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1. Introduction

The fascinating history of ergot and its
slow development from being a plague of
mankind into a rich storehouse of valuable
drugs has been the subject of thorough in-
‘quiries (BARGER, 1931; Bovg, 1970). Ergot
is the sclerotial form of parasitic fungi of
the genus Claviceps growing on wild grasses
and cereals (Fig. 1).

The ergot alkaloids are secondary meta-
bolites of the ergot fungi. Some of the alka-
loids per se, and many of their semisyn-
thetic derivatives are drugs of high poten-
cy.

This chapter deals with the physiology,
genetics, and biosynthetic pathways of al-
kaloid formation and with biotechnological
methods employed for the supply of the ba-

Figure 1. Rye ear with sclerotia of Claviceps pur-
Ppurea.
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sic alkaloid compounds for the pharmaceu-
tical industry.

For a better understanding of these bio-
technological procedures an introductory
section will treat some general features.

I11. General Background

A. Chemical Structures
of Ergot Alkaloids

1. Basic structures

Ergot alkaloids, like most of the second-
ary metabolites of microorganisms and
plants are produced as a family of related
components.

The common structural element of most
of the ergot alkaloids is the tetracyclic er-
goline ring system (Fig. 2).

Figure 2. Structure of ergolinke.

In rare cases ring D is open at 6-7 or cy-
clized by oxygen.

In most of the naturally occurring ergot
alkaloids the nitrogen atom at position 6 is
methylated and position 8 bears an addi-
tional C-atom. In most cases ring D carries
a double bond in the position 8-9 or 9-10.
The corresponding structures are the 8-er-
golenes and the 9-ergolenes (Fig. 3).

The 5-H-atom has the f-configuration as
stated by LEEMANN and FaBBRI (1959) and
by STADLER and HOFMANN (1962).
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HN. !

8-Ergolenes

9-Ergolenes

In the 8-ergolenes the 10-H-atom has the
, a-configuration which is trans to the 5-H.
The asymmetric center in the 8-position of
‘ the 9-ergolenes gives rise to the two stereo-
isomeric ergolenes and isoergolenes. On the
basis of the substituent at C8, ergot alka-
loids are classified as clavines and as lyser-
gic acid derivatives.

2. Clavines

The clavine alkaloids, or clavines, are hy-
droxy- and dehydro-derivatives of 6,8-di-

CH,OH
“

H CHs

NHCH,3

l

HN

i Chanoclavine-1 Festuclavine

i

i CH,OH HOH,C, OH
&

N~CH,

HNl

Elymoclavine Penniclavine

Table 1. The Main Types of the Clavine Alkaloids

Figure 3. The three basic

Iso-ergolenes ergolene structures.

methyl-ergolene and of the corresponding
ergolines. The chanoclavines, in which ring
D is open, are also members of this group.
At present the clavines are considered to be
compounds of minor biological impor-
tance. We will therefore not list the twenty
or more clavines. In Fig. 4 we give exam-
ples of the compounds from the main types
which are listed in Table 1.

For readers who would like more details
and a complete list of all clavine alkaloids,
we recommend the review articles by
GROGER (1972), VINING and TABER (1979),
and FLoss and ANDERSON (1980).

HN

Agroclavine

HyG OH

Figure 4. Some clavine
alkaloids.

Setoclavine

Clavine Type Clavine

First Reference

Chanoclavines Chanoclavine-I

Ergoline derivatives Festuclavine

8-Ergolene derivatives  Agroclavine
Elymoclavine

9-Ergolene derivatives  Penniclavine

Setoclavine

HOFMANN et al., 1957
ABE and YAMATODENI, 1954
ABE, 1951

ABE et al., 1952

StoLL et al., 1954

HOFMANN et al., 1957
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3. The ergolene acids

The three ergolene-derivatives with a car-
boxyl group at position 8 are (+)-lysergic
acid, (+)-isolysergic acid, and paspalic acid
(Fig. 5).

H COOH

(+)-Lysergic acid (+)-Isolysergic acid

HN l

Paspalic acid

Figure 5. The ergolene acids.

(+)-Lysergic acid can be obtained by al-
kaline hydrolysis of ergot peptide alkaloids.
It has also been reported to occur in small
amounts (9 mg/L) together with isolysergic
acid and clavines in the broth of a sapro-
phytically grown Claviceps strain by ABOU-
CHAAR et al. (1961).

Paspalic acid, which is 6-methyl-A8,9-er-
golene-8-carboxylic acid, has been isolated
in rather large amounts (620 mg/L) from
saprophytic cultures of a Claviceps paspali
strain by KOBEL et al. (1964).

4. Lysergic acid derivatives

The classical ergot alkaloids are all amide
derivatives of lysergic acid or its epimer iso-
lysergic acid. The substituent can be a sim-
ple amide or an oligopeptide. The deriva-
tives of (+)-lysergic acid with 88-configura-
tion are pharmacologically active and their
trivial names have suffixes -ine (e.g., ergot-
amine) while their inactive epimers (deriva-

II. General Background 573

tives of (+)-isolysergic acid) have -inine
(e.g., ergotaminine). The easy and sponta-
neous isomerization leading to an equili-
brium mixture of (+)-lysergic acid and
(+)-isolysergic acid derivatives can be of
practical importance in the handling of all
such alkaloids (SToLL et al., 1949; RuTsCH-
MANN and STADLER, 1978). We restrict our
further considerations to the pharmacologi-
cally active (+)-lysergic acid derivatives.

Simple lysergic acid amides

Lysergic acid amide, isolysergic acid am-
ide, and lysergic acid a-hydroxyethylamide
(Fig. 6) were isolated for the first time from

CH,

|
H CO-NH; H CO~-NH-CH-OH

(+)-Lysergic acid amide (+)-Lysergic acid
1-hydroxyethyl amide

H

Y
H CO-NH-C-CH,0H
. t

Ergometrine

Figure 6. Simple lysergic acid amides.

saprophytic cultures of Claviceps paspali by
ARCAMONE et al. (1960). The discovery of
the propanolamide of lysergic acid, a water-
soluble alkaloid of rye-ergot, was reported
almost simultaneously in 1935 by 4 differ-
ent laboratories and was accordingly given
names, namely ergometrine by DUDLEY
and MoIR (1935), ergobasin by StoLL and
BURCKHARDT (1935, a, b), ergotocine by
KHARASCH and LEGAULT (1935), and er-
gostetrine by THOMPSON (1935). The offi-
cial American designation is ergonovine.
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Peptide alkaloids

The classical peptide alkaloids consist of
a lysergic acid molecule which is linked by
an acid amide-type of linkage to a cyclol-
structured tripeptide (Fig. 7).

b

CH,CH;
a-Aminobutyric acid

Ergobutyrine"”
Ergobutine

k)
k)

CH,CH,CH(CHj3),
Ergohexine
Ergoheptine

Homoleucine
i STUTZ et al., 1970; BRUNNER et al., 1979

i SCHLIENZ et al., 1968
k¥ OHMOMO and ABE, 1976

I BIANCHI et al., 1982

Figure 7. General formula of ergot peptide alka-
loids. - The substituents R’ and R” are listed in
Table 2. Amino acid 11l is 1-proline.

CH(CH;)CH,-CH;

Isoleucine
p-Ergokryptine”

h)

“The exchangeability of the amino acids
No. I and 11 allows the ergopeptines to be
grouped into some form of periodic system
as is shown in Table 2.

Amino acid No. I1I of this tripeptide is
L-proline and is common to all of the
known naturally occurring ergopeptines.

Another group of ergot peptide alkaloids
was called ergopeptames by STADLER
(1982). In the ergopeptame amino acid No.
111 there is a D-proline and the tripeptide-
chain is a non-cyclol-lactam instead of the
cyclol form. The general formula is shown
in Fig. 8.

From the possible ergopeptames of Fig. 8
three have been isolated from ergot sclero-

CH;- CH(CHj;);
Leucine
Ergosine®
a-Ergokryptine
a-Ergoptine”

CH-(CH3):
Ergocornine®
Ergonine”

Valine
Ergovaline®

a)
by

Ergocristine
* STUTZ et al., 1970; BRUNNER et al., 1979

¢ STOLL and HOFMANN, 1943
& SMITH and TIMMIS, 1937
» STOLL and HOFMANN, 1943

CH,;- C¢H;
Phenylalanine

Ergotamine
Ergostine®

Name of group
Ergotoxine
Ergoxine

L-Amino acid i1
Ergotamine

R"

Aminobutyric
acid

L-Amino acid |
(a-hydroxy)

Alanine
Valine

Figure 8. General formula of the ergopeptame-
group. - The substituents R’ and R" can poten-
tially be the same as in the ergopeptines of
Fig. 7.

o
o~
A
=
-
v
-4
w
Z
Z
2
[
@
2
=
-
©
-4
w
=]
a
<
-
w
A

Table 2. Groups of Naturally Occurring Ergot Peptide Alkaloids (with references of the first description)

~
[ae)
oM
-
c
-1
<
X
A
Q
-4
2
-+
°
c
©
2
2
=]
[
1z
=

<
»
=
=
=
-
[
N
z
o
=
=
oo
|9}
72}
v

* STOLL, 1918; 1945

CH;
CH(CH),
CH,-CH;,

Figur



.

1982

tia, or fermentation broths, namely N[N-
(+ )-lysergyl-L-valyl}-phenylalanyl-D-pro-
line-lactam (today = ergocristame) by
stuTz et al. (1973), and the two corre-
sponding L-leucyl-D-proline- and L-valyl-D-
proline-lactams by FLIEGER et al. (1981),
for which they proposed the designations a-
ergokryptame and ergocorname. Recently,
FLIEGER et al. (1984) isolated three more
ergopeptames from saprophytic cultures.
These are f-ergokryptame, ergobutyrame,
and B, f-ergoanname.

Peptide alkaloid derivatives

Of all of the naturally occurring ergot al-
kaleids only two are used in therapy: er-
gotamine and ergometrine. The rest of the

I1. General Background 575
therapeutically important ergot compounds
underwent some chemical changes. One
such operation is the elimination of the
9,10-double bond by catalytic hydrogena-
tion, transforming ergotamine into dihy-
droergotamine and the corresponding ergo-
toxines into dihydroergocristine, dihydroer-
gocornine, dihydro-a-ergokryptine and di-
hydro-g-ergokryptine.

The list in Fig. 9 of the therapeutically
useful compounds was taken from STAD-
LER (1982). For more details about struc-
tures and chemistry we recommend the fol-
lowing papers: HOFMANN (1964), GROGER
(1972), RUTSCHMANN and STADLER (1978),
and STADLER and GIGER (1984).

' STUTZ et al., 1970; BRUNNER et al., 1979
i SCHLIENZ ¢t a., 1968 »

¥ OHMOMO and ABE, 1976

! BIANCHI et al,
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Dihydro-ergocristine

P4
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CHLIENZ et al., 1964

» 8700l and BURCKHARDT, 1937°

* STOLL, 1918;,1945

Figure 9. Dihydro-a-ergokryptine Dihydro-#-ergokryptine
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Figure 9. Therapeutically used ergot alkaloid compounds.

A blue color develops with an intensity de-

5. Analytical methods ] . 1 :
pending on the alkaloid concentration. This

A color reaction detected by vaAN URK
(1929) and adapted for quantitative meas-
urements by SMITH (1930) was taken over
from most pharmacopoeas for the quantita-
tive colorimetric determination of ergot al-
kaloids. The van Urk-Smith reagent has the
following composition:

p-dimethylamino-

benzaldehyde 125 mg
sulfuric acid 65 mL
water 35 mL
FeCl, 5 mg

Two mL of this reagent are mixed with one
mL of the alkaloid containing test solution.

solution is compared with a standard alka- .

loid-van Urk solution in a colorimeter.

This easy test is very valuable for the
analysis of large series in mutation and
physiologic programs. For spectroscopy
(UV-, IR-, and fluorescence) as well as for
paper-thin layer- and column chromatogra-
phy data are provided by HOFMANN (1964).
High pressure chromatography is increas-
ingly a valuable tool in the separation and
analysis of ergot alkaloids (BETHKE et al.,
1976; HARTMANN et al., 1978; WEHRLI €t
al., 1978; and FLIEGER et al., 1981).

Table 3. Act
(simplified f

Parameter

Adrenorecer
Serotonin bl
Vasopressor
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activity
Inhibition o
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B. Pharmacology and
Therapeutic Uses

Ergot drugs found their first therapeutic
application centuries ago in gynecology for
stopping post-partum bleeding. Scientific
research started with the isolation of the
first chemically pure alkaloid, ergotamine,
by StoLL (1918). Chemical variations, phar-
macological and clinical studies revealed
additional applications in different thera-
peutic fields (BERDE and SCHILD, 1978).

Pharmacology

The complexity of chemical structures of
natural and semi-synthetic alkaloids is re-
flected in the diversity of their pharmaco-
logical actions (STADLER and GIGER,
1984). Ergot derivatives have been reported
to produce the following principal effects:
uterotonic action, increase or decrease of
blood-pressure, induction of hypothermia
and emesis, control of the secretion of the
pituitary hormones. They are mainly nor-
adrenaline, serotonin or dopamine recep-
tors mediated responses. No other group of
substances exhibit such a widespread spec-
trum of biological actions. Their interac-
tions with many receptor sites and the var-
iation of activity and affinity from alkaloid
to alkaloid are the main pharmacological
features of the ergot compounds. Table 3
recapitulates in a simplified form some ac-
tivites of a few selected alkaloids. Each gen-

I1. General Background 577

uine alkaloid and each derivative has its
own pharmacological profile.

The structural analogy between ergoline
and different neurotransmitters (serotonin,
noradrenaline, dopamine) appears to be the
basis of the diverse activities. Fig. 10 shows
the possible relationships between ergoline

H pujl
> NH

] HO
HN OH

Ergoline Noradrenaline

Dopamine Serotonin

Figure 10. Structural relationship between ergo-
line and three biogenic amines (BERDE and
STURMER, 1978).

and these neurotransmitters. The affinity of
the tetracyclic ergoline to the specific recep-
tors of the biogenic amines depends on the
structure of the whole alkaloid molecule.
Amidic derivatives of lysergic acid show a
high affinity to the serotoninergic binding
sites, while peptide ergot alkaloids usually

Table 3. Activity Profiles of Some Ergot Compounds (most active compound = 1000)

(simplified from BERDE and STURMER, 1978)

Substance Ergotamine
Parameter

Methyl- Methy- Bromo- Dihydro-
ergometrine sergide criptine ergotoxine

Adrenoreceptor blockage 50
Serotonin blockage 10
Vasopressor activity 1000
Uterotonic activity 500
Central dopaminergic <1
activity
Inhibition of fertility 50
Action on brain metabolism 400

<0.4 <0.4 230
250 1000 3
<10 30 <10
1000 40 0
400 <1 1000

80 <40 1000
2.5 5 190
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are characterized by a high affinity to al-
pha-adrenergic receptors. Slight modifica-
tions in the molecules can induce remarka-
ble changes in the activity profile. For in-
stance, hydrogenation of the double bond
in position 9-10 increases the affinity to al-
pha-adreno-receptors. The introduction of
a Br atom into position 2 in the ergokryp-
tine molecule increases the dopamine agon-
ist activity considerably.

Therapeutic uses

For the time being, ergot alkaloids and
their derivatives show a large field of thera-
peutic uses: uterine atonia, migraine and
other vascular headaches, orthostatic circu-
latory disturbances, senile cerebral insuffi-
ciency, hypertension, hyperprolactimenia,
acromegaly and parkinsonism are the most
frequent indications (FANCHAMPS, 1979).

Therapeutic use of ergot drugs has pre-
ceded their chemical and pharmacological
characterizations. This is the case for the
uterotonic and the antimigraine activities.
For these. actions modern pharmacology
has brought precision of their mode of ac-
tion and chemistry has allowed the selec-
tion of the most potent molecules (ergo-
metrine and methylergometrine for the
uterotonic activity and dihydroergotamine
against migraine). The second approach
was empirical.

Applications were based on global but
not analytical observations. For example,
the dihydroergotoxines have clear central
actions. Insight into the sites of action in
the central nervous system was obtained
later on. In a third phase, the applications
are logically deduced from the pharmaco-
logical properties which can be studied
with highly sophisticated methods, for in-
stance, as for bromocriptine. The inhibition
of prolactine secretion is the basis of its use
to stop lactation and to treat all illnesses re-
lated to hyperprolactinemia. Its inhibitory
effect on excessive secretion of growth hor-
mone has allowed the treatment of acrome-
galia. Finally, its action at the dopaminergic
level has permitted consideration of the use
of bromocriptine in parkinsonism.

Future trends

The story of ergot is far from the end. Re-
search was reactivated by the application of
fermentation procedures suitable for the
production of large amounts of ergot mole-
cules and by the introduction of new bjo-
logical and chemical standards. The search
for new derivatives with enhanced specific-

ity goes on. The high quality of the ergot

drugs now available makes the search for
better compounds fastidious but promis-

ing.

C. Producing Organisms

1. Ergot fungi: natural habitats
and life cycle

The main sources of ergot alkaloids are
the fungi of the genus Claviceps. It belongs
to the class of the Ascomycetes and to the
order of Sphaeriales. The genus can be
characterized as plant parasite with fil-
amentous ascospores which are produced
in perithecia under the surface of spherical
stromata. Over 300 species of host plants
belonging to 114 genera of the families Jun-
caceae, Cyperaceae, and Gramineae are
listed in BRADY (1962). The taxonomy in
the genus Claviceps is not very clearly de-
fined. 40 different species of Claviceps are
listed in GRASSO (1954), mainly based on
the morphology of the sclerotia, perithecia,
stromata and conidia and also on the para-
sitological behavior. Some more species
have been added later by different au-
thors.

As a simplification one can distingui'sh
two main-types: Type C. purpurea, With
dark-violet oblong sclerotia, and type C. ft_l-
siformis-paspali, with gray or brown sphen-

cal sclerotia. Considering their capacity for-

alkaloid synthesis the C. fusiformis-pagpa!i
type might be regarded as the more primi-
tive form producing only clavines or simple
lysergic acid derivatives while the C. pur-
purea type is able to synthesize also the
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CH,0H

Z
N—CHj :
Q
—L H
Pa.

Elymoclavine

Figure 11. Exam

higher peptide
matically illust
The life cycle
course to its pa
(1853) was the |
life cycle. As i
most every myc
summary shall
clear illustratio
or MANTLE (16
Natural infec
tion of an asco:
ceptible host p
the ovary and
luxuriantly pr
celled conidia
asexual stage i
Stimulated b
excretes the ho
rup consisting
tose. The con
drop and if tt
wind to other ¢
give rise to sec
The abund:
grows rapidly
tium. The scle:



the end. Re-
wplication of
ble for the
|erg0t mOle-
of new bio-
) The search
:ed specific-
Of the-ergot
> search for
>ut promis-

abitats

kaloids are
: It belongs
and fo the
us can be
with fil-

e produced
f spherical
host plants
milies Jun-
ineae are
jxonomy in
clearly de-
javiceps are
based on

' peﬁghecia,
n the para-
ore  species
ferent au-
distinguish
urea, with
 type C. fu-
b>wn spheri-
apacity for
mis-paspali
nore primi-
s or simple
[he C. pur-
fe alfo the

Pennisetum typhoideum

Claviceps fusiformis Claviceps paspali

HN

Elymoclavine Paspalic acid Lysergic acid amide Ergomertrine
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Secale cereale Lolium
Claviceps purpurea Dactylis

Ergocristine
and other peptide alkaloids

Figure 11. Examples for host- and alkaloid-spectra of Claviceps species.

higher peptide alkaloids. This is diagram-
matically illustrated in Fig. 11.

The life cycle of Claviceps has adapted of
course to its parasitic way of life. TULASNE
(1853) was the first to describe the complete
life cycle. As it is treated in extenso in al-
most every mycology textbook, only a short
summary shall be given in this chapter. For
clear illustrations we refer to ESSER (1976)
or MANTLE (1975).

Natural infection starts with the germina-
tion of an ascospore on the stigma of a sus-
ceptible host plant. The germ tube invades
the ovary and the mycelium proliferating
luxuriantly produces masses of single-
celled conidia. This haploid, vegetative,
asexual stage is named Sphacelia segetum.

Stimulated by the infection the host plant
excretes the honeydew which is a sugar sy-
rup consisting mainly of glucose and fruc-
tose. The conidia are suspended in this
drop and if they are spread by rain and
wind to other open flowers of the host they
give rise to secondary infections.

The abundantly nourished mycelium
grows rapidly with formation of a sclero-
tium. The sclerotium of Claviceps purpurea

is purple outside. On the inside it consists
of thickwalled isodiametric cells which
form a plectenchymatic tissue.

The sclerotia contain about 30% fat and
0.01-1% alkaloids. It seems that the alka-
loids are never produced in the sphacelial
stage which is a loose flake of hyphae.

The sclerotium falls off when the glumes
become brittle. After hibernation the sclero-
tium germinates with several stromata
which have stalks and spherical heads and
which in their perithecia bear asci with as-
cospores (Fig. 12).

The ascospores are ejaculatéd at the time
when the host plant is flowering. An asco-
spore carried by the wind onto a stigma
concludes the life cycle.

The copulation process taking place in
the young stromatal head consists of the fu-
sion of an antheridium with an ascogon-
ium, followed by the formation of dika-
ryotic cells and by nuclear fusion. This has
been investigated by KILLIAN (1919). It was
only until six decades later that another re-
search group again took up work in this di-
rection. Thus, ESSER and TUDZYNSKI
(1978) and TubzynNskI et al. (1982) con-
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alkaloid synthesis. The genetic information

necessary for conidiogenesis and for alka.
loid biosynthesis normally exists simulta-
neously. These two phenomena are ex-
pressed under different environmental con-
ditions and are therefore rarely observed to-
gether. Conditions suitable for sphacelial
development are not adequate for alkaloid
production.

A. Sporulation

Figure 12. Sclerotium with fruit bodies.

. Strains of Claviceps spp. are normally ism (SANG!
firmed KILLIAN’s findings and proved that able to produce conidia, spores newly - tration for
the breeding system was of the homothallic  formed on conidiophores. Conidia are effi- ' simple gro
type. This is described in Section IV. of this  cient propagation units and represent an P between t!
chapter. important biotechnological aspect as inocu- ' source anc
lum for parasitical and saprophytical pro- K For a con

. duction of ergot alkaloids. Under appro- g the optima

) 2. Other fungi and plants priate conditions, they can be easily stored. » in the rang
} Sporulation can occur on agar media, on Natural
| . Ergot alkaloids are also produced by sev-  enriched grains of cereals and in shaken li- ' levels stim
eral other species of fungi, e.g., by species quid media. The most common media con- : compound

l of Balansia, Penicillium, Aspergillus. The tain complex natural compounds but conid- S8 phate is re
corresponding literature is compiled in NA-  iation can also occur in a synthetic medium Other m
RAYAN and Rao (1982). HOFMANN and (SANGLIER, 1977). These media are inocu- : lutely esse:

) TSCHERTER (1960) reported the occurrence lated with spores (10* to 10° per cm? or _ manganese
of lysergic acid alkaloids in a higher plant cm?®) or with vegetative cells in the growing . lous cells v

i : (Rivea corymbosa). None of these, however, phase. They are incubated at temperatures Calcium
have replaced Claviceps as an industrial ranging between 21 and 27°C during 5to 8 stimulates

.' source for the alkaloids. days for the liquid cultures and for 10 to 16 iron and :

days for the surface cultures. Over 10® con- have a spe
idia per cm?® or c¢m? are usually produced. non.
: Alkaloid
Environmental factors ; inhibits ¢
Carbon source. Sucrose, sorbitol, malt eib = 1974),
! . tract-sugars are currently the most widely : Tempera
| | I11. PhySZOIOQy used cfrbon sources. I)Ill liquid cultures, the texﬁpe]
: quantities vary between 25 and 100 g/L. Up E growth is 2
to this concentration no inhibition of sporu- g optimal te
lation is observed. 27°C.
Parasitic in its nature, the ergot fungus Nitrogen source. Ammonium salts of car- Aeration
grows without any difficulty saprophyti- boxylic acids, asparagine, and different nat- ' by limitec
cally. Claviceps spp. have no exorbitant re- ural substances (for example tryptone) al- MiLicic ¢
quirements. Even synthetic media are suf- low a very good conidiation. The optimal 3 _Kinerics.
ficient. Saprophytic cultures can present nitrogen concentration lies between 1.2 and 3 lgmetics o
the two types of development observed in 2 g/L. ’ ) . g ll‘quid me
nature: the sphacelial stage with conidio- Phosphate. Conidial -differentiation 1S nium sy
genesis and the sclerotium-like stage with linked to an intensive phosphate metabol- - MgS0,-7]
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III. Physiology

Table 4. Kinetics of a Conidia Producing Shake Culture of Claviceps

purpurea (SANGLIER, 1977)

Time Weight
(days)  (g/L)

Conidia Sucrose N P pH
(10°/mL)

(&/’L) (&¢’L)  (ppm)

O~ WO
WO ——=N—=00
400000 —

25 3.8 160 5.4
24 3.7 153 5.3
20 3.6 150 5.1
13 33 75 4.7

3 3.0 Traces 5.1

ism (SANGLIER, 1977). The optimal concen-
tration for conidiogenesis is higher than for
simple growth. There is a strong interaction
between the concentration of the energy
source and the phosphate concentration.
For a concentration of sucrose of 50 g/L,
the optimal concentration of phosphate is

~ in the range of 7.5 mM.

Natural compounds with high phosphate
levels stimulate conidiogenesis. With such
compounds, the addition of inorganic phos-
phate is reduced.

Other mineral salts. Manganese is abso-
lutely essential for conidiogenesis. Lack of
manganese induces the formation of globu-
lous cells which do not form conidia.

Calcium, which is not needed for growth
stimulates conidiation. On the other hand,
iron and zinc needed for growth do not
have a specific influence on this phenome-
non.

Alkaloids. Adding alkaloids to the media
inhibits conidiation (REHACEK et al,
1974).

Temperature. It is generally agreed that
the temperature required for an intensive
growth is also favorable to conidiation. The
optimal temperatures lie between 24 and
27°C.

Aeration. Conidiogenesis is enhanced
by limited aeration (<20 mM 0,/L/h)
(MiLicIC et al., 1984).

Kinetics. Table 4 gives an example of the
kinetics of conidiogenesis in a synthetic
liquid medium (saccharose 25g, ammo-
nium succinate 20g, KH,PO, 06¢g,
MgSO,-7H,O 0.6 g, FeSO,-7H,O 5 mg,

ZnS0,-7H,0 4mg, MnCl, 0.18mg,
CaCl;-6 H,0 10 mg, CuSO,-5H,0 0.08 mg,
distilled water up to 1 liter, pH adjusted to
5.6). 50 mL of the medium are poured into
a 200 mL Erlenmeyer flask, inoculated with
conidia of a Claviceps purpurea strain (final
concentration: 2-10° conidia/mL) and in-
cubated at 24°C on a rotary shaker
(180 rpm).

Germination tubes emerge within the
first 24 hours. Up to the fifth day, the hy-
phae show an intensive apical growth. After
this period, the cells thicken slightly, build
vacuoles, and produce numerous short con-
idiophores (Fig. 13). Conidiogenesis starts
at the end of the growth phase and reaches
a maximum after 6 to 7 days. In such a sys-
tem, conidiation begins when all the phos-
phate is depleted from the medium. Howev-
er, in the ergot fungus, conidiation is not

Figure 13. Conidiogénesis in Claviceps purpurea.
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correlated with depletion of all nutrients
from the medium as is normally the case
with fungi imperfecti (SMiTH and BERRY,
1974). In the batch culture, conidiation
starts before exhaustion of C and N. By
transferring growing hyphae at regular in-
tervals into fresh medium conidiation will
also occur despite the excess of nutrients.
On the other hand, the transfer of immature
hyphae in depleted media does not induce
the conidiogenesis of the ergot fungus. In
the natural cycle sporulation takes place in
the presence of honeydew which is very
rich in various sugars.

B. Alkaloid Formation

In nature, the biosynthesis of alkaloids
follows after the sphacelial stage. Under sa-
prophytic conditions, hyphae in prolifera-
tion are transferred to a production me-
dium. The classical laboratory procedure
consists of 3 stages: slant culture, precul-
ture for rapid germination and an intensive
growth, and production culture for alkaloid
biosynthesis. For instance, 200 mL of a pre-
culture medium (composition see Table 15)
are poured into a 500 mL Erlenmeyer flask,
inoculated with 10° spores/mL, and incu-
bated for 5 days at 24°C on a rotary shaker.
50 mL of a production medium (Table 15)
in a 500 mL Erlenmeyer flask are inocu-
lated with 10 mL of the preculture and in-
cubated at 24°C on a rotary shaker. The
production culture takes about 2 weeks.
Whereas the conditions required for spha-
celial growth and for conidiogenesis are not
special, the conditions needed for alkaloid
biosynthesis are highly specific.

Environmental factors and regulation

Optimal alkaloid production is only pos-
sible under specific balanced environmen-
tal conditions.

Osmotic pressure
The osmotic pressure of fungal media
lies mainly between 5 and 10 bar. This is

also the case for the propagation media of
Claviceps. On the other hand, the induction
of the alkaloid biosynthesis requires os-
motic pressures between 10 and 20 bar,
which is attained by high sugar concentra-
tions (200-300 g/L of disaccharides). The
sugar can be partially replaced by a salt
(Puc and Socic, 1977). The high pressure
inhibits conidiogenesis, induces the differ-
entiation on sclerotial cells, and probably
enhances the entrance of nutrients into the
cells. Reduced osmolarity of the production
medium has a negative influence on alka-
loid formation.

In a medium with 30% sucrose, strains of
Claviceps purpurea form sclerotia-like cells.
If the sucrose concentration is reduced to
10%, the same strains will grow filamen-
tously (AMICI et al., 1967).

Carbon source

Alkaloid production requires a non-inhi-
bitory, slowly metabolized carbon source.
As for other secondary metabolites, glucose
shows an inhibitory effect on alkaloid bio-
synthesis. The most widely used carbon
sources are mannitol, sorbitol, and mainly
sucrose (ARCAMONE et al., 1961; AMICI et
al., 1966; KOBEL and SANGLIER, 1976). In
fact, sucrose is the principal sugar at the
disposal of the ergot fungus parasitically
(MOWER and HANCOCK, 1975).

Nitrogen source

Ammonium coupled with a carboxylic
acid is the preferred nitrogen source of the
majority of the ergot strains. Asparagine is
used sometimes and in other cases aspartic
acid seems to be more efficient in the in-
duction of the alkaloid synthesis (MANTLE
and NisBeT, 1976). Additions of complex
compounds, such as peptone or caseinate,
can enhance growth and alkaloid produc-
tion but they have to be selected with care,
some of them having a strong inhibitory ef-
fect on alkaloid biosynthesis. The optimal
concentration of nitrogen lies between 2.5
and 5 g/L.

C/N Ratio .
As a consequence of the high sugar con-
centration and of the normal nitrogen level,
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the ratio C/N is exceptionally high: be-
tween 20 and 50. In other fermentations this
ratio is in the range of 20.

Carboxylic acid

For an efficient alkaloid biosynthesis, the
medium has to contain an organic acid,
usually one of the TCA cycle, or a closely
related one (citric, succinic, malic acids).
The carboxylic acid has 2 main effects: reg-
ulation of the metabolic activity and buffer-
ing capacity (TABER, 1967). These acids en-
hance the conversion from the TCA to the
glyoxalate cycle. They inhibit the citrate
synthetase and so liberate large amounts of
acetyl-CoA, which is the common key to al-
kaloid and lipid biosynthesis. Acetyl-CoA
is the basic unit for mevalonic acid, one of
the precursors of ergoline. By activation of
the acetyl-CoA carboxylase, lipid biosyn-
thesis is initiated (UDVARDY, 1980).

Phosphate
Only limited amounts of phosphate (less

" than 6 mM) allow alkaloid synthesis. Regu-

lar additions of phosphate during fermenta-
tion inhibit the synthesis of alkaloids (RoB-
BERS et al., 1978). The alkaloid synthesis is
activated when phosphate is depleted (Pa-
ZzOoUTOVA and REHACEK, 1984).

The inorganic phosphate is rapidly cap-
tured from the medium and partially trans-
formed into storage compounds such as po-
lymetaphosphates, and into permanent
structures (UDVARDY, 1980). Free phos-
phate and polymetaphosphate show a mul-
tiple inhibitory action. The activity of glu-
cose-6-phosphate dehydrogenase, a key en-
zyme of the pentose cycle, the synthesis of
tryptophan (precursor and inducer of the
alkaloid biosynthesis) (FLoSS and MOTHES,
1964) and the alkaloid biosynthesis are in-
hibited by an excess of phosphates.

Other mineral salts

According to StoLL et al. (1957), iron
and zinc are required for the biosynthesis in
concentrations higher than those required
for growth only (in the range of 0.1 mM).
Other minerals, such as manganese and
magnesium, do not exhibit a specific in-
fluence on alkaloid biosynthesis.
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The proportion of the alkaloids can,
however, be influenced by minerals (VoOIGT
and KEIPERT, 1965).

Tryptophan

Tryptophan and analogues such as thio-
tryptophan or 5-methyltryptophan, which
are not incorporated into ergoline, are in-
ducers of alkaloid biosynthesis (KRU-
PINSKY et al., 1976).

The maximal inducing effect is observed
if they are added during the early growth
phase, before the onset of alkaloid synthe-
sis (RoBBERS and FLoss, 1970). The inhibi-
tion of the alkaloid synthesis by inorganic
phosphate can be overcome by adding tryp-
tophan.

However, such stimulatory effects are not
observed with all strains (ERGE et al., 1984).
Failure of this positive effect is due either
to rapid degradation of tryptophan or to
deregulated overproduction of tryptophan
in high alkaloid producers.

Inoculation

An abundant inoculation (10% to 20% v/
v) of the production medium with a precul-
ture at the end of the growth phase allows
optimal alkaloid production. Composition
of the medium, incubation conditions (aera-
tion), and age of the preculture are impor-
tant factors for the future alkaloid synthesis
in the production medium.

pH

pH optima for growth and for alkaloid
synthesis are both in the range of 5.5. At
such pH values, the carboxylic acids are
rapidly taken into the mycelia and metabol-
ized (VINING and TABER, 1979).

Temperature

For most strains, the optimum for pro-
duction is near 24°C, which allows also a
good growth. Some strains have an opti-
mum near 21°C, which is below the opti-
mum for development.

Aeration

For maximum alkaloid production,
abundant oxygen is necessary (ARCAMONE
et al., 1961).
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C. Culture Dynamics

Table 5 gives a representative example of
the course of a production culture in shake
flasks. In this case, 50 mL of the production
medium (KOBEL and SANGLIER, 1976) in a

activity is progressively reduced and the
growth is linear. Glucose derived directly
from sucrose and almost all the nitrogen are
consumed. The alkaloid synthesis begins
and reciprocally the free tryptophan pool is
reducing. In correlation, lipids are also syn-
thesized. The respiration decreases. The de-
velopment of a sclerotia-like mycelium

Table 5. Course of the Fermentation of Claviceps Strain EchK420

Time  Weight Ergocristine Sucrose N Oxalate P pH
(days) (g/L) (mg/L) @Ll) (/L) (¢/L)  (ppm)
0 8 0 200 2.14 7.8 120 5.4
2 19 - 0 140 1.61 7.0 15 4.7
4 37 80 80 1.12 6.0 10 5.1
6 49 300 50 0.58 5.4 Traces 5.1
8 68 950 25 0.22 3.9 5.1
10 84 1400 10 Traces 2.8 5.2
12 90 1600 5 0.3 5.5
14 93 1800 0 Traces 5.6
16 . 92 1800 0 5.8

500 mL-Erlenmeyer flask are inoculated
with 10 mL of a five day old preculture and
incubated at 24°C on a rotary shaker (180
rpm).

The development of a production culture
presents 4 phases:

Proliferation: The exponential growth
phase lasts about 2 to 3 days and is charac-
terized by high metabolic and proliferative
activity. With sucrose as carbon and energy
source, the first steps are the liberation of
glucose and the formation of oligosacchar-
ides (DICKERSON, 1972). The glucose, the
inorganic phosphate and nitrogen are rap-
idly taken up. At the end of this phase,
phosphate is almost exhausted from the
medium. The activity of the tryptophan syn-
thetase reaches a maximum and the trypto-
phan pool increases (ROBBERS et al., 1972).
Respiration expressed as (o, values
reaches a maximum (ARCAMONE, 1977).
The hyphae consist of thin, elongated,
branched, multinucleate cells and show an
intensive apical growth.

Differentiation: This phase extends up to
the sixth/seventh days. The proliferative

takes place. The cells are shorter, the walls
thicken progressively. The hyphae agglom-
erate in compact pellets.

Accumulation: During this phase, which
lasts up to the twelfth to fourteenth days,
the proliferation of the cells is stopped. The
further increase of the mycelial weight is no
longer caused by growth but by accumula-
tion of products, mainly lipids, and cell
wall synthesis. Alkaloids are further ac-
tively synthesized. The required energy is
taken from the oligosaccharides. During the
differentiation and accumulation phases,
glucose derived form the oligosaccharides
is metabolized through the pentose path-
way. This is the most efficient way for the
formation of NADPH, direct source of en-
ergy for both alkaloid- and lipid-biosynthe-
sis (SPALLA et al., 1978).

Lysis: After 16 days the cells begin to
lyse.
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D. Correlative Events

The synthesis of alkaloids is correlated
with two easily observable phenomena: cel-
lular differentiation and lipid synthesis.

Sphacelial cells are long cells with a nar-
row cell wall, several nuclei, small vacuoles,
numerous mitochondria and a small num-
ber of lipid droplets (LOSECKE et al., 1980).
These cells can grow intensively and even-
tually conidiate. They are unable to synthe-
size alkaloids. In the natural environment
as well as in the laboratory, alkaloids have
been found-in polyedrical cells, which have
thick walls, a reduced number of nuclei and
mitochondria, large vacuoles and a large
number of lipid droplets. Normally the
growth potentiality is reduced or nil. These
cells are called sclerotial or plectenchy-
matic (Fig. 14). If alkaloid synthesis is cor-
related with differentiation in plectenchy-
matic cells, the induction of such cells is not
sufficient for alkaloid biosynthesis. The ar-
tificial induction of such cells through
agents such as acriflavine or ethidium
bromide (PAzouTtova et al.,, 1980) or by
lack of manganese is not sufficient. Parasi-
tically or saprophytically, the sclerotinized

Figure 14. Sclerotinized producing cells of the
Claviceps purpurea strain EchK420.
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cells accumulate up to 50% (!) of their
weight as lipids. The ergot oil, or glyceride
oil of sclerotia, has long been known to
contain 25 to 35% of ricinoleic acid (D-12-
hydroxy-cis-9-octadecenoic acid). The tri-
glycerides have an unusual structure (MOR-
RIS and HALL, 1966); the hydroxyl groups
of the ricinoleic acid are not free but esteri-
fied with a variety of long-chain fatty acids.
Intermediates in the biosynthetic pathway
of ricinoleic acid are oleic and linoleic
acids. Immature sclerotia and sphacelial
hyphae in saprophytic cultures have not
only less total oils (maximum about 20%)
but do not contain ricinoleic compounds.
Only the precursors can be detected. On the
other hand, mature sclerotia or saprophytic
cultures able to produce alkaloids contain
ricinoleic acid. Ergot oil also contains tetra-,
penta- and hexa-acid-triglycerides. Polyols,
polyphosphates and non-structural carbo-
hydrates are also accumulated (REHACEK,
1983). But if alkaloid synthesis occurs con-
comitantly with lipid formation, the inverse
correlation is not always true. For instance,
the Claviceps purpurea strain Pur 218 (LO-
SECKE et al., 1980) does not produce alka-
loids despite a remarkable formation of lip-
ids. Besides lipid formation, other differen-
tiation steps are also necessary for alkaloid
formation.

IV. Genetics

A. General Features

1. Breeding system

The mode of reproduction of the ergot
fungus is characterized by monoecism and
self-compatibility (ESSER and TUDZYNSKI,
1978). After inoculation of rye flowers with
a single ascospore-line -or with conidia de-
rived from one single mononucleate conid-
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iospore (STRNADOVA and KyYBAL, 1974)
sclerotia are formed which, on maturing,
give rise to sexual fruit-bodies (ascigerous
stage). Despite self-compatibility, sexual
crossing may be observed, in which genetic
materials from different parental strains re-
combine. Such crosses have been obtained
after cross infections of rye with auxotro-
phic- and fungicide-resistant mutants. In
the offsprings of the crosses the marker
genes segregated in a Mendelian pattern for
an unlinked two-factor cross (TUDZYNSKI
et al., 1982).

2. Genetic determination
of alkaloid formation

A chemotaxonomic characteristic of the
genus Claviceps is the synthesis of alkaloids.
The sclerotia almost always contain alka-
loids but the potential to produce alkaloids
may not always be expressed in saprophytic
cultures. The spectrum of alkaloids pro-
duced by a pure strain is genetically deter-
mined. For example, a strain which pro-
duces ergotamine in sclerotia will also syn-
thesize ergotamine in shake flasks (BIAN-
CHI et al., 1964). Since most strains synthe-
size a mixture of alkaloids, differences in
the relative proportions of the different al-
kaloids can be observed between parasitic
and saprophytic cultures (KoBEL et al,
1962) owing to the importance of the envi-
ronmental conditions on alkaloid biosyn-
thesis.

Homokaryotic strains are capable of pro-
ducing alkaloids. For instance, the strains
FBA-4 (ergotamine producer) and PLO-2
(ergotoxine producer) cultivated under con-
trolled conditions form homokaryotic scle-
rotia containing normal amounts of alka-
loids (0.3-0.6%) (STRNADOVA and KYBAL,
1974). The strains Ech K420 (ergocristine
producer) and Exy 20 (ergocornine + ergo-
kryptine producer) are homokaryotic and
synthesize alkaloids in submerged culture
(KoBEL and SANGLIER, 1976). There are
other examples to confirm that homokaryo-
sis is the normal status and permits alkaloid
synthesis. In some strains, however, alka-

loid synthesis is greatly enhanced by het-
erokaryosis (AMICT et al., 1967). This was
particularly true of the first producers of
peptide alkaloids in shake flasks. These re-
sults engendered some confusion about a
possible correlation between alkaloid syn-
thesis and a balanced heterokaryotic state.

3. Plasmids

Recently, plasmids have been found in
wild strains of Claviceps purpurea (TuUD-
ZYNSKI et al., 1983). These genetic units are
linear and have a molecular length of 5.6 to
6.3 kb. As those observed in Neurospora
crassa, they exist independently within the
mitochondria and are not integrated into
mitochondrial DNA as is the case with
Podospora anserina. These plasmids have at
the present time only been detected in wild
strains, and interestingly they have a confi-
guration similar to plasmids found in
grasses. The role of these plasmids has not
yet been elucidated but as ESSEr and Du-
VELL (1984) state, they might serve as vec-
tors for gene cloning.

B. Genetics and Industrial
Production

For industrial production it is necessary
to select strains capable of producing large
amounts of suitable alkaloids. The first step
is a screening process to find a suitable wild
strain. The second stage is improvement of
the strain by mutation and selection which
goes hand in hand with the optimization of
the physiological conditions and adaption
to production in fermenters. The last stage
in the process is storage of the new strains
under proper conditions to ensure that they
retain their desirable characteristics.
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1. Screening of wild strains

The procedure consists of collecting scle-
rotia of Claviceps spp. on grasses in differ-
ent geographic locations, determining their
alkaloid content, isolating monosclerotial
strains on agar media and testing the pro-
duction capacity of these strains parasiti-
cally or saprophytically.

The starting material for the culture is
usually a part of internal plectenchymatic
tissue of a sclerotium with a suitable alka-
loid content, more rarely ascospores from
such a sclerotium. The specimen of inner
tissue is removed under aseptic conditions
and placed on the surface of an agar me-
dium containing natural compounds. The
culture is incubated for 2 to 3 weeks at 21 to
27°C. The resulting mycelia or conidia are
transferred to agar slants which serve as an
inoculum for shake flask experiments or for
infection of rye-flowers.

Goals

The aim of an ergot fungus screening is
the selection of strains with the following
characteristics:

Potency to produce a suitable alkaloid

The initial selection is made on the basis
of the alkaloid content of sclerotia. The
peptide alkaloid content of sclerotia from
various strains of Claviceps purpurea is
shown in Table 6 (KOBEL and SANGLIER,
1978). Strains producing alkaloids of the er-

587

1V. Genetics

gotoxine group are most common. Strains
producing alkaloids of the ergotamine
group are fairly common, but so far, not a
single strain ha$ been found which contains
an alkaloid of the ergoxine group as a ma-
jor compound.

The selection is directed to strains pro-
ducing the desired alkaloid at the highest
relative percentage. For example, in strains
producing ergocristine as their main alka-
loid, it accounts for between 50 and 95% of
the alkaloids produced. No definite correla-
tion exists between the percentage of an al-
kaloid in sclerotia and the percentage pro-
duced in saprophytic cultures and hence,
preselection based on the relative content
of alkaloids in the sclerotium is only indica-
tive. The search for a strain producing high
relative quantities of the desired alkaloid is
not only important from a point of view of
yield, but also for the subsequent purifica-
tion of the product.

Virulence on rye or capacity to produce alka-
loid saprophytically

The saprophytic production has been the
goal of most screening programs during the
last two decades. Only the problems related
to in vitro cultivation will be further treated
in this chapter.

Strains synthesizing new alkaloids

This objective appears to be of declining
importance. Projects along these lines have
been pursued for many years and the odds

Table 6. List of European Wild Ergot Drugs Containing Peptide Alkaloids

Type of Drug Frequency Range of Total
(according to content of peptide alkaloids) (in %o) Alkaloids (in %)
Ergotamine 131 0.05-0.5
Ergotamine + ergosine 73 02-0.4
Ergosine 22 03-04
Ergocristine 73 0.1-2.0
Ergocristine + ergotamine 44 0.1-04
Ergocristine + ergosine 204 0.1-05
Ergocristine + ergocornine + ergokryptine (o + ) 182 0.05-0.6
Ergocornine 15 02-04
Ergocornine + ergokryptine (o + /) 226 0.05-0.7
Ergokryptine (a) 15 . 04-0.5
Ergokryptine (a + /) 15 02-0.3
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against making a discovery are great. On
the other hand, partial chemical synthesis
offers greater scope and is a more rational
approach. Nevertheless, new alkaloids can
still be discovered. Recently, peptide alka-
loids containing 2-amino-butyric acid, ergo-
butyrine, and ergobutine have been isolated
from saprophytic cultures of Claviceps pur-
purea by BIANCHI et al. (1982).

Screening strategies
Two screening strategies have been fol-
lowed:

a) Direct screening in shake flasks

Selection of strains which produce alka-
loids in shake flasks at the first attempt.
This procedure requires sclerotia of various
origins to significantly increase the chances
of success. With the improvements of the
physiological conditions in the sixties, such
programs reached a high level of efficiency.
More than 5% of the strains tested were of
value both quantitatively and qualitatively.
This is the best method for the selection of
strains synthesizing the most common alka-
loids (ergotamine, ergocristine, ...).

b) Selection after mutagenic treatment

This procedure is recommended when
sclerotia are found to contain unusual alka-
loids (for instance, dihydroergosine) or an
uncommon spectrum of alkaloids (for in-
stance, a strain synthesizing ergocornine as
the principal alkaloid). The isolated mono-
sclerotial strain may prove incapable of
synthesizing alkaloids at all in saprophytic
culture, and in such cases it is worthwhile
to carry out a mutagenic treatment in the
hope of developing a producer.

Conidia, protoplasts, or hyphal frag-
ments of a culture derived from a sclero-
tium containing the desired alkaloid are
subjected to a mutagenic treatment. The
preselection of strains on agar media is
based on their morphological or biochemi-
cal characteristics and is followed by trials
in shake flasks (SCHMAUDER and GROGER,
1983).

Monosclerotial strains may be heteroge-
neous, and a subselection is necessary. The
only feasible approach to the preparation

of pure ergot strains is the isolation of colo-
nies arising from individual conidia or from
a uninucleate protoplast.

2. Creation of new genotypes

Mutation techniques

Mutagenesis followed by subsequent se-
lection of strains producing superior yields
still remains the basic technique for increas-
ing the fermentative titers of secondary me-
tabolites. This empirical method has also
been intensively exploited for the improve-
ment of the saprophytic production of ergot
alkaloids.

Ideal prerequisites for a successful muta-
tion program are pure and homokaryotic
strains with mononucleate conidia. No se-
lection program is possible using strains re-
quiring a balanced heterokaryotic status for
alkaloid production. In the case of aconid-
ial strains, problems are likely to be en-
countered if multinucleate material is uti-
lized in a mutation program. High doses of
mutagens, allowing the survival of a maxi-
mum of one nucleus per unit, can induce
other undesirable, cryptic mutations. In this
case, the treatment of protoplasts is prefera-
ble.

As is well-known, and was reported by
HAREVEN and KoLTIN (1970), the majority
of the conidia of the ergot fungus are uni-
nucleate. Normally, the proportion of the
uninucleate, binucleate, and trinucleate
conidia is 100:1:0.1. Preincubation of con-
idia in shaken liquid media may enhance
the efficiency of some mutagenic treatment,
as with N-methyl-N'-nitro- N'-nitrosoguan-
idine (MNNG). Since in Claviceps spp. the
first event in conidia germination is nuclear
division, the preincubation period must be
limited to 2 hours. Conidia from a slant cul-
ture are suspended in 10 mL of a 0.1% so-
dium laurylsulfate solution. The mycelial
fragments are removed by filtration through
glass wool. The suspension is adjusted to a
concentration of 10 to 107 conidia per mL
and treated with the mutagen.

Protoplasts can be obtained from Clavi-
ceps spp. by the technique developed for
other fungi. Hyphae grown in a liquid prop-
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agation medium for 3 to 6 days are washed,
centrifuged off, and the centrifugate is sus-
pended in an osmotically stabilized me-
dium (e.g., 0.8 M sucrose, 10 mM sodium
citrate at pH 4.7, 10 mM MgCl, and 10 mM
CacCl,) and treated for 1 to 4 hours with the
lytic enzymes of Cytophaga (SpaLLA and
MARNATI, 1978), of Helix pomatia (STAHL
et al., 1977) or with other lytic enzymes,
such as Novozym 234. The number of nu-
clei per protoplast may vary from 1 to 7, de-
pending on the strain, the propagation me-
dium, the age of the hyphae, and the proto-
plasting conditions. By adjusting the condi-
tions for the selected strains, a population
may be obtained in which most of the pro-
toplasts are uninucleate. Hyphal fragments
are not suitable for a mutation program
since the cells contain from 1 to 40 nuclei
(ROBBERS et al., 1974; SpaLLA and MAR-
NATIL, 1978). On an average, mature cells
have 5 nuclei and the cells at the tip of the
hyphae have the greatest number of nuclei
owing to rapid nuclear division associated
with active apical growth. Most of the
Claviceps strains mutate satisfactorily with
the various mutagenic agents. The methods
of mutagenesis are conventional. Ultra-vio-
let light is routinely used (3600 erg per s per
c¢m? for 1 to 15 min). As with other organ-
isms, daylight-induced repair mechanisms
operate after the UV radiation and hence,
the threatened cells have to be protected
from daylight (SCHMAUDER, 1983). The
most commonly used mutagens are: N-me-
thyl-N’-nitro-N-nitrosoguanidine (MNNG)
(0.1 to Img/mL for 1 to 6 h in a tris-buffer-
solution at pH 6), ethyl methane sulfonate
(EMS) (25 mg/mL in a Soérensen-buffer-so-
lution at pH 7 for 1 to 4 h), ethylene imine
(1 ug/mL for 1 to 4 h), and nitrous acid (1
to 4 mg/mL in a Mcllvaine-buffer-solution
at pH 4.5 for 1 to 3 h). A combination of
UV radiation and ethylene imine has been
found to be very efficient. Treatment of hy-
phae in full growth with MNNG or EMS
followed by protoplasting is a method spe-
cially adapted for strains of Claviceps pur-
purea, which are aconidial under laboratory
conditions (KELLER, 1983). For the deter-
mination of a lethality curve, samples are
drawn from spore suspensions which have
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been submitted to mutagenic agents at dif-
ferent time intervals or at different concen-
trations. They are plated out for survival
counts and the rest of the samples may be
stored in a protective medium (for instance,
glycerol 10% + gelatine 2.5% + NaCl
0.7%) at a temperature below —25°C. The
samples treated with suitable doses of mu-
tagen (lethality between 85 and 99%), are
used later for the isolation of mutants. For
the selection of biochemical mutants (auxo-
trophy, resistance, ...) colonies of Claviceps
spp. may be transferred from one agar plate
to other plates by replica plating with “Vel-
cro” or “Bison” (materials with ‘‘hooks™)
(SCHRODER and SCHMAUDER, 1975). Addi-
tion of sodium deoxycholate (50 mg/L) to
the agar media induces formation of small
colonies which are more easily replicated.

Recombination

The actual possibility of meiotic recom-
bination, as mentioned before, has been de-
tected only very recently by TUDZYNSKI et
al. (1982). This method, using the' natural
life cycle of the ergot fungus, is very time-
consuming and not possible under axenic
laboratory conditions and therefore not
likely to be practically feasible in the near
future. The preparation of protoplasts from
auxotrophic C. purpurea mutants is easy
and the fusion of protoplasts can be accom-
plished with a frequency of 3.6-107% in a
solution of 30% polyethylene glycol MW
6000 with 0.01 M CacCl; and 0.05 M glycine,
pH 7.5, at 30°C according to SpaLLA and
MARNATI (1978). It was not ascertained by
the authors whether the fusion. products
were true recombinants or merely heteroka-
ryons.

These possibilities, together with the be-
fore-mentioned detection of mitochondrial
plasmids in Claviceps, certainly herald a
new era. A more rational handling of the
genetic material should bring new, interest-
ing results (TUDZYNSKI, 1984).

Yield improvement

The productioni capacity of most wild
strains is below 20 mg/L. It is rare to find
wild strains producing 50 mg/L or more.
Since industrial-scale production requires a
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yield of upwards of 2 g/L, it is evident that
strains have to be greatly improved.

Selection strategies

o What is important, is a quick selec-
tion method for the detection of high
producers among the bulk of uninter-
esting mutants.

e The most reliable, but also the most
laborious method involves the isola-
tion and the propagation of a ran-
domly sampled amount of strains
from single colonies and checking
them for alkaloid production in
shake flasks. This procedure can be
substantially shortened by using ap-
propriate preselection methods.

e One preselection method is based on
the observation that the morphology
of colonies on agar plates is
markedly different for producing and
non-producing strains. For C. paspali,
this has been demonstrated by Ko-
BEL (1969). Preselection media can
also be composed for C. purpurea,
based, for instance, on the composi-
tion of production media.

The use of special agar media, con-
taining high concentrations of su-
crose, glycine, NaCl (UDVARDY,
1980), or of NH,NO;, (WACK et al.,
1973) reinforces the selection pres-
sure. Such media favor the growth of
colonies containing cells of the scle-
rotial type capable of synthesizing al-
kaloids.

e Producing strains may synthesize al-

kaloids on selected agar media. Alka-

loids can be detected with chemical
or fluorometric reactions. A part of
the colonies, or the whole colonies

after replication, are sprayed with a

reagent containing 1 mg FeCl; in

100 mL H,SO, (SrRIKRAI and RoB-

BERS, 1983). Positive colonies turn

blue. The colonies can also be re-

moved, extracted with acetone and
their alkaloid content may be deter-
mined by the usual van Urk-method.

Another method is to view the colo-

nies with UV light. Producing colo-

nies fluoresce (DURAND and TIBAR-
DY, 1984).

e A biochemical characteristic, involv-
ing the activity of tryptophan synthe-
tase, has been used as a preselection
criterion by SCHMAUDER and
GROGER (1983).

Preselection is undoubtedly valuable at the
beginning of a program, when the propor-
tion of non-producers or low producers is
high. After 2 to 4 selection stages, almost all
strains produce alkaloids and the problem
is no longer a qualitative one (producer or
non-producer), but a quantitative one. In
this case, the method mentioned before
(testing the alkaloids from shake cultures) is
the most reliable one. The output of such a
mutant screening can be increased by au-
tomation of certain steps, such as the al-
kaloid assay. The number of strains to be
tested increases with every step. At the be-
ginning 200 to 300 strains suffice for the se-
lection of strains providing higher titers.
After a further few steps, the number of the
test strains may increase to 1000 or more. In
every case there are problems which must
be borne in mind, namely the proportion of
suitable alkaloids produced, excessive sta-
bility or, conversely, a tendency to rapid de-
generation of the parental strain, and diffi-
culties in scaling up to fermenter produc-
tion. From what has been said above, the
following strategy may be proposed for the
development of producing strains:

e Mutagenic treatment of uninucleate
units with a lethal dosage of 85 to
99 %.

e Isolation of 200 to 300 colonies, with
a preselection method.

e Test of the selectants in shake flasks
in 2 media, namely in the original
and in a second with higher concen-
trations of C and N.

e Selection of 3 to 10 high producers
after a repeated trial in shake flasks
and fermenters after 3 subsequent
agar transfers.

e Start of the next mutation series with

2 to 5 parental strains and a new mu-

tagenic agent.
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Results

Considerable improvements have been
recorded after such selection-mutation pro-
grams. Table 7 shows the results obtained
with 3 lines of alkaloid producing strains
(DURAND and TIRABY, 1984).

The initial titers were lower than 20 mg/
L. In the particular example shown, in-
crease in productivity of the ergocristine
strains was small compared to the high lev-
els obtained with the ergotamine line. But
there is no hard and fast rule. Starting with
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other wild strains, the situation might well
be reversed. Given suitable parent strains,
mutants with a significantly higher titer
may emerge after each mutagenic treat-
ment. Table 8 illustrates a typical successful
program carried out with an ergocristine
line (KOBEL and SANGLIER, 1978).
Whether a mutant expresses its potential
or not depends upon the environmental
conditions. These have to be constantly im-
proved together with the selection of mu-
tants. Table 9 shows the interaction be-

Table 7. Results of Mutation-Selection Programs with 3 Lines of Claviceps

purpurea (DURAND and TIRABY, 1984)

Alkaloids Number of

Selection Steps

Improved Yields
(mg/L)

Ergotamine + ergotoxines 8
Ergotamine 9
Ergocristine 7

800-1000
1800-2000
300 - 400

Table 8. Increase in Alkaloid Production in the
Course of a Mutation Program with an Ergocris-
tine Strain of Claviceps purpurea. (Production ex-
pressed in arbitrary units, parental strain = 1)

Selection Step Alkaloid Production

O~ W — O
w
—

Table 9. Influence of the Environmental Condi-
tions on the Productivity of Ergocristine Mutants
of Claviceps purpurea (in arbitrary units, wild
strain = 1)

Selection Environmental Conditions
Step initial improved
2 5 6

8 54 160

tween genetics and environmental condi-
tions. Mutations increased the productivity
by a factor of 10 under the initial environ-
mental conditions and by a factor of 25 un-
der improved conditions.

Qualitative changes

While the quantity of alkaloid produced
is in most cases readily altered by mutation,
the actual spectrum of alkaloids produced
is found to be rather stable. It should be
mentioned that no systematic mutagenesis
program has been conducted with the aim
of modifying the nature of the alkaloids
synthesized. The qualitative changes de-
scribed below were observed incidentally in
other lines of investigation.

The following shifts have been reported
in Claviceps purpurea: ergotamine to ergo-
toxine (STRNADOVA, 1967), ergocornine +
ergokryptines to ergocristine (KOBEL and
SANGLIER, 1973), ergotamine to ergosines
(GROGER et al., 1978), and ergocristine to
paspalic acid (MARNATI et al., 1975); and
in the case of C.:paspali, only one mutant
showing qualitative changes has so far been
selected: an ergometrine producer was se-
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lected from a lysergic acid methyl carbinol-
amide producing strain (MARNATI et al.,
1975).

3. Degeneration and conservation

In general, Claviceps strains, especially
high producers, are unstable. Some strains
require a balanced heterokaryotic state in
order to produce alkaloids (AMICI et al.,
1967). These heterokaryons do not sporu-
late, but nevertheless, they segregate easily
into the homokaryotic parents.

Homokaryotic producers are prone to
another fype of productivity loss. Clones
may develop which have a lower alkaloid
productivity but enjoy a competitive advan-
tage of a more rapid growth or more abun-
dant sporulation. The term “‘degeneration™
is applied to the phenomenon whereby a
strain shows a decline in productivity on re-
peated transfers on agar media. Fortunate-
ly, in the case of the ergot fungus, the abil-
ity to synthesize alkaloids correlates with
micromorphological (sclerotia-like cells)
and macromorphological (pigmentation,
colony form) features. Colonies of C. pas-
pali derived from strain NRRL 3166 occur
in 2 morphological types (KOBEL, 1969):

e compact colonies containing brown
pigment and sclerotinized cells,

e loose, white colonies containing thin-
walled cells (Fig. 15).

Only the strains derived from the colonies
of the first type are high producers (1000-

lem ks i i
Figure 15. The two colony types of Claviceps pas-
pali (KOBEL, 1969).

2000 mg/L). Initially, 99% of the colonies
of the producing mutant are of the first type
and productivity is about 2000 mg/L. After
repeated transfers on agar media, the pro-
portion of colonies of the second, non-pro-
ducing type increases and by the ninth
transfer 90 % of the colonies are of this type.
There is a parallel decline in production to
150 mg/L. An identical situation is ob-
served with strains of C. purpurea. The de-
generation is frequently even more rapid. In
the case of the ergocristine strain Ech K420,
2 main types of colonies are formed on a
sucrose-casamino acids-tryptophan agar
medium, namely white cotton-like and pur-
ple colonies. Isolation from white colonies
always furnishes low-yield strains which
only produce white colonies after plating.
Purple colonies are high-productivity
strains and produce white and purple colo-
nies in variable proportions. With each suc-
cessive transfer, the ratio of white to purple
colonies increases and the alkaloid produc-
tion declines (Table 10) (KoBEL and SAN-
GLIER, 1978).

In submerged cultures, the mycelium of
high-yielding strains differs appreciably
from that of degenerated strains. Producing
cultures develop hyphae containing thick-
walled, round cells whose cytoplasm con-
tains copious amounts of lipids.

In non-producing cultures, the hyphae
are composed of long, thin cells and sporu-
late abundantly. Moreover, degenerated
cultures are unable to utilize large amounts
of nutrients.

Selection of stable strains in at least three
transfers, and efficient storage methods are
indispensible for reproducible alkaloid pro-
duction.

Almost any of the standard methods may
be used for the storage of Claviceps strains,
provided that some specific adjustments are
made. For successful storage, the living ma-
terial must be of high quality, a suitable,
protective medium must be used, and non-
lyophilized material must be kept at a tem-
perature of below —25°C.

Conidia from agar-slants or liquid cul-
tures, or hyphae developed in a preculture
medium are suitable for storage. They must
be vigorous. Agar slant cultures should not
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Table 10. Influence of Successive Transfers of an Ergocristine Producing
Strain of Claviceps purpurea on the Alkaloid Productivity and on the Distri-

bution of Morphological Types of Colonies

Transfers Alkaloid Productivity Distribution of Colonies (in %)
(in % of transfer 1) purpie white

1 100 97 3

3 100 » 95 5

5 22 68 32

7 3 22 78

9 1 18 82

be more than 2 weeks old. After a 2-week
incubation period, survival rates decrease
dramatically. The survival rate of conidia
from the ergocristine strain Ech K420 is less
than 50% after incubation for 1 month at
24°C. Agar slants can be stored at tempera-
tures below —25°C. The temperatures pre-
vailing in an ordinary refrigerator (0-4°C)
are wholly inadequate. A mixture of 5%
glucose and 2% malt extract; a mixture of
10% glycerol, 1.25% gelatin and 0.7% so-
dium chloride, and milk sucrose mixture
are typical adapted protective media for the
storage of vegetative hyphae or conidia. Sil-
ica gel and liquid paraffin have occasion-
ally been used. Conidia or hyphae are sus-
pended in such a protective medium, slowly
cooled to below —25°C and stored under
liquid nitrogen (BASSET et al., 1973; KEL-
LEHER and BornNic, 1969) or lyophilized
(MizrAH! and MILLER, 1968; PERTOT et
al., 1977). Storage of spores or mycelium in
liquid nitrogen is the best method. Tubes
containing the living materials suspended
in a protective medium are cooled at a rate
of 1°C per min to —70°C and then trans-
ferred to a liquid nitrogen container. Lyo-
philization is suitable only as a secondary
storage method. The sealed freeze-dried
tubes are normally kept at 4°C.

In most cases, the stored strains retain
good viability and productivity for many
years. For example, in the storage media
described above, conidia from strain Ech
K420 showed 70% viability after 12 months.
However, for industrial purposes it is advis-
able not to store the inoculum for more
than 6 months and to test viability and pro-
ductivity before running trials.

V. Biosynthesis
of Ergot Alkaloids

The first paper on biosynthetic investiga-
tions by MOTHES et al. appeared in 1958.
Rye plants grown in a greenhouse were ino-
culated with an ergocornine- and ergokryp-
tine-producing strain of Claviceps purpurea.
3 weeks later, a solution of DL-tryptophan
(3-'*C) was injected into the internodes.
After another 3 weeks, 16 sclerotia were
harvested. From these, radioactive ergot al-
kaloids were isolated by paper chromato-
graphy. By degradation of the alkaloids it
was shown that the radioactivity was lo-
cated in the lysergic acid part. Since then
over 100 papers have reported results on al-
kaloid biosynthesis. They are all based on
experiments with saprophytic cultures of
different Claviceps strains.

A series of review articles refer to the ori-
ginal papers. The most recent reviews were
published by CRESPI-PERELLINO et al,
(1984); REHACEK, (1983; 1984); STADLER,
(1982) and in full detail by FLoss and AN-
DERSON, (1980).

The clarification of the biosynthesis of
ergot alkaloids during the past 25 years has
been a central subject in ergot research.
However, several details still remain to be
studied. Within the scope of this chapter we
cannot follow the course of the investiga-
tions in all the particulars of their successes
and their errors. We shall, however, indi-
cate the most important milestones.
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A. Biosynthesis of the Ergolene
System and (+)-Lysergic Acid

Labelled tryptophan was incorporated
into ergoline alkaloids by saprophytically
cultivated ergot strains, first by GROGER et
al. (1960) and PLIENINGER et al. (1959).

« H COOH,
"\':‘NHZ Z
‘H

P-0O-P-07

HN

Dimethylallyl

L- Tryptophan \ pyrophosphate
=

Mevalonic acid proved to be a second
precursor of the ergoline ringsystem, as first
reported by PLIENINGER et al. (1959) and
GROGER et al. (1960).

Mevalonic acid, after loss of the carbox-
yl, is transformed to dimethylallylpyrophos-
phate, which is incorporated into L-trypto-
phan in position 4 to yield dimethylallyl-
tryptophan. The N-methyl group arises via

COOH

-— QH

Mevalonic acid

OH

CH
AR
D CH
! L- Methionine
&
. /(;:\
Chanoclavine-1-aldehyde Chanoclavine -1 HpN {; COOH
CH,OH
=
N-CH,
—_——
HN: I
Agroclavine Elymoclavine
H COOH l COOH
—

(+)-Lysergic acid

Paspalic acid

Figure 16. Intermediate stages of the
biosynthesis of (+)-lysergic acid.

a transmeth)
ine (BAXTER
lysergic acid
intermediate
Fig. 16.

The high i
allyltryptoph
tives, as rej
(1964) and
strongly indi
in the biosyn
The next st
has been inv
and by FLO
ration of s
clavine-I-ald
NAIDER et
pound to be
though this
to be preser
time. It was
et al. (1980
hyde from tl
mutant of C
noclavine-I
is well estal
published by
idative tran:
clavine to I
amine and 1.
as well as in
was followe
Furthermore
acid is prod
wild strain
al., 1964). A
tions as the
In labelled f
rate into ly
1966). In th
incorporate
out loss of
plain why o
are found i
cally produ«




a second
>m, as first
'1959). and

he carbox-
pyrophos-
) L-trypto-
tethylallyl-
arises via

tages of the
ic ackd.

a transmethylation reaction from methion-
ine (BAXTER et al., 1964). The course of the
lysergic acid biosynthesis, with its secured
intermediate compounds, is shown in
Fig. 16. .

The high incorporation rate of dimethyl-
allyltryptophan into lysergic acid deriva-
tives, as reported by PLIENINGER et al.
(1964) and by WEYGAND et al. (1964),
strongly indicates that it is an intermediate
in the biosynthetic pathway of lysergic acid.
The next step, leading to chanoclavine-I,
has been investigated by FEHR et al. (1966)
and by Fross et al. (1968). The incorpo-
ration of synthetically prepared chano-
clavine-lI-aldehyde into elymoclavine by
NAIDER et al. (1970) suggested this com-
pound to be the next intermediate step, al-
though this compound had not been found
to be present in the culture broth at this
time. It was only 10 years later that MAIER
et al. (1980) isolated chanoclavine-I-alde-
hyde from the broth of an alkaloid-blocked
mutant of C. purpurea. The route from cha-
noclavine-1 via agroclavine to elymoclavine
is well established, thanks to experiments
published by GROGER et al. (1966). The ox-
idative transformation of labelled elymo-
clavine to lysergic acid derivatives (ergot-
amine and lysergic acid amide) in parasitic
as well as in saprophytic Claviceps cultures
was followed up by MOTHES et al. (1962).
Furthermore, it is remarkable that paspalic
acid is produced as the main alkaloid in a
wild strain of Claviceps paspali (KOBEL et
al., 1964). Apparently, paspalic acid func-
tions as the precursor of (4 )-lysergic acid.
In labelled form, it is incorporated at a high
rate into lysergic acid amide (AGURELL,
1966). In the same trial, lysergic acid was
incorporated into lysergic acid amide with-
out loss of label. This discovery might ex-
plain why only small traces of lysergic acid
are found in sclerotia and in saprophyti-
cally produced culture broths.

V. Biosynthesis of Ergot Alkaloids

B. Biosynthesis
of Ergot Peptide Alkaloids

From many experiments by various re-
search groups, which have been reviewed in
FLoSS et al. (1974), FLOsS and ANDERSON
(1980), STADLER (1982), and CRESPI-PER-
ELLINO et al. (1984), it must be concluded
that neither lysergic acid amide nor dipep-
tides such as L-valyl-L-leucine, L-leucyl-L-
proline, D-lysergyl-L-valine or D-lysergyl-L-
alanine, and dipeptide lactams such as L-
valyl-L-proline lactam are incorporated as
such into the peptide alkaloid molecules.
Furthermore, labelled tripeptides such as L-
valyl-(1-'*C)-L-valyl-L-proline are incorpo-
rated only after breakdown into the compo-
nent amino acids. The sum of all of the ne-
gative evidence seems to exclude all the
plausible free intermediates except free lys-
ergic acid and the free L-amino acids which
are incorporated at substantial rates into
the appropriate peptide portions of the er-
gopeptides. Hence, it is likely that the pep-
tide chain formation takes place in a con-
certed fashion on a multienzyme complex
without any free intermediates.

The hypothesis of the peptide alkaloid
formation on a multienzyme complex as
suggested by FLoss et al. (1974) and illus-
trated by FLoSs and ANDERSON (1980) as
well as by STADLER (1982) is depicted in
Fig. 17 using ergocristine as an example.

The isolation of ergocristame (6) from
the broth of an ergocristine-producing
strain by StUTZ et al. (1973) sustains this
hypothesis. Apparently compound 5 under-
goes a partial irreversible epimeérization to
compound 6 which cannot be further trans-
formed. However, it must be pointed out
that this hypothesis has not yet been veri-
fied in every detail. All of the intermediate
products have not been isolated. It is proba-
ble that compounds 1, 2, 3, 4, and 7 are
quickly processed to the next stage and
therefore are not accumulated in the cells.
Compound 5 is probably unstable.
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C. Directed Biosynthesis
of Ergot Peptide Alkaloids

Multifunctional enzyme complexes gen-
erally exhibit a certain variability in the
building blocks they incorporate. For the
ergotoxine group, the variation of amino
acid No. II leads to the main alkaloids er-
gocornine, a-ergokryptine, S-ergokryptine,
and ergocristine, as shown in Table 11.

Table 11. Amino Acid Sequences in Ergotoxine
Alkaloids

Alkaloid Amino Acid Sequence
Ergocornine Lysergic acid-val-val-pro
a-Ergokryptine Lysergic acid-val-leu-pro
B-Ergokryptine Lysergic acid-val-ile-pro
Ergocristine Lysergic acid-val-phe-pro
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and B-ergokryptine was grown in a sucrose-
ammonium oxalate-mineral salts medium.
The amino acids L-valine, L-leucine, and L-
isoleucine as the differing constituents of
the three alkaloids were added in amounts
of 5g/L on day 4. The results of the alka-
loid analysis on day 14 are listed in Ta-
ble 12 (KOBEL and SANGLIER, 1978).

Phenylalanine, even when added in high
amounts, was not incorporated by this
strain. The results demonstrate the depend-
ence of the synthesis of secondary products
on the quantity of primary compounds. The
relative amount of incorporation seems to
depend on the relative concentrations of the
competing amino acids in the free amino
acid pool of the cell.

Synthetic amino acid analogues

BEACCO et al. (1978) reported the incor-
poration of synthetic amino acid analogues
into the position of amino acid No. II by
several ergotoxine-producing strains of

Table 12. Influence of val, leu and ile on Ergotoxine Synthesis

Amino Acid Added

Alkaloids (in % of total)

Ergocornine  a-Ergokryptine  B-Ergokryptine

None 32 49
L-Valine 65 30
L-Leucine 17 74
L-Isoleucine 26 32

Manipulations in amino acid No. II
Natural amino acids

In a feeding experiment, a Claviceps
strain which produced ergocornine and a-

Table 13. Incorporation of Amino Acid Analogues

Claviceps purpurea cultivated in a sucrose-
succinate-mineral salts medium. The pre-
cursors were added in 4 g/L-amounts on
day 4.

Main Alkaloid Produced Precursor Added to the Medium New Alkaloid with Precursor

as Amino Acid No. Il
(amount in % of total alkaloids)

Ergocristine p-Chlorophenylalanine 63
Ergocristine p-Fluorophenylalanine 66
Ergocornine/kryptine 5,5,5-Trifluoroleucine 21

Ergocornine/kryptine B-Hydroxyleucine
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Table 13 summarizes BEACCO et al.’s re-
sults using a phenylalanine auxotrophic er-
gocristine and a leucine auxotrophic ergo-
cornine + ergokryptine strain.

Manipulation in amino acid No. I

A Claviceps strain producing about 1.4 g/
L of ergotamine (in which the amino acid
No. I is alanine) and ergokryptine (AA
No. I = valine) and no ergostine (AA No. I
= a-aminobutyric acid = ABA) was pro-
ducing. ergostine after the addition of
500 mg/L of ABA to the culture on day 7,
as shown in Table 14.

Table 14. Incorporation of a-Aminobutyric Acid
into Ergostine

Alkaloid Relative Amount
(in % of total)
Control  with 500 mg/L ABA

‘Clavines 5.4 8.9
Ergotamine 78.7 64.9
Ergostine 0 12.6
Ergokryptine  19.5 13.6

These results have been published by
CRESPI-PERELLINO et al. (1984).

Manipulation in amino acid No. II1

New sulfur-containing peptide alkaloids
were obtained after feeding the proline ana-
logue L-thiazolidine-4-carboxylic acid to
appropriate Claviceps strains. In this way,
BAUMERT et al. (1982) obtained 60 mg/L of
9’thia-ergosine and 9’thia-ergosinine, after
supplying 5 g/L of L-thiazolidine-4-carbox-
ylic acid to an ergosine strain of Claviceps
purpurea. KOBEL et al. (1983) produced
100 mg/L of 9'thia-ergotamine + 9‘thia-er-
gotaminine with an ergotamine strain and
64 mg/L of 9'thia-ergocristine + 9'thia-er-
gocristinine with an ergocristine strain of C.
purpurea after feeding 1.8 g/L of L-thiazol-
idine-4-carboxylic acid on day 4.

VI. Industrial Production
of Ergot Alkaloids

Basically, three methods for the produc-
tion of ergot alkaloids exist. These are the
parasitic cultivation of Claviceps strains on
host plants, the saprophytic cultivation in
liquid nutrient media, and chemical synthe-
sis.

A. The Parasitic Ergot
Cultivation on Rye

The first successful attempts at ergot pro-
duction on rye on a large scale were re-
ported by HECKE (1922; 1923).

He sprayed suspensions of ascospores
and of honeydew-conidia over a field with
flowering rye. Good results with the spray
method were only obtained when a large
proportion of the rye flowers were open
and when the weather conditions on the
following days were optimal for spore ger-
mination. Rainfall after opening washed
the spores off.

1. Large scale inoculation
by injection

A more reliable method for obtaining an
infection involved injecting the spores in-
side the ears. BEKESY (1938) describes the
prototype of an inoculation machine. This
machine has been adapted and further de-
veloped at Sandoz Ltd. in Basel by BRACK
and reported by SToLL (1942).

This inoculation machine was drawn by
horse and later by tractor. through the rye-
field (Fig. 18). Its main part consists of 5
pairs of vertically arranged cylinders rotat-
ing in opposite directions. One cylinder of
each pair is equipped with grooved needles
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and the other has a smooth surface and
slightly presses the rye ears against the nee-
dles. The spore suspension is directed from
a 12-liter tank through pipes over the nee-
dle-bearing cylinders, thus filling the rills
with inoculum. While the machine passes
along the upper part of the stalks bearing
the ears, these are forced through the cylin-
der pairs and pricked by the needles. For
the inoculation of rye planted on steep
slopes where the machine cannot be used, a
hand-operated inoculation board is used. It
consists of a needle-bearing metal plate and
a smooth surfaced wooden board. These
are pressed together with the ears in be-
tween after the needle-bearing plate has
been dipped into a spore suspension.

Both inoculation methods, machine and
handboard, give identical yields under com-
parable conditions (as reported by StoLL
and BrRACK, 1944), namely an average of
361 kg/ha on the hand-board fields and 386
kg/ha on the machine fields (1 kg/ha =
0.89 1bs/acre).

VI. Industrial Production of Ergot Alkaloids

Figure 18. Inoculation

tractor.

2. Selection of strains and
preparation of inoculum

The starting materials were of course
wild sclerotia of ergot from rye and differ-
ent grasses (BEKESY, 1955; GROGER, 1956;
FRrREY and BRrRACK, 1958). Sclerotia contain-
ing the desired alkaloids in relatively high
amounts were selected. KyBaL and BREJ-
CHA (1955) reported 5 ““chemical races™ of
peptide alkaloid-containing ergots. The iso-
lation of strains from sclerotia has been de-
scribed in Sect. IV. B.1.

The spores of a slant are suspended in
tap water and are used for the inoculation
of an experimental lot of rye. After an anal-
ysis of the quantitative and qualitative alka-
loid content of several sclerotia (using only
half of the sclerotium for analysis) the most
suitable sclerotia are selected and from the
other half, the strain is reisolated on agar.
Sometimes a step of monoconidial isolation
is included in the course of propagation
(KyBaL et al., 1956).

For the field inoculation, the calculated
amount of agar cultures in large test-tubes,
each containing 5.10%-1.10° conidia, is pre-
pared. Immediately before inoculation, the
spores are suspended in tap water at a con-
centration of about 10°/mL. The contents
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of 1 tube is enough for about 200 m* of rye.
Another method which gives good results
involves cultivating the producing strain in
a fermenter under such conditions that the
mycelium disintegrates tp arthrospores,
which, after addition of a protection agent,
are lyophilized and stored in flasks until
use.

3. Course of infection

The best time for the inoculation by
injection is when the ears escape from the
uppermost leaf-sheath. This is about two
weeks before the opening of the inflores-
cences.

The first visible signs of a successful in-
fection is the appearance of honeydew
drops which emerge from between the
glumes. Honeydew has the viscosity of a
heavy syrup and contains large amounts of
glucose, fructose, and sucrose, as well as
minor amounts of several unidentified su-

e

Figure 19. Rye ear with honeydew.

gars (POHM et al., 1971) and 19 different
amino acids (GROGER, 1958). The drops are
turbid from the high concentration of Clawvi-
ceps spores (Fig. 19).

After early artificial inoculation, the hon-
eydew appears simultaneously with the
opening of the flowers, and the exposed
stigmata are susceptible to secondary infec-
tions by the honeydew spores. The spread-
ing of honeydew is favored by friction of
the ears against each other through the
wind in moderately warm, damp weather.
Insects may also play a certain role in
spreading the honeydew. An extended pe-
riod of hot, dry weather during the honey-
dew period causes the droplets to dry out.
The result is a harvest of only a primary-
infection crop, which is about s to Y5 of
that in a year with favorable weather condi-
tions.

The first sclerotia appear about 1 month
after inoculation and need a further 3 to 4
weeks to ripen (see Fig. 1).

4. Harvest

Harvest starts when the longitudinal
growth ends and the sclerotia loosen be-
tween the glumes. Due to the time intervals
between primary, secondary, and even ter-
tiary infections, all stages from early devel-
opment to maturity are present, and accord-
ingly the period of harvest extends to sev-
eral weeks.

The harvest of the ripe sclerotia is done
by hand or by brushing out. For the brush
harvest, a piece of equipment was devel-
oped by Sandoz Ltd. for hand operation. A
harvest machine was also developed
(Fig. 20).

The main areas for field production were
in Switzerland (Sandoz Ltd.), Hungary
(Gedeon Richter), Czechoslovakia (Spofa),
and Yugoslavia (LEK, Ljubliana).

The yields, averaging an estimated
amount of 200 kg/ha (= 180 Ib/acre) of
dry ergot sclerotia, could vary by a factor of
about 2.5 upwards or downwards, depend-
ing on climatic or cultural conditions.

For this reason, and because better repro-
ducible methods of fermentative produc-

Figure 2(

tion be
gan to
been fie
end is
Howevt
cades, |
ent, sel
highly ¢

B. Pr

Clavi
synthet
abunda
spores.
several
ergot a
Clavice
review
on pag

1. Pr

The
alkaloi
subme:




‘9 different
te drops are
bn of Clavi-

!n, the hon-
: with the
e exposed
Elary infec-
e spread-
friction of
tgough the
weather.
jin role in
ttended pe-
Ithe honey-
to dry out.
a pramary-
!‘/4 to ' of
ther condi-

t 1 month
her 3 to 4

longitudinal
loosen be-
he int2rvals
)d even ter-
arly devel-
gnd accord-
inds to sev-

tia is done
r the* brush
was devel-
peration. A
developed

iction were
, Hungary
ia (Spofa),
).
estimated
b/acre) of
a factor of
s, depend-
tions.
etter repro-
/e produc-

Figure 20. Harvest machine.

tion became available, field production be-
gan to decline. Since 1978, no ergot has
been field-produced in Switzerland, and the
end is forseeable in the other countries.
However, let us not forget that for many de-
cades, the large scale cultivation of differ-
ent, selected ergot strains on rye was a
highly elaborate, biotechnological process.

B. Production in Bioreactors

Claviceps species grow easily on many
synthetic and complex media, building
abundant masses of mycelium and often
spores. During the first half of this century,
several unsuccessful attempts to produce
ergot alkaloids in saprophytic cultures of
Claviceps purpurea have been reported. A,
review is given in the book by BovEe (1970)
on pages 74-81.

1. Production of clavines
The first person to successfully produce

alkaloids in surface culture, and later in
submerged culture, was ABE in Japan, and
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the first alkaloid produced in this way was
agroclavine. ABE started this work around
1945 with the collection of about 500 differ-
ent ergot samples from 24 graminaceous
species. A strain isolated from a sclerotium
which grew on the grass Agropyrum semi-
costatum Nees, wasgrown in 1.2 L batches
in Bernhauer flasks for 30 to 40 days at 26
to 28°C.

The yield was about 500 mg/L (ABE,
1948; 1951; ABE and YAMATODAN], 1954).
The nutrient medium had the following
composition:

Mannitol 5
Ammonium succinate
Dihydrogen potassium

~ O
ae ga

phosphate lg
Magnesium sulfate 03 g
Water 1000 mL
pH 5.2

More alkaloids of the clavine family ob-
tained in saprophytic cultures were re-
ported by ABE et al. (1952) from an ergot on
Elymus mollis (elymoclavine), by STOLL et
al. (1954), and by HOFMANN et al. (1957)
from surface cultures of Claviceps fusiformis
Loveless from Pearl millet (Pennisetum ty-
phoideum) collected in Tschad (penniclav-
ine etc.). Although the clavine alkaloids did
not have any practical applications, their
discovery was important in two respects,
namely the demonstration that ergot alka-
loids could be produced in vitro, and their
usefulness for the clarification of the bio-
synthetic pathway of the ergoline ring sys-
tem.

2. Production
of peptide alkaloids

The pharmaceutically important ergot
peptide alkaloid ergotamine was produced
for the first time in saprophytic culture and
isolated in crystalline form by a process
which was described in a Swiss patent ap-
plication in 1953 and published by STOLL et
al. (1957). The strain was isolated from a
sclerotium collected from rye in Switzer-
land and grown as surface culture at 24°C
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for 26 days in glass tubes containing a lig-
uid medium with the following composi-
tion:

Sucrose 100 g
L-Asparagine ; 10 g
Cysteine- HCI 0.01g
Aneurine 0.0001 g
Biotin 0.000001 g
Ca(NO3)2‘4H20 1 g
MgSO,-7H,0 025 g
KH,PO, 025¢g
KCl 0.125 g
Microminerals 0.3 mL
Dist. water ad 1000 mL
pH 4.6

The solution of microminerals had the fol-
lowing composition:

FeSO,-7H,0 0g
MnSO,-7 Hzo 2 g
KCl 0.5 g
NiCl,-6 H,0 0.05 g
TiO(SO,)-2H,0 02g
ZnSO4 -7 Hzo 0.1 g
CuSO,-5H,0 0.05 g
BC(NO3)2 0.1 g
H,BO, 0.05 g
H,SO, conc. 1 mL
Dist. water ad 1000 mL

The mycelium developing on the surface
had a very compact consistency and a dark
violet color. The cellular structure was simi-
lar to that of a sclerotium.

The prerequisite for large scale industrial
production, however, was not a surface cul-
ture but a submerged culture in shake flasks
which could be scaled up to a culture in
large fermenters. First reports on successful
shake flask production of ergotamine came
from the Italian laboratories of TONOLO
(1966) and from Farmitalia (AMICI et al.,
1966). ToNoOLO’s medium consisted of
200 g/L of mannitol and 30 g/L of Difco-
peptone. His strain was derived from a C.
purpurea sclerotium from Spanish Triticale
and, interestingly, did not form conidia on
any media. The total alkaloids produced,

consisting mainly of ergotamine, ranged
from 800 to 1400 mg/L.

AMiIcr’s production medium was very
rich in sucrose and had the following com-
position:

Sucrose 300 g
Citric acid 15¢g
Ca(NO3)2'4H20 1 g
KH,PO, 05¢g
MgSO,-7H,0O 025 ¢
Yeast extract 01g
KCl 02¢g
FeSO,-7H,0O 7 mg
ZnSO,-7H,0 6 mg
Aqueous ammonia to pH 5.2
Tap water ad 1 liter

Alkaloid production started after 3 days
when all the inorganic phosphate had been
used up. The yield in total alkaloids after 12
days amounted to 1.1 to 1.5 g/L, containing
80% of ergotamine.

Three years later, AMICI et al. (1969) re-
ported the shake flask production of the er-
gotoxine alkaloids ergokryptine, ergocor-
nine, and ergocristine on a medium not
much different from the above ergotamine
medium. The authors emphasize that all
their producing strains lack the ability to
sporulate on agar media.

On the other hand, KOBEL and SAN-
GLIER (1976; 1978) selected strains for the
submerged production of the ergotoxine al-
kaloids ergocristine, ergocornine, a-ergo-
kryptine and p-ergokryptine, which were
sporulating well on agar. They found them
to be advantageous for the isolation of ho-
mokaryotic strains, for mutation work and
for the dosage of the inocula. It was very
important, however, to select such strains
which were not sporulating in producing
cultures. It has been generally observed by
all investigators that alkaloid production
never occurs in cultures forming sphacelia-
like loose, mycelial flakes, which mostly
sporulate, but only in a sclerotium-like mor-
phological form of the mycelium. This is in
compact pellets of thick-walled isodiamet-
ric cells. The media developed for this proc-
ess are listed in Table 15.

Table 15. Med
of Ergotoxines

Constituents

Malt extract
Potato flakes
Agar

Sucrose
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Proflo
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Table 15. Media for Sporulation, Preculture, and Production

of Ergotoxines

Constituents Medium for

Sporulation Preculture Production
Malt extract 70 g
Potato flakes 30¢g
Agar 10g
Sucrose 100 g 240 g
Ammonium oxalate 3 g 96 g
Proflo 10 g -
Urea - 1.7 g
KH,PO, 025 g 0.625¢
MgSO,-7H,0 025g 0.625 g
KCi 0.12 g 031 g
FeSO,-7H,0O 16.6 mg 25 mg
ZnS0,-7H,0 6.8 mg 10 mg
Aqua dest. ad 1000 mL 1000 mL 1000 mL
pH adjusted to 5.2 6.2 6.2

Besides the above-mentioned companies
Farmitalia and Sandoz, Gedeon Richter
also produces peptide alkaloids by sub-
merged fermentation on a large scale. Of
the many Richter patents the most recent
one is by UDVARDY et al. (1982).

Some general facts and difficulties of a
biological and technological nature which
have to be taken into account are summar-
ized as follows by KOBEL and SANGLIER
(1978).

a) The bulk of peptide alkaloids is lo-
cated in the mycelial cells and is not
excreted into the medium. No satis-
factory method to achieve this excre-
tion has yet been found. Conditions
for a good yield are therefore large
mycelial mass per liter with a high al-
kaloid content.

b) The long cultivation period of two to
three weeks and the absence of any
antibiotic formation in Claviceps cul-
tures require very high standards of
sterility in operation and equipment.

c) The sensitivity of the organism
against mechanical stress and the ne-
cessity for high oxygen tension re-
quire a well-balanced system of aera-
tion and stirring.

d) The fermentation reacts very strongly
to small alterations in media-compo-
sition, especially when antifoam
agents must be added. Most anti-
foams cause considerable loss in al-
kaloid yield.

e) High alkaloid-yielding mutants of
Claviceps are generally difficult to
preserve and at times these same mu-
tants will lose their high production
capacity. It is therefore necessary to
keep the producing strains under
constant observation.

3. Production of simple lysergic
acid derivatives and paspalic acid
in cultures of Claviceps paspali

Lysergic acid is the key substance for er-
got alkaloids and chemical synthesis of
their derivatives. It was therefore very im-
portant when ARCAMONE et al. (1960;
1961) found that a strain of C. paspali iso-
lated by ToNoLO produced (+)-lysergic
acid-a-hydroxy-ethylamide in submerged
culture in amounts up to 2 g/L. This sub-
stance can be converted into (+4)-lysergic
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acid amide, and this by alkaline hydrolysis
into (+ )-lysergic acid.

Claviceps paspali Stevens et Hall forms
small, spherical sclerotia. on the graminea-
ceous species Paspalum distichum L. and on
other Paspalum species which grow in re-
gions with subtropical to moderate climates
around the globe.

In an extended screening of Paspalum er-
got KOBEL et al. (1964) isolated a strain
producing paspalic acid which can easily be
transformed into lysergic acid. The yield in
shake flasks was 620 mg/L of total alka-
loids, with 86.5% of paspalic acid and
13.5% of clavines. A mutant (KOBEL and
SCHREIER, 1967) yielded 3 g/L of paspalic
acid in shake flasks and 2.3 g/L in a stain-
less steel fermenter.

The production medium was very similar
to ABE’s clavine medium and had the fol-
lowing composition:

Sorbitol S0g
Succinic acid 36 g
KH,PO, 2
MgSO,-7H-0 03¢g
NH,OH to pH 5.4
FeSO,-7H,0 10 mg
ZnSO,-7H,0 1 mg
Water ad 1000 mL

4. Operating conditions

The rules for the operation of fermenta-
tion with the Claviceps strains are basically
the same as those for other fungi which pro-
duce secondary metabolites. The produc-
tion processes have been essentially devel-
oped empirically and the know-how of the
bioengineers has played a main role. Each
laboratory has worked out in detail its own
system adapted to each strain and to the
available bioreactors in conjunction with
previous experience gained by bioengi-
neers in other fermentation fields. Indeed,
strains of Claviceps can show enormous dif-
ferences not only from species to species,
but also from mutant to mutant, and in
each case the optimal conditions have to be
determined. No special bioreactors have
been constructed for ergot alkaloid produc-

tion so the process has had to be adapted
for the bioreactors already available. The
classical tank fermenters with multiple im-
pellers are well adapted for the propagation
and for the production of Claviceps sp.
Other bioreactors, such as the torus fer-
menter, can also allow efficient produc-
tion.

As for other microbiological processes,
temperature, back pressure, pH, agitator
speed, air supply, and foam formation have
to be strictly controlled. Nutrients, mainly
the energy source and sometimes the ni-
trogen source, can be added at definite
rates and such additions allow significant
improvement in the productivity.

As already mentioned, the quality of the
preculture plays an important part. The pre-
culture in the seed fermenter must grow
without restriction and build up a high bio-
mass in a short time. The production me-
dium has to be inoculated with at least 10%
v/v of preculture. The composition of me-
dia has been given and discussed in Sec-
tion III. With these production media, the
pH has to be continuously adjusted be-
tween 4.5 and 6.2, optimally at 5.4. The aer-
ation of the production culture is a very im-
portant factor as reported in several patents
and according to our own experience. The
aeration rate is progressively increased
from 0.5 to 1.5 vvm and the speed of the
impellers from 75 to 200 rpm. The optimal
temperature is between 21 and 27°C, de-
pending on the strain. The cultivation lasts
between 7 to 21 days ~ for most strains 12 to
16 days.

Graphics representing the course of fer-
mentation parameters can be looked up in
BrACK et al. (1962), ABE and YAMATO-
DANI (1964), and BANKS et al. (1974) for
clavine alkaloids; in UDvARDY (1980),
SpaLLA (1980), and Awmicr et al. (1967) for
peptide alkaloids; and in Rosazza et al.
(1967) and BRAR et al. (1968) for Claviceps
paspali cultures.

A list of production strains, which are
partly available from culture collections, is
given by SCHMAUDER (1982) and ROBBERS
(1984). {
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5. Alternative production
methods

An interesting method for industrial pro-
duction by surface cultivation in large plas-
tic bags was described by VLCcek and Ky-
BAL (1975).

Kopp and REHM (1984) reported on a
semicontinuous production of ergometrine
and clavines with alginate-immobilized my-
celia of C. purpurea.

The cell-free synthesis of clavine alka-
loids from tryptophan, isopentenyl pyro-
phosphate and methionine with a crude en-
zyme preparation from C. paspali was re-
ported by CAVENDER and ANDERSON
(1970).

C. Isolation, Separation,
Purification

The method for the isolation and the pu-
rification of the ergot alkaloids from sclero-
tia and culture broth is principally the same
as for other alkaloids. Two different proc-
esses however must be applied to the alka-
loids which are extractable with organic
solvents such as the peptide alkaloids, and
the water-soluble compounds such as pas-
palic acid.

Peptide alkaloids

The process for the extraction and purifi-
cation of ergotamine from the mycelium,
which is analogous to the extraction from
sclerotia and from the culture filtrate, was
reported in extenso by StoLL et al. (1957)
and also by AMICI et al. (1966).

The mycelial mass is rendered alkaline
and extracted with a non-water-miscible
solvent such as ether or chloroform. From
this the alkaloids are extracted with a water
solution of tartaric or citric acid, and after
rendering alkaline, they are taken back into
an organic solvent which is then evapo-
rated. The alkaloids can be crystallized
from methanol.
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Paspalic acid

The extraction of paspalic acid from the
culture filtrate has been described by
RuTscHMANN et al. (1967). The paspalic
acid can be adsorbed with a cation ex-
change resin, such as Dowex 50 or Amber-
lite IR 120, and then eluted from the resin
with dilute ammonia. The eluate is evapo-
rated, the pH of the solution is adjusted to
5.5 and the product is allowed to crystallize.
The culture filtrate can also be directly
processed to lysergic acid when the am-
moniacal solution is heated so that the pas-
palic acid isomerizes to lysergic acid.

D. Chemical Synthesis

Within the scope of this work on biotech-
nology, only a few words can be dedicated
to the large fields of chemical synthesis of
ergot alkaloids. To start with the conclu-
sion, we may say that the total synthesis of
all ergot alkaloids and of their numerous
derivatives is possible.

The total synthesis of the peptide alka-
loids has been accomplished in 2 parts: the
synthesis of the lysergic acid moiety and the
synthesis of the peptide part. Several syn-
thetic approaches for the preparation of di-
hydrolysergic acid and for lysergic acid
have been reported. The relevant references
are given by RUTSCHMANN and STADLER
(1978).

The first total synthesis of an ergot pep-
tide alkaloid was that of ergotamine by
HorFMANN et al. (1961). The synthesis of
the alkaloids of the ergotoxine group was
reported by STADLER et al. (1969). Further
references for the synthesis of peptide alka-
loids and derivatives are listed by STADLER
and STUTZ (1975) and RuTsCHMANN and
STADLER (1978).

An interesting biomimetic method for the
synthesis of the ergot peptide alkaloids was
described by STADLER (1980). In the con-
cluding remarks of this paper, STADLER
states: “‘Although three different syntheses
of lysergic acid are known, none is techni-
cally feasible. So total synthesis (of ergot al-
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kaloids) is ruled out for economic reasons.
On the other hand, partial synthesis of ergot
derivatives has become important starting
from lysergic acid produced in ferment-

’
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serG and Rosazza (1981) observed that
several Streptomyces species, including rest-
ing cell suspensions of S.griseus UL 1158
hydroxylated leurosine (a 15',20"-epoxide
analog of vinblastine) to 10’-hydroxyleuro-
sine, 22. Similar PMR arguments were used
to define the site of hydroxylation. These
authors also indicated that this position of
attack (in lieu of 9’ or 11’) would be ex-
pected on the basis of electrophilic aro-
matic substitution. It is indeed the most
common position of metabolic hydroxyla-
tion with indolic compounds (KIESLICH,
1976).

2. Lysergic acid derivatives

The lysergic acid amides, most notably
lyseric acid diethylamide (LSD, 23) are of
interest because of their profound halluci-
nogenic activity, use as pharmacological
tools, and abuse potential. The elucidation
of mammalian metabolic pathways is im-
portant in attempting to rationalize detoxif-
ication, and to evaluate potentially active
metabolites, but such studies have been
hampered by a lack of availability of minor
metabolites. For this reason, ISHII and co-
workers examined a series of microorgan-
isms and mammals for parallel routes of
metabolism of LSD and related com-
pounds. Initial studies with LSD (23) indi-
cated that numerous cultures were capable
of attacking the N-6 and amide N-alkyl
substituents (NIWAGUCHI et al., 1975; IsHII
etal., 1979a; 1980). Streptomyces lavendulae
IFM 1031 attacked only the N-6-position to
yield nor-LSD (24). Conversely, Strepto-

23 R, = CHj, Ry = Ry = CHyCHg
24 R, = H, R, = Ry = CH,CH,

25 R, = CHy, Ry = CHCH;, Ry = H

26 R, = CHy, R, = CH,CHy, Ry = CH=CH,
27 R, = CHs, Ry = CH,CH;, Ry = CHCH;OH

myces roseochromogenes IFM 1081 attacked
only the N-amide alkyl group to yield lyser-
gic acid ethylamide (25), lysergic acid ethyl
vinylamide (26), and lysergic acid ethyl 2-
hydroxyethylamide (27). Other Strepto-
myces and Cunninghamella strains produce
all four metabolites (24-27). Both 24 and
25 are known metabolites of LSD in mam-
mals, and the authors were able to use the
vinyl analog 26 generated in the microbial
studies to determine its presence in mam-
mals. Contrary to initial expectation, this
metabolite gave rise to 27 and 28§, rather
than the expected production of 26 by de-
hydration of the hydroxy metabolite 27.
The high degree of substrate stereoselectiv-
ity in Streptomyces roseochromogenes was
demonstrated by the fact that this organism
could not metabolize iso-LSD (epimeric at
C-8), while, in contrast, S.lavendulae
yielded iso-nor-LSD.

The C-8-amide dealkylations were exam-
ined in greater detail using a series of lower
and higher alkyl homologs of LSD (ISHII et
al., 1979b). Results observed were as fol-
lows (see Fig. 2): lysergic acid dimethylam-
ide (28) was only dealkylated to the mono-
methylamide, 29; lysergic acid diethylam-
ide was also dealkylated to yield 25, as well
as the other metabolites mentioned above
(26, 27); neither lysergic acid di-n-propyl-
amide (28) nor lysergic acid di-n-butylam-
ide (32) were N-dealkylated, but instead
yielded the two epimeric alcohols resulting
from w-1 hydroxylation (that is, adjacent to
the terminal carbon) (i. e., 29 and 30 from
28, and 33 and 34 from 32), as well as the
further oxidation products, ketones 31 and
35, respectively. Based on these results, the
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Figure 2. Metabolism of lysergic acid dialkyl ho.
mologs by Streptomyces roseochromogenes.
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authors proposed that the chain length reg-
ulates the site of oxygenation, with -1 hy-
droxylation occurring if possible. The dime-
thyl-derivative 28 simply does not have an
-1 position, consequently Ca-(methyl)hy-
droxylation yields the carbinolamine with
resultant N-demethylation.

These studies culminated in a proposed
active site map for the hydroxylase ( N-deal-
kylase) of S.roseochromogenes which ac-
counts for the general mode of metabolism
of the homologs (see Fig. 3). The authors
also use the diagram to explain the stereo-
chemical control of the enzyme system,
based on the observation that one epimeric
alcohol predominates in the hydroxylation
of 28 or 32. This argument is based on a fa-
vored binding of one alkyl group over the
other, implying, as the authors explain, that
the two alkyl groups are not equivalent. An
alternative explanation would be based on
the prochirality of the w-1 position (HAN-
SON, 1966; FLoss, 1970; TEesTA, 1979)

Figure 3. Proposed active site for the «-1-hy-
droxylase of Streptomyces roseochromogencs
(from IsHII et al., 1979b; reprinted with permis-
sion of the authors)
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where the enzyme could favor oxygen inser-
tion in the (e.g.) C-Hy,.s bond (as indi-
cated) on either (equivalent) alkyl group,
with only minor C-H,,. r insertion. Such an
~active-site map” should facilitate predict-
ing acceptable substrates and stereochemi-
cal outcome on related compounds as has
been accomplished with other classes of
substrates in microbial transformations
(ABBOTT, 1979).

3. Clavine and ergoline
alkaloids

The major microbiological studies asso-
ciated with clavine-type alkaloids have
been directed towards an elucidation of al-
kaloidal biosynthetic interrelationships in
Claviceps purpurea (BEREDE and SCHILD,
1978; REHACEK, 1980). Nevertheless, var-
ious organisms have been shown to catalyze
specific type-reactions observed with other
indole alkaloids. For example, a variety of
Streptomyces species including S.roseochro-
mogenes, S.rimosus, and S.purpurescens ca-
talyze the N-dealkylation of agroclavine
(36) to noragroclavine (37). Corticium sasa-

CHy
< N—R,
=
%
N7 R;
H

36 R, = CHy, Ry = H
37R, =Ry = H
38 R, = CHy, Ry = OH

39 R = CN, Ry = CHy, Ry = (1

40 Ry, = CN, Ry = H, Ry = C1

41 R, = S=CHy, Ry = n-Pr, Ry = H
42 R, = SO—CHs, Ry = n-Pr, Ry = H
43 R, = SO4—CH;y, Ry = n-Pr, Ry = H

kii converts 36 to 2-hydroxyagroclavine
(38) (YAMANO et al., 1962).

The semi-synthetic ergoline lergotrile
(39) is of interest because of its potent do-
paminergic activity, more specifically, its
ability to inhibit prolactin secretion. Toxic-
ity in clinical trials prompted the explora-
tion of microbial transformations as a
method of producing less toxic metabolites,
and to draw parallels to mammalian meta-
bolism. Of thirty-eight cultures examined,
Cunninghamella echinulata Ul 3655, Strep-
tomyces rimosus ATCC 23 955, S.platensis
NRRL 2364, S.spectabilus UI-C632, and
S flocculus ATCC 25 453 produced norler-
gotrile (40), a route of metabolism also ob-
served in mammals. S.platensis exhibited
complete conversion, and preparative-scale
incubations allowed for a 50% isolation of
40 (Davis et al,, 1979).

Microbial systems also parallel mammal-
ian metabolism with another dopaminergic
ergoline, pergolide (41). Metabolism in
mammals centers on the methylsulfide
moiety, which is sequentially oxidized to
the sulfoxide 42 and the sulfone 43. Simi-
larly, Aspergillus alliaceus UI-315 catalyzed
the same sequential oxidative transforma-
tions to yield 42 and 43. In contrast, Hel-
minthosporium sp. (NRRL 4761) stops at
the sulfoxide stage, and also catalyzes re-
duction of the sulfoxide back to pergolide
(SMmiITH et al., 1983). No stereoselectivity in
sulfoxide formation was observed, in con-
trast to the high degree of product stereo-
selectivity often observed in this microbial
type-reaction (AURET et al., 1981).

4. Rauwolfia (yohimbine)
alkaloids

Alkaloids from Rauwolfia serpentina
have been used for centuries in numerous
folklore medications, and have been used
clinically in the treatment of hypertension
(SANNERSTEDT and CONWwAY, 1970) and
certain psychiatric disorders (GOODMAN et
al., 1980). They are also of interest as phar-
macological tools for differentiating o-






