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PREFACE TO THE SERIES

There is increasing interest in industry, academia and the health sciences in medicinal
and aromatic plants. In passing from plant production to the eventual product used
by the public, many sciences are involved. This series brings together information
which is currently scattered through an ever increasing number of journals. Each
volume gives an in-depth look at one plant genus, about which an area specialist has
assembled information ranging from the production of the plant to market trends and
quality control.

Many industries are involved such as forestry, agriculture, chemical, food, flavour,
beverage, pharmaceutical, cosmetic and fragrance. The plant raw materials are roots,
rhizomes, bulbs, leaves, stems, barks, wood, flowers, fruits and seeds. These yield
gums, resins, essential (volatile) oils, fixed oils, waxes, juices, extracts and spices for
medicinal and aromatic purposes. All these commodities are traded world-wide. A
dealer’s market report for an item may say “Drought in the country of origin has
forced up prices”.

Natural products do not mean safe products and account of this has to be taken by
the above industries, which are subject to regulation. For example, a number of plants
which are approved for use in medicine must not be used in cosmetic products.

The assessment of safe to use starts with the harvested plant material which has to
comply with an official monograph. This may require absence of, or prescribed limits
of, radioactive material, heavy metals, aflatoxin, pesticide residue, as well as the
required level of active principle. This analytical control is costly and tends to exclude
small batches of plant material. Large scale contracted mechanised cultivation with
designated seed or plantlets is now preferable.

Today, plant selection is not only for the yield of active principle, but for the plant’s
ability to overcome disease, climatic stress and the hazards caused by mankind. Such
methods as in vitro fertilisation, meristem cultures and somatic embryogenesis are
used. The transfer of sections of DNA is giving rise to controversy in the case of some
end-uses of the plant material.

Some suppliers of plant raw material are now able to certify that they are supplying
organically-farmed medicinal plants, herbs and spices. The Economic Union directive
(CVO/EU No. 2092/91) details the specifications for the obligatory quality controls to
be carried out at all stages of production and processing of organic products.

Fascinating plant folklore and ethnopharmacology leads to medicinal potential.
Examples are the muscle relaxants based on the arrow poison, curare, from species
of Chondrodendron, and the antimalarials derived from species of Cinchona and
Artemisia. The methods of detection of pharmacological activity have become
increasingly reliable and specific, frequently involving enzymes in bioassays and
avoiding the use of laboratory animals. By using bioassay linked fractionation of crude
plant juices or extracts, compounds can be specifically targeted which, for example,
inhibit blood platelet aggregation, or have antitumour, or antiviral, or any other
required activity. With the assistance of robotic devices, all the members of a genus
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may be readily screened. However, the plant material must be fully authenticated by
a specialist.

The medicinal traditions of ancient civilisations such as those of China and India
have a large armamentaria of plants in their pharmacopoeias which are used
throughout South East Asia. A similar situation exists in Africa and South America.
Thus, a very high percentage of the World’s population relies on medicinal and
aromatic plants for their medicine. Western medicine is also responding. Already in
Germany all medical practitioners have to pass an examination in phytotherapy before
being allowed to practise. It is noticeable that throughout Europe and the USA,
medical, pharmacy and health related schools are increasingly offering training in
phytotherapy.

Multinational pharmaceutical companies have become less enamoured of the single
compound magic bullet cure. The high costs of such ventures and the endless
competition from me too compounds from rival companies often discourage the
attempt. Independent phytomedicine companies have been very strong in Germany.
However, by the end of 1995, eleven (almost all) had been acquired by the multina-
tional pharmaceutical firms, acknowledging the lay public’s growing demand for
phytomedicines in the Western World.

The business of dietary supplements in the Western World has expanded from the
Health Store to the pharmacy. Alternative medicine includes plant based products.
Appropriate measures to ensure the quality, safety and efficacy of these either already
exist or are being answered by greater legislative control by such bodies as the Food
and Drug Administration of the USA and the recently created European Agency for
the Evaluation of Medicinal Products, based in London.

In the USA, the Dietary Supplement and Health Education Act of 1994 recognised
the class of phytotherapeutic agents derived from medicinal and aromatic plants.
Furthermore, under public pressure, the US Congress set up an Office of Alternative
Medicine and this office in 1994 assisted the filing of several Investigational New Drug
(IND) applications, required for clinical trials of some Chinese herbal preparations.
The significance of these applications was that each Chinese preparation involved
several plants and yet was handled as a single IND. A demonstration of the
contribution to efficacy, of each ingredient of each plant, was not required. This was
a major step forward towards more sensible regulations in regard to phytomedicines.

My thanks are due to the staff of Harwood Academic Publishers who have made this
series possible and especially to the volume editors and their chapter contributors for
the authoritative information.

Roland Hardman



PREFACE

Ergot (Claviceps purpurea) is best known as a disease of rye and some other grasses.
However, it is probably the most widely cultivated fungus and it has become an
important field crop.

The main reason for its importance is ergot alkaloids, which are extensively used
in medicine. No other class of compounds exhibits such a wide spectrum of structural
diversity, biological activity and therapeutic uses as ergot derivatives. Currently, ergot
alkaloids cover a wide spectrum of therapeutic uses as the drugs of high potency in
the treatment of uterine atonia, postpartum bleeding, migraine, orthostatic circula-
tory disturbances, senile cerebral insufficiency, hypertension, hyperprolactinemia,
acromegaly and parkinsonism.

Ergot — once dreaded pest and cause of epidemic intoxications has now become a
profitable crop for farmers. However, the danger of intoxication and crop damage still
persists. The fungus was already well known in the middle ages, causing outbreaks
of ergotism or “epidemic gangrene” called for example, St Anthony’s fire.

Ergot alkaloids are traditionally obtained by extraction of ergot sclerotia artificially
cultivated on cereals. The parasitic cultures are not able to produce some, e.g., clavine
alkaloids necessary for most semisynthetic drugs. Crop fluctuations and market
demands lead to the development of submerged cultivation in production plants.
Present trends in ergot cultivation are the development of saprophytic cultivation
processes and improvement of field production by, for example, introduction of new
hosts and ergot strains. Even though there is a constant effort to prepare ergot
alkaloids synthetically their bio-production is still much more competitive. In the
contemporary economical crisis of agriculture, especially in Europe, the ergot is a
good and profitable alternative crop for farmers. Thanks to the new advanced
technologies it experiences a real renaissance.

Various strains of Claviceps served as models for study of the fungal meta-
bolism, biogenesis, physiological and genetic aspects of ergot alkaloids production.
This interest continues because of good perspectives of submerged and field produc-
tion of ergot alkaloids.

The volume on the Claviceps genus should provide readers with both bio-
technological aspects of ergot alkaloid production, genetic and physiological data but
also with newly emerging dangers of toxicology and environmental risks of ergot
infection and contamination of food and forage. Chemistry and pharmacology of
ergot alkaloids will demonstrate both their use as classical drugs and their newly
discovered pharmacological applications.

Vladimir Kien






NAMES OF ERGOT IN VARIOUS
COUNTRIES OF THE WORLD

Anyarozs

Bakkaku, Ergot

Cacdar Mahmuzu
Centeio erspigado
Cornezuelo de centeno
Cornezuelo de centeno
Cornezuelo de centeno
Cornezuelo de centeno
Cravagem de anteio
Cravagem de anteio
Cuernicillo de centeno
Ergot

Ergot

Ergot de seigle

Ergot de seigle
Erperao de anteio
Ertisi bodés briza
Grano speronato
Meldroje

Meldroye

Mjoldryga
Moederkoorn
Mutterkorn

Mutterkorn
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Razema glavnica

Secara cornuta

Segale cornuto
Sporyn’ja

Sporyzs
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Japan
Turkey
Brazil
Argentina
Chile
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Spain

Brazil
Portugal
Mexico
England
United States
Belgium
France

Brazil
Greece

Italy
Denmark
Norway
Finland

The Netherlands
Austria
Germany
Czech Republic
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Romania
Ttaly

Russia
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1. THE HISTORY OF ERGOT

ANACLETO MINGHETTI and NICOLETTA CRESPI-PERELLINO

Department of Pharmaceutical Sciences,
University of Bologna, Via Belmeloro 6, 40126 Bologna, Italy

1.1. THE EARLIER ALKALOIDS: ISOLATION AND STRUCTURES

Years ago a review on ergot alkaloids (EA) appeared with the title: “The
biosynthesis of ergot alkaloids; the story of the unexpected” (Floss, 1980).
I don’t believe that any other title could be more appropriate since the entire
history of EA research, from the discovery of ergotamine almost a century ago
until the present, has truly been the history of the unexpected.

The beginning of modern ergot alkaloid research dates back to 1918 when
A. Stoll isolated in crystalline form ergotamine (Stoll, 1945), an alkaloid
present in the sclerotia of the Claviceps purpurea fungus and patented it. In
1917 the Sandoz pharmaceutical company of Basel granted Stoll, then a young
Swiss chemist and student of R. Willstaetter, already distinguished in the field
of natural products, the responsibility of setting up a laboratory and develop-
ing new drug research (Stoll, 1965). Stoll proposed the goal of isolating the
oxytocic active principle present in Claviceps sclerotia, universally used in
post partum hemorrhages and now known as ergometrine. He hoped to do
exactly as Sertumer had done a century earlier in isolating the active principle
morphine from opium. Unfortunately, unlike morphine, ergometrine was not
easily extractable with solvents due to its tendency to remain in the aqueous
phase and, above all, because it was present in scarce quantities in the
mixture of alkaloids produced by the Claviceps sclerotia: often one tenth
in comparison with the production of ergotamine (Hofmann, 1964). This
explains how Stoll ended up finding ergotamine, the major and the most
lipophilic alkaloid in the extracted mixture, while looking for ergometrine.
Nevertheless, ergotamine was used for some time as an oxytocic drug but
with poor results. In fact, the crude drug (ground sclerotia) was used for
many years in spite of serious dosage problems. Stoll was credited with being
able to isolate in the pure state the first alkaloid of a series of almost one
hundred products the majority of which were present in traces in the
sclerotia collected in the Black Forest region. Stoll isolated from the mother
liquor of ergotamine, also ergotaminine, a more liposoluble alkaloid of the
same elementary composition as ergotamine, but which was dextrorotatory.

At the beginning of research on EA scientists had the following means for
characterizing a product: elemental analysis, melting point, characteristic
chromatic reactions and measurement of optical rotation. Elemental analyses
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2 ANACLETO MINGHETTI AND NICOLETTA CRESPI-PERELLINO

were the most reliable data while the melting point could vary by a few units
due to impurities or traces of the solvent present in the crystals used. The
characteristic chromatic reactions included entire classes of compounds, and
two reagents, Keller's (1896) and Van Urk’s (1929), specific for the indoles
substituted in position 4, were used for EA. Optical rotation, largely used in
the characterization of isolated compounds, in the case of EA initially pro-
vided more confusion than help. It is now known that all EA are levorotatory
in nature and that during extraction and isolation procedures these com-
pounds can turn to be dextrorotatory as a result of temperature, light or pH.
It was for this reason that Stoll, after having isolated ergotamine, found in the
mother liquor a notable quantity of ergotaminine which was for a long time
believed to be a natural product. In addition, dextrorotatory EA, when treated
with acids as in the case of the transformation of bases to salts, can retro-
isomerize to the levorotatory state. Hence, the discrepancy which exists in
literature between the previously reported values of optical rotation for
various isolated products can be explained.

Other researchers had been trying to isolate the alkaloids present in
Claviceps for 50 years, and upon Stoll’s success/failure with ergotamine, this
goal was reached step by step. In 1875 C. Tanret, in the hopes of isolating
ergometrine, had obtained the so-called “ergotinine cristallisée” which was,
contrary to its name, a mixture of almost all the solvent extractable alkaloids
and composed mainly of peptide alkaloids (Barger, 1931). Tanret also dedi-
cated himself to the systematic research of the compounds present in
C. purpurea sclerotia which contain a significant quantity of lipids. He
isolated several fatty acids and identified two “sterines” in the non-saponifi-
able fraction, one with a higher melting point which he called ergosterol and
the other with the lower melting point, phytosterol. These products were
later found to be ubiquitous in the plant kingdom. Regarding nitrogenous
compounds, Tanret, isolated ergothioneine (the betaine of thiolhistidine)
histidine, choline, and betaine. Trisaccharides such as clavicepsine, made of
glucose and mannitol, as well as disaccharides such as trehalose and free
mannitol were also identified from the sclerotia (Barger, 1931). Another
researcher who was very active in the study of the components of C. purpurea
was F. Kraft, a Swiss pharmacist, who was attracted by the purple color of
the mature sclerotia and identified several pigments including ergochrisine
and ergoflavine as derivatives of secalonic acid (Frank et al., 1973). In
addition, Kraft extracted a fraction composed mainly of ergotoxine group
alkaloids which he called hydroergotinine (IHofmann, 1964). Subsequent
progress in isolating alkaloids produced by C. purpurea was made by
G. Barger and F. Carr (1907). These researchers isolated ergotoxine, which
was at first considered a pure product, but later was recognized as a mixture
of three alkaloids (ergocornine, ergocristine and ergocryptine). After the
isolation of ergotoxine, a mixture which was rarely constant, the interesting
pharmacological activities of other EA different from ergometrine, began to be
discovered.
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However, the problem concerning the oxytocic activity of Claviceps
remained unsolved because in vitro pharmacological tests to follow the
activity in the various steps of the extraction were not available. Stoll, after
having realized that ergotamine was not the active principle of Claviceps,
ceased to work on this topic for 16 years. But he suddenly woke up when he
knew that an English physician, C. Moir, had found the oxytocic activity to be
present in the exhausted aqueous phase after extraction of the alkaloids with
organic solvents. Since that moment Stoll devoted himself to the search of
new Claviceps alkaloids. He carried out this task so thoroughly that, after
having isolated in less than one decade four alkaloid couples (ergometrine/
inine, ergocristine/inine, ergokryptine/inine and ergocornine/inine), he is
now considered by everybody as “the father” of the EA.

As reported above, C. Moir (1932) made the unexpected discovery that the
Claviceps oxytocic activity was present in the aqueous phase which remained
after the extraction with solvents of the main alkaloids. It should not be
surprising that in all that time many researchers had continued to look for
ergometrine in the organic extracts after having thrown it down the drain
with the aqueous phase. This is a rather frequent occurrence in research. As
soon as Moir realized his discovery, he published it and, with the help of the
chemist H.W. Dudley, devoted himself to the compound’s extraction. He
achieved this goal three years later (Dudley et al., 1935), and along with
defining the chemical-physical characteristics gave this new product the
name ergometrine (Dudley et al., 1935) with obvious reference to its activity
on the endometrium. However, three other laboratories were also working
independently on the isolation of this compound and as a result four papers
describing a product isolated from Claviceps with oxytoxic activity appeared
in the literature in 1935. The authors include M. Kharash and W. Legault
from Chicago who named the product ergotocine (Kharasch et al., 1935),
M. Thompson from the Johns Hopkins University in Baltimore who called his
product ergostetrine (Thompson, 1935) and, finally, A. Stoll from Sandoz in
Basel who, being a chemist and not a physician, baptized his long-sought-after
compound ergobasine (Stoll et al., 1935) in reference to its basic characteris-
tics. The chemical-physical data for the isolated compounds reported by the
various authors were similar enough to infer that they referred to the same
molecule. In any case, after a great deal of polemics documented in several
articles (Thompson, 1935; Stoll, 1935) in order to settle the controversy, the
four researchers exchanged their respective products for chemical and phar-
macological comparison. The four groups came to the unanimous conclusion
that the slight differences in melting point and optical rotation were due to
the differing degrees of purity and that they had all found the same
compound. In short, ergometrine, ergotocine, ergostetrine and ergobasine
were synonyms (Kharasch et al., 1936). However, which name to adopt for
this molecule so as to avoid confusion in the literature remained to be
decided. The American authors opted for ergonovine as a substitution for
ergotocine and ergostetrine but the English and Swiss researchers didn’t
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agree and so today, even after sixty years, the three synonyms ergonovine,
ergobasine and ergometrine (now the prevailing name) can be found in the
literature. This international race to identify such a compound demonstrates
how great the need was at the time for a drug which could save many mothers
from dying for post partum hemorrhage. After the isolation of ergometrine
the classification of the EA into “liposoluble alkaloids”, including those pro-
ducts with a peptide chain such as ergotamine, and “water soluble alkaloids”
such as ergometrine was adopted. Given, however, that in reality ergometrine
is not much more water soluble than ergotamine, it is now preferred to
define the first group as ergopeptines and the second as “simple amides of
lysergic acid”. The discovery of ergometrine gave a significant boost to ergot
alkaloid research, especially in the Anglo-Saxon scientific world which was
more interested in natural products than its Germanic counterpart in which
synthetic chemistry research was at that time at its zenith.

The second half of the thirties was one of the most productive periods
regarding EA structural elucidation. From Tanret’s ergotinine English
researchers S. Smith and G.M. Timmis isolated a new peptide alkaloid,
ergosine (Smith ez al., 1937). It is noteworthy that Smith in his first report,
assigned no name to his new alkaloid, (the third after ergotamine and
ergometrine) “in order to prevent possibly later unnecessary complications”
(Smith et al., 1936). In fact, the debate on ergometrine had just ceased. Almost
contemporary Stoll isolated from ergotoxine ergocristine (Stoll et al., 1937;
Stoll et al., 1951). In the same years also a great development in EA chemistry
occurred. Smith and Timmis while trying to understand the structure of
EA refluxed ergotinine, ergotoxine (Smith e/ al., 1932), ergotamine and
ergotaminine (Smith et a/., 1932) with metanol in 1N KOH and obtained, from
all four products, a crystallized basic compound which they named ergine.
Although ergine had a much lower molecular weight than the starting
materials and no biological activity, it showed all the reactions characteristic
of the Claviceps alkaloids (Keller's and Van Urk’s) and therefore it was
guessed that it had to be the fundamental nucleus of all these com-
pounds. The same researchers found ergine to be also the degradation
product of ergometrine which had a slightly higher molecular weight (Smith
el al., 1935). From this discovery it was clearly understood that ergometrine
was composed of ergine and a short side chain which lacked nitrogen.
Contemporaneously W.A. Jacobs and L.C. Craig, researchers at the Rockefeller
Institute in New York, carried out the degradation of ergometrine and found
2-amino-propanol (Jacobs er al., 1935).

Since the structure of EA was still unknown, the same authors performed
nitric oxidation, acidic and basic hydrolysis, and pyrolysis of ergotinine
in order to elucidate its structure. It is not clear as to why these authors
chose to use ergotinine, known to be a mixture, rather than ergotamine, the
only pure alkaloid known at the time, perhaps because ergotamine was
patented while ergotinine was readily available. Nitric oxidation brought
about the possible existence of a methylindole ring as well as of a nucleus of
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methylhydroquinoline in the structure of ergotinine (Jacobs et al., 1932).
Alkaline degradation was more fruitful and, instead of ergine, gave an acid
which crystallized easily and which was named lysergic acid (Jacobs et al.,
1934). Elemental analysis of this acid revealed that its structure corresponded
to that of ergine, minus a nitrogen atom. When subjected to identical alkaline
hydrolysis conditions ergine gave lysergic acid and ammonia, thus demon-
strating that ergine was the amide of lysergic acid and that it contained three
of the five nitrogens of ergotinine (Jacobs et al., 1934). Lysergic acid was
shown to contain only one carboxylic group and a -N-CH; group and gave all
the chromatic reactions characteristic of ergotinine (Jacobs et al., 1935). At the
same time Smith and Timmis also isolated lysergic acid from ergine (Smith
et al., 1934) and two years later isolysergic acid (Smith et al., 1936; Smith
et al., 1936), thus indicating where in the EA structure the isomerization point
was located. Stoll later admitted that the American researchers were more
bold than him since he, knowing the sensitivity of the EA, would have never
thought of treating them with an aqueous solution of boiling 7% potash
(Stoll, 1965).

The structure of lysergic acid, which relation with tryptophan was already
evident from the Ehrlich and Van Urk reactions, remained to be established.
Jacobs and Craig from the fragments obtained by ergine degradation inferred
the tetracyclic ergoline structure (Jacobs et al., 1936) which they confirmed
with an elegant chemical synthesis (Jacobs et al., 1937; Jacobs et al., 1939). In
order to have the definitive structure of lysergic acid, the positions of the car-
boxyl group (Jacobs et al., 1938) and of the double bond needed to be defined.
Position 4 was assigned to the carboxyl group, as reported in Figure 1. Later
position 7 was considered, but experimental data finally confirmed that this
group was located in position 8 (Uhle et al., 1945). The double bond had to
be assigned to the position conjugated with the indole aromatic ring, there-
fore between carbons 10-5 or 9-10 where rings C and D join. Although
the former position was initially believed to correct (Craig et al., 1938), the
latter was finally confirmed (Uhle et al., 1945). These structure-defining
experiments led to the logical attempts to chemically synthesize lysergic acid,
a goal which was achieved 20 years later, with extremely discouraging yields

CH,—CH,
N,
CH2< D /NCH3
C—=C

N
C CH-COOH

B

NH

Figure 1 The first structure of lysergic acid as reported by Jacobs et al. (1936)
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(Stoll et al., 1954; Kornfeld et al., 1954; Kornfeld et al., 1956). In fact, in spite
of its high cost and demand as an intermediate for new drugs, the only source
of lysergic acid is up to now the natural one.

The elucidation of the structure of the side chain of the alkaloids present
in ergotinine or ergotoxine was performed mainly by Jacobs and Craig who
in a few years produced a lot of work on this topic. After alkaline hydrolysis
of ergotinine, by which lysergic acid was removed, the building blocks of the
aminoacidic moiety were found to be: proline, phenylalanine, pyruvic and
a-hydroxyisovaleric acids (Jacobs et al., 1935). The residue from alkaline
hydrolysis was treated with hydrochloric acid and was found to contain a
dipeptide which after acidic hydrolysis gave an equimolecular mixture of
proline and phenylalanine (Jacobs et al., 1935). This dipeptide originated
from ergocristine which was probably the major component of the starting
material. After hydrogenation of ergotinine the same authors found isobutyric,
formic, and o-hydroxyvaleric acid (Jacobs et al., 1938). The isolation of all
these compounds meant a solution to the ergotinine, or rather ergotamine,
composition puzzle, but not in a correct sequence, as reported in Figure 2.

Research on new alkaloids present in C. purpurea was being carried out in
parallel with EA structure research. Stoll, besides ergotamine, isolated two
other peptide alkaloids from ergotinine: ergocornine and ergokryptine (Stoll
et al., 1943), the latter as its name indicates being the most difficult to isolate
since it was a minor component in the mixture. In 1943 Stoll published the
isolation and the structures of these two new alkaloids (Stoll et al., 1943),
perhaps with the thought that he had almost exhausted the series of alkaloids
present in Claviceps and also being thankful for having worked in the
peaceful island known as Switzerland. Surely he never imagined that at that
time a new and unexpected chapter in EA history was being opened in
war-torn England. Here indeed, the era of microbial fermentation had begun.

Nineteen forty-three was a historic year in EA research thanks to the
unexpected discovery of the hallucinogenic properties of lysergic acid
diethylamide (LSD) a synthetic derivative of lysergic acid. LSD had already
been synthesized in 1938 in a screening of compounds with oxytocic activity,
and tested in comparison with ergometrine, but it was impossible to note
its effects on the central nervous system since trials were carried out on

/CHQ—CH—CO—NH—CR———T
D
CH2\ NCH; o o
GG, | |
C  CH, N
Hi ]FCONH
B
NH

Figure 2 The first structure of ergotamine as reported by Jacobs et al. (1938)
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laboratory animals. It was found only to have less oxytocic activity than
ergometrine. In the spring of 1943 A. Hofmann, in the Sandoz labs in Basel,
resynthesized LSD in order to further investigate its analeptic activity owing
its structural analogy to nikethamide (Stoll et al., 1943). Without realizing it,
Hofmann contaminated himself with the product. Returning home from work
he noticed that he was having reactions and sensations completely new and
unusual for an orderly and methodical person like himself. He understood
immediately that what he was experiencing was the result of something he
had come into contact with at work and since he hadn’t voluntarily inflicted
anything on himself he concluded that traces of a product from the laboratory
were causing the strange effects. It is not unusual for a chemist, even one as
precise as Hofmann, to become contaminated by working at the lab bench.
In fact, the cases of self-contamination are much more frequent than one
would expect but are rarely evident because of the low biological activity of
the product as well as the dose, usually less than a milligram, taken. The effect
Hofmann experienced was so strong with respect to the dose ingested that
he, like any curious researcher, couldn’t keep himself from discovering which
product had caused the sensations. He therefore separately ingested every
product in small doses he had handled that day. He began by carefully taking
0.25 mg of each substance, and after ingesting the product labeled LSD 25 the
hallucinations and feelings that he had experienced before burst inside him
again. In his personal trial he took a quantity of LSD which corresponded to
5 times the active dose. It would be funny to think about how things would
have been if Hofmann, had stopped at a bar with his friends, the habit of
many researchers, instead of going directly home. IHe would have attributed
the observed anomalies to something else and we would have never known
about LSD, whose effects on the central nervous system would have been felt
only by the few laboratory animals treated in 1938 and 1943. LSD remained a
molecule used only in psychiatry and under strict medical control for 20 years.
This was due mainly to the limited availability of lysergic acid which was
obtainable only from C. purpurea sclerotia. However, its numerous and
peculiar biological activities increased the reputation of lysergic acid year by
year for its use by the pharmaceutical industries interested in new drug
research.

1.2. THE FERMENTATION ERA

The discovery of penicillin and its production in large scale caused the
explosion of microorganism fermentation technology in the major pharma-
ceutical companies which, in the second half of the 1940’s, began rescarch on
new antibiotics. The earliest attempts to obtain EA from C. purpurea in
saprophytic conditions were performed by several authors, all in academic
institutions. Their aim was to investigate the best growth conditions in
connection with the production of alkaloids (Bonns, 1922; Kirchhoff, 1929;
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McCrea, 1931; Baldacci, 1946). Despite the luxuriant growth of Claviceps in
some cases, only traces of alkaloids were detected, visualized by color
reactions in crude extracts but never confirmed by isolation of the pure
products. The decreasing of the ergotamine added to the medium led to the
conclusion that, even if alkaloids were produced in artificial conditions, they
were destroyed by the microorganism (Michener ez al., 1950). After obtaining
these results none of the authors above mentioned went more deeply into
the question. However, over the years the biological activities of natural and
semisynthetic derivatives of lysergic acid attracted more and more interest.

The first ergot alkaloid produced in saprophytic conditions was achieved in
1949 by Matazo Abe, a Japanese scientist working at the Takeda Research
Laboratories in Tokyo. He cultured a strain of Claviceps in surface cultures
grown on Agropyrum semicostatum, a plant common in his area. At first he
performed large flask surface cultures of the fungus, whose filtrate gave an
evident and constant positive reaction with Van Urk’s reagent (Abe, 1949).
After extraction of the culture medium he found an alkaloid of a new class
having an ergolinic structure but being unexpectedly not a lysergic derivative.
He named it agroclavine (Abe et al., 1951; Abe et al., 1953). In spite of Abe’s
joy in discovering a new alkaloid produced under saprophytic conditions, he
was quite disappointed when pharmacologically tested pure agroclavine
showed none of the biological activities of the known lysergic derivatives
produced by C. purpurea. He continued to look for new alkaloids in several
Claviceps strains grown on different plants and later he isolated a new
alkaloid, belonging to the same class as agroclavine, which he named elymo-
clavine (Abe et al., 1952). It was produced by a Claviceps strain collected on
a grass, Elymus mollis, growing on Kurili island. Elymoclavine differs from
agroclavine in that it bears an alcoholic group instead of a methyl group in
C-8 position. Having found the conditions for producing alkaloids on surface
and submerged cultures, Abe continued to isolate new alkaloids such as
festuclavine and penniclavine (Abe et al., 1954) in Claviceps on Festuca rubra;
molliclavine from Claviceps on Elymus mollis (Abe el al., 1955); pyroclavine
and costaclavine from Claviceps grown on Agropyrum semicostatum (Abe
et al., 1956). Since these alkaloids belonged to the same class as agroclavine
they were of no therapeutic value. In his research on EA from Claviceps of
different origins he finally succeeded in isolating a true lysergic derivative
with an unusual peptide side chain from a Spanish strain. This new com-
pound named ergosecaline can be considered as an ergocornine analogue
lacking proline (Abe et al., 1959). However, it was not mentioned again and
was never reported among the alkaloids isolated from Claviceps. Abe worked
for more than two decades with Claviceps and may be considered the most
unlucky researcher in EA history. Nevertheless, we are indebted to him for
having found the media suitable for culturing alkaloid-producing Claviceps
strains in good vyield.

At the end of the nineteen fifties Abe was not the only researcher interested
in producing lysergic acid derivatives from Claviceps purpurea grown in
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saprophytic cultures. Several other laboratories in both universities and
industries in Europe and the United States were working on this problem.
Such a widespread interest could be attributed to both the great development
in the techniques for microorganism fermentation, mainly for antibiotic
production, and the high cost of lysergic acid, which was at that time about
$500 per gram. The production of lysergic acid and especially of its natural
and semi-synthetic derivatives was practically monopolized at that time by the
Sandoz Pharmaceutical Company of Basel which, since Stoll’s discovery of
ergotamine, had produced these alkaloids by large scale cultivations of
Claviceps-infected rye. At that point a person of fundamental importance in
EA history entered the scene: Ernest Boris Chain.

E. Chain was awarded the Nobel prize in 1945 along with A. Fleming and
H. Florey for their discovery of penicillin. Chain was a Jewish chemist who
had studied and worked in Berlin as a young man during the nineteen
thirties. Because of the nazi racial laws he moved to Oxford and worked as a
researcher at the Sir William Dunn School of Pathology. It was here that Chain
resumed the studies on penicillin that Fleming had interrupted in 1929. Chain
devoted himself first to studying the production of penicillin by means of
fermentation and then to the elucidation of its structure. During these years
and with scarce means Chain acquired solid experience in fermentation
which complemented the chemical knowledge he had obtained in Berlin.
He was a brilliant researcher, a great mind, and had a vast experience in
chemistry and biology as well as a strong drive to achieve his goals, but he
was a difficult man. Until a few years ago, in Oxford, the door of the study of
professor R. Robinson (one of the most brilliant English chemists of his time)
bearing a large ink spot had been preserved. The spot was formed when
Sir Robinson threw an ink bottle at Chain at the end of a discussion on
the structure of that “diabolical linkage of reactive groups” otherwise known
as penicillin (Sheehan, 1982).

In the middle of the nineteen fifties E. Chain moved to Italy to the Istituto
Superiore di Sanita (ISS) in Rome, attracted by the possibility to set up and
direct the International Center of Microbiological Chemistry (CICM). The
new and well-equipped center was furnished with good chemistry and
microbiology laboratories and a modern pilot plant with fermenters of up to
100 L. Chain continued his studies on the fermentation of penicillin and its
analogues and under his direction in 1958 at the CICM, 6-amino penicillanic
acid was isolated for the first time. Chain directed the research on other
applicative topics in addition to that of penicillin and its analogues. Among
these topics was EA research aimed, however, not at speculative objectives
but at the production of lysergic acid. With the help of microbiologist
A. Tonolo and the use of small fermenters “hand made” by CICM technicians,
Chain was able to transfer various Claviceps strains in submerged cultures. As
in all studies of this type, he started with colonies obtained from sclerotia of
different origins grown in dishes on solid media which were then transferred
to liquid media in 300 mL Erlenmeyer flasks. The cultures which gave a sign
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of alkaloid production were transferred to small 2L fermenters composed of
a large glass tube and numerous electrodes in which an air flow constantly
agitated the medium. Alkaloid production was directly assayed on the culture
filtrates in the flask with Van Urk’s reagent. The mycelium was never taken
into consideration because at that time it was a common notion that all the
known secondary metabolites produced by microorganisms were released
into the medium and not retained in the cells. This was verified for Abe’s
clavines, penicillin, and many other antibiotics discovered in those years. It is
very likely that this procedure had caused the discovery of one of the few
water soluble alkaloids produced by Claviceps, the methylcarbinol amide of
lysergic acid (MCA). The hypothesis that some ergopeptine-producing strains
could have been cultured and then discarded cannot be excluded, given the
numerous strains of C. purpurea assayed.

After more than one year of attempts Tonolo was able to obtain with Van
Urk’s reagent an evident coloration of a culture filtrate, thus indicating an
alkaloid production greater than 10 mg/L as ergotamine. This culture orig-
inated from a sclerotium collected by Tonolo himself from a graminaceous
plant (Paspalum distichum) growing in the Roman countryside. The micro-
organism, named Claviceps paspali, grew abundantly in submerged culture
in pale-colored filamentous aggregates, and when the strain exhibited a stable
alkaloid production, the research was focused exclusively on it and the other
strains were given up. This strain was labelled F550 and all the strains used
afterward derived from it. Chain’s goal at the time was not to produce a
specific alkaloid, known or unknown, but rather to get by fermentation
whatever lysergic acid derivative in high yield from which pure lysergic acid
could be obtained. The first cultures of C. paspali which gave a positive
reaction with Van Urk reagent, were analyzed by paper chromatography
because at that time thin layer chromatography (TLC) was still in its infancy.
The chromatograms showed five fluorescent spots four of which, reacting
with the Van Urk reagent, had the characteristic UV spectra of true lysergic
derivatives (quite different from those of clavines). In order to confirm the
presence of the lysergic acid in their structures the crude alkaloids were
hydrolyzed, extracted and analyzed. IR analysis, the most reliable technique
at the time, revealed an exact overlapping of the bands of the obtained
product with those of a pure sample of lysergic acid. In December 1959, the
possibility to produce lysergic acid by saprophytic cultures of C. paspali was
at last achieved (Arcamone el al., 1960).

Chain did not intend to repeat his experience with penicillin: a lot of honor
but no economic benefits. In fact, the production of penicillin by English
laboratories was submitted to payment of royalties to the American labora-
tories who owned the patents, dated before the isolation of penicillin itself,
on the producer microorganisms. Chain had a position in a public institution
in Rome, the ISS, so he could not be either the owner of a patent on the
production of lysergic acid derivatives (LAD) or sell it to anyone. In order to
bypass the problem he agreed with the head of the ISS to create a foundation
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which was allowed to give financial support to the research performed in the
ISS. A patent was issued on the production of LAD in submerged cultures by
C. paspali and was transferred to a pharmaceutical firm, leader in the field of
industrial fermentations, the Farmitalia Company in Milan. Farmitalia sent a
team of five young researchers to work in Chain’s laboratories in Rome, each
specialized in one of the following fields: chemical synthesis, extraction, fer-
mentation process, microbiology and biochemical analysis, covering all the
fields concerning the cultivation and fermentation of microorganisms as well
as the isolation and identification of their metabolites. The researcher con-
sidered to be the head of the group, F. Arcamone, had already isolated a few
new antibiotics including the antitumor agent adriamycin.

Research was carried out in two directions: identification of the alkaloids
produced and increase of their production. As far as the identification of the
alkaloids is concerned, it was surprisingly found that they did not correspond
to any known LAD, either water soluble like ergometrine or liposoluble like
the ergopeptines. Hydrolysis of the crude extracts gave no amino acids except
traces of 2-aminopropanol, a sign of the presence of ergometrine, but less
than 5% of the total alkaloids. It soon became clear that the four compounds
corresponded to only two alkaloids, both present in two isomeric form. One
of them was the lysergic acid amide, ergine, already known as a degradation
product of ergotinine, which was classified as a natural product from ergot.
Later, its presence in nature was excluded for biosynthetic reasons. The other
one, during purification, constantly released small amounts of ergine, and
thus was revealed to be a labile derivative of ergine. This alkaloid gave acet-
aldehyde upon treatment with diluted sulfuric acid and was identified as the
methyl carbinol amide of lysergic acid (Arcamone et al., 1961). The fifth spot
observed on the chromatograms, Van Urk reagent negative, was identified as
2,3-dihydroxy benzoic acid, a compound related to the alkaloid production.
In fact, biosynthetic studies confirmed that it derived from the catabolism of
tryptophan, the earliest EA precursor (Arcamone et al., 1961). In conclusion,
the four spots observed on the chromatograms of the crude extracts all
derived from a mere MCA which formed ergine by degradation. Both com-
pounds then isomerized into the respective dextrorotatory form. The five
Farmitalia researchers remained in Rome for more than a year during which
Chain was very interested in their progress. Every afternoon he came to CICM
to discuss the results, to express hypotheses and to plan the next experi-
ments. The following day he appeared without fail to inquire about the
results of the experiments even if they were not yet finished. Very seldom did
a fermenter or flask fermentation arrive to its natural or scheduled end: the
data from each experiment being immediately used as starting point for new
ones under different conditions. Chain had surprising and almost always
correct perceptions which resulted from his vast and long experience in
industrial fermentation. He became very interested in measuring the oxygen
consumption and concentration inside the medium, at that time very difficult
to perform. The cost of the fermentation both in terms of time and money
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was another constant problem for him. After one year production of LAD
reached 1g/L with a very simple and cheap medium consisting of mannitol,
succinic acid and ammonia. A medium so “clean” which avoided complex
components such as corn steep or starch was very useful in both studying the
fermentation process and in the recovering the alkaloids. Chain had been
working in Rome until 1964 when, together with the head of the ISS, he was
involved in a lawsuit. A violent press campaign against the ISS management,
desired and fomented by political factions, compelled him to move to
England. There he was appointed to the head of the Biochemical Department
of the Imperial College of London where he never ceased his research on EA.

As the work on LAD progressed in Rome the Farmitalia company in Milan
started its production on large scale. C. Spalla, the head of the Department
of Industrial Microbiology, studied the strain F550 as soon as it was available,
and in a short time a production of over 2 g/L was achieved. Spalla was also
supervisor of the Farmitalia industrial fermentation plant in Settimo Torinese,
near Turin, where fermenters with capacities up to 50,000 L and 100,000 L were
used for antibiotics and vitamins production. He was credited with having
largely increased alkaloid production but mainly for his efforts and success in
transferring the good results obtained in flasks in large fermenters.

With strain F550 and large-scale fermentation Farmitalia soon became the
major producer of lysergic acid, and was able to satisfy every request until
something unexpected happened: the discovery of paspalic acid (Kobel et al.,
1964). The fact that Abe had found clavine-producing Claviceps sp. in Japan
and Chain had found MCA-producing Claviceps in Italy led to the realiza-
tion that other strains able to produce new alkaloids may exist. This idea
prompted some companies to search all around the world for sclerotia and
to analyze their alkaloid production. The company most interested in this
pursuit was Sandoz. Sandoz’s luck brought the company to Africa, to the
Portuguese colony of Angola, where a strain of Claviceps which produced a
new ergot alkaloid, paspalic acid, was found. Paspalic acid has a structure
which is an intermediate between the clavines and lysergic acid differing from
the latter only in the presence of the double bond in position 8,9 instead of
9,10. But the fact of utmost importance is that, upon mild alkaline treatment,
the double bond shifts to position 9,10, thus making the conversion to
lysergic acid. Sandoz was a pharmaceutical company with a synthetic and
extractive history; in fact its main drugs were ergot alkaloids and digitalic
glycosides. Nevertheless, the firm had no experience in fermentation. After
the discovery of paspalic acid, Sandoz acquired a small company with fer-
mentation plants in Austria and thus started producing paspalic acid which
was easily transformed into lysergic acid. In this field Sandoz became a
competitor of Farmitalia but the latter maintained the advantage due to its
high producing strains and the potential of its fermenters.

As far as the investigation of the production of sclerotia collected in
different regions is concerned, a surprising pattern became evident. In Spain
and Portugal Claviceps sclerotia were found to produce mainly ergotoxine,
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while in central Europe they produced ergotamine, in east Europe ergo-
metrine, in Japan clavines and in North America chanoclavines were found in
maize-parasitizing strains. In addition to this linear positioning of strain
structure complexity along a geographic pathway, some anomalies also
existed. MCA-producing sclerotia were found only in Rome and in Australia.
Their location in two such distant places puzzled Tonolo who, after consult-
ing botanical texts on Italian flora, found that Claviceps parasitizing Paspalum
distichum had never been reported. One day, upon returning to where he
had picked the sclerotia, he learned from the local people that New Zealander
troops had been stationed in that area for a long time during the second
world war.

1.3. THE ERGOPEPTINES

As soon as the problem of the production of lysergic acid by fermentation
was resolved, EA research efforts turned to the production of ergopeptines.
At the beginning of the 60’s the known ergopeptines (ergotamine, ergosine,
ergocornine, ergocristine and ergocryptine) were extracted from ripe sclerotia
(Hofmann, 1964) or produced semisynthetically from lysergic acid (Hofmann
et al., 1961). Nevertheless, it was evident that the production of these com-
pounds by fermentation would have captured the market. At the same time
a dozen research groups in both Europe (Groger, 1959; Plieninger, 1961;
Agurell, 1962; Floss, 1967) and the USA (Abou-Chaar, 1961; Pacifici, 1962; Taber,
1967), almost all in Universities, were working on this topic. Each of these
groups had a strain of C. purpurea which produced small quantities of a
complex mixture of ergopeptines often as minor alkaloids among a lot of
clavines. The major problems were to first find producer strains of the desired
alkaloid, and then to enhance the production by 10-100 times.

A project involving the same researchers who had been working in Rome
with Chain was started in 1961 in the Farmitalia R & D Laboratories in Milan.
In those years ergotamine was the most popular alkaloid on the market.
By exploiting the previously mentioned knowledge on the production of
different alkaloids according to the place of origin, sclerotia were collected
in central Europe where ergotamine-producing Claviceps were present.
Colonies obtained from sclerotia, often quite different from one another in
spite of their common origin, were cultured on solid medium. Each colony
was homogenized and utilized as starting material for a submerged culture.
After 10 days the cultures were checked for alkaloid production with Van
Urk’s reagent and by TLC. In one year’s time a few hundred strains were
examined but no constant producer of EA was found. Some cultures pro-
duced a few mg/L, but the alkaloids always disappeared in subcultur-
ing. At this point a microbiologist, Alba M. Amici, joined the group. She had
never worked on Claviceps, but to the great surprise of her colleagues and
herself, she observed considerable alkaloid production in her first isolate.
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Her satisfaction was greatly enhanced when TLC analysis indicated that the
strain produced mainly ergotamine. Furthermore, the mycelium of the
culture, discarded but quickly retrieved from the garbage can, still contained
a good amount of alkaloids. This strain, labelled FI 275 with a lasting
production of 150 mg per liter, was the starting point for the industrial
production of ergotamine (Amici et al., 1966). Attempts to optimize the
medium, the same one adopted for C. paspali but containing glucose instead
of mannitol, gave inconsistent results. Phosphate was the only component
whose concentration showed to be crucial, within limits, for a good produc-
tion. A dramatic improvement took place when Amici remembered that the
sclerotia in nature grow on the nectar in rye flowers. She performed an
experiment by increasing the amount of sucrose in the medium up to 20%, a
quantity that she considered quite high. Surprisingly, analyses revealed that
the amount of the alkaloids produced inc¢reased proportionally to the amount
of sucrose added. A second experiment with sucrose amounts ranging from
5 to 50% allowed for the determination that the optimum quantity fell
between 30 and 35%. With this new medium EA production rose several fold.
This result represented the most characteristic and unexpected among the
data reported on EA production in Claviceps (Amici et al., 1967). No medium
with such a high concentration of sucrose had been previously reported in
the literature for the production of a secondary metabolite. A medium
containing 300 kg of sucrose per m’ couldn’t be initially considered for use as
an industrial medium because it was too expensive, but the value of the
alkaloids produced made up for the expense. When this medium was
published, another researcher pointed out an “error”; he thought that the
reported figure of 300g/L was an error in the transcription from the manu-
script in place of the more likely value of 30.0g/L. Analyses at the end of
fermentation indicated that only a part of the sucrose was consumed, the
great majority being converted into oligosaccharides formed by a molecule of
glucose linked to a linear sequence of fructose (Arcamone et al., 1970). It was
later found that 10% of the sucrose could be substituted with KCI, a
significantly cheaper compound.

From that moment on, strategies for increasing production were no longer
based on the assessment of the nutrients, but on the selection of cell lines
endowed with the highest potency. The procedure was very simple and was
based on cultures plated on solid agar medium. The undersides of colony-
containing plates were inspected by UV light in order to identify the most
fluorescent colonies presumed to contain the largest amount of alkaloids.
Those colonies were picked up, grown onto slants and divided in two halves.
The first half was fermented in submerged culture and analyzed, the second
half preserved at low temperature. The second half of the most produc-
tive colonies was homogenized, plated again, then submitted to an analogous
treatment. Little by little, with each selection step, the production of
crgotamine increased from a few hundred to a few thousand mg/L. In spite
of this ten-fold improvement, the internal ratio of the produced alkaloids
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never changed significantly. The researchers involved in this project were
frequently asked at international meetings how these results were achieved.
Although they always explained this strategy in detail, nobody ever believed
them. Everyone suspected the existence of some trick which could not be
revealed; on the contrary it was the pure and simple truth. Perhaps people
did not realize that such an endeavor, which involved the fermentation of
thousands cultures and their analyses, could have been performed only at an
industrial level and not in a University laboratory, even one well equipped.

During these years Chain and Tonolo, while working at the Imperial
College of London, also found a strain which produced ergotamine in
addition to other alkaloids, but they couldn’t obtain more than a few hundred
mg/L (Basset et al., 1973). After ergotamine the Farmitalia’s researchers
succeeded in producing, with the same technique and in a short time, the
other known ergopeptines: ergocryptine (Amici e/ al., 1969), ergocristine
(Minghetti et al., 1971), ergocornine and ergosine (Amici et al., 1971). Usually
the strains produced two major alkaloids, one belonging to the ergotamine
group and one to that of ergotoxine. This fact was explained when the
biosynthetic pathways of the overproduced amino acids were considered.
The identification and the quantification of each alkaloid in a crude extract
were determined as follows: alkaloids were divided in the three groups of
ergotamine, ergoxine and ergotoxine by TLC. The groups were eluted and
submitted to acid hydrolysis and the resulting amino acids were determined
by an amino acid analyzer. With this procedure, only the amino acids present
in position 2 and 3 (proline) were detected (see Figure 3). The amino acid in
position 2 characterizes the alkaloid in the group. When several ergopeptines
were present in the same group, the total molecular amount of amino acids
(valine, leucine, isoleucine and phenylalanine) had to be equal to the amount
of proline. This procedure was very useful in identifying some minor
alkaloids. For example, the presence of isoleucine revealed f-ergocryptine
production. Stepwise selection, as previously described, led to the attainment
of a strain with a high production of this alkaloid (Bianchi et a!/., 1976).

In some cases proline was found in smaller amounts than expected. This
fact together with the discovery of large amounts of lysergylvaline methyl-
ester in the crude extracts revealed the production of “open” ergopeptines
(ergopeptams) in which the side chain was not completely cyclized. The first
compound of this series was discovered by Sandoz researchers who isolated
lysergylvaline methylester and considered it a natural product (Schlientz et al.,
1963). Later the same authors realized that it was an artifact resulting from the
methanolysis which had occurred during the extraction of an unexpected
ergopeptine with a structure similar to ergocristine, in which valine was not
linked to proline by an oxygen bridge (Stutz et a/., 1973). In such a structure
valine is hydrolyzed in acidic conditions to a free amino acid instead of being
degraded, as in the case of ergocristine. This alkaloid open a new series of
ergopeptines: the ergopeptams which exactly overlap the structures reported
in Figure 3. Another finding included the presence of small amounts of other
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Figure 3 The first known natural ergopeptines

amino acids on the chromatographic panel. These amino acids were at first
neglected because they were considered impurities, but their constant pres-
ence caused some suspicion since they were the amino acids typically present
in the different ergopeptines.

The insertion of all the known alkaloids in a grid where each compound
has its own place according to the side chain of either the first and the second
amino acid, as reported in Figure 3, was very useful in predicting the
existence of other new missing alkaloids. In fact, three alkaloids were missing
in the ergoxine group: ¢ and f-ergoptine and ergonine. An investigation was
undertaken to find these alkaloids in the crude extract of the strain FI 231,
mainly an ergotoxine producer. During the isolation of these compounds a
paper appeared, in which Sandoz resecarchers described the isolation and
characterization of ergonine and ergoptine from sclerotia, two alkaloid
already obtained by synthesis (Stitz e/ al., 1970). However, the Farmitalia
researchers found small amounts of alanine and o-aminobutyric acid (ABA) in
the chromatographic fractions containing the two previously mentioned
alkaloids. Alanine was considered an impurity and ABA was believed to have
arisen from the ergopeptams corresponding to ergonine and ergopeptine.
Nevertheless, analysis of the spectroscopic data of one isolated compound
revealed that it was an authentic ergopeptine in which ABA was the second
amino acid. This compound was named ergobutine and originated a new
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series of ergopetines (Bianchi et al., 1982). Following the discovery of
ergobutine it was not difficult to find another member of this series,
ergobutyrine, which corresponded to the ergotoxine group. The last missing
alkaloid, ergobine, which belonged to the ergotamine group, owing to its
very low production went on be discovered later by the same authors
(Crespi-Perellino et al., 1993). Only two alkaloids, f-ergoptine and f-ergosine,
remained to be included in the previous mentioned grid. During the research
on these products two other unexpected alkaloids were found which corre-
sponded to ergocryptine and ergocornine and bore a methoxy instead of
a hydroxy group in 12’ position (Crespi-Perellino et al., 1987). They could
have been considered the first members of a new series, but no similar
alkaloid has since been described. This was the second time that, looking for
a well defined alkaloid, the researchers found some different ones. Recently,
researchers of Galena (Czech Republic) have isolated an ergopeptine, ergoga-
line, bearing homoisoleucine in position 2 (Cvak et al., 1994), which could
also be considered the first member of a new series of ergopeptines, as for
ABA. The presence of alanine among the amino acids in the panel of the
hydrolyzed alkaloids led to the idea that it could also be present in the second
position of the ergopeptines’ side chain. In spite of very careful investigations
no alkaloid was found with such a structure. It was analogously investigated
whether the amino acid in 1 position of the ergopeptines could be one other
than the usual alanine, ABA or valine. The most likely candidate would be
leucine, but experiments with high quantities of added leucine as well as with
labeled leucine excluded this hypothesis.

After having worked for more than a decade on EA, researchers wondered
why only those specific alkaloids were produced and if it was possible to
obtain others. If one considers all ergopeptines reported in Figure 4, the
question arises as to why only alanine, aminobutyric acid, valine, leucine,
isoleucine, phenylalanine and proline are involved in ergopeptine biosyn-
thesis. Comparing these amino acids with all the other natural ones it became
evident that the first group had a lipophilic side chain structure while
the others had a more polar one. Since the lipophilicity of the amino acid
side chains cannot be sacrificed because of its incorporation into the ergopep-
tines, unnatural amino acids were fed to the cultures of all four high
producing Claviceps strains (Bianchi et al., 1982). The following amino
acids were tested: p-fluorophenylalanine, p-nitrophenylalanine, p-methoxy-
phenylalanine, norleucine and norvaline. All the strains gave a consistent
amount (10-40%) of ergopeptines with the unnatural amino acid present as
second amino acid of the side chain. A few analogues of such ergopeptines
were produced and pharmacologically tested, but they showed no promise
for the future.

In addition to the production by fermentation of the natural alkaloids, the
biosynthesis of these compounds was also investigated. As soon as the strain
[ 550, a producer of simple lysergic amides, was available studies aimed at
explaining the biosynthesis of the lysergic acid moiety were initiated. A few
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Figure 4 Ergopeptines produced by Claviceps purpurea

years earlier, in 1956, mevalonic acid had been discovered and it became clear
that the building blocks of lysergic acid were tryptophan, mevalonic
acid and a methyl group. All the steps in the biosynthetic pathway from
tryptophan to lysergic acid were soon demonstrated also in details (Floss,
1976). However, the origin of the ergometrine side chain, the aminopropanol
moiety, still remains obscure. The biosynthesis of ergopeptines, as a serial
addition to the lysergic moiety of amino acids assembled in the cyclol struc-
ture, initially seemed easy to demonstrate. The early discovery of lysergyl-
valine methylester strengthened this hypothesis (Schlientz et al., 1963), but
what was expected to be clear in a short time needed thirty years to be
explained. In fact only one year ago it has been demonstrated, by using the
FI 275 strain, that the tripeptide was assembled starting from the last amino
acid proline, bound to the enzyme and, only when linked to the lysergic acid,
was the entire ergopeptine released in free form: an unusual and unexpected
mechanism of biosynthesis (Riederer et al., 1996).

Now, after almost forty years since the first fermentation of EA, some
unexpected findings have taken place: among these ergobalansine, a new
ergopeptine, produced by the endophytic fungus Balansia living on sandbur
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grass (Cenchrus echinata) and the sedge Cyperus virens has been found. This
alkaloid may be considered an analogue of ergotamine in which proline is
substituted by alanine and its isomer ergobalansinine has been isolated also
from the seeds of Ipomoea piurensis (Jenett-Siems et al., 1994). The isolation
of ergobalansine and other unusual alkaloids reveals that the matter may not
be so clear cut as one might have thought. Many other unknown alkaloids
still lay hidden in sclerotia of Claviceps sp. or in some endophytes fungi like
Balansia sp., Sphacelia sorghi (Mantel et al., 1968; Mantel et al., 1981), and
Aspergillus fumigatus.(Spilsbury et al., 1961) Also higher plants (Convol-
uvulaceae) have been recognized to be good producers of EA. Ergobalan-
sinine in Ipomoea piurensis (Jenett-Siems et al., 1994), ergosine, ergosinine
and agroclavine in Ipomoea argyrophylla (Stauffacher et al., 1966), lysergol
in Ipomoea hederacea, ergine, isoergine and clavines in Rivea corymbosa
(Hofmann et al., 1960), ergine, isoergine and clavines in tropical wood roses
Argyreia nervosa, and Ipomoea tuberosa (Hylin et al., 1965) have been found.
The finding of EA in higher plants was completely unexpected because until
then they had been searched for and considered to be present exclusively in
Claviceps sp.

At this point a question arises: why is the mechanism of EA biosynthesis, so
complex and exclusive, spread both in microorganisms and in higher plants?
Considering that all the alkaloids are produced by higher plants it might be
that the genes encoding the enzymes responsible for their biosynthesis
had been present first in plants. Later a parasitic microorganism like Claviceps
could have picked up them and evolved increasing the production. This
is the case for taxol, a macrocyclic diterpene produced by the tree Taxus brevi-
Jfolia and now found also in some endophytic microorganisms (Stierle et al.,
1993). This hypothesis has never been considered but this story, not concerning
the few past decades but the millions of years elapsed during the evolution, if
investigated, might lead to truly unexpected conclusions.
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2.1. INTRODUCTION

Claviceps species are the causal agents of the ubiquitous ergot disease. About
thirty-six different filamentous fungi constitute this genus of phytopathogenic
ascomycetes. They parasitize more than 600 monocotyledonous plants of the
families Poaceae, Juncaceae and Cyperaceae (Bové, 1970), including forage
grasses and the leading cereals worldwide: wheat, rice, corn, barley, sorghum,
oats, rye, millets (Baum et al., 1992). Being epidemic to a greater extent in
semi-arid regions than in temperate zones, ergot is of increasing importance
in India and Africa, where pearl millet and sorghum are essential crops
(Frederickson et al., 1993). Although the fungi cause harvest losses due to
replacement of host ovaries with the parasite’s resting structures, the ergot-
called sclerotia, the main problem is not a severe loss in seed quantity but
arises from complete ruin of grain quality due to the alkaloid content of
the sclerotia. Admittedly, ergot alkaloids are secondary metabolites of high
pharmacological value and are, therefore, produced worldwide on a large
scale, nevertheless, these toxins cause highly dangerous or even deadly
ergotism when contaminated grains are fed to animals or are consumed
by man. These are the reasons for a continuous interest for ages in ergot
fungi and their persistent importance (see chapter 1 in this volume), which
will remain valid as long as the main ubiquitous nutritional basis to man and
herbivorous livestock is concerned. Worldwide reduction in grain yield and
quality causes the permanent necessity for an expensive cleaning of attacked
cereals to maintain a minimum of purity standard. A contamination of crops
with ergots higher than 0.3% by weight spoils the grain even for feeding
(Agrios, 1988). Specific measures for reliable control as well as utilization of
positive capacities of ergot fungi closely depend on an overall understanding
of host- and pathogen biology.

This article deals with general biology and histopathology of ergot fungi
pointing to similarities and differences in the scale of biological forms
of Claviceps species associated with variable host types and numbers. In
contrast to the limited knowledge of fundamental biology in many plant—
parasite systems (Mims, 1991), numerous investigations, most of them from
Mantle’s group and mainly based on the few most important ergot species,
C. purpurea (Fries ex Fries) Tulasne, C. fusiformis Loveless, C. sorghi
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Kulkarni, Seshadri and Hegde, C. africana Frederickson, Mantle & De
Milliano, and C. paspali Stevens and Hall, add to a considerable body of
research on Claviceps species reviewed by Taber (1985) and, focused on
C. purpurea, by Tudzynski et al. (1995). This article emphasizes on recent
advances in general biology, epidemiology and control as well as histopathol-
ogy and molecular cytology in the genus Claviceps. Although much further
work is needed in this field of research on both, the pathogen and the
targeted host organ, substantial knowledge and modern methods in fine
structural analysis of interaction-specific reactions i# situ open the opportunity
to address unsolved hypotheses in this specific ergot—grass relationship and
therewith contribute to general understanding of molecular mechanism in
the interaction of hosts and pathogens.

2.2. LIFE-CYCLE

In nature, the parasitic lifes of ergot fungi start with windborne ascospores
landing on susceptible hosts in spring. All arising stages of their life-cycle
can develop from one single spore, therefore, the ergot fungi are homothallic
as shown by Esser and Tudzynski (1978) (see chapter 4 in this volume) for C.
purpurea (Figure 1). Typically, spores attach and germinate on the pistil
surfaces of blooming host florets and initiate a specific pathogenesis pattern
with little variation between ergot species (Parbery, 1996). Hyphae invade
and colonize the ovary, grow down to the tip of the ovary axis, the rachilla,
and establish a specific and persisting host-parasite frontier. The fungi never
invade any part further down in the host but proliferate above this site.
A sphacelial stroma grows profusely in the ovary, producing masses of
anamorphic spores which are exuded into a syrupy fluid (Figure 1). With this
honeydew, the conidiospores are transferred to other blooming florets
by rainsplash, head-to-head contact or insect vectors. Thereby ergot fungi
spread spatially in the field having used the plant gynoecia for their own
proliferation.

A few ergot fungi, e.g., C. africana, C. fusiformis, C. cynodontis Langdon,
C. paspali and C. sorghi, produce two types of anamorphic spores. They
cover a wide range in size and mostly divide into microconidia, measuring
about 6 x 2.5um, and macroconidia, measuring about 16 x4um. Firstly, the
honeydew contains macroconidia, often microconidia as well, which are able
to germinate in the honeydew just below the syrup surface. Secondly,
conidiophores emerge and differentiate “secondary conidia” outside the
liquid in a secondary conidiation cycle. Masses of conidia, mostly micro-
conidia, whiten the surfaces of sticky colourless honey dew droplets one day
after their exudation. Since both conidia types can initiate infection, these
ergot fungi spread in the field by a second airborne inoculum in addition to
the transmittance of macroconidia with the honeydew (Luttrell, 1977,
Frederickson et al., 1989, 1993; Parbery, D.G. pers. communication).



Figure 1 Life-cycle of ergot fungi, shown for C. purpurea. The different stages
depicted are 1, germinating ascospore; 2, a rye floret at anthesis exposing the stigma
between the opened glumes; 3, an infected rye ovary during the endophytic coloni-
zation phase with withered stigma and style, long ovary cap hairs and the rachilla (arrow);
4, a biflorescented spikelet of rye after selective inoculation with C. purpurea which
has formed a sphacelium (arrow) in the infected right floret next to a rye seed
developing in the neighbouring uninfected floret; 5, a rye ear with honeydew (arrows)
flowing out of infected florets; 6, a sphacelial stroma with phialidic conidio-
phores producing many anamorphous spores; 6, pointing to the additional micro-
cycle producing airborne microconidia in some other ergot species; 7, germinating
conidiospore on the host ovary cap with subcuticular hyphal growth towards the
cellular junction; 8, a mature rye ear with several sclerotia; 9, germinating sclerotium
with stromata that differentiate perithecia (arrow) in the head periphery containing
asci with ascospores (Figures 1 and 9 courtesy of P. Tudzynski)
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Next, honeydew production and conidiation usually cease when the forma-
tion of sclerotia starts. Sclerotia mature in about five weeks (Figure 1). Finally,
during autumn, instead of a caryopsis, a ripe sclerotium leaves the spike,
therewith making ergot a replacement tissue disease (Luttrell, 1980). The hard
compact ergot consists of a plectenchymatous whitish medulla consisting of
special storage cells and a typically pigmented outer cortex. It serves for
sexual reproduction and as a resting structure to survive unfavourable
conditions, e.g., in temperate zones for overwintering after having fallen to
the ground or having been harvested together with the seed.

In temperate zones, sclerotia germinate in spring after a period of low
temperature, which favours germination of C. paspali sclerotia (Luttrell,
1977). For C. purpurea, a temperature of 0°C for at least 25 days would be
optimal for germination (Kirchhoff, 1929). Possibly, low temperatures are
needed to activate enzymes for lipid mobilization in sclerotia (Cooke and
Mitchell, 1967). Optimally, at about 20°C, germination can occur above or just
beneath of the soil surface (Kirchhoff, 1929). Germination results in one to
sixty clavicipitaceous stromata, formed of mushroom-like stalks with spherical
capitula (Figure 1). Both, stalk and capitula have species-specific pigmenta-
tion (Frederickson et al., 1991) and are 0.5 to 3.8cm long, growing positively
phototrophic (Hadley, 1968) to reach the air. Except for C. paspali (Taber,
1985), female ascogonia and male antheridia develop in the periphery of the
capitula and fuse to form dikaryotic ascogenous hyphae. The hyphae sur-
rounding the fertilized ascogonia build flask-shaped perithecia within which
karyogamy and meiosis occur, producing asci with thin, needle-like, hyaline,
nonseptate ascospores. Claviceps ascospores appear to be comparable in
different species (Frederickson et al., 1991) and measure 40 to 176 x 0.4 to
1.2um. Under suitable moist conditions, eight ascospores are forcibly ejected
through the apical pores of asci, which emerge through the ostiole of
perithecia in C. paspali (Luttrell, 1977). About four weeks after sclerotia
germination, these ascospores represent the airborne primary inoculum and
give rise to new infection foci.

2.3. HOST RANGE AND SPECIFICITY

2.3.1. Host Range

As mentioned above, ergot species are common on cereals, cultivated forage
grasses and many wild grasses, in addition, ergot infects sedges and a few
rushes (Taber, 1985). Although Claviceps infects over 600 host species world-
wide, most of the thirty-six different Claviceps species have a monogeneric
host range, a few are tribe-specific (Loveless, 1971), and some are species-
specific (Parbery, 1996). Some ergot fungi are widely endemic, e.g., C. africana,
living solely in eastern and south-eastern Africa, or C. sorghi, confined to
India (Frederickson el al., 1994). In conclusion, endemism is not due to
spatial host restrictions, since both species share the same host type.
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C. purpurea, however, parasitizes mainly rye, wheat and barley as well as
numerous forage- and roadside grasses (Campbell, 1957; Loveless, 1971). All
in all, C. purpurea attacks about 400 species of grasses throughout the world
(Taber, 1985). Such wide host range is unique in the genus, and rises the
question whether physiological races have been evolved. Although substan-
tially investigated, the existence of formae specialis has not been verified
thus far (Stager, 1922; Campbell, 1957; Loveless, 1971; Darlington et al., 1977;
Frauenstein, 1977; Taber, 1985; Tudzynski et al., 1995). Nevertheless, a high
variation in random amplified polymorphic DNA (RAPD) pattern with con-
siderable strain-specificity among 29 field isolated of C. purpurea indicated an
unusual high degree of genetic diversity in this ergot species; host specificity
is indicated to some extend, since most strains from specific host plants
group together in preliminary tree analysis (Tudzynski and Tudzynski, 1996;
Jungehilsing and Tudzynski, 1997; see chapter 4 in this volume). With few
exceptions and regardless of locations, most strains of C. purpurea isolated
from one host can pass over onto another and vice versa (Campbell, 1957), in
particular individuals from ryegrass can infect rye (Mantle, 1967). More
aggressive strains can replace other ergot strains having already settled in the
ovary (Swan and Mantle, 1991). This multidirectional infection is not without
consequences for epidemiology and control (see below).

Notably, all natural ergot-plant associations share two conspicuous host
features, which obviously reflects special adaptations of the antagonist (see
below): (a) all hosts are anemophilous monocotyledons and (b) the fungal
objectives are host gynoecia solely.

2.3.2. Organ Specificity

In all Claviceps species studied thus far, infection is confined to host ovaries
(Parbery, 1996). In general, organ specificity is poorly understood (Schiifer,
1994). In ergot, in particular, this phenomenon is a matter of speculations,
because the biological function of the targeted host organ intended for
sexual reproduction and its distinctive adaptations thereupon offer some
additional concepts, however, are not conceived at their molecular function
itself.

Although the inoculum reaches most likely every host surface area, in
nature, successful ergot infection is strictly specific to florets. Florets can pre-
vent infection completely by denying access of inoculum to their pistils due
to tightly closed bracts (see Chapter Ergot Virulence and Host Susceptibility).
However, one can artificially induce sclerotia development by wounding
and inoculating young tissue, e.g., on stalks (Stoll and Brack, 1944), on the
shoot apex of rye seedlings (Lewis, 1956), or on nodes and internodes
of rye (Garay, 1956). Jointly, these observations point to unique features of
pistil surfaces which appear to be indispensable for the establishment of
infection. Additionally, imitation of specific pollen—stigma interaction has
been suggested. Therefore, molecular cytological investigations of the pistil
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surface and the interaction-specific reactions are necessary (see Chapter
Histo- and cytopathology of infection). Mechanisms might be analogous to
pollen adhesion and penetration processes that have been examined in
grasses (Heslop-Harrison and Heslop-Harrison, 1980, 1981; Heslop-Harrison
et al., 1984, 1985). There are some striking similarities between the process of
fungal colonization and natural fertilization, for the plant’s ovary mainly
serves as a host for the male gametophyte in order to favour and to guide
pollen tube tip-growth. Furthermore, both invaders interfere with each other
when landing on their objective at the same time, in particular, simultaneous
pollination favours fungal penetration, e.g., in C. purpurea (Williams and
Colotelo, 1975), however, pollen tubes grow much quicker reaching the ovule
in wheat in about 30 min (You and Jensen, 1985). Admittedly, the ovary
appears to be dispensable for fungal development subsequent to primary
infection, because sclerotia are formed even after artificial inoculation of
florets, the ovaries of which have been removed previously (Cherewick, 1953)
or after advanced kernel growth (Mantle, 1972). Nevertheless, mimicry of
pollen tube growth might also occur in the ovary colonization process.

A second reason for organ specificity might be the exceptional molecular
architecture of the monocotyledonous cell wall (Carpita and Gibeaut, 1993)
certainly with some additional unique cell wall modifications in different
pistil tissues (Tenberge et al., 1996a,b; see below), e.g., pistil epidermis with
stigma hairs, ovary mesophyll, transmitting tissue and integuments.

Host floret biology is fundamentally important in every respect. Since ergot
hosts are anemophilous, floret morphology and the time course of anthesis
determines pollination. Likewise, access of fungal spores, especially of air-
borne primary inoculum, is subject to floret biology. In most grasses, single
florets gape for several hours, then close tightly, sometimes leaving the stig-
mas exposed between the glumes. After pollination, stigmas wither directly
in pearl millet, quickly in rye or remain turgid over a period of two month,
even after infection, in sorghum. Regarding complete ears, florets open,
starting near the top of the ear and progressing in a series basipetally over
several days, as in sorghum (Frederickson and Mantle, 1988) or rye. Hence,
cereal fields are in bloom for about two weeks.

2.4. HISTO- AND CYTOPATHOLOGY OF INFECTION

Different ergot species exhibit little variation in overall pathogenesis and their
cytopathology of infection, which has recently been reviewed with emphasis
on C. purpurea (Tudzynski el al., 1995), is basically identical (Luttrell, 1980;
Parbery, 1996). In the few species investigated at the microscopical level, so
far, starting with the first detailed description of infection by Tulasne (1853),
there cxists both, some peculiar findings and some conflicting data still open
to question.
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2.4.1. Host Infection
Infection Site and Route

Infection of a single host plant is naturally induced by spores landing on the
pistil of open florets for which less than ten conidia are sufficient (Puranik
and Mathre, 1971). The precise site of spore germination and the resulting
infection route, i.e., either via stigma or style with help of the pollen tube
path in contrast to ovary wall or ovary base, has been controversially
discussed (Engelke, 1902; Kirchhoff, 1929; Campbell, 1958; Luttrell, 1980; Shaw
and Mantle, 1980a; Tudzynski et al., 1995). Conflicts arose because the
penetration site was deduced from hyphal locations, i.e., in the transmitting
tissue after inoculation, but was not shown in micrographs itself. Rye stigmas
were shown to be penetrated by C. purpurea (Luttrell, 1980), however, the
use of squash mounts is a questionable approach, since ergot fungi will grow
into almost every young tissue after its epidermis has been wounded. Thin
sectioning appears to be not feasible, but, employing scanning microscopy,
spore adhesion, spore germination and host cuticle penetration could be
documented to occur on either part of the pistil surface (Figures 1 and 2)
(Tenberge, 1994; Tenberge and Tudzynski, 1995). Therefore, germination of
C. purpurea is not restricted to the stigma; it does obviously not depend on
stigmatic fluid. Likewise, regarding other Claviceps species, each one of the
penetration site has been reported, in particular the ovary wall, and in some
cases visualized (Luttrell, 1977; Thakur and Williams, 1980; Willingale and
Mantle, 1987a; Frederickson and Mantle, 1988), but never has proof been
presented for a distinct epidermal region of the pistil to be resistant to ergot
penetration. In conclusion, ergot fungi most likely are able to penetrate the
pistil epidermis anywhere.

Following penetration in the outer epidermal wall of the pistil, the hyphae
keep on growing towards the rachilla (Figure 2). They grow either down the
style in the transmitting tissue following the pollen tube path outside
the ovule and leaving this way at the micropylar region in direction of the
rachilla or, after lateral entrance into the ovary, in the carpel mesophyll to the
ovary basis (Luttrell, 1980; Shaw and Mantle, 1980a; Tudzynski et al., 1995).
The ovary wall gets completely colonized after about 2 days post inoculation
(dpi) in C. paspali, 4 dpi in C. fusiformis or 8 dpi in C. sorghi depending on
temperature, geographical location (Willingale and Mantle, 1987a) and spe-
cies. However, the ovule first remains uninvaded (Kirchhoff, 1929) due to the
integuments which appear to form a temporary barrier to the fungus
(Campbell, 1958; Willingale and Mantle, 1987a). Ergot of dallisgrass is much
quicker and colonizes the ovule already after 2 dpi (Luttrell, 1977). Sorghum
ovules are additionally invaded through the chalazal region (Frederickson and
Mantle, 1988). The same occurs in rye. Integuments typically collapse during
development of caryopses. However, possibly due to chitinases or chitin-
binding lectins found in rye seeds (Raihkel et az/., 1993; Yamagami and Funatsu,
1996), growing kernels remain noncolonized after late infection.
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Figure 2 Illustration of different conidia germination places and penetration
sites (long arrows) with resultant infection routes of Claviceps purpurea in a cereal
pistil...... , spore germination and infection via stigma or style or ovary cap partly
corresponding to the pollen tube path; + + +, spore germination and infection at
the base of the ovary wall; — — — | spore germination on the stigma and infection at the
base of the ovary wall suggested by Kirchhoff (1929). Double-arrow, indicating filament
base; m, micropylar region; ov, ovule; ow, ovary wall; ra, rachilla; si, stigma; sy, style

Fungal cells colonize the entire ovary wall but in the ovarian axis the
hyphae of all ergot species stop to spread in the plant tissue. No hyphae
emerge beyond the rachilla tip. Thus, a narrow frontier between the fungal
stroma and the noncolonized host tissue develops, which is finished approxi-
mately six days after infection with C. purpurea and persists throughout the
remaining life-span (Luttrell, 1980; Shaw and Mantle, 1980a; Tudzynski et al.,
1995). The completion of this frontier coincides with the exudation of
honeydew, 4 to 10 dpi depending on the species, and indicates the begin of
the sphacelial phase (see below). Honeydew presents the first macroscopic
evidence for infection in most host grasses but not in pearl millet, where
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browning, withering and constriction of stigmas and stylodia is obvious
already after 36h post inoculation (hpi) (Willingale and Mantle, 1987a).
Stoppage of fungal growth in the rachilla of C. purpurea has been shown
to be most likely caused by host phenolics that accumulate during infec-
tion at this site (Mower and Hancock, 1975; Shaw and Mantle, 1980a;
Hambrock, 1996) and might inhibit fungal pectin-degrading enzymes
(Mendgen et al., 1996).

The route which is usually used, however, depends on floral biology and
spore vehicles. Short floret gaping followed by stigma exposure between
tightly closed glumes causes the pollen tube path to be of importance
in nature, such is valid for C. paspali in dallisgrass (Luttrell, 1977) and
C. fusiformis in pearl millet with very large feathery stigmas (Thakur and
Williams, 1980; Willingale and Mantle, 1985). Additional routes in rye, how-
ever, are obvious from successful infection with C. purpurea after previous
ovary colonization with the bunt fungus Tilletia caries (Willingale and
Mantle, 1987b) or after fertilization with advanced kernel development
(Mantle, 1972), since in both cases the pollen tube path is blocked. This shows
that, regardless of the infection route, the growth of ergot fungi is strongly
directed at the vascular tissue supply of the ovary, which itself represents the
entrance but is dispensable (Luttrell, 1980; Willingale and Mantle, 1987b)
although incidentally consumed for overall nutrition.

Spore Adbesion, Infection Structures and the Infection Process

The attachment process of ergot spores is not investigated precisely. Since the
attaching force of ungerminated spores of C. fusiformis increases during the
first 8 h following inoculation (Willingale and Mantle, 1987a), one may infer
adhesive strategies of spores to the plant surface. But in C. sorghi conidia
appear to become detached from the surface during germination and penetra-
tion (Frederickson and Mantle, 1988). On stigma or style, the stigmatic fluid
might offer hydrophilic conditions or, in case of honeydew-mediated trans-
mittance, the syrupy fluid may support adhesion to the host surface. After
attachment, conidia germination starts with the formation of one to several
germ-tubes, supported by dew periods, and is accomplished very quickly in
some species, e.g., in C. paspali within 4 hpi (Luttrell, 1977), in C. fusiformis
within 12—-16 hpi (Willingale and Mantle, 1987a), in C. sorghi within 16—48 hpi
(Frederickson and Mantle, 1988).

In the most important ergot fungus, C. purpurea, early infection events are
not described and growth modes of ergot fungi are not analyzed functionally.
To study the penetration and colonization mechanisms of ergot fungi, early
events of the infection process of C. purpurea were first documented and
then cytochemically analyzed in detail in our laboratory. Spores attached
everywhere on the pistil epidermis. Its outer epidermal wall comprises a faint
cuticular membrane, measuring about 15nm in thickness, and forms a
continuous outer barrier of the host ovary. Germination results in one or two
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germ-tubes, e.g., on the ovary cap (Figure 1). Sometimes a limited external
mycelium is formed. Next, the faint plant cuticle of the outer epidermal wall
is directly penetrated. An indirect entry via natural openings is unimportant
because the pistil is free of stomata and natural wounding was never
observed. Infection hyphae originate either directly from the germ-tube or
from the external mycelium (Figure 1). Since no changes in hyphal shape
were apparent, it appears that C. purpurea penetrates without specialized
infection structures (K.B. Tenberge, unpubl.). At suitable sites, infection
hyphae pass through the outer epidermal cell layer growing intercellularly
into the anticlinal epidermal walls. However, hyphae may as well pass
through the outer epidermal cell wall away from cellular junctions (Shaw and
Mantle, 1980a; Tudzynski et al., 1995).

So far investigated, all ergot fungi penetrate directly into the anticlinal walls
between epidermal host cells, sometimes after a period of subcuticular
growth similar to that of C. purpurea (Figure 1), e.g., C. sorghi (Frederickson
and Mantle, 1988). However, the hyphae of some species develop special
morphological structures prior to penetration. C. gigantea produces an
appressorium (Osada Kawasoe, 1986). In C. fusiformis, an external mycelium
is formed and bulbous infection structures arise at the tips of several germ-
tubes of a single macrospore (Willingale and Mantle, 1987a). Whether these
structures fulfil appressorial function is not described so far.

Mechanisms of Adbesion and Penetration

The mechanism of cuticle penetration still needs to be elucidated, although,
in most ergot fungi, the direct push of a infection hypha into the epidermal
wall obviously matches the more simple type of penetration as classified by
Mims (1991). Infection structures of phytopathogenic fungi are specialized
hyphae adapted for the invasion of the host and show considerable variations
in penetration strategy (Mendgen and Deising, 1993; Mendgen et al., 1996).
The bulbous structures of C. fusiformis suggest the utilization of turgor
pressure, the one used for penectration is mediated by functional appressoria
and has been shown to be obligatory in the rice blast pathogen (Howard and
Valent, 1996). Turgor pressure itself is essential for fungal tip growth (Wessels,
1994), however, it is an open question whether it is sufficient for penetration.
According to Mendgen et al. (1996), directly penetrating fungi that do not
form appressoria clearly need cell wall-degrading enzymes for penetration.
During penetration of grass stigma cuticles, tip growth of pollen tubes is
mediated by cutin-degrading enzymes (Baum et al., 1992; Heslop-Harrison
and Heslop-Harrison, 1981), however, in case of ergot fungi, the secretions of
such enzymes have not been demonstrated so far.

Recently, genes coding for hydrophobin-type proteins have been isolated
from a Claviceps sp. (Arntz and Tudzynski, 1997) and from C. purpurea
(V. Garre and P. Tudzynski, pers. communication, see chapter 4 in this volume),
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in addition, hydrophobin-type proteins have been identified and purified
from corresponding axenic cultures (O. de Vries, S. Moore, C. Arntz,
J.G.H. Wessels and P. Tudzynski, pers. communication). Hydrophobins can
act as adhesive to the host cuticle (Wessels, 1994) and have been shown to
play a crucial role in formation, adhesion and infection court preparation of
phytopathogenic fungi (Beckerman and Ebbole, 1996; Talbot et al., 1996).
Therefore, the presence of such proteins suggests similar functions in ergot.
In addition, one can speculate that they might mediate the intimate contact
and abundant wrapping of superficial ergot hyphae with the host cuticle
demonstrated by TEM (Tudzynski et al., 1995; K.B. Tenberge, unpubl.) and
therewith might cause a mechanical disruption of the thin cuticle itself.
Cytological expression analysis of the hydrophobin gene with i situ hybrid-
ization technique showed that transcripts were located in external and
penetrating hyphae as well as in C. purpurea conidiophores (Tenberge et al.,
1998). This localization indicates another function of hydrophobins that are
thought to be essential for the formation of aerial hyphae and fruit bodies
(Wessels, 1994) to be met in C. purpurea.

2.4.2. Fungal Mechanisms for Host Colonization
Ectotrophic Growth in the Host Ovary with Limited Endotrophism

After penetration, ergot fungi live inside the ovary, i.e., endophytically, during
the colonization phase. Subcuticular hyphae, in fact, are located within the
outer epidermal cell wall and then the fungi usually grow between epidermal
cells into the host apoplast. Before tapping the vascular traces, fungal growth
during the colonization phase has been reported to be exclusively inter-
cellular, i.e., ectotrophic, in all ergot fungi investigated (Luttrell, 1977, 1980;
Shaw and Mantle, 1980a; Willingale and Mantle, 1987a; Frederickson and
Mantle, 1988). However, a limited intracellular growth has been documented
electron microscopically in C. purpurea (Tenberge and Tudzynski, 1994;
Tudzynski et al., 1995). Therefore, at least the mycelium of this ergot species
is ectotrophic but with limited endotrophism (Figure 3). The vegetative
hyphae exhibit ultrastructural features typical for ascomycetous fungi and
well preserved during processing for TEM. The thin fungal cell wall and the
host cell wall build up an intimate zone of contact while both, host and
pathogen, appear to be healthy (Tudzynski et al., 1995). This is particularly
valid for intracellular hyphae and the penetrated host cells and points to
haustorial function. For this purpose, the endotrophic mycelium is well
positioned in the chalazal region that serves for the host ovule nutrition. The
interface of the intracellular hyphae, which are completely encapsulated by
the host plasma membrane (Figure 3B), has developed special adaptations
(Tenberge et al., 1996a; Miiller et al., 1997), however, nutrient uptake into
hyphal cells is not yet investigated.
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Figure 3 TEM micrographs of rye ovaries during the colonization phase with
C. purpurea showing inter- and intracellular growth in host mesophyll cells. A, An
intercellularly growing hyphal cell (F) actively penetrating a living host mesophyll cell
(H). B, Enzyme-gold localization of f-1,4-glucan with a cellulase-gold sol showing
gold label in the host cell wall (hcw) distant from the fungus (F) while no label is
visible immediately at the interface of the intracellular hypha (arrow). C and D,
Immunogold localization of homogalacturonan epitopes in pectin with a2 monoclonal
antibody JIMS5 specific for non-methyl-esterified polygalacturonic acid visualized with
gold-linked secondary antibody. Distant from intercellular hyphae (F) in the ovary
mesophyll (H), low JIM 5 label was restricted to the middle lamella (ml) (D); however,
JIM 5 label was high throughout host walls after demethylation with sodium carbonate
(C). At the interface of hyphae, high JIM 5 label was present above the entire host wall
(arrows) and above the altered middle lamella zone (D). A, B, Glutaraldehyde
fixation, osmication, epoxy resin embedding. C, D, Formaldehyde-glutaraldehyde
fixation, no osmication, LR White embedding. Scale bars =1 pum



BIOLOGY OF ERGOT FUNGI 37

Mechanisms of Fungal Growth in the Host Tissue

The chemical composition of the infection court is a matter of speculation if
assuming that the cell wall type of grass leaves (Carpita and Gibeaut, 1993) is
also valid for the ovary neglecting the ovary’s specific function. We currently
are analysing the molecular architecture of the host-parasite association with
emphasis on interaction specific reactions, e.g., polymer alterations and
protein secretion, at the electron microscopical level. This molecular cytologi-
cal study is intensely co-ordinated with a molecular genetical approach (see
chapter 4 in this volume) in order to elucidate fungal mechanisms utilized for
infection court preparation, penetration and further ecto- and endotrophic
host colonization, because functional studies are very limited on ergot
pathogenicity.

Although only very low pectin content is expected in grass cell walls
according to Carpita and Gibeaut (1993), host cell wall loosening during
subcuticular and intercellular growth indicated that actions of pectolytic
enzymes, which Shaw and Mantle (1980a) have proved to be active in culture,
in honeydew and in parasitic tissue extracts, play a role in parasitism. Then,
the simultaneous presence of both pectin types, non-methyl-esterified and
methyl-esterified galacturonan, in the cell walls along the usual infection
path in healthy carpels has been documented, using the two monoclonal
antibodies JIM 5 and JIM7 (Tenberge et al., 1996a,b). With the same experi-
mental design applied to parasitic culture of ergot on rye, a local molecular
pectin modification as well as degradation have been demonstrated for: the
host cell wall and the middle lamella zone at the interface of subcuticularly
and intercellularly growing hyphae in situ (Figure 3D). Chemical demethyla-
tion and immunogold labelling indicated a high total content of galacturonan
that, in late infection phases, was completely absent, emphasizing its use for
nutrition together with other plant polysaccharides. The observed host wall
alterations provide evidence for the secretion and activity of extracellular
pectinolytic enzymes in planta. From on-section saponification studies, the
local reactions specific for interaction were concluded to comprise an
enzymatic demethylation mediated by pectin-methylesterases, converting the
pectin into the appropriate substrate of endo-polygalacturonases for final
degradation (Figure 3, C and D). While the analysis of the pectin-methyles-
terase is a matter of future research, two genes, putatively encoding two
endo-polygalacturonases, have already been isolated from C. purpurea and
were shown to be expressed during infection of rye (Tenberge et al., 1996a).
This strongly indicates the fungal origin of the pectinolytic activities found in
infected ovaries by Shaw and Mantle (1980a).

The cellular junctions were shown to consist of high amount of unesterified
pectin. Therefore, polygalacturonase activity seems to be a well fitting means
to enable an entry into the middle lamella from the intercellular spaces which
is not continuous along the infection route towards the rachilla. The outer
cellular junctions in epidermal cells were rich in homo-polygalacturonan,
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too, clearly representing the right conditions for an entry into the anticlinal
epidermal walls, which were usually selected for the primary penetration of
the host dermal tissue as concluded from carefully directed hyphal branching
above those sites (Tudzynski ez al., 1995). During primary penetration,
degradation of host pectin could be detected (Tenberge et al., 1996a,b),
however, elicitation of host defence reactions causing incompatible inter-
actions has not been observed. Since pollen tubes secrete pectic enzymes
during tip-growth (Derksen, 1996), too, one can speculate that modifications
of host pectin by fungal pectinases does not betray the pathogen presence.

The ergot fungus actively penetrates plant cell walls to produce an endo-
trophic mycelium during the primary penetration of the epidermis, the
colonization of the mesophyll (Figure 3A) and later for the tapping of xylem
vessels. At the interface of intracellular hypha, the host cell wall is obviously
lacking, as seen in TEM (Tudzynski et al., 1995). Since grasses have devel-
oped a special cell wall type containing low amounts of pectins and con-
siderably high amounts of xylans in addition to the major polysaccharide
portion of cellulose (Carpita and Gibeaut, 1993), xylanases and cellulases as
well as pectinases are expected to be necessary for breaking down the major
cell wall components during infection. At the host-pathogen interfaces of
intracellular hyphae (Figure 3B), and additionally of intercellular hyphae, a
lack of f-1,4-glucan in host cell walls has been found with the use of a specific
enzyme-gold probe, pointing to the enzymatic action of cellulases in ergot
infection (Tenberge and Tudzynski, 1994). Correspondingly, a putative cello-
biohydrolase gene (cel1) has recently been isolated from C. purpurea and was
found to be induced during the first days of infection of rye (Miller et al.,
1997; see chapter 4 in this volume). Therefore, this cellobiohydrolase may be
involved in the penetration and degradation of host cell walls by depolymeris-
ing plant f-1,4-glucan as is characteristic of true cellulolytic fungi.

p-1,4-Xylan, i.e., the substrate of the fungal f-1,4-xylanase used in the
enzyme-gold technique, has been localized in rye ovary cell walls throughout
the infection route (Giesbert e al., 1998), confirming that this major cell wall
component in grass leaves is in fact a structural compound in ovary cell walls.
The f-1,4-xylan is expected to represent only the backbone of the typical grass
heteropolysaccharid, glucuronoarabinoxylan (GAX). Arabinofuranosyl epi-
topes, one of the possible side chains in GAX, were localized in ovary cell
walls (Giesbert et al., 1998). Giesbert and Tudzynski (1996) isolated a xylanase
gene (x)/1), cloned another putative xylanase gene (x)/2) and proved their
expression during parasitic culture of C. purpurea of rye (Giesbertel al., 1998;
see chapter 4 in this volume). Using three different heterologous antibodies
in tissue printing experiments, the secretion of ergot xylanases in axenic
culture and during infection of rye has been localized in situ (Giesbert et al.,
1998). Currently, the assumed xylan alteration during infection is being
investigated.

While in necrotrophs the release of cell wall-degrading enzymes results in
tissue maceration and host cell death immediately ahead of invading hyphae
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(Parbery, 1996), in the biotrophic C. purpurea, secretion of these enzymes
causes no such drastic effects but only limited damage to the host during
colonization. To restrict the enzymatic action to an adequate but limited area,
the fungus might control the physico-chemical properties of the interface
(Tenberge et al., 1996a).

In conclusion, these different cell wall-degrading enzymes appear to be
essential for the preparation of the infection court and the establishment of
infection. The cell wall material is thought to be important for nutrition
during colonization of the ovary supported by their complete use and also
because cell wall extracts of ears stimulated growth in culture (Garay, 1956). In
order to evaluate the importance of enzymes for ergot pathogenicity, deficient
mutants have been created by targeted gene replacement (Giesbert et al.,
1998; see chapter 4 in this volume) which are currently being investigated
microscopically.

A novel finding in fungal phytopathology and particularly in ergot was the
detection of a fungal catalase secreted in axenic culture of C. purpurea and
most likely during infection of rye (Tenberge and Tudzynski, 1995; Garre
et al., 1998a, b). Catalase activity has been measured in axenic culture of
C. purpurea (Tenberge and Tudzynski, 1995). Isoelectric focusing together
with diaminobenzidine (DAB)-mediated activity staining showed the presence
of a specific catalase in parasitic culture of C. purpurea as well as in infected
ovaries and in honeydew and that it is likely induced during infection (Garre
et al., 1998b). Electron dense deposits have been found in situ in multivesicu-
lar bodies as well as in cell walls of hyphae from axenic culture (Figure 4) and
during infection of rye if using ultrastructural enzyme-activity staining with
DAB but not after inhibition with aminotriazole, indicating catalase activity
(Garre et al., 1998b). Putative catalase proteins have been immunogold
localized in axenic (Figure 4) and parasitic culture using different hetero-
logous antibodies (Tenberge and Tudzynski, 1995; Garre el al., 1998b). It has
been shown therewith that the detected antigen is secreted via fungal
multivesicular bodies into the fungal cell wall diffusing further into the
adjacent host apoplast at the host-pathogen interface exclusively. Moreover,
one catalase gene comprising a putative signal sequence has been isolated
from C. purpurea and shown to be expressed during infection of rye (Garre
et al., 1998a; see chapter 4 in this volume) providing further evidence for the
fungal origin of the detected catalase and the possibility of a functional
analysis by gene replacement experiments. Since infection-induced H,O,
production has been shown to occur outside host cells (Mehdy, 1994), we
suggest a multiple function of fungal catalase in pathogenesis due to its
hydrogen peroxide decomposing activity: (a) Cytotoxic effects to fungal cells
are prevented. (b) Mechanical barrier formation during host defense reaction,
i.e., HyOp-mediated cross-linkage of cell wall components during oxidative
burst or lignification, are suppressed. (¢) In particular, in grass cell walls, a
phenolic cross-linkage of polysaccharides is supposed to occur while cell
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Figure 4 TEM micrographs of C. purpurea showing hyphal cells from axenic culture.
A, Immunogold localization with a polyclonal anti-catalase antibody, raised against
native sunflower catalase (Tenberge and Eising, 1995), and protein A-gold showing
gold label for catalase-like proteins in the fungal cell wall. Preimmune con-
trols lack gold particles (not shown). B, Activity staining for catalase with diamino-
benzidine showing moderate electron dense deposits throughout the fungal wall and
strong depositions at the wall periphery (arrow). Controls with aminotriazole for
catalase inhibition lack electron dense deposition (not shown). Scale bars =1pum

walls expand during their ontogeny causing high cell wall rigidity (Carpita
and Gibeaut, 1993). By suppression of those reactions, ergot fungi might
maintain a convenient habitat for colonization. In the rachilla, infection
induced cross-linkage of phenolics (see above) forestalls fungal colonization
and, therefore, might efficiently control fungal growth.

Direct Tapping of the Vascular Nutrition Supply

Plant synthates, primarily intended for the developing seed, are the main
nutrition source to the fungus (Mower and Hancock, 1975) which obviously
is exploited at about 5 dpi depending on the ergot species. To use this natural
sink, several enzymes are secreted such as the cell-wall bound inducible
fructosyltransferase (invertase) (Bassett et al., 1972; Taber, 1985; Tudzynski
et al., 1995) and the fungal foot is developed structurally for attaching and
absorbing (Luttrell, 1980). While intense exudation of honeydew is reported
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to occur without penetration of vascular cells, e.g., in Pennisetum americanum
infected by C. fusiformis (Willingale and Mantle, 1987a), tapping of the
vascular traces in rye by intracellular hyphae of C. purpurea has been
documented (Luttrell, 1980; Tudzynski et al., 1995).

The cytological basis of assimilate flow is an ectotrophic mycelium with
limited endotrophism in the host phloem, which appears to be unchanged in
vitality. In sharp contrast to uninfected ovaries, however, common phloem
callose was not found in infected ovaries at all or was distinctly reduced as
outlined by Tudzynski et al. (1995). This unblocking of sieve elements may be
the reason for increased flow of assimilates to the infected floret causing
limited growth of neighbouring seeds. The current opinion of the mecha-
nisms is that ergot fungi enzymatically degrade the phloem callose by secret-
ing f-1,3-glucanases, which have been purified from axenic cultures of
C. purpurea (Dickerson and Pollard, 1982; Brockmann et al., 1992). Using
immunofluorescence, Dickerson and Pollard (1982) localized f-1,3-glucanase
in the sphacelium but not before the tenth day after inoculation. Recently,
the callase has been immunogold localized throughout the colonization
phase. Detection of antigens in the fungal secretion pathway proved the
fungal origin of the f-1,3-glucanase activity found in infected ovaries and
honeydew (Tenberge et al., 1995). Furthermore, immunogold electron micro-
scopy documented that the secreted enzyme is diffusing into the host
apoplast up to the host periplasmic area, which is the site of host callose
deposition. Cross-reactivity of the antiserum produced by Dickerson and
Pollard (1982) with callase from C. fusiformis (Willingale and Mantle, 1987b)
indicates that this enzymatic action might be used in other ergot fungi, too.
In addition, it is likely used to suppress callose deposition during potential
defence reaction of the host, because only limited aniline blue fluorescence
for callose has been detected in the ovary wall during its colonization with
C. purpurea (Hambrock et al., 1992).

2.4.3. Sphacelial Stromata for Secondary Propagation

The sphacelial stroma is evident between 4dpi, e.g., in C. fusiformis, and
6dpi depending on ergot species and sporulation ceases approximately
11dpi (Luttrell, 1980). The sphacelial plectenchyma is formed intercalarly
(Tulsane, 1853) and accumulates lipids later in this phase. These filamentous
hyphae are of the type normally found in axenic culture. At the base of the
ovary, proliferation of the fungal cell starts (Kirchhoff, 1929); hyphae accu-
mulate beneath the host cortical layers and break through the epidermis
towards the ovarian outer surface (Luttrell, 1980). Finally, fungal cells cause
ovary replacement, which is not necessary but a consequence of acropetal
development (Willingale and Mantle, 1987a). Phialidic conidiophores emerge
from the sphacelial stroma possibly favoured by ergot hydrophobins (see
above). Numerous oblong conidia are produced (Figure 1). These conidia do
not germinate in the honeydew, which is excreted simultaneously, due
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to high osmotic pressure (Kirchhoff, 1929; Taber, 1985). Some isolates of
C. purpurea do not produce normal exudates of honeydew, only a few spores
were detected later. However, these strains produced normal sclerotia
(Mantle, 1967) indicating that abundant formation of honeydew is important
for secondary infection but appears not to be a necessary prerequisite for
sclerotial formation. In some species, macroconidia are produced that are
able to germinate in honeydew and subsequently conidiophores emerge for
the production of microspores (see above).

2.4.4. Ergot Sclerotia

After the secondary conidiation has ceased, the sclerotia start growing. Within
about three, e.g., C. paspali (Luttrell, 1977), up to five weeks post inoculation,
e.g., C. purpurea (Kirchhoff, 1929), the maturity of sclerotia is achieved. In
general, morphology and anatomy of sclerotia is species-specific. They
measure 2-50mm in length and a few millimetres in diameter. In
C. purpurea, they are oblong, in C. fusiformis spherical with large variation
at different location (Thakur et al., 1984; Chahal et al., 1985). Sclerotia clearly
grow epiphytically on top of the ovary stalk and they mostly emerge out of
the florets. Since the sclerotia are no longer enclosed between the glumes,
energy must be provided to protect them from desiccation, UV radiation and
mycoparasitism (Parbery, 1996). The outer rinds get naturally pigmented
resulting into different sclerotia colours, such as dark-purple in C. purpurea
(Luttrell, 1980), red-brownish in C. sorghi and C. africana (Frederickson
et al., 1991), dark-brown in C. fusiformis (Thakur et al., 1984), except those
of C. paspali, which are white-to-brown (Luttrell, 1977).

The differentiation mode of the sclerotium varies between Claviceps
species. In C. purpurea, first at several places within the sphacelium,
sphacelial hyphae differentiate into sclerotial hyphae, later at the sclerotial
base, sclerotial hyphae are formed directly (Shaw and Mantle, 1980b). The
sclerotial plectenchyma develops intercalarly above the stromatic fungal foot
by a generative zone as previously did the sphacelium (Campbell, 1958).
C. sorghi forms an proximal plectenchyma below an extended sphacelial
stroma, within which elongation is evident from a thin red core, representing
cortical tissue enclosing some of the first differentiating sclerotial medulla
(Frederickson et al., 1991). Remnants of sphacelial stroma with conidia as well
as the ovary cap may persist on top of the growing sclerotia, but no internal
conidiogenous locules were found. Hence, in these species, the sclerotial
hyphae are newly formed. C. africana, on the other hand, largely differenti-
ates the sclerotium be transformation of the spherical sphacelium with little
change in total size (Frederickson et al., 1991).

Purple pigmentation is the first sign of sclerotial development in
C. purpurea about 12dpi (Shaw and Mantle, 1980b), but the trigger for the
change from sphacelial into sclerotial growth is unknown (Parbery, 1996). It
has been speculated that nutrition is a major factor, supported by the
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transition effect of certain amino acids found in axenic culture (Mantle and
Nisbet, 1976). Changes in cytology of the cells coincide with increasing levels
of lipids which are predominantly triglycerides with the fatty acid ricinoleate
(Corbett et al., 1974). This increase in total lipid content from 10% to 30% of
the dry weight is the first metabolic indicator of the morphogenesis
of sclerotial cells (Bassett et al., 1972). The youngest fungal cells of the
sclerotial stroma are longitudinally organized, distinct, frequently septate
hyphae forming the prosenchymatous region at the proximal end of the
sclerotium. Lipid content is evident in these storage cells, thus they are
packed with osmiophilic globules in contrast to the differentiating hyphae of
the generative zone in the lower ergot region. In the medulla, distal from the
prosenchymatous region, fungal cells form a region of a compact plecten-
chyma which is build out of bulbous storage cells interspersed with narrower
hyphae (Shaw and Mantle, 1980b). The absorbing hyphae, which connect the
sclerotium to the ovary stalk and form the stable host-parasite frontier,
however, are neither of the sclerotial type nor typically sphacelial cells. They
exhibit no parallel orientation, lack lipids and contain large vacuoles (Shaw
and Mantle, 1980b). A special function of the fungal foot is also suggested by
xylanase activity which has been localized in the sclerotial phase at this
host—parasite frontier exclusively, using tissue printing experiments (Giesbert
et al., 1998).

Sclerotia are the only ergot structure containing alkaloids (Ramstad and
Gjerstad, 1955) and the pigmentation of the sclerotial cortex might protect
these light sensitive alkaloids (Taber, 1985). In axenic culture, differentiation
of the sphacelial-like hyphae into sclerotial-like cells occurs (Kirchhoft, 1929).
They accumulate up to 40% of triglyceride/ricinoleate, but cells show no
pigmentation and, as in the parasitic state, do not always produce alkaloids
(Bassett et al., 1972).

2.5. ERGOT VIRULENCE AND HOST SUSCEPTIBILITY

Different Claviceps species cause ergot disease in a scale of crops, e.g., wheat,
rye, sorghum and millet with various levels of virulence. To date, knowledge
about resistance in the hosts is fragmentary. Resistance is reported only in a
few cases, such as spring and durum wheat (Platford and Bernier, 1970). In
the experiments with four different C. purpurea strains, however, obscure
ovary necrosis occurred only in some of the florets, others produced sclerotia
in these hosts. Necrotic ovary response also has been found after double
inoculation with two different C. purpurea strains (Swan and Mantle, 1991).
In sorghum, some ergot resistant lines had been identified (Musabyimana
el al., 1995). In pearl millet, Pennisetum glaucum, a female nuclear genetic
factor contributes to high resistance to C. fusiformis (Rai and Thakur, 1995).
So far, only limited evidence for a gene-determined somatic resistance has
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been discovered in diverse hosts. In pearl millet, some lines are resistant
to ergot, other genotypes expressed considerably reduced susceptibility to
C. fusiformis (Willingale et al., 1986). Resistance in these lines, however, is
not based on a specific gene-for-gene interaction but on host floret biology.
Distinctive ecological and morphological adaptations to pollination deter-
mine gaping and therewith affect susceptibility to ergot drastically. Firstly,
pollination induces closing of florets and withering of stigma and style.
Hence, competition arises between inoculation and pollination, although,
admittedly, pollen landing aside of spores on the pistil surface can stimulate
conidia germination in C. purpurea (Williams and Colotelo, 1975). Since
settlement of inoculum on the pistil surface can initiate infection exclusively,
the period of exposure determines the infection success. Susceptibility is
highest at anthesis and declines rapidly afterwards in sorghum (Frederickson
and Mantle, 1988); but in rye, wheat or barley infection with C. purpurea
remains possible at a lower rate even after fertilization (Kirchhoff, 1929;
Campbell and Tyner, 1959; Puranik and Mathre, 1971). Therefore, floret
biology is important for epidemiology and control (see below). The smaller
the time window of gaping is, the lower the susceptibility of the host is,
e.g., in sorghum (Musabyimana et al., 1995). While host male-sterility
or protogyny enhances gaping duration and consequently susceptibility
(Willingale and Mantle, 1985), cleistogamy is most effective in avoiding ergot,
as has been shown for sorghum (Frederickson et al., 1994).

In addition to gaping control, pearl millet (Willingale and Mantle, 1985) and
maize (Heslop-Harrison et al., 1985) evolved a pollination-induced constric-
tion of host stylodia. Constriction occurs about 6 h after pollination, rapidly
after passage of compatible pollen tubes and after 4 to 5 days of ageing of
unpollinated pistils. This controlled mechanical barrier, based on unique
pistil anatomy, effectively directs fertilization and produces passive resistance
to C. fusiformis in some lines of Pennisetum americanum. Passive resistance
is efficiently accomplished by early pollination and immediate stigmatic
constriction response, which is quicker than ergot establishment and, there-
fore, always blocks infection (Willingale et al., 1986; Willingale and Mantle,
1987a). In contrast, the susceptibility of wheat and rye to C. purpurea persists
at least a few days after fertilization and withering of the stigmas (Willingale
et al., 19806).

The limited reports on resistance could point to special adaptations of the
ergot fungi to the monocotyledonous host ovaries. Assuming that the ergot
fungi indeed mimic pollen tube growth with the genius of using components
of the specific signal exchange of the pollen—stigma interaction, they possibly
grow unrecognized in the ovary and completely avoid host defense reaction
of any type. This would suggest that the ergot fungi have coevolved, as
assumed for anthracnose fungi’s use of their host ripening hormone (Flaish-
man and Kolattukudy, 1994). One can speculate that successful defense
reactions producing host resistance might interfere with the basic function of
the ovary and, therefore, do not evolve, since no progenies arise.
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2.6. TROPHISM AND ECOLOGY

The more precisely fungal-plant associations are studied, the less clear do
the original distinctions between biotrophs, necrotrophs and saprophytes
become, as profoundly outlined in an outstanding review by Parbery (1996).
Since C. purpurea, in contrast to some biotrophic rusts, is able to survive for a
short time outside living host tissue while growing saprophytically in axenic
culture, C. purpurea and other Claviceps spp. were distinctively classified as
belonging to the hemibiotrophs. Since this is conflicting with widely accepted
terminology, according to which hemibiotrophs live part of their lifes in living
tissue and part in tissue that they have subsequently killed (Luttrell, 1974), the
trophism type of Claviceps needs to be reconsidered. In addition, other fungal
pathogens, such as Cladosporium fulvum, grow easily in axenic culture,
although belonging to the biotrophs (van den Ackerveken and de Wit, 1995).

Ergot fungi never kill host cells in advance of colonizing with the intention
to draw nutrition from the killed cells. Hence, they are clearly no necrotrophs
but are biotrophs according to Miinch (1929) which colonize and draw their
nutrients from living host tissue (see Chapter Histo- and cytopathology of
infection). Admittedly, throughout the ergot-infected pistil, host cells die not
in advance but only subsequent to fungal exploitation of living tissue and
possibly some due to induced senescence. In addition, due to the unique
pathogenesis pattern, the ergot fungi proliferate intercalarly in the ovary basis
that inevitably results into an separation of the host ovary cap. Nevertheless,
the separated and colonized tissue stays alive for a while, possibly with
nutritional support from the sugary honeydew. Furthermore, already fertil-
ized ovules can develop on top of sphacelia into mature seeds of normal
function (Mantle, 1972). Thus, ergot-grass interactions are classified as
belonging to a pathosystem free of necrosis in fully susceptible hosts; cell
death is not intended but inevitably induced after a while, similar to early host
senescence by other true biotrophs (Parbery, 1996). The onset of fruit
ripening and host senescence does not trigger necrotrophic vegetative
growth of Claviceps species, which would be typical for necrotrophs and
hemibiotrophs, but coincides with sclerotia formation for sexual reproduc-
tion and survival, hence matching another feature of holobiotrophic fungi
(Parbery, 1996). In conclusion, ergots are true holobiotrophs which are,
following Luttrell’s (1974) terminology, ecologically obligate parasites and in
nature obtain nutrients only from living host tissue (Mims, 1991) while
managing to maintain host cell viability for extended periods, and serve as
sink for plant metabolites (Mendgen and Deising, 1993).

Claviceps species appear to be most efficient biotrophs. They don’t estab-
lish themselves in living tissue in order to wait for host death to use
the remainings. They don’t establish pathogenic sinks in organs actually
intended for synthate export. Instead, Claviceps species likely take advantage
of the most common source-sink system for synthate in a host by directly
tapping the host’s nutrition supply network and exploiting the plant
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resources in a working sink (see Chapter Direct tapping of the vascular
nutrition supply). However, the fungus likely utilizes principles to maintain
the phloem synthate flow. In addition, the parasite might enhance the sink,
which is supported by the suppression of seed development in noninfected
florets of the same ear. Likewise, the inverse correlation of sclerotia size and
number indicates a competition of sinks in one ear.

While being true holobiotrophic parasites, Claviceps species are symbio-
trophic at the same time. In exchange for a habitat and nutrition, they protect
their hosts and thereby themselves against grazing animals. The introduction
of C. paspali in Italy caused its host, Paspalum distichum, to become a
widespread weed. In contrast to earlier days the grass was avoided by animal,
which might have recognized ergot infected grasses by its typical smell,
reminding the animal of negative experience. This is due to the toxic ergot
alkaloids which, although representing dispensable secondary metabolites in
the pathogenesis, benefit the fungal’s survival by supporting its host’s survival
(Parbery, 1996).

In this respect and regarding the infection path, there exists great resem-
blance between Claviceps species and some relatives in the Clavicipitaceae,
e.g., Acremonium and some other balansoid genera, which are grass endo-
phytes using toxic alkaloids for defense against herbivory, too (Taber, 1985;
Cheeke, 1995). Both fungal groups infect florets and get access to the host
ovary probably via the stigma. While ergot fungi sometime enter and later
destroy the ovule incidentally, some balansoids, e.g., Acremonium [olii,
immediately get into the ovule but do not interfere with seed development to
ensure systemic inoculation (Parbery, 1996). Since they never leave the plant,
i.e., they are living totally endophytic, they are systemic symptomless endo-
phytes. However, some of these symbiotrophs are able to grow and conidiate
in axenic culture. Between the two ecological forms, pathogenic ergot fungi
on the one hand and symptomless protective commensals on the other, there
exist intermediates among the balansoids with great similarities in each
direction. Like Claviceps species, they first grow endophytic and symptomless
in the host, but in order to multiply, they produce damaging epiphytic
stromata (White et al., 1992). This is accompanied by suppression of anthesis
which is easily tolerated by the host but this phytopathogenic potential
characterizes these symbiotrophs to be holobiotrophic. The trophism type
varies with the host in some species (White e/ al., 1992). In summary, there
is a great body of evidence for the fact that biotrophic pathogenesis offers
several ecological advantages, conserved in obviously similar pathogenesis
pattern across different taxa. However, it is controversial whether bio-
trophism is the origin (Parbery, 1996) or a secondary, younger development
derived from saprophytism (Luttrell, 1974; Mendgen et al., 1996) during the
evolution of trophism types.

The strategies for the parasite’s survival covers several highly specialized
ecological adaptations interconnected with the biology of the host. (a) Sclerotia
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dormancy, germination and ejection of airborne primary inoculum are
perfectly located and timed, in particular in case of monogeneric host
specificity, corresponding to the brief receptive phase of blooming florets
of the annual anemophilous host plant. (b) The fungi are clearly able to
penetrate the outer epidermal wall of the host pistil solely. (c) The fungi
might mimic the pollen tube growth, including the mechanisms and mutual
recognition. (d) Fungal growth mechanisms are likely adapted to the special-
ized molecular architecture of monocotyledonous cell walls. Colonization is
endophytic, mainly ectotrophic with limited endotrophic hyphae and very
cautious, hence nearly symptomless. (e) Ergot fungi directly utilize an already
working synthate sink. This exclusive niche might compensate the limitations
caused by the narrow time window open for infection. (f) Quickly after
infection, sphacelial stromata produce anamorphic conidia for secondary
infection to ensure the expansion of the fungal population in the field within
the small flowering period of the host. In nature, the infectious inoculum
consists of several spores from various strains, resulting in sclerotia of hetero-
geneous composition. Admittedly, C. purpurea is homothallic, however, the
mixed inoculum might facilitate the hybridization of strains (Swan and
Mantle, 1991) and have some evolutive advantages, e.g., adaptation to host
range. (g) Alkaloid content creates a mutualistic interaction assuring the
survival of the host together with the parasite.

Although the strategies are not fully perceived on the molecular functional
level, it is clear that they bring the ergot fungi in full use of three funda-
mental advantages of parasitism given by Parbery (1996). (a) There is little
competition in the host ovary. In addition, C. purpurea, for example, can settle
on wheat and barley already infected with smuts like Ustilago tritici or U. nuda
(Cherewick, 1953). (b) The habitat is more than large enough with sufficient
nutrition to multiply, to spread and to produce a succeeding generation within
six weeks. (c) The preservation of exclusiveness and supply of renewable
substrate is guaranteed. Ergot fungi are seldom that highly virulent strains
causing a complete suppression of host reproduction; some florets remain
noninfected and fertile in every ear. Even if epidemic in the field, the fungi
only mix sclerotia in the seed. The susceptibility of hosts evolved to an degree
that maintains a certain level of infection with ergot. Symbiotrophism is likely
the reason for tolerance and is antagonistic to evolution of resistant species.
In conclusion, ergot disease appears not to be a severe problem to the plant
but to animal and mostly to man in the need for clean crops.

2.7. EPIDEMIOLOGY AND CONTROL

2.7.1. Occurrence and Spread of Ergot Disease

As already mentioned, ergot disease is common throughout the world. Even
single species, e.g., C. purpurea, are ubiquitous and several forms may occur
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in one locality (Swan and Mantle, 1991), producing a mixed inoculum.
However, there are recent reports on immigration of individual ergot species
into areas not occupied, so far, and, occasionally, ergot epidemics flame up
for some reasons. Alternate hosts for C. purpurea proliferated on field
borders or due to shut-down of arable land; small sclerotia which can not be
shifted out during harvest remained in the seed. Increase in ergot severity
or natural epidemics were correlated with reduced male-fertility or male-
sterility in sorghum (Frederickson et al., 1993), in wheat after limited pollen
supply (Mantle and Swan, 1995) and in pearl millet (Rai and Thakur, 1995).
However, the highly susceptible male-sterile plants were used for hybrid
breeding on a large scale. Highly protogynous hosts, e.g., pearl millet, are
particularly susceptible to ergot by exposing the stigmas for two to five days
before pollination.

In 1991, C. paspali was newly recognized in France after ergotism on cattle
(Raynal, 1996). In 1995, C. africana was discovered on sorghum in Brazil for
the first time, causing a widespread and economically important epidemic in
commercial forage and hybrid seed production fields (Vasconcellos, 1996), and
in 1996, C. africana was detected on sorghum in Australia for the first time
(Ryley et al., 1996). Ergot is severely epidemic on sorghum in Eastern Africa,
i.e., Ethiopia-Swaziland, and in southern India (Frederickson and Mantle, 1988).
In the USA, ergot is one of the most serious diseases in Kentucky bluegrass
(Poa pratensis L.) (Johnston et al., 1996) with up to 504 sclerotia per gram
seed, which is 47% ergot by weight in one strain. Between 1991 and 1994, seed
replacement amounts up to 0.44% at year’s average, making 9% seed loss
during cleaning to meet purity standards (Alderman ez al., 1996). In 1994,
C. purpurea was epidemic in eastern Germany with average 10.4 sclerotia per
rye ear and up to 10% seed loss during cleaning (Amelung, 1995).

In spite of its large host range, epidemics are in most cases spatially
restricted with Claviceps species, they don’t even threaten nearby cereal
crops (Frederickson et al., 1989, 1993). Host floral biology (see above) largely
determines epidemics, nevertheless, this indicates rather unfavourable climatic
conditions or limited inoculum transmission only at rather low distances.
Though maximum ascospore release is perfectly timed with respect to host
anthesis (Mantle and Shaw, 1976) and this primary inoculum is wind distrib-
uted, it induces only the primary infection focus in the field but is not
supposed to contribute much to the disease spread (Mantle, 1988). Spatial
distribution of ergot disease is achieved by a secondary inoculum and is
thought to be transmitted together with honeydew by rain-splash, insect
vectors, physical head-to-head contact between ears and dripping down onto
florets inserted below in the same ear (Tulasne, 1853; Engelke, 1902;
Kirchhoff, 1929; Swan and Mantle, 1991). However, conidia transmittance, in
particular, by insect vehicles is not investigated in detail (Luttrell, 1977,
Mantle, 1988) but a matter of current research (von Tiedemann, pers.
communication). On the contrary, recent aerobiological investigations into
the spread of ergot in semi-arid zones showed that it are not the more
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infectious macroconidia but the microconidia produced outside of honeydew
during microcycle are effective windborne propagules, which provide the
principle epidemiological agent in the transmittance of C. africana in
sorghum fields (Frederickson et al., 1989, 1993). Higher humidities and lower
temperature favour conidiation and drying-off periods support spore distribu-
tion by air (Marshall, 1960; Frederickson et al., 1993).

2.7.2. Control Measures

Although the ergot attack is a minor problem or even beneficial to the host,
it is a great disadvantage in agriculture and, for certain reasons as discussed
above, ergot disease gained strength in recent years. To enhance quantity
and, more important, quality of grain and to minimize cleaning expenditure,
control of ergot is needed, which has mainly been based on sanitary and
cultural procedures (Kirchhoff, 1929) since many years. Protective fungicides
have been ineffective or technically infeasible in controlling ergot (Puranik
and Mathre, 1971; Thakur and Williams, 1980), because appropriate amounts
must reach the ovary surfaces directly before spores landing. Unfortunately,
the same is true for the fungicide benomyl, therewith the more feasible
application of one systemic fungicide failed, so far. Recently, triazole fungi-
cides have been identified as highly efficient for the control in experimental
trials and in seed production fields (Vasconcellos, 1996). Hyperparasites
growing on sclerotia of Claviceps species, e.g., Fusarium heterosporum,
F. roseum and F. acuminatum are not yet developed for biological control
(Chelkowski and Kwasna, 1986; Ali et al., 1996).

Actually executed control measures are the removal of sclerotia from seeds
before sowing combined with postharvest deep plowing and crop-rotation
(Agrios, 1988). Usually, ergots do not live longer than one year (Taber, 1985).
Normally, they do not survive if buried deep in the ground and, 1-1.5 inch
below the soil surface, they do not produce functional stromata (Mantle and
Shaw, 1976). Sometimes, however, even one and the same ergot can produce
functional perithecia in a second and a third season, although their germina-
tion rate is much reduced (Kirchhoff, 1929). Cutting of intermediate hosts at
field borders, particularly ryegrass or blackgrass, before flowering is recom-
mended (Mantle, 1967; Mantle and Shaw, 1976). In USA, field burning is
traditionally used but the control effect is controversial, because sclerotia
viability is only markedly reduced above soil by temperatures higher than
100°C (Johnston et al., 1996). Since host floral biology widely determines
passive resistance and susceptibility, floral features antagonistic to ergot,
e.g., pollination-induced host stigmatic constriction, has been exploited in
the breeding of ergot-resistant strains for commercial use (Willingale et al.,
1986). Additionally, provision of pollen donor lines in the protogynous pearl
millet efficiently reduces ergot attack (Thakur et al., 1983). Inoculation with
an ergot strain, which itself turned out to be relatively incompetent in
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sclerotia formation, could reduce the rate of successful infection of other
strains which were already in place (Swan and Mantle, 1991).
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3.1. THE TAXONOMIC POSITION OF CLAVICEPS

The evolution and to some extent the taxonomy of the parasitic fungi belong-
ing to the genus Claviceps are linked to the evolution of their host plants
(grasses, rushes, and sedges). Although the recent Internet version of the Index
of Fungi (http://nt.ars_grin.gov/indxfun/frmIndF.htm) lists 38 recorded species
of Claviceps, at least 7 species are missing and C. oryzae-sativae and C. virens
were removed from Claviceps, so that there are 43 known species.

The genus Claviceps is in the family Clavicipitaceae which was initially placed
in the order Hypocreales. During the 50’s, however, doubts about this based
on comparative study of conidiogenous stroma development resulted in its
transfer into the Xylariales (Luttrell, 1951) and then to the Clavicipitales, an order
close to Hypocreales and erected specifically to accommodate clavicipitaceous
fungi (Giumann, 1952). More recently, application of DNA analysis has been
used to test the relationships between different members of Hypocreales and
has confirmed the initial placement of the monophyletic Clavicipitaceae as
family belonging to the order Hypocreales. Molecular phylogenies suggest that
the genus Claviceps was the first group derived from a common ancestor line,
then Epichloe/Neotyphodium followed by Atkinsonella and with the last clade
containing species of Balansia and Myriogenospora (Spatafora and Blackwell,
1993; Rehner and Samuels, 1994; Glenn et al., 1996). This contradicts the
formerly held hypothesis that Balansia contains the most primitive clavicipitoids.

3.2. TAXONOMIC MARKERS

The taxonomic criteria used to deliminate Claviceps species are: the color,
size and shape of sclerotia, the color of stipes and capitula, the presence or
absence of loose hyphae on the stroma, the size and shape of perithecia, asci,
ascospores and conidia (Langdon, 1942).

3.2.1. Sclerotium

Sclerotium size is largely dependent on host. For example, C. purpurea
sclerotia produced in florets of Poa annua or Phalaris tuberosa are about
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1-2mm long, those formed in florets of Secale cereale are up to 50 mm.
Similarly, there is a threefold difference also between the C. gigantea sclerotia
formed in Zea mays and Z. mexicana. Sclerotia contain lipid reserves that are
consumed during germination (Mitchell and Cooke, 1968). In the wet tropics,
where hosts may flower for most of the year, the selective pressure for sclero-
tium production is so low for some ergot species that they produce only few
sclerotia erratically or even not at all (Sphacelia spp.). For example, although
some African mature sclerotia of C. africana were successfully germinated
(Frederickson et al., 1991), this ergot is worldwide found in the sphacelial
state. Other ergots, such as Sphacelia tricholaenae are known only for its
anamorph.
Langdon (1954) described three basal types of sclerotia:

1. primitive, irregularly globose, where the mycelium emerges from the infected
ovary and envelops parts of the spikelet(s) into pseudosclerotia resembling
those of balansioid genera. Species producing these primitive sclerotial
forms, C. diadema and C. flavella, occur only on panicoid hosts with C3
type of photosynthesis in tropical forest regions

2. subglobose to elongated, usually light-colored, (C. paspali, C. queens-
landica, C. birtella and C. orthocladae), occurring on Panicoids

3. elongated sclerotia, ovoid to cylindric in shape, dark coloured. On the
distal tip of this sclerotium type, there is usually a cap formed by the
remnants of sphacelial tissue. Species forming this type are found on
members of all gramineous subfamilies. Their most advanced representa-
tive is C. purpurea which exhibits intercalary growth in the proliferative
zone distal to the sclerotial foot (site of contact with the plant vascular
system). This category, however, should be subdivided, because elongated
sclerotia differ greatly in the resistance to drought, frost and long storage
as well as in dormancy and germination requirements.

3.2.2. Stroma

Stroma (also clava) consists of stipe and capitulum. The coloration of clavae
is either straw to yellow or in shades of brown-purple to black-purple, with
the exception of C. viridis which is green. The “yellow” clavae are mostly
encountered in species from panicoid hosts. The young capitulum is smooth,
the ostioles of the perithecia appear as darker pores. During the maturation
the ostioles enlarge and become papillate, very prominently in some species
(C. ranunculoides, C. fusiformis). This, however, appears to be due more to
the shrinkage of the tissue of the outer capitulum cortex than to the emer-
gence of perithecia beyond it although the end result would be the same.
The size and shape of perithecia is dependent on their degree of matura-
tion. Young perithecia are small and oblong to oval, whereas fully matured
ones are often ellipsoid to pyriform. Once the filamentous asci which form
inside perithecia are mature, they protrude through the ostiole prior to
discharging their ascospores. Loveless (1964) considered the length of asci an
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unreliable criterion, because asci at different stage of maturity and there-
fore different length may occur in a single perithecium and the stage of
maturity is difficult to determine. The length of filiform ascospores should be
measured after their discharge from asci.

3.2.3. Conidia

The size and shape of conidia is less dependent on environmental factors
than are ascospores and are valuable traits for species determination. Loveless
(1964) mapped the range in size and shape of conidia in fresh honeydew and
from dried sclerotial material collected from Rhodesian grasses. Thirteen
conidial types were defined, six of them belonged to known species C. paspali,
C. digitariae, C. sulcata, C. maximensis, C. pusilla and C. cynodontis, seventh
group with large falcate or fusiform conidia occurring on Cenchrus ciliaris
and Penniselum (yphoideum was probably C. fusiformis, described three
years later by the same author (Loveless, 1967). Conidial characters together
with considerations of host range are generally sufficient to determine if a
sphacelial ergot is the anamorph of an already named species or is represen-
tative of a species new to science. For e.g., the tenth conidial group described
from Sorghum caffrorum resembled anamorph of C. africana described
much later by Frederickson et al. (1991).

A study of conidia of English C. purpurea collections revealed the similarity
in conidial shape among the samples from certain host groups suggesting the
existence of C. purpurea host races (Loveless, 1971).

3.2.4. Chemotaxonomic Markers

The qualitative analysis of alkaloid content as a possible marker was made in
only seven species from the 43 described, these being C. purpurea (peptide
alkaloids: ergotamine, ergocornine, ergocristine), C. fusiformis (agro-, elymo-
and chanoclavine), C. paspali (lysergic acid amides), C. gigantea (festu-
clavine) (for detailed review see Flieger et al., 1997). Mantle (1968) detected
the peptide alkaloid dihydroergosine as the main component in C. africana
and traces of agroclavine in C. sorghi. Tanaka and Sugawa (1952) and
Yamaguchi et al. (1959) found the peptide alkaloids, ergometrine and agro-
clavine in sclerotia of C. imperatae. Porter et al. (1974) described the occur-
rence of ergometrine related alkaloids in ergotized Cynodon dactylon, but did
not identify the Claviceps species which was probably Claviceps cynodontis.
In other species, evidence of alkaloid production was obtained colori-
metrically using vanUrk’s reagent which gives blue coloration with ergoline
compounds. Prior to describing new species, Tanda assayed sclerotial extracts
for alkaloids as well as testing their toxicity to mice. Only in C. bothriochloae,
some positive colorimetric reaction was found (Tanda, 1991), whereas
in C. microspora and C. yanagawaensis, the weight loss and other signs of
mice toxicity were not apparently connected with alkaloid content (Tanda, 1981)
and may therefore have been caused by other toxic metabolites. Taber and
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Vining (1960) detected alkaloid production colorimetrically in shake cultures
of C. maximensis and the ergot isolated from wild rice, that could possibly
be C. zizaniae. As yet unidentified alkaloids have been found in the shaken
cultures of C. grobii and C. sulcata (Pazoutova et al., unpublished).

An indirect proof of alkaloid production by C. cinerea was the occurrence
of abortions in cattle in North Mexico grazing Hilaria mutica, colonized by
this ergot (Zenteno-Zevada, 1958).

Walker (personal communication) found no alkaloids in C. pbalaridis
sclerotia. Similarly, HPLC analysis at the Inst. Microbiology CAS, Prague failed
to detect alkaloids at the ppm level. Preliminary results confirmed the pre-
sence of a group of unknown metabolites. No alkaloids were also detected in
the sclerotia of new species of ergot C. citrina from Distichlis spicata
(Pazoutova et al., in press).

Another attempt to find chemotaxonomic markers for distinguishing Claviceps
species was presented by Mower and Hancock (1975). The sugar composition
of the thick liquid honeydew secreted during the sphacelial stage to protect
and disseminate conidia, was determined for nine known species and possibly
five undescribed species collected on specified grasses and rushes.

The Claviceps and Sphacelia species differed in the amount and represen-
tation of 23 mono-, di- and oligosaccharides with two basic types being
identified; those with prevalent glucose and fructose (C. purpurea, C. fusi-
Sformis, C. nigricans, C. grobii and Sphacelia isolates from Penniselum,
Setaria and Juncus) and those with arabinitol and mannitol (C. gigantea,
C. cinerea, C. lripsdaci). An intermediary group containing both sugars and
sugar alcohols included C. paspali, C. uleana, C. zizaniae and a Sphacelia
from Andropogon tener.

3.3. THE CHARACTERIZATION OF SOME CLAVICEPS SPECIES

3.3.1. C. paspali

According to Hitchcock (1950) and Langdon (1952), this species originates
from South America (Uruguay or Argentina) and was introduced to USA about
1850. In the years 1927 to 1937 it was reported from Australia and New
Zealand, 1947-1948 from the Mediterranean region (where it followed the
introduction of Paspalum distichum in 1929) and now is found worldwide
where Paspalum species grow. Infection is followed 4-5 days later with the
production of abundant honeydew containing primary and secondary (micro-
cycle) conidia. Subglobose light brown sclerotia encompass the remnants of
disintegrated ovary (Luttrell, 1977). Cold and moist storage is required for
sclerotium germination, the germination ability is lost after dry storage
and exposure to temperatures under 0°C (Cunfer and Marshall, 1977). Similar
species, however, endemic to Australia and detected there before the intro-
duction of C. paspali is C. queenslandica (Langdon, 1952).
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3.3.2. C. phalaridis

Walker (1957) discovered this Australian endemic ergot, that persists as sys-
temic endophyte similarly to Epichloe/Neotyphodium and forms sclerotia in
florets of the diseased plants, rendering them sterile. Intercellular hyphae are
present in tillers, stems, leaf sheaths and blades. It was found on pooid
grasses including Lolium rigidum and species of Phalaris, Vulpia, Dactylis,
as well as on arundinoid grasses in the genus Danthonia (Walker, 1970).
A white fungal mass envelopes young anthers and the ovary. Infected florets
are later incorporated in the mature subglobose sclerotium. The sclerotia
were able to germinate after 5-month storage either dry at room temperature
or humid at 6°C (Walker, 1970). Ascospore formation in this species differs
from that of either C. purpurea and E. typhina (Uecker, 1980). Clay (1988)
considered this species as possible intermediate between Balansiae and
Claviceps, but our current investigations of DNA sequences do not support
this view (Pazoutova, unpublished).

3.3.3. C. viridis

C. virdis was found on Oplismenus compositus in India (Padwick and
Azmatullah, 1943; Thomas et al., 1945) and on O. undulatifolius recently in
Japan (Tanda, 1992), in forest regions with monsoon rains. Its sclerotia are
cylindrical, blackish with a tinge of green and require a dormancy period
prior germination (Tanda, 1992).

3.3.4. C. gigantea

C. gigantea is found on maize (Zea mays) in the high valleys of Central
Mexico (Fuentes et al., 1964). Its occurrence seems to be limited by the
annual mean temperature of 13-15°C (Fucikovsky and Moreno, 1971).
The formation of sclerotia (Fuentes et al., 1964) is quite different from that in
C. purpurea and C. paspali as described by Luttrell (1977, 1980 respectively).
It starts as a soft and hollow structure that produces many conidia suspended
in honeydew. The resting structure develops later in the internal cavity as firm
pseudoparenchymatous tissue surrounded by thin dark rind. Maturation
proceeds from the interface with the host progressing distally. The surface of
the mature sclerotium is covered with dried remnants of the sphacelia. With
respect to climatic conditions, the sclerotia survive short frost periods and the
dry winter.

3.3.5. C. africana

C. africana colonizes sorghum (Sorghum bicolor) and is endemic in eastern
and southern Africa, especially in Kenya, Zimbabwe and South Africa. How-
ever, C. dfricana is spreading to Southeast Asia, Japan (Bandyopadhyay,
1992) South America (Reis et al., 1996) and Australia (Ryley e/ al., 1996),
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presenting danger for the male sterile A-lines of sorghum and seed produc-
tion. In 1997, it reached Texas, USA. Infection ability is enhanced by the
extensive secondary conidiation on the surface of excreted honeydew that
presents source of windborne propagules (Frederickson et al., 1993).
C. africana sclerotia were able to germinate after 1 year of dry storage at
ambient temperature (15-30°C) (Frederickson et al., 1991). The most often
encountered alternative host is S. halepense (Johnson grass). A common
feature of C. africana and C. gigantea is the production of dihydrogenated
ergoline alkaloids.

3.3.6. Claviceps pusilla

C. pusilla is a widespread ergot of the Mediterranean region, Africa, India,
Australia and probably China, colonizing seventeen andropogonoid Old
World species (among them Bothriochloa, Dichanthium, Capillipedium,
Cymbopogon, Heteropogon, Vetiveria and Themeda) (Langdon, 1954,
Loveless, 1964). Its sclerotia are probably of the advanced type, and a
characteristic marker is the triangular shape of its conidia.

3.3.7. Claviceps cynodontis

C. cynodontis is one of the few ergots colonizing chloridoid grasses
(Langdon, 1954; Loveless, 1965). It grows in the florets of Cynodon dactylon
(Bermuda grass) and it is distributed from southern Europe to Africa, India,
Burma and Philippines. It often occurs in sphacelial state without developing
sclerotia.

3.3.8. Claviceps sulcata

This species was originally found in Rhodesia (Zimbabwe) on a Brachiaria
species (Langdon, 1952), an important forage grass in warm regions. Since
then, it has been found in other areas of southern Africa, but recently, the
sphacelial stage was reported as widespread from Brazil (Fernandes et al.,
1995). It is characterized by large conidia and prominent broad furrows
running along each side of the sclerotium.

3.3.9. Claviceps fusiformis

C. fusiformis is widespread in semi-arid regions of Africa and India. It occurs on
pearl millet (Pennisetum americanum) which was domesticated in Sudanian
region in Africa and introduced to India (for review see de Wet, 1992).
Distribution of C. fusiformis extends from the Transvaal to Equatorial Africa
(Loveless, 1967) and widcly within India. Despite its typical fusiform elongated
conidia, Thirumalachar (1945) concluded that it was C. microcephala (syn.
C. purpurea) and this misidentification persisted until the 70’s (Sundaram ef al.,
1972). Rapid spread and high infection rates are enhanced by the formation of
secondary conidia and its sclerotia are drought-resistant (Thakur et al., 1984).
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Loveless (1964) found the conidia of C. fusiformis as the falcate type on the
species of Cenchrus ciliaris, P. typhoideum and P. maximum. Ramakrishnan
(1952) successfully cross-inoculated C. fusiformis from six species of Penni-
setum to species of Cenchrus and Urochloa.

3.3.10. Claviceps purpurea

C. purpurea occurs in all temperate regions and has undoubtedly the widest
host range of any Claviceps species. As a result, its name has been suspected
of being a blanket term for several distinct taxa. Morphology descriptions of
the species reflect this variability. Sprague (1950) described C. purpurea as
having purple-black sclerotia and flesh-colored capitula, Dickson (1956) char-
acterized its stromatal heads as pale-fawn, while Tanda (1979a) reported pale
purple to blackish brown sclerotia and light orange to pale red capitula.

Sclerotium morphology is influenced by the size of host florets and climatic
differences (for e.g., the sclerotial size ranges from 1-50 mm). However, for
precisely these reasons it happens that almost any ergot with elongated dark
brown to black sclerotia and purplish capitulum is classified as C. purpurea
whereas it could represent yet another undescribed species. A good example
of such misdetermination is the above mentioned designation of C. fusiformis
from Indian Pennisetum typhoideum as C. microcephala which persisted for
many years. C. grohii (Groves, 1943) was described as a new species mostly
because of its colonization of Carex, which was considered too great an
extension of its host range for C. purpurea. One other discriminative marker
distinguishing the two species was the insect damage of sclerotia in C. grohbii
collections when C. purpurea sclerotia remained untouched. Later it was
found (Langdon, 1952) that conidia of C. grobii differ in the shape from those
of C. purpurea. However, C. purpurea was recently isolated from Carex and
its identity confirmed by RAPD (Jungehtilsing, 1995). Thus, both these species
occur on Carex hosts.

It has been noted, that isolates of C. purpurea from certain hosts infect
other grass species under laboratory conditions with varying results. The
successful infection is highly dependent on the length of the period of
anthesis and the inoculation technique used. Stiger (1903, 1905, 1908, 1922, cf.
Campbell, 1957) used three methods: spraying the heads with a conidial
suspension, prying the glumes apart and spraying the florets and dipping
grass heads in conidial suspension. These methods succeeded unless the
florets were closed or waxy or haired glumes protected them.

Stiger found three races of C. purpurea in Europe that should infect only
certain groups of hosts and later, together with other authors seven races was
identified:

P1, Bromus sterilis, Festuca elatior, Hordeum, four species of Poa, Secale,
Triticum

P2, Brachypodium sylvaticum

P3, Bromus erectus, Lolium sp.
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P4, Bromus erectus, Festuca arundinacea, Lolium perenne (Mastenbroek and
Oort, 1941)

P5, Lolium spp., Secale (Baldacci and Forlani, 1948)

P6, Aira, Molinia, Nardus, Phragmites (Arundinoideae)

P7, Poa annua only (also considered C. microcephala)

Other authors, however, came to different conclusions when they transfer-
red ergot from Lolium sp. to rye (Békésy, 1956) or to wheat (Bretag and
Merriman, 1981). Kybal and Brejcha (1956) succeeded in infecting rye with
ergot from Phragmites and Molinia, whereas Campbell (1957) found no host
preferences at all in Canadian isolates.

Campbell removed the glume tips at anthesis and sprayed the heads with
conidial suspension but when infecting Hordeum, it was necessary to inocu-
late the heads just emerging from the leaf sheath. Inoculation at anthesis was
not successful. Inoculations were repeated until the first signs of sphacelial
development appeared.

In the first part of his experiments, Campbell took the conidial suspensions
from ergots collected on 38 host species in 19 genera from three subfamilies
(as defined by Watson and Dalwitz, 1996):

Pooideae
Agropyron, Agrostis, Arrbenatherum, Avena, Bromus, Calamagrostis,
Dactylis, Elymus, Festuca, Glyceria, Hordeum, Lolium, Phleum, Poa,
Secale, Triticum

Arundinoideae
Stipa

Chloridoideae
Calamovilfa, Spartina

and inoculated rye, wheat and barley. Every isolate infected each cereal with
the exception of one isolate from Glyceria borealis. Other isolates from
G. borealis, however, were infectious.

In a reverse procedure, conidial inoculum of rye ergot to was applied to
plants in the following subfamilies and genera:

Pooideae:
Agropyron, Agrostis, Alopecurus, Bromus, Calamagrostis, Dactylis,
Elymus, Festuca, Koeleria, Phalaris, Phleum, Poa, Polypogon, Silanion
Sphenopholis

Arundinoideae
Stipa, Danthonia

Chloridoidae:
Eragroslis, Sporobolus

Panicoideae
Setaria
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Again, all plants became infected both in the field and in the greenhouse.
These experiments confirmed that with the use of a suitably aggressive inocu-
lation technique, C. purpurea is capable of colonizing a wide range of not
only pooid, but also chloridoid and some panicoid hosts. Natural occurrences
of C. purpurea on the species of Setaria and Pennisetum were reported from
South Africa (Doidge, 1950). Brewer and Loveless (1977) took honeydew from
Pennisetum macrourum and inoculated wheat getting a mean of 1.6 sclerotia
per head of wheat compared with 3.9 sclerotia when they transferred
honeydew from wheat to wheat.

However, the question of host races and specificity of C. purpurea con-
tinues. Loveless (1971) found that the host-specific differences in conidial size
and shape in English collections were retained even in laboratory cultures
and corresponded to some extent to the Stiger’s groups. Following numer-
ous cross-inoculation experiments, Tanda allocated Japanese isolates of
C. purpurea from different pooid and arundinoid hosts to four varieties:
C. purpurea var. purpurea, var. alopecuri, var. phalaridis and var. sasae
(summarized in Tanda, 1979a,b). The latter variety occurs on a bambusoid
host and could be probably species different from C. purpurea.

It seems that the races of C. purpurea are associated with regions and most
probably they cannot be world-wide generalized. The host ranges of the
Stagerian groups are not the same as the ones listed for Tanda’s varieties, and
even other European authors came to different conclusions. Also in North
America, C. purpurea seems to have other preferences.

C. purpurea sclerotia contain peptide alkaloids in varying ratios. Kobel and
Sanglier (1978) after screening of alkaloid content in sclerotia collected for
years in Europe and North America on rye and wild grasses found 10
chemoraces:

Combination % of samples
Ergotamine 151
Ergocristine 13
Ergosine 2.2
Ergotamine + ergosine 7.3
Ergocornine + ergocryptine 22.6
Ergocornine 1.5
Ergocristine + ergotamine 4.4
Ergocristine + ergosine 20.4
Ergocryptine o 1.5
Ergocryptine o + f8 1.5

The authors observed that the strains containing the combination ergo-
cristine—ergocornine-ergokryptine were unstable and dissociated in the cul-
ture into ergocristine strains and ergocornine + ergocryptine strains.
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Groger (1979) found 6 chemoraces among strains capable of alkaloid
production in laboratory culture. These strains were isolated from sclerotia
found on rye, triticales or fescue:

Ergotamine

Ergocristine

Ergosine

Ergocornine + ergosine (1:1)
Ergotamine + ergocryptine (1:1)
Ergocornine + ergocryptine (3:2)

In our laboratory, the measurements of alkaloid content in natural sclerotia
collected on wild grasses and cereals in Europe and in USA were made. We
observed that the European strains tend to belong either to ergotamine or to
ergotoxine group, whereas the American strains contained various combina-
tions of ergotamine with ergotoxines, covering almost the whole spectrum.

3.4. CLAVICEPS INTRASPECIFIC VARIABILITY ASSESSED BY DNA ANALYSIS

3.4.1. Variable C. purpurea

Jungehulsing (1995) addressed the problem of intraspecific variability of
C. purpurea using the methods of molecular genetics (RAPD analysis and
electrophoretic karyotyping). Her RAPD results were probably the most vari-
able of any RAPD’s found among filamentous fungi studied so far, although
one or several species-specific bands was observed with each primer. The
isolates originated mainly from Germany and England, the host being species
of Agropyron, Agrostis, Dactylis, Elymus, Festuca, Holcus, Lolium, Molinia,
Phleum, Secale, and non-grass host Carex. The analysis of data pooled from
nine primers showed that the Secale isolates from various parts of Germany
were related and that isolates from the same locality were the most similar.
Bootstrap analysis confirmed a marked tendency towards relatedness of the
isolates from the same region followed by relatedness according to host
preference.

Jungehtlsing also found possible reason for the extreme variability even
among the isolates from the same host species and locality (see also
Tudzynski, this volume). The chromosome number and size in C. purpurea
isolates was found to be variable. Despite this, crosses were possible between
parents with different sized chromosomes and translocations resulted in
progeny of different karyotypes.

RAPD fingerprinting of different Claviceps species has also been done in
the Institute of Microbiology CAS. When testing various C. purpurea isolates
with the primer RP2 (AAGGATCAGA) (Lehmann et al., 1992), we obtained
similar results as Jungehiilsing (1995) confirming that the strains collected in
the same region are more related than the geographically distant isolates
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Pepty 695/S

mutation Pepty 695/ch

PD/59

U

BRD

reisolation CS9%4

CSsgd

unknown sp -

rye strains

P.annua strains
C/A

CiB

CiC

Figure 1 RAPD patterns of C. purpurea strains obtained with the primer RP2. The
strain Pepty 695/S and its two mutants, strain U isolated from Lolium multiflorum in
South Africa, strain BRD used for field infection and two strains CS94 and CS95
reisolated from the resulting sclerotia in two subsequent years, independent isolates
M, S, J, A from the spontaneously infected rye field and independent isolates from
spontaneously infected Poa annua field are shown. The species specific band is
marked by black arrow

(Figure 1). Variability among natural isolates from the same locality differed.
Single sclerotium isolates from the same rye field (strains M, S, J, A) showed
fewer differences than the isolates from a seed producing field of Poa annua
(strains C/A, C/B, C/D). This variability was due to the presence of a popu-
lation of distinct strains on the given locality and not to variations in the
progeny of a single strain, because the banding pattern of the strain BRD used
to inoculate one cultivar of Poa pratensis and reisolated from the field
sclerotia in two subsequent years (CS 94, CS 95) remained unchanged. Also
the mutation-and-screening procedure did not change the RAPD patterns,
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shown here for the ergotoxine producing strain Pepty 695/S, its clavine-
producing blocked mutant Pepty 695/ch isolated by Schumann et al. (1982)
and another isolate PD59 isolated in our laboratory and differing slightly in
morphology from the parent Pepty 695/S strain.

Another experiment assessed the degree of variability among isolates from
sclerotia collected from the same flower head, on different flower heads of
the same plant and from the different plants of the same locality. Although
the colony morphology of the isolates was almost identical, we found that
even the isolates from the same flower head of Lo/ium sp. exhibited different
RAPD patterns (data not shown).

In contrast to the RAPD’s, the sequence of the ribosomal region containing
5.8S rDNA and spacers ITS1 and ITS2 is less variable. We sequenced the 556 bp
fragments obtained from Middle-European cereal isolate C. purpurea P695/S
(Schumann et al., 1982) and from C. purpurea isolated in our laboratory from
sclerotia from Phalaris sp. collected in Australia. The sequences were com-
pared to two American C. purpurea sequences. U57669 (GenBank) from
isolate GAM 12885 collected on Dactylis glomerata near Athens, Georgia, USA
(Glenn and Bacon, 1996; unpublished) and the sequence of the isolate 109
from Festuca arundinacea, Lexington, Kentucky (Schardl et al., 1991).

The European and Australian isolates differed only in a single base out of
556 localized in ITS2. The American isolates GAM 12885 and 109 differed from
the European Pepty 695/S each in 5 and 6bp respectively, all in ITS1 spacer,
but not the identical ones (Figure 2), whereas the difference between them
was in 10 positions of ITS1.

This result seems to support the hypothesis that C. purpurea is a relatively
recent introduction to Australia together with cereals from Europe. The

Pepty 695/S ATCATTACCG AGTTTACAAC TCCCAAACCC ACTGTGAACT TATACCC-AA AACGTTGCCT
BuSETalia  .ocusvomce svmeaim s s s wie s s e we e e e B 6 S 6 He e R 8 e e e
GAM 12BBS  cwsewimmis iR emsieaE SieEsEIe ® Miossimish smssmippsn ss@prmss®es
109 000 csciwsvmsw s masweeEgs WEWEISESES BEIMELWEEE § o8 E Biv swssmesmun

Pepty 695/S CGGCGGGCAC AGCGGTACCC GAGCCCCC-G CAAGGGAG-C AGAGGCGCC- CGCCCGCCAG
Australia ..........
GAM 12885 ...... A:::
109 ... = Cs wsswiewss G.

Pepty 695/S GGGACCAAAA CTCTTCTGTA TACCCATAGC GGCATGTCTG AGTGGATTTA AAAACAAAT
Australia .iciievnns
GAM 12885 ..........
109

Figure 2 The differences in ITS1 spacer secquence among C. purpurea isolates from
different regions. P695/S — European isolate; Australia — Australian isolate from
Phalaris sp.; GAM 12885 — D. glomerata, Georgia, USA; 109 — F. arundinacea,
Kentucky, USA
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differences between European and American isolates could be attributed to
the presence of indigenous strains of C. purpurea that evolved independently
of the European populations.

3.4.2. Other Claviceps Species

We made RAPD’s of other Claviceps species with the primer 206
(TCAACAATGTCGGCCTCCGT) (Figure 3). Isolates of C. paspali and
C. fusiformis, although originating from distant regions, had almost the same
banding patterns. The patterns of three Mexican C. gigantea isolates were
identical (only one representative shown) as well as the patterns of two
C. africana strains from Bolivia and Australia. Probably, C. africana is spread-
ing too quickly to develop genome differences among distant isolates. The
patterns with the primer 206 were markedly species-specific and that could
enable the identification of sphacelial stages once the teleomorph RAPD was
determined. We used the RAPD pattern as the first criterion for excluding the
possibility of D. spicata ergot (C. citrina) being C. purpurec.

africana

fusiformis

purpurea
citrina
phalaridis
grohi
viridis
gigantea
paspali

Figure 3 RAPD patterns of different Claviceps species with the primer 206. Note the
almost identical patterns of C. paspali and C. fusiformis isolates
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3.5. THE CLAVICEPS PHYLOGENY

Its main course is connected with the evolution of grasses and the global
climatic changes, in the side branches the incidence of endemic species is
correlated with ecological niches.

3.5.1. Grass Evolution

The evolution of grasses is summarized in Brown and Smith (1972) and Jones
(1991). The grasses probably appeared during the Jurassic period (Mesozoic),
in the wet tropics. The Centothecoideae, Bambusoideae, and Arundinoideae
with C3 type of photosynthesis are supposed to be the most primitive. Their
descendants, the subfamilies Chloridoideae and Panicoideae developed C4
photosynthetic pathways and thus acquired competitive advantage in warmer
regions.

Chloridoideae are adapted to stressful arid or saline habitats (sand dunes,
coastal marshes, semi-deserts). Their widespread distribution with the radi-
ation center in South Africa suggests that they acquired the C4 photosynthesis
and expanded before the breakup of the Pangea (Middle Cretaceous).

One section of the Panicoideae (the tribe Paniceae) acquired C4 photosyn-
thesis shortly before South America was separated from the rest of Gondwana
in the Late Cretaceous. In the then isolated South America, Paniceae became
dominant. C3 photosynthesis was retained in apparently more primitive
shade loving species (Oplismenus, Icnanthus, and some species of Panicum)
whereas C4 species colonized open habitats in the tropical and subtropical
zones (e.g. Paspalum, Cenchrus, Brachiaria, Pennisetum).

In southern Asia, the Andropogoneae (Sorghum, Zea, Saccharum, Bothrio-
chloa, Imperata) developed from some C4 ancestor and rapidly occupied
savanna habitats and dry open woodlands. It is supposed that this occurred
some 25-30% Mya (million years ago). Andropogonoid species form 30—-40%
of all grass species in India and Africa. The transfer of Andropogoneae to
America probably occurred via southern Europe, before their separation in
the Tertiary period while they probably reached Australia via island chains.

The subfamily Pooidae retained C3 photosynthesis, as the C4 type does not
provide any advantage in cooler climates. It expanded mainly in the northern
hemisphere. The southern hemisphere does not support its climatic needs
except New Zealand, southern Australia, and South America. As distinct from
other subfamilies, Pooidae possess large chromosomes.

The grass phylogenies derived from plastid as well as nuclear DNA sequences
show two main groups. In the PACC group (including Panicoideae, Arundino-
ideae, Chloridoideae, and Centothecoideae) chloridoids and arundinoids are
sister groups to the ancestor of the panicoids, which correlates well with the
theory based on the geographical distribution of grass subfamilies. The group
BOP contains Bambusa-Oryza and Pooids (Mathews and Sharrock, 1996).
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3.5.2. Ergot Distribution

Knowledge of the geographic occurrence of Claviceps species is influenced
by the presence of the grass hosts and also by the human factor. With the
exception of Brazil and West India at the end of the 19th century (Moller,
1901; Hennings, 1899), the information concerning the occurrence of tropical
forest ergots is scarce. The best information about geographical and host
distribution is available for the ergots that colonize cereals and pasture
grasses.

The distribution of ergot species throughout the world has several interest-
ing features. First, there is a striking difference in the number of ergot
species colonizing the chloridoid, pooid, and panicoid subfamilies. The only
chloridoid-specializing species known so far are C. cynodontis (Cynodon)
C. yanagawaensis (Zoysia) and C. cinerea (Hilaria) and we add new species
C. citrina found in Central Mexico on Distichlis spicata. Also the occurrence
of C. purpurea on recent Spartina hybrid in England was documented (Gray
et al., 1990).

The pooid ergot is represented only by C. purpurea with Laurasian
distribution and the unusual endophytic C. phalaridis endemic to Australia.
Both species colonize also arundinoid species like Danthonia and have wide
host ranges, although C. purpurea is considered advanced species and
C. phalaridis a rather primitive one. There is also C. litoralis occurring on
the northern Japanese islands and Sakhalin on Elymus and Hordeum
(Kawatani, 1944), but some mycologists doubt its species status and consider
it a variety of C. purpurea.

Some morphologic similarity to C. purpurea is seen in C. grohii, C. cyperi
and C. nigricans that colonize sedges in the North temperate regions.

In the genus Claviceps, the panicoid species with monogeneric (C. paspali,
C. viridis, C. gigantea) to polygeneric host ranges (C. fusiformis, C. pusilla)
predominate. The most primitive species C. orthocladae, C. flavella and
C. diadema (undifferentiated sclerotium encompassing the flower parts,
germinating directly on the host) are found on Orthoclada (Centothecae)
and panicoids in South America tropics, whereas none are found in wet
tropical and subtropical forests of Africa and South Asia. Also none of the
South American ergots was found in the other regions of the world except
C. paspali which has been spread by human influence. On the other hand,
several species are common in Africa and India and some also in Australia.
No colonization of arundinoid grasses has been documented for panicoid
ergots.

It seems, that species of Claviceps should be considered predominantly
parasites of panicoids. The colonization of chloridoid and pooid hosts is
somewhat obscured by the vast occurrence of C. purpurea, but in fact it
is as marginal as the occurrence on cyperaceous hosts. The distribution of
Claviceps species suggests, that the genus origin probably dates from the
period of the expansion of panicoids from South America in the Late
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Figure 4 Phylogenetic relationships among Claviceps species based on rDNA TTS1
region.

A — maximum likelihood tree;

B — neighbor-joining tree (Jukes-Cantor distance matrix and 500x bootstrap);

C — maximum parsimony tree (500x bootstrap);

Strains used for sequencing:

C. purpurea Pepty 695/S; C. fusiformis SD-58; C. grobii strain 124.47 (CBS, Barn);
C. paspali — our conidial isolate (P. dilatatum, Alabama); C. citrina sp. nova, our
isolate (D. spicata, Central Mexico); C. phalaridis — our isolate (Phalaris, sample
DAR 69619 Australia); C. viridis strain 125.63 (CBS, Barn); C. gigantea — our isolate
(Zea mays, Toluca Valley, Mexico); C. africana — our isolate (Sorghum, Bolivia)

Cretaceous. The speciation then continued independently on all continents of
the former Gondwana. The exchange among African and Indian species was
enabled probably at the same time as the spreading of andropogonoid grasses.

3.5.3. Claviceps Phylogenetic Tree

In our laboratory, we made phylogenetic analysis of the nine Claviceps
species based on the comparison of internal transcribed spacers ITS1. Nectria
vilior (Glenn et al., 1996) was used as an outgroup species. The trees (Figure 2)
acquired with different algorithms contained in PHYLIP (Felsenstein, 1995)
differed, but the segregation of two distinct groups was always supported
over 95% of bootstraps:

1. C. purpurea, C. fusiformis, C. grobii
2. C. viridis, C. gigantea, C. africana

The remaining species C. phalaridis, C. citrina and C. paspali were
separated by the maximum parsimony as the third group (100%) containing
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more, “primitive” species. Also, these species share a marked deletion
of 38 bp.

On the other side, maximum likelihood tree (out of 211 tested) placed
Australian C. phalaridis basal to the group 2, whereas American C. paspali and
C. citrina were closer to the ancestors of group 1. The branches with zero
length were collapsed to polytomies. The neighbor-joining tree resembles the
ML tree (with the exception of C. phalaridis) and their log likelihoods were
almost identical (ML= —990.245; NJ = —990.256). The NJ tree branches sup-
ported by less than 50% bootstraps were reduced to polytomies.

The advanced species of the group 1, with drought and cold resistant
sclerotia may be related to the group of ergots with prevailing glucose and
fructose as described by Mower and Hancock (1975). The high similarity of
ITS1T DNA of these species otherwise so different in their habitats and host
specificity is rather puzzling, but the 95.6% identity in 960 bp fragment of 28S
rDNA of C. purpurea and C. fusiformis was also observed by Rehner and
Samuels (1995). The evolution course in this branch is unclear, but we very
tentatively speculate about the Laurasian origin from more primitive ances-
tors related to C. paspali and C. citrina and relatively recent transfer to Africa.

The second group, encompassing two andropogonoid ergots together
with C. viridis from rather primitive C3 panicoid from Asian monsoon
regions, clearly correlates with the radiation origin of andropogonoids in
Southern Asia. It also shows that the andropogonoids took their ergots with
them on their way to Africa and North America and were not colonized by
the local ergot species. The ergots with the prevalent mannitol and arabinitol
in their honeydew (Mower and Hancock, 1975) should be expected in
this branch. Together with related C. phalaridis it represents probably the
genuine ergots that developed in the Old World warm regions.
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For about 70 years genetic analyses of Claviceps purpurea have been per-
formed (e.g. Kirchhoff, 1929); nevertheless, genctic data available are still
rather scarce, mainly due to intrinsic experimental problems, which place this
fungus far apart from being a genetic model organism: the generation time is
extremely long and — since it involves parasitic culture of the fungus — the
conditions of obtaining sexual progeny are rather complex; biotechnologi-
cally relevant strains normally are imperfect and even do not produce
conidia; and, last but not least, C. purpurea strains tend to be instable during
prolonged vegetative cultivation. Nevertheless, due to the development of
molecular genetic approaches, and due to growing interest in C. purpurea as
a pathogen, in recent years genetic research in C. purpurea has been intensi-
fied. In some recent review articles on C. purpurea also genetic data have
been included (e.g. Socic and Gaberc-Porekar, 1992; Tudzynski et al., 1995;
Lohmeyer and Tudzynski, 1997).

4.1. CLASSICAL GENETICS

Compared to other biotrophic parasites, C. purpurea can be rather easily
handled: most laboratory strains and field isolates grow well and sporulate
abundantly in axenic culture. Since conidia normally are mononuclear,
mutants can be easily obtained by standard procedures; heterokaryons are
readily formed and can be used for parasexual approaches; and sexual crosses
are possible, though time consuming.

4.1.1. Mutants

Numerous stable mutants of C. purpurea have been obtained, mainly by
UV-mutagenesis. They include various auxotrophic mutants (e.g. Strnadova,
1964; Tudzynski et al., 1982), for only a few of which the metabolic block was
determined exactly, e.g. for 5 arg™ mutants (Kus et al., 1987) and several pyr~
mutants (Smit and Tudzynski, 1992). The latter mutants were obtained in an
“intelligent” screening approach, using resistance against the toxic analogue
5-fluoro-orotate (FOA) as selective principle; FOA-resistant mutants were
obtained after UV-mutagenesis at a rate of 3.2x 1075 from these, 12.5% were
pyrimidine auxotrophs, about half of these were shown to be defective in the
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orotidine-monophosphate-carboxylase (OMPD) gene (the rest probably was
defective in the OMP pyrophosphorylase gene). Also several fungicide resis-
tant mutants have been described, e.g. against benomyl (Kus et al., 1986,
Jungehiilsing, 1995) or cercobin (Tudzynki et al., 1982). Recently also recom-
binant DNA technology has been applied to mark strains with antibiotic
resistance genes and use them in crosses (Jungehtlsing, 1995).

The main effort over the years, however, has been laid on mutagenesis
programs concerning alkaloid biosynthesis, often using successive steps of
various mutagens; various mutant strains showing increased or decreased
amount or a different spectrum of alkaloids have been described (e.g. Didek-
Brumec et al., 1987; Kobel and Sanglier, 1978).

Recently a novel and promising approach to generate mutants by random
integration of transforming vector DNA has been successfully used to obtain
auxotrophic and pathogenicity mutants in C. purpurea (Vof3, Stehling and
Tudzynski, unpubl., see below).

Despite these numerous successfull reports on mutagenesis in C. purpurea,
we found that several field isolates of this fungus were unexpectedly highly
recalcitrant against mutagenesis. Determination of relative DNA content per
nucleus by DAPI staining showed a high level of variation among different
isolates, indicating various degrees of aneuploidy in these field isolates;
haploidization experiments using low doses of benomyl applied on two
different isolates yielded derivatives with only 50% of relative DNA content,
confirming the idea that the original strains were not haploid (Jungehilsing,
1995; Muller, 1996), and that benomyl treatment represents a good tool for
the generation of bona-fide haploid strains for mutagenesis programs and
certain molecular studies (see below).

4.1.2. Heterokaryosis

Most field isolates and industrial strains of C. purpurea have been found to
be heterokaryotic, inspite of the mononuclear status of their conidia; reasons
for this heterogenicity could be mixed infections in the field strains and
generally a high mutation rate. When we analysed selfing F1 progeny of field
isolates, we found a high degree of morphological variation, in one case
about 15 different phenotypes (Tudzynski, unpubl.). Already Kirchhoff (1929)
found segegration within an F1 progeny of albino sclerotia, confirming a
heterokaryotic status of these sclerotia (see also Bekesy, 1956). Despite this
high level of heterokaryosis in field isolates, heterokaryosis is not required for
completion of the life-cycle: Strnadova and Kybal (1974) and Esser and
Tudzynski (1978) could prove that homokaryotic strains can perform the
parasitic cycle and produce ascospores; C. purpurea (at least the isolates
tested sofar) obviously is homothallic. Esser and Tudzynski (1978) could
demonstrate that homokaryotic mycelia can produce alkaloids, in contrast to
carlier observations (e.g. Amici et al., 1967) that only heterokaryotic strains
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were good producers. Obviously these different data reflect differences in the
genetic background of the strains used in these studies. It could be shown by
several groups that formation of heterokaryons between strains of different
genetic background could indeed significantly increase or generally alter
alkaloid biosynthesis; here probably effects like heterosis, complementation,
gene dosis, etc. are important. Spalla et al. (1976) produced a forced hetero-
karyon (which had to be kept on minimal medium) between C. purpurea
strains producing ergocristine and ergocornine/ergokryptine, respectively;
the heterokaryon produced all 3 alkaloids. Even interspecies fusions have
been successfully used to obtain different spectra of alkaloids, e.g. between an
ergotamin-producing C. purpurea strain and a clavine producing C. fusiformis
strain (Robbers, 1984), the fusion product synthesizing both types of alkaloids.
Brauer and Robbers (1987) could demonstrate that in heterokaryotic strains
parasexual processes take place, leading to recombination. Therefore, fusion
of strains and generation of defined heterokaryons represent a powerful tool
for improvement of the (normally imperfect) alkaloid production strains.

4.1.3. Sexual Cycle and Recombination

For completion of the sexual cycle in C purpurea the formation and
germination of sclerotia (see chapter 3 “Biology of Claviceps™) is obligatory.
Since — despite intensive efforts of several groups — so far induction of scle-
rotia formation in axenic culture never has been achieved, genetic analysis of
C. purpurea requires facilities to grow Secale cerecale (or another host plant)
under defined + sterile conditions. Matings are obtained by inoculating
young rye florets with mixed conidial suspensions of both strains; inspite of
the homothallism mentioned above, such mixed infections lead to a high rate
of mixed sclerotia yielding recombinant ascospores (e.g. Tudzynski et al.,
1982; Taber, 1984). A major technical problem hampering such genetic
analyses is the low germination rate of sclerotia; conditions for induction of
this germination process have been studied in detail (e.g. Kirchhoff, 1929;
Bekesy, 1956; Taber, 1984), nevertheless the process cannot be considered as
being easily reproducible in any lab. In short, sclerotia are harvested,
surface-sterilized by HgCl, or formaline treatment, placed on wet sand or
vermiculite, and kept for at least 3 months at about 0°C. After transfer to
14-17°C (white light) sclerotia (hopefully) germinate to form perithecial
stromata. Ejected ascospores are trapped on agar-covered glass slides and
isolated; they germinate within a few hours. Isolation of tetrads is not
possible, since the needle-like ascospores are tightly intertwined and cannot
be isolated without breakage from an intact ascus.

Another problem is that virulence/pathogenicity is an essential prerequisite
for successful matings; since e.g. most auxotrophic mutants turned out to be
non-pathogenic (Tudzynski et al., 1982), the use of auxotrophic markers in
crosses is limited.
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In our lab recently the construction of a (preliminary) genetic map was
achieved by analysing the progeny of a cross between two fungicide/antibiotic
resistant strains by molecular methods (see below). Therefore the sexual cycle
and meiotic recombination could form a valuable basis for molecular genetic
approaches, inspite of the pitfalls and technical problems of the system.

4.2. MOLECULAR GENETICS

Molecular genetic techniques now readily available also for fungal systems
have been successfully applied to C. purpurea in recent years and have
considerably widened the options for genetic research: they allow detailed
molecular characterization of strains — this is important for “typing” of strains
and systematic analyses —; they facilitate and speed up the evaluation of crosses
and the establishment of a genetic map considerably; they provide the tools
for detailed regulatory studies, especially of the alkaloid pathway; and, last
not least, they open the possibility to create recombinant strains, by enhanc-
ing expression of genes of interest or by creating defined deletion mutants.

4.2.1. Molecular Characterization of Strains

Molecular methods like restriction-fragment-length-polymorphism (RFLP)
analysis, polymerase-chain-reaction (PCR) based techniques using random
primers (random-amplified-polymorphic DNA, RAPD) or specific primers (e.g.
for ribosomal DNA), and pulsed field gel electrophoresis (PFGE) for the
separation of fungal chromosomes have been widely used to characterize
fungal isolates with respect to aspects of evolution, population biology,
definition of compatibility groups/subspecies, disease diagnosis, etc. (see
recent compilation by Tudzynski and Tudzynski, 1996, which lists correspond-
ing data for more than 40 species of phytopathogenic fungi). All these
techniques have been successfully applied also for the genus Claviceps (see
Pazoutova, this volume).

(a) RFLP: The first investigations on RFLPs in C. purpurea used mitochon-
drial DNA (mtDNA): it could be shown that the restriction pattern of mtDNA
is strain specific, i.e. allows the identification of specific isolates (Tudzynski
et al., 1983; Tudzynski and Duvell, 1985). Mt plasmids present in most field
isolates, however, are not strictly strain-specific: identical plasmids can occur
in strains from different geographic origin (Tudzynski and Esser, 1986).
Recently in our lab we started a genomic RFLP program with the aim to
establish a genetic map of C. purpurea (Luerweg and Tudzynski, unpubl.).
Genomic DNA from two non-related secale-derived field isolates, digested
with four different restriction endonucleases, was blotted and hybridized to
randomly chosen lambda clones from a genomic library of C. purpurea strain
75 (Smit and Tudzynski, 1992). 50% of the clones checked obviously contained
repetitive DNA and could not be used for genetic analyses (nevertheless, could
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be valuable for fingerprint studies!). Only 6% of the single copy clones yielded
no RFLPs, the rest showed one or more RFLPs. The two strains, which carried
resistance markers (benomyl resistance, and a transformation introduced
phleomycin resistance, respectively), were crossed and the progeny (56
randomly isolated ascospore lines) were evaluated by RFLP, using the ran-
domly selected lambda clones and several cloned genes from C. purpurea.
Most of them segregated in a Mendelian way (1:1).

Figure 1 shows the segregation pattern of an RFLP detected by the cpxy/
gene of C. purpurea, coding for a xylanase (Giesbert and Tudzynski, unpubl.,
see Table 1).

Altogether 72 RFLP markers (and the two resistance markers) were used for
a linkage analysis. A preliminary genetic map was obtained (see Figure 2),
comprising 13 linkage groups (and two unlinked markers). Inclusion of
additional markers and combination with PFGE (see below) will allow to fill
in the gaps and to assign these linkage groups to specific chromosomes.

(b) RAPD: This widely applied technique is based on the polymerase-chain-
reaction (PCR) using single random nona- or dekanukleotides as primers
(Williams et al., 1991). RAPD allows a fingerprint-like characterization of
strains, depending on the primers used. Jungehulsing and Tudzynski (1996)
tested 58 different random decamer primers using as template genomic DNA
from 29 field isolates of C. purpurea from various host-plants; 16 of these
primers yielded a reproducible RAPD pattern, 9 were used for comparative
analysis, since they showed significant differences. With some of these
primers each of the 29 isolates showed a unique RAPD pattern, confirming
that this technique can be used for the identification of C. purpurea strains.
A preliminary tree analysis based on these 9 RAPD primers gave indications
for some degree of host specificity or beginning sub-species formation
(though this data must be interpreted cautiously). RAPD without any doubt
is a very useful tool for the typing of strains and for systematic analyses in
C. purpurea (see also chapter 3, this volume). We tested the use of RAPD
bands as molecular markers in genetic crosses; it turned out that more than
50% of the RAPD fragment were derived from repetitive DNA, and that others
yielded unusual segregation patterns; nevertheless, about a quarter of the
RAPD markers tested segregated 1:1 and could be used as genetic markers
(Jungehulsing, 1995). Therefore, RAPD can be useful for the construction of
a genetic map; each RAPD marker, however, has to be checked carefully for
its Mendelian behaviour.

(c) PFGE: Pulsed-field-gel-electrophoresis has turned out to be an effective
method to separate fungal chromosomes, due to their comparatively small
sizes (for review see Skinner et al., 1991; Tudzynski and Tudzynski, 1996).
Jungehiilsing (1995) successfully optimized electrophoresis conditions for the
separation of C. purpurea chromosomes (sec also Tudzynski et al., 1995).
Unexpectedly the karyotypes of the field isolates differed considerably,
showing numerous chromosome length polymorphisms (the size varying
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Figure 1 Example for an RFLP analysis in C. purpurea. Genomic DNA of the parent
strains (T5 B17R and BiP5-1) and F1 progeny strains (KTB) was digested with BamHI,
separated in an agarose gel, blotted and hybridized with a labelled fragment of the
cpxyl gene of C. purpurea (see Table 1)

between 7 and 1.8Mb) and differences in numbers (3-7). Actually each
C. purpurea strain tested sofar showed a unique karyotype, indicating a high
degree of interchromosomal recombinations (translocations, etc.). Interest-
ingly, mating between strains with different karyotypes vyielded viable



GENETICS OF CLAVICEPS

85

Table 1 Genes (or fragment of genes) available from Claviceps sp.

Gene Strain (putative) Gene Method of Reference
product cloning
rrn ITS  from rDNA PCR Schardl et al., 1991
1/2 Festucca
pyr4 T5 orotidine-5-mono- heterol. probe  Smit and Tudzynski,
phosphate- (N. crassa 1992
decarboxylase pyr4)
gpd T5 glyceraldehyde-3- heterol. probe Jungehilsing
phosphate- (A. nidulans et al., 1994
dehydrogenase gpdA)
dma ATCC dimethylallyl- reverse Tsai et al.,
26245 tryptophan synthase genetics 1995
cpal ATCC dimethylallyl- diff. cDNA' Arntz and Tudzynski,
26245 tryptophan synthase 1996
cpa2 ATCC general stress protein?  diff. cDNA' Arntz and Tudzynski,
26245 (ccgl-homologue) 1996
cpa3 ATCC hydrophobin-like diff. cDNA' Arntz and Tudzynski,
26245 protein 1996
cp605/  ATCC peptide synthetase PCR Panaccione, 1996
608 34501
pgl/pg2 T5 (endo-) heterol. probe  Tenberge et al.,
polygalacturonase (A. niger 1996
pgall)
cell T5 cellobiohydrolase heterol. probe  Muller et al., 1996
(Trichoderma
ressei cbhl)
cpxyll/2  T5 xylanases heterol. probe  Giesbert in press
(C. carbonum
xyl1/M. grisea
xyn33)
cpcatl T5 catalase heterol. probe  Garre and Tudzynski,
(A. niger catR) in press
cpgl T5 heat-shock protein? random ¢DNA*  Garre and Tudzynski,
(hsp70 homologue) unpubl.
cpg2 T5 hydrophobin-like random ¢DNA?  Garre and Tudzynski,
protein(cpa3- unpubl.
homologue)
cpg3 T5 transl. elongation random ¢DNA”* Garre and Tudzynski,
factor? (P. anserina unpubl.
EF-1a homologue)
cpgéd T5 stress protein? random ¢DNA?  Garre and Tudzynski,

(N. crassa ccgb6
homologue)

unpubl.

1: differential screening of a ¢cDNA library from an alkaloid-producing culture with
c¢DNA from a non-producing (¢cDNA™) and a producing culture (¢cDNA™).

during the screening for other genes.

cDNA-clones obtained (from a ¢cDNA library from a glucose-derepressed culture)
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Figure 2 Preliminary genomic map of C. purpurea. Linkage groups are designed
with roman numbers, the distance of the various markers (random lambda clones
from a EMBL library from C. purpurea T5 and various genes of C. purpurea as listed
in Table 1) is indicated in map units (Frank Luerweg, unpubl. data)
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progeny, showing recombinant karyotypes including a high degree of “new”
chromosome sizes. This indicates that meiotic recombination considerably
contributes to the heterogenicity in the karyotypes of field isolates.

A major advantage of PFGE from the genetic point of view is the option to
perform Southern hybridization experiments with PFGE gels; this opens the
possibility to assign cloned genes or specific RFLP markers to single chromo-
somes, allowing to establish a link between the genetic and the physical
genomic map.

4.2.2. Isolation of Genes

The first gene that has been cloned from a C. purpurea strain was pyr4,
coding for a orotidine-monophosphate-decarboxylase (OMPD); it was cloned
from a genomic EMBL3 library of the rye isolate 75, using the pyr4 gene of
N. crassa as heterologous probe (Smit and Tudzynski, 1992). Its function was
confirmed by complementation analyses using defined OMPD-deficient-
mutants of A. niger and C. purpurea as recipients. It can be used as an
efficient selection marker in transformation experiments (see below).

Since then a large number of genes from C. purpurea have been cloned
and characterized, mostly by using heterologous probes, but also by ¢cDNA
screening and PCR techniques (see Table 1). Some of these genes have been
cloned because of their potential usefulness in transformation systems ( pyr4,
gpd, etc.), most of the others stem from molecular analyses of the pathogen
C. purpurea, e.g. genes coding for plant cell wall degrading enzymes, etc. (see
also Chapter 2 by Tenberge, this volume). Recently, however, also studies on
the molecular genetics of alkaloid biosynthesis were initiated, and the first
genes have been characterized. In the group of Schardl (Tsai et al., 1995) the
gene for the first specific enzyme of the alkaloid pathway, the dimethylallyl-
tryptophansynthase (DMATS) was cloned, based on oligonucleotides derived
from a partial aminoacid sequence of the purified enzyme; the identity of the
gene was verified by expression in yeast.

In our group a differential cDNA screening approach was initiated (Arntz
and Tudzynski, 1996), using a ¢cDNA library (lambda Zap) from an alkaloid
producing culture of strain ATCC 26245 (the same strain as used by Tsai et al.,
1995) and cDNA preparations from an alkaloid producing and non-producing
culture as probes. Among the clones identified so far by this screening as
being selectively expressed during alkaloid biosynthesis were clones coding
for a DMATS (confirming that this appproach is useful for the isolation of
genes of the alkaloid pathway), a hydrophobin-like putative cell-wall protein
showing high homology to other fungal hydrophobins, e.g. Qid3 from
Trichoderma viride (Lora et al., 1994), and a protein showing homology to
the ccgl gene product of N. crassa (a circadian clock regulated general stress
protein, Loros et al., 1989). The latter two clones indicate that this approach
also yields genes that might be correlated with the physiological stress and
different hyphal morphology (sclerotial growth) typical for alkaloid producing



88 PAUL TUDZYNSKI

cultures. These preliminary data open up interesting new perspectives for the
molecular analyses of ergot alkaloid biosynthesis: (1) the identification of the
DMATS gene in this differential cDNA screening proves that at least this gene
is regulated at the transcriptional level. This allows a detailed analysis of the
different regulatory circuits influencing alkaloid biosynthesis (phosphate and
nitrate regulation, tryptophan induction, etc.). (2) probably this approach will
allow the identification of further genes of this pathway. Recently also parts
of a cyclic peptidase from C. purpurea have been characterized which might
be involved in the last step of the pathway (Panaccione, 1996). (3) The
identification of genes which might be correlated with the different hyphal
morphology of producing cultures could lead to an understanding of the
relation between this switch in morphology and induction of alkaloid syn-
thesis.

4.2.3. Transformation

Several transformation systems have been developed for C. purpurea. Van
Engelenburg et al. (1989) used the bacterial phleomycin resistance gene
(phleo®) driven by the A. nidulans trpC promoter for the first successfull trans-
formation experiments; the transformation rate was poor (~1 transformant/ug
DNA), and the integration modus was complex (multicopy/multisite integra-
tion). Comparable results were obtained by Comino ez al. (1989), who used two
other selection systems: the acetamidase (amds) gene of A. nidulans, and the
prokaryotic hygromycin B-resistance gene unter the control of the A. nidulans
gpd promoter. The phleomycin selection system was further improved in our
group by modifications of the selection process and by the use of stronger
promoters. Good results were obtained with vector pAN 81 (Mattern et al.,
1988), in which the phleo® gene is controlled by the A. nidulans gpd promoter.
Even better transformation rates were achieved using the homologous promoter
of the C. purpurea gpd gene: when an DNA fragment spanning 1.4kb of the
non-coding upstream region of this gene was fused to the phleo® gene, up to 300
transformants/ug DNA were obtained (Jungehtlsing et al., 1994).

In addition, a highly efficient homologous transformation system was
developed based on the complementation of auxotrophic recipient strains.
The C. purpurea pyr4 gene (see above) was used to transform OMPD-
deficient mutants of strain 75 to prototrophy, at a rate of more than 400
transformants/ug DNA (Smit and Tudzynski, 1992). The pyr4 transformation
system also proved to be very efficient in co-transformation experiments using
the bacterial f-glucuronidase gene (uidA) as a reporter gene, which was
efficiently expressed during the parasitic cycle of C. purpurea on rye:
honeydew produced by plants infected with pyr4/uidA co-transformants was
shown to contain significant levels of f-glucuronidase activity (Smit and
Tudzynski, 1992). These data show that co-transformation is effective in
C. purpurea, and that transformation technology can be efficiently used to
monitor the fungal development in planta.
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Homologous integration of transforming DNA in the genome obviously is
a rare event in C. purpurea; Smit and Tudzynski (1992) found a rate of ~10%
at the pyr4 locus. Nevertheless, targeted gene inactivation by transformation
is possible: Miiller (1996) inactivated the cell gene of strain 75 by a gene
replacement approach, using the phleo® expression cassette (see above)
flanked by the 5" part of ce/l and the downstream non-coding region. Three
of 178 transformants obtained showed gene replacement at the cell locus,
leading to gene inactivation. Comparable results were obtained by Giesbert
(in press) using the cpxyll gene of C. purpurea; also this gene was success-
fully inactivated by a gene replacement approach.

Gene deletions of this type allow a functional analysis of genes which are
suspected to be pathogenicity factors (see also Chapter 2 by Tenberge, this
volume); they could also be efficient tools for biotechnological purposes (see
below).

Recently another promising application for transformation technology has
been developed for filamentous fungi; the so-called REMI (restriction enzyme
mediated integration) technique (Kuspa and Loomis, 1992). The method
mimics the transposon tagging approach in bacteria and plants. Though
transposons occur in fungi (Oliver, 1992), so far no transposon tagging
method could be developed for hyphal fungi. REMI is a transformation-based
approach which leads to mutants tagged by an integrated plasmid. As
outlined above, ectopic (non-homologous) integration is frequent in
C. purpurea as in other fungi. REMI involves the use of a transforming vector
without major homology to the host’s genome. The transformation assay
includes significant amounts of a restriction enzyme, which randomly cuts the
genomic DNA, leading to a random integration of vector DNA at these sites.
The genomic DNA of transformants having a desired mutant phenotype is
digested with an restriction enzyme having no site within the vector DNA,
then the integrated vector plus parts of the tagged gene is excised, can be
re-ligated, recovered after transformation in E. coli, and sequenced. The link
between this “tag” and the observed mutant phenotype can be confirmed by
using the rescued vector in knock out experiments with the recipient strain
or by genetic linkage analysis. In C. purpurea recently a REMI library of more
than 1000 transformants has been established and so far 10 pathogenicity
mutants have been identified; in addition, 4 of about 500 tested mutants were
auxotrophic, confirming the usefulness of this method (Vof}, Stehling and
Tudzynski, unpubl.).

4.3. PERSPECTIVES

The combination of classical and molecular genetic techniques opens inter-
esting new perspectives of the analysis of ergot alkaloid biosynthesis in
Claviceps and for the development of strain improvement programs. The
available molecular techniques should allow in the near future the cloning of



90 PAUL TUDZYNSKI

important genes of the pathway and the analysis of the targets and the mode
of action of the regulatory circuits involved. A combination of classical genetic
analyses and RFLP/PFGE could answer the question if genes of the pathway
are clustered (comparable to the penicillin biosynthesis genes in several
fungi). Several options are brought up by the availability of transformation
technology in Claviceps:

(a) the introduction of multiple copies of a “bottle neck” gene of the alkaloid
pathway could lead to a yield improvement; since the initial gene of the
pathway has been cloned (see above), such experiments are to be
expected for the next future;

(b) targeted gene inactivation represents an important tool to identify so far
unkown (and by sequence analysis not indentifyable) genes of the
pathway, obtained by “black box” approaches like differential ¢cDNA
screening; if the deleted gene belongs to the pathway, the alkaloid
synthesis should be blocked, and the new endproduct (intermediate)
should be identifyable.

(¢) Random insertion mutagenesis could be used to isolate blocked mutants
and to identify the (hopefully tagged) mutated gene.

(d) In vitro mutagenesis of promoter regions or fusion of strong inducible
promoters to important genes of the pathway could be used to construct
better industrial strains.

In addition, the availability of several interesting genes of C. purpurea (e.g.
for the surface-active hydrophobins or for a secreted catalase, see Table 1)
opens new perspectives for alternative biotechnological processes.

In conclusion, the field is now open for a concerted breeding program in
Claviceps purpurea.
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5.1. INTRODUCTION

5.1.1. Historical Background and Importance of Ergot Alkaloids

The ergot alkaloids, metabolites formed during sclerotial growth of the ergot
fungus Claviceps sp. (secale cornutum), occupy an important chapter in the
history of natural drugs. As toxins they were responsible for the mass
poisonings in the middle ages caused by consumption of bread made from
rye contaminated with sclerotia (leading to symptoms known as ergotism)
and for the accompanying socio-cultural implications of ergotism in the
medieval society (Barger, 1931). On the other hand, the use of ergot as a
medical drug is old and appears to have developed during the same times. It
is documented as early as 1582 in a German herbarium (Lonitzer, 1582) when
sclerotia wrongly considered as malformed grains were recommended as a
remedy for use in gynaecology. However, it took centuries to recognise that
ergot per se was responsible for the mass poisonings and that it was a fungus.
Thus, the complete life cycle was not described until the middle of the 19th
century (Tulasne, 1853). Production of ergot alkaloids in plant-parasitizing
fungi is still a risk today; less important for man but of significant extent for
livestock breeding in agriculture. These facts indicate the need of constant
control of the spread of ergot alkaloid producing fungi in the environment
(Tudzynski et al., 1995; Latch, 1995).

The era of rational medicinal use of ergot drugs in the form of alkaloid
mixtures extracted from sclerotia of Claviceps purpurea began only about
one hundred years ago (Tanret, 1875). However, doubts on the identity of the
alkaloids as the active principle of the ergot drug remained until 1918, when
Stoll succeeded to crystallise ergotamine and was able to assign the specific
action of the ergot drug to that pure substance (Stoll, 1945). This was the
starting point for the chemical investigation of the ergot alkaloids which led
to knowledge of the structures of a large number of d-lysergic acid derived
peptides and amides (IHofmann, 1964). The value of d-lysergic acid derivatives
in therapy and the need to investigate their structure—action relationships
in their various different effects on the adrenergic, noradrenergic and
serotoninergic receptor families strongly stimulated rescarch in the chemistry
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of the ergot alkaloids. These efforts culminated in the structural elucidation
and the chemical total synthesis of d-lysergic acid and ergotamine (Kornfeld
et al., 1954; Hofmann et al., 1963). Modifications of compounds and many
semisynthetic approaches led to new compounds exerting useful effects or
unexpected activities such as in the case of LSD (reviewed by Stadler and
Stiitz, 1975; Arcamone, 1977). As result of the progress in alkaloid chemistry
various ergot alkaloids with different structures have been introduced into
therapy such as in the treatment of migraine, high blood pressure, cerebral
circulatory disorders, parkinsonism, acromegalia or prolactin-disorders
(reviewed by Berde and Stirmer, 1978; Stadler and Giger, 1984). The fact that
no other group of substances exhibits such a wide spectrum of biological
actions as the d-lysergic acid peptides makes it likely that new derivatives may
provide novel unexpected “hidden structures” of the d-lysergic acid and
clavine pharmacophores (Hofmann, 1972) (see also Chapter 14 in this book).
This potential recommends to explore further the ergot alkaloid substance
pool as a class of versatile compounds for future developments of new drugs
and also for use as leads in rational drug design for synthesis of new natural
compound mimetics (Eich and Pertz, 1994; Clark, 1996).

5.1.2. Development of Alkaloid Biochemistry

Although the technology of field cultivation and classical strain breeding
afforded a solid basis for the large scale production of ergot peptide alkaloids,
there was increasing need to explore the molecular basis of their formation
both in respect of developing new compounds and laboratory cultures. In the
1950s, the enormous progress of microbial chemistry and microbiology of the
p-lactams (Abraham, 1991) had set novel standards of microbial metabolite
production and stimulated general interest in the biosynthesis of secondary
metabolism products. The beginning studies on the biosynthesis of ergot
alkaloids thus aimed at identifying the biogenetic precursors and elucidating
the mechanisms of their incorporation. Concomitantly with the onset of
research in the biosynthesis of d-lysergic acid-derived alkaloids, the discovery
of a hitherto unknown second class of ergot alkaloids, the clavines — simpler
in their structures than the classical ergot peptide alkaloids — enormously
enlarged the working basis for biosynthetic studies because they proved to be
intermediates of the ergot peptide alkaloid synthetic pathway (Abe, 1948a—c,
1952). Moreover, the progress in ergot microbiology such as the development
of saprophytic and submerged cultures of ergot, the isolation and selection of
Claviceps strains valuable for production of compounds and suitable
for biosynthetic studies of clavines and of d-lysergic acid-derived alkaloids
bencficially supported these efforts (Stoll et al., 1954; Abe and Yamatodani,
1961; Arcamone et al., 1960, 1961). Both academic and industrial researchers
working in the fields of microbiology and biochemistry of the ergot fungus
have elaborated a solid biogenetic basis of ergoline ring synthesis and of
d-lysergic acid-derived alkaloids (reviewed in Weygand and Floss, 1963; Floss,
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1976; Vining and Taber, 1979; Floss and Anderson, 1980; Boyes-Korkis and
Floss, 1993). In parallel, detailed research in ergot microbiology contributed
much to understand the physiology and regulation of alkaloid formation
(reviewed in Udvardy, 1980; Esser and Duwell, 1984; Kobel and Sanglier, 1986;
Socic and Gaberc-Porekar, 1992) (see also Chapter 6 in this book).

[Towever, enzymology of ergot alkaloid formation was a slowly progressing
field as it appears to be extremely difficult to establish stable cell-free systems
in Claviceps. With the exception of dimethylallyltryptophan synthase (DMAT
synthase), enzymatic reactions of the ergoline ring pathway had poorly been
investigated in cell-free conditions and — if at all — they served to confirm
results that were obtained in in vivo precursor studies. Instability of most of
the enzymes involved in ergoline ring synthesis prevented their purification
and the study of their actions and structures. Advanced enzymology of the
biosynthetic enzyme by means of gene cloning, gene expression and testing
gene products in suitable biosynthetic backgrounds is as yet only possible
with DMAT synthase. The field of ergot alkaloid biosynthesis, therefore, still
contains important challenges for both enzymologists and geneticists for
future research. This chapter summarises the essential steps of biogenesis of
both clavine and peptide alkaloid biosynthesis from a present-day view and
will describe previous and most recent accomplishments in the elucidation of
their enzymatic steps. It is not the intention of this chapter, of course, to
compile and present structures of all previously known and recently isolated
novel structures which represent more or less modifications of the intermedi-
ates or main products of the ergoline and d-lysergyl peptide pathway. For a
compilation of ergoline ring-derived structures and their sources sce¢ the
Chapters 7 and 18 in this book.

5.2. STRUCTURES AND CLASSIFICATION OF ERGOT ALKALOIDS

The ergot alkaloids are indole derivatives substituted at their 3,4 positions.
The tetracyclic ergoline ring system (1) is the basic structure of most ergot
alkaloids (Figure 1). In these alkaloids the N-6 is methylated, ring D contains
a A* or A*" double bond and most importantly, C-8 is substituted with a
one-carbon unit (methyl, hydroxymethyl or carboxyl) which according to its
oxidation state may serve as attachment site of characteristic side chains.
Additional substitutions with hydroxy groups can occur in few other positions
of the ergoline ring system. Variations in structures can also arise by the
formation of epimers at C-8 or C-10 or double bond reduction in ring D. Open
form of ring D in the ergoline ring system creates an additional subclass of
the ergot alkaloids.

The formation of the tetracyclic ergoline ring and derivatives thereof is not
restricted to the ergot fungus Claviceps purpurea and other Claviceps
species. Ergoline ring synthesis and both pathway-specific and non-specific
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Figure 1 Structure of ergoline

modification may occur in numerous other fungi and even in higher plants
(see Chapter 18 in this book). Convolvulaceae have been shown to be the
main plant source of clavines and d-lysergic acid amides and peptides
(Hofmann and Tscherter, 1960; Stauffacher et al., 1965). However, in fungi the
occurrence of d-lysergic acid derivatives is restricted to the genus Claviceps
and — of more recent importance — to some Acremonium and Balansia
species living endophytically in grasses (Bacon and White, 1994).

5.2.1. d-Lysergic Acid and its Derivatives

According to the oxidation state of the C-17 substituent located at C-8 of the
ergoline ring, ergot alkaloids are classified into two series of compounds. The
first and more important one is the class of amide derivatives of d-lysergic acid
(A*"°-6-methyl-ergolene-8-carboxylic acid) (Figure 2). The amide portions may
consist of a short peptide or may be represented by an amino alcohol.
d-Lysergic acid (2) and its derivatives can readily epimerize at C-8 which leads
to co-occurrence of d-lysergic acid-containing alkaloids with their correspond-
ing d-isolysergic acid (4)-containing antipodes (in the case of the latter
indicated by the ending -inine instead of -ine). Hydrogenation of d-lysergic
acid and its derivatives leads to the corresponding dihydroergot alkaloids
containing dihydrolysergic acid (3) instead of d-lysergic acid. In contrast to
d-lysergic or -isolysergic acid, dihydrolysergic acid does not epimerize at C-8
(Hofmann, 1964). Paspalic acid (5), also called A*® d-lysergic acid, differs from
d-lysergic acid in the position of the double bond in ring D. In aqueous
solution, paspalic acid can spontaneously isomerize to d-lysergic acid (for
ergot alkaloid chemistry and modifications see Chapters 7, 8, and 9).

The naturally occurring derivatives of d-lysergic acid can be arranged —
according to the complexity of the structures of their amide portions — in a
hierarchical order (Table 1). The ergopeptines — the classical ergot peptide
alkaloids produced by C. purpurea — are d-lysergyltripeptides with the
tripeptide portion arranged in a bicyclic cyclol-lactam structure (1lofmann,
1964). Their sequence is characterised by two non-polar amino acids followed
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Figure 2 Structures of 6-methyl-ergoline- and -ergolene-8-carboxylic acids

always by proline (position III). The first amino acid (next to d-lysergic acid,
position T) has a hydroxy group located at the «-C which is esterified via a
cyclol bridge to the carboxy group of proline which formally is in its ortho
form, a rare example for an ortho amino acid in nature. That same carboxy
group has undergone simultaneous condensation with the peptide nitrogen
of its amino-sided amino acid (position II) to give the lactam ring. The
numerous ergopeptines differ from each other on a combinatorial basis by
amino acid substitutions in the positions I and II. Based on this they can be
arranged into three main groups — the ergotamine, ergoxine and ergotoxine
groups — each containing various members (Table 2).

Ergopeptams are the non-cyclol versions of the ergopeptines (Stadler,
1982). They still posses the lactam ring and the same amino acid sequence
arrangement as their corresponding ergopeptines but differ from the latter in
that the amino acid in position I is not hydroxylated and hence no cyclol
bridge is present (Table 1). Furthermore, the proline residue is always in the
D-configuration while in the ergopeptines it is always L-configured. Ergopep-
tams co-occur with their corresponding ergopeptines. However, the ergopep-
tam family of ergot peptide alkaloids has, as yet, much less members than the
ergopeptines (for the structures see the Chapter 7).

d-Lysergyl dipeptides are arranged in a structure more similar to the
ergopeptines than to the ergopeptams. The structure of ergosecaline (6)
isolated from Spanish ergot (Abe et al., 1959) — which as yet is the only
member of the family — shows that it is a d-lysergyl-dipeptide lactone contain-
ing the first two amino acids of an ergopeptine with proline (position I1I)
missing. Hence, no lactam can form. However, the compound still contains
the o-hydroxyamino acid in position I which is esterified to the carboxy-
terminal end of the peptide (Table 1).

In the d-lysergyl alkylamides such as ergometrine (ergonovine (7)) or
d-lysergyl a-hydroxyethylamide (8), d-lysergic acid is connected with only
one building block and these compounds may be regarded as d-lysergyl
monopeptide-related compounds which instead of a single amino acid contain
amino alcohols such as o-hydroxyethylamine or a-hydroxy-f-aminopropane
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Table 1 Structures of the naturally occurring d-lysergic acid amides
arranged on a combinatorial basis considering the multiplicity of amide-bond
forming building blocks in their side chains

III
Ergopeptines
(Cyclol-tripeptide)
IT
R4
Hlo III
Ergopeptams
(Tripeptide lactams)
IX

Ergosecaline (6)
(Dipeptide lactone)

Ergometrine (7)
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