have been proposed to recombine fre-
quently [33,34].

The differences among ergot alkaloid profiles in dif-
ferent fungi raises the question of whether the profiles
differ because the core pathway genes are present in dif-
ferent genomes with different capacities to finish the key
intermediates, or whether they differ because of different
selective pressures applied by the niches that the differ-
ent fungi occupy.
3. Evidence for functional differences among structurally

diverse ergot alkaloids

Numerous studies have been conducted on the bio-
logical activities of individual ergot alkaloids from a
pharmacological perspective but relatively few studies
have addressed potential ecological benefits of ergot
alkaloid production. Studies selected for presentation
here compared activities of different ergot alkaloids to
a common organism or small set of organisms. Whereas
the activity of an alkaloid in a laboratory test does not
necessarily reflect the true ecological role of that alka-
loid, documented differences in responses to various er-
got alkaloids support the hypothesis that accumulation
of a diverse set of ergot alkaloids can be advantageous
to the producing fungus. Based on limited laboratory re-
search, ergopeptines appear to be particularly active
against insects and nematodes, whereas clavine alkaloids
are less active against these invertebrate eukaryotes [6,7].
Conversely, clavine alkaloids have been shown to have
antibacterial and cytostatic activity that is superior to
that of ergopeptines or simple amides of lysergic acid
[9,10,36].

Ergopeptines (ergotamine, ergovaline, ergosine, and
a-ergocryptine at 5 lg/g) deterred feeding of adult black
beetle (Heteronychus arator) on an artificial carrot based
diet [6]. Ergonovine, a simple amide of lysergic acid, also
deterred the insects but only at concentrations of 10 lg/
g or higher. Ergine (the simplest amide of lysergic acid)
and clavines festuclavine and lysergol (isomer of elymo-
clavine with double-bond shifted to same position as in
lysergic acid; refer to Fig. 1) did not deter feeding, even
at a concentration of 20 lg/g.

In similar experiments with a different insect subject,
fall armyworm (Spodoptera frugiperda) larvae fed on
corn leaf disks soaked in 100 mg/L a-ergocryptine had
reduced survival (about 50% of that observed for larvae
fed control leaf disks) [7]. However, leaf disks soaked in
the clavines lysergol, agroclavine, and elymoclavine at
the same concentration had no significant effect on in-
sect survival. In contrast to the results with black beetle,
both ergopeptines (ergotamine and a-ergocryptine) and



0

10

20

30

40

50

60

70

agroclavine lysergol ergonovine ergotamine

E. coli

P. scribneri

P
er

ce
nt

 in
hi

bi
tio

n

Ergot Alkaloid

Fig. 3. Inhibition (expressed as percent of no-alkaloid control) of
Escherichia colimultiplication (lighter bars) or nematode (Pratylenchus
scribneri) motility (darker bars) by the indicated ergot alkaloids.
Multiplication of E. coli was measured spectrophotometrically (A600)
after incubation with 100 lg/mL of the indicated ergot alkaloids in
Luria–Bertani broth (37 �C, 250 rpm) for 5 h. Nematode motility was
assessed microscopically after 24 h incubation at 25 �C in 5 lg/mL of
the indicated ergot alkaloid. Error bars indicate standard error.

D.G. Panaccione / FEMS Microbiology Letters 251 (2005) 9–17 15

D
ow

nloaded from
 https://academ

ic.oup.com
/fem

sle/article/251/1/9/469557 by guest on 24 April 2024
two of three clavines (agroclavine and elymoclavine, but
not lysergol) acted as feeding deterrents for this particu-
lar insect, reducing larval weight gain and leaf area
consumed.

Ergot alkaloids exhibit clear differences in their anti-
microbial and cytostatic properties. Clavine alkaloids
(particularly agroclavine and festuclavine) were shown
to be effective antimicrobial compounds, whereas ergot-
amine (an ergopeptine) and ergonovine (a simple amide
of lysergic acid) were not [9,10]. Similarly, agroclavine
and festuclavine (and their synthetic derivatives) had
significant cytostatic activity to a mouse lymphoma cell
line, whereas four lysergic acid derivatives (including
ergine and LSD) did not [36]. Eich and Pertz [9] pro-
posed that agroclavine accumulates to high levels during
the early stages of sclerotium development, when it may
serve to protect the fungus in a moist, sugar-rich envi-
ronment, but is found at much lower levels in mature,
dry sclerotia, in which microbial activity would be
minimal.

Simple in vitro studies (Fig. 3) demonstrate clear dif-
ferences in the activities among a small set of commer-
cially available ergot alkaloids to the common enteric
bacterium Escherichia coli and the plant-parasitic nema-
tode Pratylenchus scribneri. Agroclavine was the most
effective at inhibiting E. coli multiplication, whereas
ergotamine was highly effective at immobilizing the
nematode P. scribneri. Again these analyses are not in-
tended as investigations of the natural roles of these
alkaloids but clearly demonstrate differences in activities
that would provide advantages for accumulation of a di-
verse set of ergot alkaloids.
The effects of ergot alkaloids on mammals are highly
complex and mediated through their interactions with a
variety of 5-HT receptor types and subtypes, dopamine
D2 receptor subtypes, and certain a-adrenoreceptors
[3,5]. Individual ergot alkaloids have unique profiles of
affinities for a range of receptors within these three ma-
jor groups, resulting typically in a complex response. In
interactions with 5-HT receptors, a general difference in
affinities for ergopeptines and clavines for different sub-
types of 5-HT receptors has been noted [3]. Ergopep-
tines have strong affinity for 5-HT1A, 5-HT1B, 5-HT1D,
5-HT2A, and 5-HT2C receptors, and clavines show mod-
erate affinity for rat 5-HT2A and high affinity for human
5-HT1D and 5-HT1F receptors. In an example involving
dopamine D2 receptors, ergopeptines (ergotamine and
ergovaline) had approximately 100-fold greater affinity
for dopamine D2 receptors that did simple amides of
lysergic acid (ergonovine and ergine). A similar differ-
ence in response was observed in the ability of these
same alkaloids to inhibit vasoactive intestinal peptide-
induced cAMP production [37]. Among a-adrenorecep-
tor subtypes, ergopeptines had higher affinity for a2 as
compared to a1 subtypes, whereas simple amides of
lysergic acid were active primarily at a1 subtypes [3,38].

Thus, by accumulating a profile containing one or
more clavines, lysergic acid amides, and ergopeptines,
a fungus would contain alkaloids capable of interacting
with a broad range of monoamine receptors, eliciting a
variety of biological responses. Moreover, studies de-
scribed above indicate that a diverse profile of alkaloids
provides activities against a range of prokaryotes and
invertebrate eukaryotes. Any connection between the
greater collective activity and a benefit to the producing
fungus, although reasonable to expect, has not been
demonstrated. Analyses of gene knockout mutants that
contain pathways truncated at different points [e.g.,
13,16,17,39] should be helpful in investigating such
connections.
4. Summary

Individual ergot alkaloid-producing fungi have pro-
files of ergot alkaloids that accumulate to characteristic
levels based on the structure and regulation of their er-
got alkaloid pathways. Certain ergot alkaloid-producing
fungi accumulate intermediates to relatively high con-
centrations. Shunts off the main pathway and multiple
peptide synthetases of varying substrate specificity also
contribute to the diversity of ergot alkaloids observed
in certain fungi. The discovery and sequencing of ergot
alkaloid gene clusters has facilitated studies on pathway
constitution and regulation.

Different ergot alkaloids clearly have different biolog-
ical activities and, thus, could play different roles in the
biology and ecology of the producing fungus. Ergot
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alkaloid pathway inefficiency and other means of alka-
loid profile diversification may be beneficial to ergot
alkaloid-producing fungi. This hypothesis is being tested
by pathway truncation via gene knockout and subse-
quent analyses of the mutants [13,17,18,39].
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[1] Gröger, D. and Floss, H.G. (1998) Biochemistry of ergot
alkaloids – achievements and challenges. Alkaloids 50, 171–218.

[2] Panaccione, D.G. and Schardl, C.L. (2003) Molecular genetics of
ergot alkaloid biosynthesis In: The Clavicipitalean Fungi: Evolu-
tionary Biology, Chemistry, Biocontrol, and Cultural Impacts
(Bacon, C., Hywel-Jones, N., Spatafora, J. and White, J.F. Jr.,
Eds.), pp. 399–424. Marcel-Dekker, New York, NY.

[3] Pertz, H. and Eich, E. (1999) Ergot alkaloids and their derivatives
as ligands for serotoninergic, dopaminergic, and adrenergic
receptors In: Ergot: The Genus Claviceps (Kren, V. and Cvak,
L., Eds.), pp. 411–440. Harwood Academic Publishers, Amster-
dam, The Netherlands.

[4] Tudzynski, P., Correia, T. and Keller, U. (2001) Biotechnology
and genetics of ergot alkaloids. Appl. Microbiol. Biotechnol. 57,
593–605.

[5] Pertz, H. (1996) Naturally occurring clavines: antagonism/partial
agonism at 5-HT2A receptors and antagonism at a1-adrenocep-
tors in blood vessels. Planta Med. 62, 387–392.

[6] Ball, O.J.-P., Miles, C.O. and Prestidge, R.A. (1997) Ergopeptine
alkaloids and Neotyphodium lolii-mediated resistance in perennial
ryegrass against adult Heteronychus arator (Coleoptera, Scara-
baeidae). J. Econ. Entomol. 90, 1382–1391.

[7] Clay, K. and Cheplick, G.P. (1989) Effect of ergot alkaloids from
fungal endophyte-infected grasses on fall armyworm (Spodoptera
frugiperda). J. Chem. Ecol. 15, 169–182.

[8] Clay, K. and Schardl, C. (2002) Evolutionary origins and
ecological consequences of endophyte symbiosis with grasses.
Am. Nat. 160, S127–S199.

[9] Eich, E. and Pertz, H. (1999) Antimicrobial and antitumor effects
of ergot alkaloids and their derivatives In: Ergot: The Genus
Claviceps (Kren, V. and Cvak, L., Eds.), pp. 441–449. Harwood
Academic Publishers, Amsterdam, The Netherlands.

[10] Schwarz, G. and Eich, E. (1983) Influence of ergot alkaloids on
growth of Streptomyces purpurascens and production of its
secondary metabolites. Planta Med. 47, 212–214.

[11] Flieger, M., Wurst, M. and Shelby, R. (1997) Ergot alkaloids –
sources, structures and analytical methods. Folia Microbiol. 42,
3–30.

[12] Floss, H.G. (1976) Biosynthesis of ergot alkaloids and related
compounds. Tetrahedron 32, 873–912.

[13] Coyle, C.M. and Panaccione, D.G. (2005) An ergot alkaloid
biosynthesis gene and clustered hypothetical genes from Asper-

gillus fumigatus. Appl. Environ. Microbiol. 71, 3112–3118.
[14] Kozlovsky, A.G. (1999) Producers of ergot alkaloids out of
Claviceps genus In: Ergot: The Genus Claviceps (Kren, V. and
Cvak, L., Eds.), pp. 479–499. Harwood Academic Publishers,
Amsterdam, The Netherlands.

[15] Panaccione, D.G. and Coyle, C.M. (2005) Abundant respirable
ergot alkaloids from the common airborne fungus Aspergillus

fumigatus. Appl. Environ. Microbiol. 71, 3106–3111.
[16] Correia, T., Grammel, N., Ortel, I., Keller, U. and Tudzynski, P.

(2003) Molecular cloning and analysis of the ergopeptine assem-
bly system in the ergot fungus Claviceps purpurea. Chem. Biol. 10,
1281–1292.

[17] Panaccione, D.G., Johnson, R.D., Wang, J., Young, C.A.,
Damrongkool, P., Scott, B. and Schardl, C.L. (2001) Elimination
of ergovaline from a grass–Neotyphodium endophyte symbiosis by
genetic modification of the endophyte. Proc. Natl. Acad. Sci.
USA 98, 12820–12825.

[18] Panaccione, D.G., Tapper, B.A., Lane, G.A., Davies, E. and
Fraser, K. (2003) Biochemical outcome of blocking the ergot
alkaloid pathway of a grass endophyte. J. Agric. Food Chem. 51,
6429–6437.

[19] Haarmann, T., Machado, C., Lübbe, Y., Correia, T., Schardl,
C.L., Panaccione, D.G. and Tudzynski, P. (2005) The ergot
alkaloid gene cluster in Claviceps purpurea: extension of the
cluster sequence and intra species evolution. Phytochemistry 66,
1312–1320.
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