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BIOCHEMICAL THTFRACTIONS INVOLVING PARASTIC Claviceps
RUrpured
ABSTRACT

Artificial inoculation of wheat, infected with the
bunt fumgus Tilletia caries with Claviceps purpurea strain
12/2 [ALKT] resulted in 2 dual infection of the host ovary.
Spatial interaction between the two pathogens during
concurrent occupation of the ovary were studied by
immunoefluorescent microscopy, based on antibody raised
against €. purpurea glucanase. Experiments on the
specificity of this antibody showed ne cross reaction with
the mycelium of T. caries grown in axenic culture. Using
this apparent specificity the investigations revealed
penetration through the integument wall at the base of the
ovary. Within 5 days, T. caries teliospores, zt the base
of the ovary, had been displaced in an acropetal direction
by sporing,sphacelial tissue of C. purpurea. Establishment
of the sphacelium was marked by copious honeydew exudation.
At the fungal-fungal interface teliospores were completely
surrounded by Claviceps hyphae. Above and below this
interface, free teliospores and homoéeneous sphacelial
"tissue were evident. As growth and differentiation to
sclerotial tissue occurred, the bunied region became
pushed to the tip of the developing ergot, forming a cap
of black teliospores.

During parasitic development on rye, a strainm of
Claviceps purpurea produced the primary pathway precursor
dimethylallyltryptophan (DMAT) but no tetracyclic ergoline
@lkaloids. Incubztlion of fresh sclerotial tissue with
radioactively labelled primary pathway precursors
demonstreted the biesynthesis of DMAT during the incubation
period from tryptophan and mevalonate. There was no
chromatocraphic evidence of N-methyl DMAT the next
intermediate in ergoline biosynthesis. This was confirmed
by & more sensitive approach in which it was found that

l4c_methyl methionine was not incorporated into any indolic



metabolite, Thus the biosynthetic block was located beyond
DMAT at the step DMAT to N-methyl DMAT. Further
investigation into the operation of later steps in the
ergoline pathway were explored by incubating parasitie
tissue with !'*C-agroclavine, prepared biosynthetically by
fermentation of C. fusiformis, and lysergic acid., Addition
of the alkaloid intermediates did not result in production
of the ergoline alkaloids usually formed by C. purpurea,
but both promoted the biosynthesis of a single product,
novel in €, purpurea, identified as lysergic acid amide.
This strain of C. purpureasa therefore has potential for
exploring the control of the tryptopban prenylation step
and provides new evidence concerning the role of lysergic
acid amide in the bBiosynthesis of the cyclic tripeptide
ergot alkaloids, Preliminary experiments suggest that at
physiological concentrations phosphate does not inhibit
the prenylation step.

To compare the relative toxicity of alkaloid-free erqgot
and ergot rich in ergotoxine, young lean and obese mice
were fed diets containing ergot. Animals on diets containing
alkaloid-free ergot maintained 2 normal growth rate when
a 10% ergot diet was given. In contrast mice consuming ergot
rich in alkaloid became anorexib, and further administration
of a diet containing 3% ergoﬁ was lethal.

A group of mycotoxins which are structually related to
the ergot slkaloids are the indole containing tremorgens,
the most potent of whiech is verruculogen. TR-2 a struciuvelly
related derivative of verruculogen wes successfully incorporatec
inte verruculogen and Tumitremorgen B by submerced culture
of P. raistrickii. The Tinding that this tremorgenic alkaloid
can be readily prenylzted and iherefore act as an intermediate
in the blosynihesls o7 verruculogen 1s of some ecological
interest when considering the possible role of soil-borne
fungi in " staggers" syncdromes,

There are undoubtedly icdicpathic syndromes amoungst
livestock which occur due to synergistic effects of exo-
mycotoxins. Tremorgenic species of Aspergillus and Penicillium
commonly mould grain anc grain products. Poor storacge could
gasily have resulted in the preliferation of these ubiguitous,
saprophyiic moulds on ergotised grain, the consumption of
which might have resulted in dominant expression of the
neurclogicel toxiciiy Tather than the vasopressor type
characteristiic of ergot alkszloids., Therefore a possible role
for tremorgenic mycotoxins in convulsive ergotism, the cause
of which is still in doubt, is discussed.
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1, INTRODUCTTION

1.1 Ergot fungi as plant pathogens

1.1.1 Life cycle

The ergot fungi are plant parasitic Ascomycete fungi
indigenous to grasses and cereals in temporate areas.
Their l1ife cycle conforms to the generalised scheme (Fig.l).

Ergot sclerotia germinate in the soil, in spring and
early summer, to produce aerial stromata., Numerous
perithecia are embedded within the capitulum borne at the
tip of each stroma. This fruiting body is packed with
many elongated asci each containing 8 ascospores. When ripe
the asci burst, forcibly discharging ascospores from the
perithecia.The free ascospores constitute the primary
inoculum. If ascospores land on the stigma or within the
open florets of a susceptible host they may germinate and
produce hyphae capable of penetrating the ovary.

Microscopical observations reveal that invasion by
penetrating hyphae occurs directly through the surface of
the ovary or by passage down the style towards the apex of
the ovary. The ease of penetration via the style is
facilitated by transmitting tissue evolved for invasion by
the pollen tube {Luttrell, 1977; Shaw & Mantle, 1980(a)).
Thereafter the outer integument of the ovary is colonised
followed by infection of the ovule. Approximately 10 days
after initial infection the ovary is totally replaced by
fungal mycelium (the sphacelium). This stage is
characterised by profuse conidiation and secretion of &
sticky exudate known as hcneydew. Carried within the
exudate are asexual conidia which provide the inoculum for
the epidemic phase of the disease. Contact between adjacent
ears results in dissemination of the asexual spores and
secondary infection may ensue.

Three weeks after initial infection mycelial
differentiation of sphacelial to sclerotial tissue is
gevident., Differentiation within the sphacelium appears_to
be initiated in the proximal section of the tissue, aften

ét more than one locus. Concurrently honeydew release



Fig. 1 LIFE CYCLE OF ERGOT
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subsides., Sclerotial hyphae appear morphologically
different from adjacent sphacelial tissue having a short
bulbous appearence, freguent septa and a rich store of
lipid. However in actively differentiating tissue there
does not appear to be a sharp boundary between sphacelial
and scleroctial tissue. As growth continues the éclerotium
increases in length and that which protrudes from the
floret becomes hardened. The distinct longitudinal
arrangement within the sclerotium could be a consequence of
the physical, lateral constraint imposed by host glumes
(Shaw & Mantle, 1980(b)) and the structure of the host
rachilla {Luttrell, 1980). Hyphae proximal to the host
interface constitute the youngest fungal tissue which is
continually displaced in an acropetal directicn. Thus the
earliest sphacelial tissue is typically borne at the tips
aof developing sclerotia. These youngest hyphae at the host-
parasite interface do not appear to be sclerotial. The
outer cortical layers become pigmented dark purple giving
rise to the classic erqot appearence. The sclerotium continues
growing until the ear is mature often attaining a size
greater than normal seeds (Swan, 1980).

Contact with the host is broken before or during
harvest when erqots are knocked from the florets, falling
to the ground where they overwinter and germinate.the
following spring to continue the life cycle.

This present study concerns some interactions of
parasitic tissue and therefore includes special recognition

of the parasitic period in the life cycle.

1.1.2 Plant disease aetioloaqy

A role for wild grasses in the recurrence of ergot
contamination stems from two possibilities; the first, that
sclerotia fall to the ground from the infected host
inflorescence and overwinter, germinating the next year to
continue their 1ife cycle in a new susceptible host. The
second is that several early flowering arable grasses,
‘susceptible to infection by ergot, can provide a secondary
inoculum at the time of flcwering and thus are a potential
hazard when arable weeds surrounding cereal fields.

Not all grasses infected with ergot can provide



inoculum which will successfully infect wheat, rye or
barley. This may be a conseguence of their flowering dates
which may be too early or too late to provide viable
inmoculum coincident with the flowering of cereal crops.
Mantle & Shaw (1976) and Mantle er al.(1877(b)) demonstrated
that in the Southern part of England blackgrass
(Alopecurus pyosuroides) constituted the most serious threat
as a reservoir of inoculum, capable of infecting wheat crops.
With the increasing use of male-sterile cereal
varieties in the developmeni of F; hybrids there is serious
risk of ergoi epidemics. Male-sterile barley for example
can remain susceptible to infection for approximately 3
weeks. Successive tillers also provide overlapping
generations and thus a continuing supply of secondary
inoculum (Wood & Coley-Smith, 1982)., Infection of barley
. by barley strip mosalc virus, which causes sterility in
normal field barley cultivars, results in prolonged
opening of the floral cavity leading to increased risk of

infection by €. purpurea (Darlington et al., 1976).

1.1.3 Interaction between Claviceps purpurea and the

gcoimmon bunt fungus Tilletia caries.

The occurence of viral infection and the presence of
two or more parasitie fungl on the same plant is a common
feature amongst cereal crops. For example wheat plants
attacked by smut may also be infected by one or more of
the rusts, mildew or leaf spotting fungi. However
concurrent invasion of the host ovary by two parasitic
fungi appears to be a less commen phenomenon,

Hanna (1S38) observed double infections of wheat
with C, purpurea and the common bunt fungus T. caries(DC)
Tul, in which bunt balls remained fused to the tip of the
developing scleroctium. Similar structures were observed
in inflorescences of Triticale,cv. Treminillo in Italy
(Ajroldi, 1940). Earlier reports (Tulsane, 1853) also
described similer structures inuwhich completely developed
rye grains survived invasion being supported by mature
sclerotia; such displaced grain can apparently remain
viable {(Mzntle, 1872).

7ll of these observations reinforce the point that

15.
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ergot diseases usually involve displacement activity by

the invading fungus, focused at the base of the ovary.

The curious interaction between ergot and bunt provides

an interesting model to examine the path of infection by
invading Claviceps hyphae. During the formation of the bunt
ball, anthers become trapped by the expanding ovary and
stigma and style wither (Hansen, 18538), thus excluding one
established path of entry (Shaw & Mantle, 1980 (a)) forcing
the parasite to enter by another route.

The common wheat-bunt fungus Tilletia caries belongs
to the plant parasitic Basidiomycetes. A summary of the
life cycle is given in (Fig.2).

Three distinct nuclear conditions in the life cycle
of Tilletia spp. have been described; the saprophytic
monokaryon; the pathogenic dikaryon and the dipleid
teliospore (Dastur, 1821; Hirschhorn, 1945; Hansen, 1958},
Germination of soil and seed borne chlamydospores or
teliospores appears to be activated by low temperatures.
The exact reguirements differ between physiological races
(Lowther, 1951; Trione & Ching, 1871; Trione, 1973).
Germination of teliospores results in the production of a
promycelium which in turn gives rise to a whorl of primary
sporidia at its tip (Kollmorgen et al., 1878). Compatible
sporidia fuse in pairs to initiate the binucleate
parasitic and teliosporogenic stage of the bunt fungi
(Flor, 1932; Holton, 1941; Kollmorgen & Trione, 1980).

If primary sporidia do not fuse they produce mononucleate
hyphae which are non-pathogenic.

Only binucleate hyphae are capable of infecting
young wheat seedlings. Invading hyphae enter directly
through the outer sheath of the coleoptile (Swinburne, 1960)
and grow towards the terminal meristematic tissue. The
pathogen continues to grow vegetatively while host
development proceeds, apparently just keeping pace with the
apex. On emergence of the ears from the boot, the barely
visible mycelium within the ovary tissue changes Fromra
vegetative to a reproductive phase, producing masses of
teliospores, borne at the end of hyphal tips. Sporulation
usually results in destructiom and replacement of the

central region of the ovary tissue.The outer regions of



Fig. 2 LIFF CYCLE OF BUNT Tilletia caries
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the ovary differentiate to form the characteristic bunt
ball, analogous to a gall, Mature teliospores are 7
released from the bunt ball at harvest time as it crushes
readily during threshing. The seed is thus contaminated
and when sown is at risk from a further cycle of the
pathogen.

gdefore the introduction of seed treatment control
measures (Holton & Heesld, 1837; Trione, 1973) both the
dwarf bunt fungus T. controversa(Kuhn) and T, caries
causec extensive loss of grain in wheat growing areas of
America, Canada and Russia. Losses are still incurred
despite seed control measures and breeding programmes to
produce resistant cultivars (Fernandez et al.,1978).
Teliospore germination, promycelial ocutgrowth and
formation of primary sporidia are possible focal points
at which to exert control (Trione, 1973).

Until the end of the 60’s culture technigques failed
to provide stable filial cultures of the dikaryotic,
pathogenic mycelium., This restricted physiological and
bicchemical studies of the pathogenic phase. Although
there has been marked development in isolation and
saprophytic culture techniques (Trione & Metzger, 1962;
Trione, 1564; Chung & Trione, 1987; Singh & Trione, 19639;
Trione, 1972; 1874), there is still need for in vivo
study of the pathogen. The present investigations offer

an alternative technigue for study of the fungus in vivo.

1.1.4 The role of fungal B-1-3 glucanases in plant

pathogenicity

2-1-32 glucanases are enzymes hydrolysing B-1-3
linked glucose polymers (glucans) which can occur as homo-
polymers or in polysaccharides of mixed linkage type.
Many organisms are found to possess these enzymes, for
example algas, fungli, bacteria, higher plants and primitive
sez snails (Chesters et al., 1956; Huang & Giese, 1958;
Currier, 1&857; Reese & Mandels, 1959; Moscatelli et al.,
19615 villenueva et al., 1976). Considering the nature of
the present study, this review will concern only the fungal
B-1-3 glucenases.

In funzi R-1-3 clucanzses have been found both



extracellularly in culture filtrates (Dickerson et al.,
1970); in some cases bound to extracellular glucan
(Dickerson & Baker, 1979) and intracellularly associated
with the cell wall or, as observed in yeasts, packaged

in vesicles (Cortat et al., 18972). In contrast to B-1-2
and B~1-4 glucanases which are adaptive or inducible the
B-1-3 glucanases usually appear to be constitutive., They
fall into two types according to their activity, endo-
hydrolytic (random-splitting) or exohydrolytic (enduwise-
splitting) (Duncanet al., 1959).Their roles within fungi
appear to be numerous and interrelated and it is difficult
to assign their presence to one particular function in any
one cell., Investigations reveal that different molecular
forms of the enzymes exist concurrently as a family (Stone,
1957) the members of which have different affinities for
natural substrates and occur in different locations within
the cell (Santos et al., 19739; Notario, 1882). Some of the
proposed roles are summarised in Table 1.

The role most commonly ascribed to B-1-3 glucanase is
in fungal hyphae morphogenesis (Burnett, 1868). Hyphal wall
consist of an intermeshed web of microfibrils surrounded by
an amorphous matrix. In filamentous fungi the microfibrilla
phase is composed of chitin or cellulose; in yeasts the
B-glucans are non-cellulosic. The binding matrix consists
" of various polysaccharides and proteins. Systematic
enzyme digestion techniques have shown that in the hyphal
walls of Neurospora crassa, the innermost layer consists
mainly of chitin micofibrils possibly mixed with protein.
External to this is a thin layer of protein surrounded by
another layer containing strands of glycoprotein reticulum,
The glucans reside in the outermost layer. (Hunsley &
Burnett, 1970).

Considering this structure Bartinicki-Garcia (18973)
has suggested that apical growth and branching in the
filamentous fungi involves a delicate balance between
cell wall synthesis and degradation, Lytic enzymes
(responsible for degradation) are thought to be secreted
into the wall where they attack the microfibrillar
skeleton and create zones for the insertion of new wall

material, Synthssising enzymes rebuild the microfibrillar

18.
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TABLE 1. Some proposed roles for B-1-3 glucanases

ROLE

REFERENCE

1) Morphogenesis fungal - hyphal growth, branching

yeast -~ cell wall expansion,
budding

plants - cell plate formation in
cytokinesis

2) Autolysis mobilization of carbohydrate
reserves during periods of
starvation

3) Phenotypic resistance to amphotericin B methyl
ester (AME)

4) Fungal parasitism

Kritzman et a21.(1978); Dickerson &
Pollard, (1982); mMahadevan & Mahadkar, (1870);
Fevre, (1977)

Villanueva et 21.(1978)

Fulcher et al.(1976)

Santos et al1.(1979); Dickerson et al.(1970)

Notario, (1982)

Dickerson et a1.{(1978); Shaw, (18979);
Dickerson & Pollard, (1982)

‘02
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network after new material has been inserted. One set of
observations to support this hypothesis come from an
immunofluorescence study on localization of B-1-3
glucanase 1in Sclerotium rolfsii hyphae conducted by
Kritzman et al.(1978). Activity was located at hyphal
tips, clamp connections, new septa and regions of lateral
branching, Their results indicated that the enzyme was
present in the cell wall but in a masked (inactive) form,
possibly associated with the cell membrane and only
became active at the specific sites above when exposed to
substrate. Fleet & Phaff(1874) similarly isclated B-1-3
glucanases from the cell wall of yeasts and Villanueva
et al.(1978) considered B-1-3 glucanases to be the main
cell wall plasticizing agents,

In both fungal and yeast systems it is apparent
that to avoid self-destruction, the cell must have
systems to control the activity of lytic enzymes associated
with the cell wall; particularly when they are no longer
required for growth. Cortat et a1.(1972) observed their
localization in cytoplasmic vesicles, Dickerson & Baker
(1872) described the association of exo-8-1-3 glucanase
with fungal B-glucans and Polacheck & Rosenberger (1978)
suggested the association of autolysins with 1lipid in
hyphal walls of Aspergillus nidulans, all possible methods
"of inactivation or masking. Catabolic repression regulates
the production of some fungal glucanases (Santos et al.,
1977) and this control, exerted by glucose, appears to be
at a pretranslaticnal level (Santos et 81.,1978). Houwever
glucose repression which occcurs in Penicillium italicum
and Neurospora crassa does not occur in Trichoderma viride
and Saccharomyces cerevisiae in which synthesis only takes
place under conditions of active growth in the presence of
excess glucose (DelRay et al.,1878).Derepression of B-1~3
glucanases resulting in autolysis and mobilization of cell
wall bound glucan (Santos et al1.,1979) or hydrolysis of
extracelluler polysaccharide (Dickerson et al.,1970)
during periods of starvation is therefore a major role
for these lytic enzymes. More recently evidence provided

by Notario (1982) sungests that the disequilibrium between



synthesis of cell wall B~glucan and its breakdouwn by
endogenous B-glucanases underlies the development of
phenotypic resistance to amphotericin B methyl ester (AME)
in Candida albicans.

The involvement of B-1-3 glucanases in fungal
parasitism has been previously studied during the infection
of rye and wheat by C. purpurea (Dickerson et al.,18978;
Dickerson & Pollard, 1882). These investigations suggest
that the glucanases play a role in establishing parasitic
sphacelial mycelium, The sphacelium develops despite
minimum penetration into the host rachilla (Shaw, 18789).
Study of infected ovaries indicated an absence of wound
callose (B-1-3 glucan) which is naturally depaosited by
plants in response to wounding (ARist, 1976), suggesting
that active B-1~3 glucanases from the invading fungus
were responsible for digesting wound callose and naturally
ocurring sieve callose as well. Removal of callose would
allow leakage of an uninterrupted supply of nutrients to
the developing fungal tissue {Dickerson er al.,l1878)}.
Dickerson & Pollard (1982) employed immunofluorescent
techniques to locate B-qglucanase in C. purpurea tissue
during the period, 4-~35 days, after artifical inoculation
of rye florets, B8-glucanase, detected by a fluaorescent
antibody technigue, was specifically associated with areas
of rapid growth; at the base aof the developing sclerctium-
and within conidiophores at the sphacelial surface.

Immunofluorescent techniques have previously been
employed for the detection of fungal plant pathogens
(Holland & Fulcher, 1871; Fulcher & Heolland, 1971; Fitzell
et al., 1980; Warnock, 1973), microscopy of cereal grains
(Fulcher & Wong, 1982) and storage proteins (Craig et al.,
1379). Similar technigues have nouw been employed to study
concurrent occupation of wheat ovary tissue by Tilletia

caries and Claviceps purpurea.

22.
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1.2 Ergot alkalcids

1.2.1 Chemistry

The ergot alkaloids are indole derivatives mostly

based on the tetracyclic ergoline ring system (Fig. 3).

13

14

Fig.3 The tetracyclic ergoline ring system

They are divided according to their structure into 2
basic groups (i) the clavine alkaloids (inecluding the
tricyclic chanoclavines) and (ii) the lysergic acid
derivatives.

The first naturally occuring ergot alkaloids to be
isplated from parasitic tissue were shown to be amide
(Table 2) or cyclic tripeptide (Table 3) derivatives of
lyserqic acid. In the simple amides the amide part is a
small peptide or a simple alkylamide and their basicity
results from the nitrogen in position 6. In the latter
group the classic peptide ergot alkaloids are characterised
by a modified tripeptide side chain containing L-proline
and a a-hydroxy amino acid which forms a cyclol with
valine, leucine or phenylalanine. Agroclavine,

. biosynthetically the first of the tetracyclic clavine



TABLE 2

Naturally occurring lysergic acid

derivatives other than peptides

/

NAME R
ERGONOVINE (ergobasine, E‘:Hg
ergometrine) —HN—C

i

CH2 OH
LYSERGIC ACID a~ CH
HYDROXYE THY LAMIDE —HN— H— OH
LYSERGIC ACID AMIDE — NH,
LYSERGIC ACID — OH

AB-9-LYSERGIC ACID
(paspalic acid)

— OH A%*!%double
bond shifted
to A®%position

24,



TABLE 3, Cyclic tripeptide ergot alkaloids
3
fo) R QH H
: : 1/%-5/;]
L
— ot
b NCH, =~ ﬁ;:c::; ©
H H
N 1 R 2
BN
N
H
R AMING ACID ALKALOID a-hydraxy-L-amino acid 1. L-amino acid 2. Proline 3.
CH3s Alanine Ergotamine Alanine Phenylalanine
Ergosine Alanine Leucine
CH E:a Valine Ergocristine Valine Phenylalanine
3 a-ergacryptine Valine Leucine
B-ergocryptine Valine Isoleucine
CH.CH CH, L in Ergocornine Vallne Valine
2 Clla sueine Ergostine a-aminobutyric acid Phenylalanine
Ergohexine Alanine Homoleucine
Ergoheptine Valine Homoleucine
CH CH2CH3 Isoleucine
CH3a
CH, CHy a-aminobutyric acid

‘5¢
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alkaloids, was first isolated from saprophytic culture of

a Claviceps isolate by Abe (1951). Alkaloids of this series
include both AB-8 and AS-10 types with either methyl or
-hydroxymethyl substitution at position 8 in the D ring
(Table 4A). A structually related class is that of the

6,7 secoergolines or chanoclavines (Table 4B), Ring D is
not closed in the chanoclavines and one of the stereo-
isomers plays a vital intermediary role in the formation

of the tetracyclic ring (ergoline nucleus).

Until 1860 ergot sclerotia were thought to be the
sole source of lysergic acid derivatives. This monopoly
was eventually broken when lysergic acid amide,
isolysergic acid amide and chanoclavine were isolated
from seeds of higher plants belonging to the
Convolvulaceae family (Hofmann & Tscherter, 1960). The
seeds of Ipomoea violaceae and Rivea corymbosa (belonging
to the morning glaory family) were used for their
hallucinogenic properties in the magic drug "Ololiuqui® by
Indians in Central America. Following this discovery the
search continued for alternative sources of the
pharmacologically active lysergic acid derivatives. Further
success has been achieved from other Convulvulaceous plants
and also from two endophytic Clavicipitaceous fungi
Balansia epichloe and B. henningsiana {Bacon, 1981). In
contrast the clavine alkaloids have been found in several
other fungi. Festuclavine, agroclavine, elymoclavine,
chanoclavine and fumigaclavines A,B and C were found in
Aspergillus fumigatus (Spilsbury & Wilkinson, 19B1).

The search was encouraged due to the diverse
pharmacological activity and application of the ergot
alkaloids., Of the peptide alkaloids only isomers of-
natural D-lysergic acid have pharmacological importance
and have names with the suffix "ine". Derivatives of
D-isolysergic acid are essentially inactive and possess
the suffix "inine™, The D ring formation is the major
structual determinant for various ergopeptines. In -
biologically active compounds the carboxyl function is
equatorial to the B position in inactive forms it is in

the a position., The clavine alkaloids show negligible
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TABLE 4A Clavine alkaloids

ERGOLINES ALKALOID R1 R2 Ra

AB-9 Agroclavine CHa H -
Elymoclavine CH,OH H -

A8-10 Lysergine CHja H - -
Lysergol CH20H H -
Setoclavine CHs OH -
Penniclavine CH,0OH OH -
Festuclavine CHj H H
Fumigaclavine H CH s CH,COOD

A

Fumigaclavine H EHaq HO=-

B




TABLE 4B 6,7-Secoerqgolimes

ALKALOID
HOCH CH NHCH
CHANOCL AV INE -1 I
M
HOCH NHCH
CHANOCL AVINE-T1 |
H
CH CHOHNHCH
ISOCHANOCEL AY INE -1 l H
He®
HOCH CH NH
NORCHANOCLAV INE -1 I
HOCH CH  GH

NORCHANOCLAVINE-TI I

‘8¢



vasopressor or oxytoxic activity by comparison with the
lysergic acid derivatives but agroclavine has been

found to stimulate CNS activity in animals. A summaryr
(Table 5) illustrates the multiple action of some of the
most pharmacologically active lysergic acid and clavine
alkaloids (taken from Mantle, 1975).

1.2.2 Biosynthesis

Extensive reviews have appeared throughout the
course of studies on the biosyntheslis of ergot alkaloids.
Abstracts from these works, and the most recent advances,
have beszn compiled in two comprehensive surveys by
Rehacek (1980) and Floss & Anderson (19803).

(a) Precursors

Following the successful total synthesis of lysergic
acid (Kornfeld et al., 1954) attention was diverted
towards elucidating the origin of the ergoline ring in
nature. Seven different hypotheses were proposed, all
but one suggesting that the A and B rings originated
from the indole ring system of iryptophan. Mothes et al.
(1858) proposed that condensation of tryptophan with a §
cafhnn isoprenoid unit resulted in the ergolinme nucleus.
To demonstrate his hypothesis Mothes and his co-workers
performed the first tracer experiments on the

biosynthesis of alkalolds in parasitic tissue, by

injecting B-'*C tryptophan into the internodes of infected

rye plants. The label was incorporated into ergometrine
via the lysergic acid part of the peptide mciety. Groger
et al, (1959) repeated the experiments reinforcing the
evidence by obtaining a 0.15% incorporation of tryptophan
into ergokryptine under parasitic conditions. Following
this success they carried out the first feeding
experiments with saprophytic cultures of Claviceps
obtaining incorporations of up to 10-38% of 8-!“C
tryptophan into elymoclavine. from then on saprophytic
culture o7 alkaloid-producing strains of Claviceps,

which were isolated during the search for commercially

29.

useful strzins, became the standard system for biosynthesis

studies.



TABLE 5. Pharmacological Properties,

Poisonous Effects and Theraputic Uses of some Ergot Alkaloids

‘ALKALDID

PHARMACOLOGICAL SPECTRUM

POISONDOUS EFFECTS

THERAPUTIC USES

ERGOTAMINE GP.
ERGOTOXINE GP.

ERGUOMETRINE

D-LYSERGIC ACID

VASOCONSTRICTION
UTERINE CONTRACTION
CENTRAL NERYVOUS
STIMULAT ION
ADRENERGIC BLOCKING
SEROTONONE ANTAGONISM

UTERINE CONTRACTION
SEROTONIN ANTAGONISM

C.N.S STIMULATION

HYDROXYETHYLAMIDE UTERINE CONTRACTION

D-LYSERGIC ACID
AMIDE .
D~LYSERGIC ACID
DIETHYLAMIDE

I-METHYL-D=
LYSERGIC ACID
BUTANOLAMIDE

AGROCLAVINE
ELYMOCLAY INE
DIHYDROERGOS INE
DIHYDROCLAVINES

D-6-METHYLCYANO~
METHYL-ERGOULINE

C.N.,5.STIMULATIOCN
C.N,S5.STIMULATION
SEROTONIN ANTAGONISM

SEROTONIN ANTAGONISHM

C.N.S. STIMULATION
WE AK

HYPOTHALMIC STIMULATION

Peripheral vascular disturbance MIGRAINE RELIEF

Foetal distress
Agalactia

Sympathetic excitation

Foetal distress

Central excitation

Hallucinations
Hallucinations

Nausea

Central excitation
Agalactia
Infertility

None

None

(ERGOTAMINE )
INHIBITION OF LACTATION

(ERGOCRYPTINE )

AS AN OXYTOCIC AT THE END
OF 2ND STAGE OF CHILDBIRTH

CONTROL OF POST-PARTUM

HAEMORRHAGE AND AN AID TO

UTERINE INVOLUTION
NONE

NONE
SOME PSYCHOSES

MIGRAINE PROPHYLAXIS:ASPECTS

OF CARCINDID SYNDROME
NONE

NONE

NONE

‘0g
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Incorporation studies with tryptophan labelled in
different positions indicated that it was accepted
intact (with exception of the carboxyl group and hydrogen
at pog}tinn 4 of tryptophan) as the central precursor of
the ergoline nucleus. Both D and L forms of tryptophan
are incorporated into alkaloid but labelling experiments
with D and DL isomers (Floss et al.,, 1964) indicated that
L-tryptophan is the immediate precursor and the D form is
presumably incorporated indirectly via indole pyruvate
and L-tryptophan,

Formation of ring € (Fig. 3) involves an inversion
of the configuration of the @ carbon with retention of
the original hydrogen attached to this carbon (Floss et
al., 1884).

Following the model proposed by Mothes et al.(1958)
the next step was to find a suitable donor for a 5 carbon
isoprenoid unit. Almost simulfaneously three groups
demonstrated the incorporation of mevalonate into ergot
alkaloids with efficiencies of 9-23% (Groger et al.,1960;
Birch et al.,1360; Taylor & Ramstad, 1861} strongly
suggesting a direct precursor role. Baxter et al. (1961}
established that the first carbon Cl1 of mevalonate uwas
not incorporated and noticed that simultaneously fed
isopentenyl- or v,y dimethylallyl-pyrophosphate decreased
the incorporation of mevalonate-2-!"C. Further Plieninger’s
group reported incorporation of isopentenylpyrophosphaté
(IPPP) and dimethylallylpyrophosphate (DMAPP) into
alkaloids (despite the usual impermeability of cell
membranes to phosphete esters). It therefore appears that
in the biosynthesis of ergot alkaloids mevalonate is
converted first to IPPP and then to DMAPP which provides
the 5 carbon unit. The L-{methyl-'"C,*H] group from L-
[methyl-?*C, *4] methionine fed to cultures of Claviceps
was incorporated intact into alkaloid without change in
the ®H:!%C ratio (Baxter et al.,1964), demonstrating
methionines role as the donor of the N-methyl grouﬁ at
position 6. (Fig. 4) summarises the biogenic origin of

the tetracyclic ergoline ring.

(b) Assembly mechanisms




'F195 4 Biosynthetic origin of the tetracyclic ergoline ring
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L-tryptophan
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It was evident that during the assembly of the
sergoline ring system tryptophan underwent 3 steps
decarboxylation, N-methylation and isoprenylation at position
4 (Fig. 4). Decarboxylation was eliminated as the first step
uhen two groups reported that neither tryptamine (Baxter
et al.,186l; Floss & Groger, 1963) nor N -methyltryptamine
{(Fioss & Groger, 1963) were incorporated into alkaloid.
Double labelling experiments with N [side chain !*C, methyl
H] methyltryptophan showed that methyltryptophan was de-
methylated before incorporation into dimethylallyltryptophan
(DMAT) (Floss & Groger, 1964) thus also eliminating N-
methylation as the first step. Direct isoprenylation of
tryptophan remained as the most likely first step to
produce 4-dimethylallyltryptophan. Supporting this view
DMAT was subsequently found to be an efficient intact
precursor of the clavine alkaloids elymoclavine and
zgroclavine (Weygand et al.,1964). In experiments
exploring competition between DMAT and tryptophan, DMAT was
uvtilised less efficlently for the biosynthesis of clavines
than tryptophan {Weygand et a1.,1964) but was found to be
a better precursor of lysergic acid derivatives than
tryptophan in Claviceps paspali (Agurell,l966(a)) both sets
of results suggested an intermediary role for DMAT. The
compound was eventually isclated from cultures of
Claviceps fusiformis in which alkaloid synthesis had been
inhibited by the exclusion of oxygen (Robbers & Floss,1968)
or addition of ethionine, a methlionine antagonist,
blocking N-methylation (Agurell & Lindgren, 1968)
preventing further ergoline ring formation. Isoclation of
an enzyme (DMAT synthetase), from mycelium of Claviceps
fusiformis, capable of catalysing the condensation of
tryptephan with DMAPP to form DMAT,provided conclusive
gevidence that DMAT was the first intermediate in the ergeline
alkaloid pathway (Heinstein et al., 1971; Lee et al., 1976)
and that isoprenylation of tryptophan is the first
pathway-specific reaction of ergoline biosynthesis.

The oxidative biosynthetic sequence chanoclavine =+
agroclavine + elymoclavine + lysergic acid derivatives was

established as the major pathway by tracer experiments



(Agurell & Jchansson, 1964; Agurell & Ramstad, 1962;

Baxter et al., 1962). At first the role of chanoclavine

was confusing as it did not appear to be converted to
agroclavine or elymoclavine in C. paspali (Agurell &
Ramstad, 18962). Furthermore Mothes & Winkler (1962) reported
conversion of elymoclavine to chanoclavine suggesting a
reverse of the proposed pathway. However Voigt & Bornschein
(1964) found that the addition of chanoclavine to ripening
sclerotia of ergot significantly increased the ergotamine
and ergosinine content. These contradictory results were
resolved with the isolation of 4 chanoclavine isomers

(Table 4B) only one of which, chanoclavine-I, is a direct
intermediate to agroclavine resulting from D ring closure.
Further oxidation yields elymoclavine and lysergic acid.
Several investigations have implicated chanoclavine-I-
aldehyde.as an intermadiate in D ring closure (Floss et al.,
1974). In work with tritiated 17R [17-%H] and 175 [17-%H]
chanoclavine-I, fed to cultures of €, fusiformis, only half
the radiocactivity was detected in elymoclavine at C7 strongly
suggesting that chanoclavine-I-aldehyde is an intermediate
(Hassam & Floss, 1981). Moreocver Maier et al.(1980(a)(b))
isolated a mutant of C. purpurea strain Pepty 658, which uas
unable to biosynthesise lysergic acid derivatives but
accumulated chanoclavine~I and its corresponding aldehyde.
The interrelationships among the clavine alkalocids are
summarised in {Fig. 5). The dihydro derivatives are

derived irreversibly from the corresponding 48-8

unsaturated clavines. Many other interactions and
relationships concerning the biogenic pathway chanoclavine-
I + agroclavine * elymoclavine are cited in the literature;

the most comprehensive review is by Floss & Anderson (18980).

(c) Origin of the lyseroyl moiety

The sequence of events involving the conversion of
elymoclavine to lysergic acid amide still remain uncléar.
Labelled paspalic acid (48-9 lysergic acid) is incorporated
‘into lysergic acid emide with an efficiency close to that
of elymoclavine (Agurell, 1966(b); Ohashi et al., 1970).

However paspalic acid can spontaneously isomerise to
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Fig.
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Relationships between clavine alkaloids
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lysergic acid (A8-10) in agueous solution and the
administered label could therefore have been converted to
lysergic acid before incorporation, so leaving the role of
paspalic acid uncertain. Incorporation of lysergic acid
into naturally occuring lyserqyl amides (Agurell, 1866(c)) of
€. paspali would involve activation of the carboxyl group
most likely in the form of a coenzyme-A-thiocester. Maier
et al,(1972) demonstrated the formation of lysergyl-CoA in
a cell-free extract of C. purpurea thus providing some
support for this item in the ergot alkaloid pathway. A
slightly different route has been found to operate in the
formation of the dihydrolysergic and peptide alkaloid,
dihydroergosine in the Sorghum ergot fungus Sphacelia
sorghi (Barrow et al., 1974). One hydrogen from position
5 of the double labelled precursor [2—1“C,5-3H] mevalonate
was retained, ruling out the possibility that AS-10 lyseragic
acid derivatives are precursors of dihydroergosine., '“C-
labelled festuclavine, dihydroelymoclavine and dihydro-
lysergic acid were incorporated with approximately 30%
efficiency into dihvdroergosine but radiclabelled
agroclavine was barely incorporated.. These results indicate
that the sequence from clavines to these peptide alkaloids
takes place without activation of the carboxyl group by a
double bond in ring D. Anderson et al.{1979) demonstrated
conversion of added dihydrolysergic acid to dihydro-
ergotamine by an ergotamine producing strain of C. purpureé,
apparently therefore the activating enzymes and enzymes
catalysing synthesis of the peptide moiety can tolerate
some denree of change in the basic lysergic acid structure.
Non-peptide amides of lysergic acld found in ergot
are ergometrine, lysergic acid o hydroxyethylamide
(Arcamone et al., 1861) and lysergic acid amide (Arcamone
et al., 1861)., The simple amide, lysergic acid -amide, occurs
apparently as a product of C. paspali but possibly only as
an artefact from spontaneous decomposition of lysergic acid
o hydroxyethylamide (Floss & Anderson, 1980).

(d) Peptide alkaloids

Akin with the formation of the lysergyl moiety the
formation of the peptide moiety of the cyclic tripeptide
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ergoline alkaloids has received a lot of attention, but
still remains unclear. The peptide alkaloids possess a _
unigue cyclol structure. Feeding experimentis reveal that
phenylzlanine, proline, valine, leucine, alanine and
lysergic acid are specifically incorporated into the
appropriate parts of the corresponding part of the
peptide alkaloids. Cyclol formation involves a conversion
of an a-arino acid into the corresponding ¢-hydroxy-amino
acild which in turn reacts with the carboxyl group of =a
c-terminal proline. The latter amino acid is part of a
lactam ring.with the second amino acid of the peptide
moiety. Directed biosynthesis of new peptide alkaloids
can be premoted using analoques of one of the amino acids
making up the tripeptide side chain (Beacco et al., 1978;
Blanchi et al., 1982; Atwell & Mantle, 1981; Crespi-
Perellino et al., 1981).

In vivo experiments with di and tripeptide putative
intermediates in cyclol formation indicate that they are
hydrolysed prior to incorporation into the peptide side
chain (Groger & Johnne, 1972). Inhibitor experiments support
the view that ergot peptides are formed by a nonribosomal
process and Floss'’s group suggest that the peptide moiety
is built up on a multienzyme camplex,similar to that
which catalyses the synthesis of peptide antibiotics (Floss
et al., 1874). There is also increasing evidence to suggest
that the multienzyme complex is non-specific (Atwell &
Mantle, 1981).

1.2.3 Regulation and control of alkaloid biosynthesis -

the role of tryptophan

Bhilst the structure of the ergot alkaloids and the
metabolic pathways involved in their biosynthesis have
been studied in detail, less is known about the physiology
and carntzcl mechanisms governing the formation of these
seccndery metabolites in saprophytic or parasitic tissue.
Aesza-ch hkas centered on tryptophan, the direct precursor
of thz2 ezcollne ring; its synthesis and potential as an
zr or supressor of enzymes,directly catalysing steps

ct zlkaloid biosynthesis,

w

“o=hes et al.(1958) demanstrated the incorporation



of tryptophan in ergometrine in parasitic tissue of

C. purpurea. Since then its role as a central precursor

of the ergoline ring system has been extensively exploifed
using labelling technigues to study blosynthesis and control
mechanisms (Floss & Anderson, 1980). Teuscher (1964) was
the first to observe a correlation between active uptake
of tryptophan from media by saprophytic Claviceps mycelium
and an increase in alkaloid yield; non-zlkaloid producing
strains appeared less capable of actively transporting

the amino acid. Several groups observed that addition of
tryptophan early in the trophophase stimulated alkaloid
biosynthesis {Floss & Mothes, 19643 Bu’lLock & Barr, 19683
Vining, 1970; Robbers et al., 1972).

Bu’bLock & Powell (1965) observed that excessive
accumulation of tryptophan at the end of the growth phase
effects the cell regulation presumably by induction of
various enzymes involved in synthesis of secondary
metabolites. During the growth phase protein synthesis
(tryptophan synthesis) is controlled by normal feedback
mechanisms of catabolic repression (Horowitz, 1965;
Marshall et al., 1968). In saprophytic cultures, when
phoshate becomes limiting, there is a disproportionate
increase in the tryptophan pool resulting from a change
in the feedback contrbl mechanisms (Robbers et al., 1372).
‘Thus the stimulation of alkaloid biosynthesis by tryptophan
in sensitive strains is thought to be caused by a
triggering effect of the accumulating amino acid acting
as an inducer, activating enzyme synthesis. De novo protein
synthesis appears to be a requirement in alkaloid
production (Bu’lock & Barr, 1968), althought inhibitors
such as cyclohexamide do not effect the formation of the
peptide part of the ergotoxine alkaloids (Erge et al.,
1872). The induction effect can also be mimicked by non-
metabolisable analogues of tryptophan, in some cases more
effectively, thiotryptophan for example (Krupinski et al.,
1978), and by tryptophan bioesters (Robbers et al., 13882).
The other alkealcid precursors dimethylallylpyrophosphate
(via mevalorate) and methionine are ineffective and are
never rate 1limiting. Consequently the induction and rate

of alkaloid synthesis 1s governed by the enzyme catalysing
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the first pathway specific step, isoprenylation of
tryptophan to DMAT, namely DMAT synthetase (Heinstein et
al., 1971; Lee et al., 1976). Levels of the enzyme in
saprophytic culture are concomitant with the rate and
extent of alkaloid production. Studies with tryptophan
and non-metabolisable analogues show that increased
alkaloid synthesis is more directly related to increased
levels of DMAT synthetase rather than increased tryptophan
synthesis (Krupinski et al., 1976). Moreover the ability
of exogenously supplied tryptophan and related analogues
e.,9. thiotryptophan, to overcome observed phosphate
inhibition of alkaloid synthesis (Robbers et al., 1972),
is also more directly related to increased de nova
synthesis of DMAT synthetase (Krupinski et al., 1876),
rather than to overcoming any reduction in the free
tryptophan pool due to reduced tryptophan synthesis. In
ergot,tryptophan synthesis occurs via the normal
intermediates, chorismic and anthranilic acids (Groger et
al., 1961).

A second mechanism of control is end-product
regulation. In intact cells of Claviceps fusiformis strain
SD 58, agroclavine and elymoclavine have been shown to
inhibit their own synthesis. With the use of protoplast
techniques this control appears to be one of feedback
inhibition rather than end-product repression of de novo
synthesis (Cheng et al., 1980). Elymoclavine also inhibits
chanoclavine-I-cyclase (Erge et al., 1973) and anthranilate

synthetase, providing at least some evidence that DMAT
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synthetase is not the only key in regulation of biosynthesis.

Many stages of alkalold formation involve enzymes that also
participate in other stages of cell metabolism. The

metabolic pathways of histidine and tryptohan are involved

in feedback inhibition a&nd cross pathway regulation (Rehacek,

1980), Amitrol (3-amino-1,2,4-triazol) can increase alkaloid

yield when administered.early in fermentation to cultures
of C. purpurea and can partially reverse the depressing

| effect of phosphate, in C. fusiformis SD 58, by increasing

tryptophan synthesis (Schmauder et al., 1981). -

Early physiological studies have relied on the use
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of saprophytic culture which have been complemented by
sophisticated purification techniques of cell free extracts
and the advent of protoplast models. The succession of
changes revealed by these techniques, both biochemical

and morphological,have to some extent been paralleled

with those in Claviceps growing parasitically (Mantle &
Nisbet, 1978).

Naturally occuring variants of Claviceps purpurea
which fail to produce alkaloid during parasitism are rare.
One such has been studied in some detail (Corbett et al..,
1974) and its consistent failure to biosynthesise ergot
alkaloids has recently (Atwell, 1981) been explained by
showing that only the tryptophan + DMAT step operates.

The aim of the present studies has been to explore further
the potential operation of later steps in the ergoline

pathway in this unusual isolate of C. purpurea.

1.3 Toxicity
1.3.1 Ergotism and Man

The interaction of ergot with man and its recognition
as the causal agent of ergotism, was undoubtedly the
greatest factor promoting the discovery of the
pharmacologically active ergot alkzloids and comprises
an important chapter in the evolution of modern pharmacology.
Ancient herbalists recognised the oxytoxic properties of
what must have been contaminated grain and Korbet (1889),-
a great protagonist in the search for historical reference
to ergot,was the first to argue that the grains,used and
described in prescriptions, must have been ergotised. To
illustrate his argument he cited the writings of
Hippocrates (400-375 BC) in which coarsely ground barley
is recommended for certain gynaecological conditions. No
direct reference to the use of sclerotia appear until '
Loncier,in 1582, reported that blackened rye grains,eaten
alone, could increase contractions during the later stages
of childbirth. Despite these early allusions to the
pharmacological properties of ergot it is more difficult
to establish whether ergot poisoning occured as a disease
th and llth century
(Bové, 1870), It wes not until this period that carefully

on an epidemic scale, before the 10
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documented descriptions of ergot poisSoning appeared. Many
strange epidemics were described in which the characteristic
symptom was blackening of the limbs, accompanied by a
searing pain, the tissue became dry , black and in severe
cases the mummified limbs separated from the body without
loss of blood. The cause unknown, the disease was thought
of as a religious affliction, a holy fire. Victims socught
refuge in hospices or within holy communities; the
foundation in 1093 of the order of St. Anthony, devoted
to the care of the inflicted, illustrates the prevelance
of the disease during this period. The relief gained
amongst these more affluent communities was probably real
for the sufferers received a diet free from contaminated
grain during their sojourn in care.

It was recognised early on that the disease process
took more than one form and they occured in distinct
geographical regions. To the east of the Rhine in Germany
and Russia the victims displayed a convulsive form while
to the west in France only the necrotic (gangrenous) type
was reported (Barger, 1831). Barger attributed the convulsive
form to a predisposition induced by hypovitaminosis A, but
there is still no conclusive evidence to explain the
apparent difference iIn the expression of ergot posiocning
in these two adjacent regionms of Europe.

It has been argued more recently that the behaviour
of girls in a Salem village in Massachusetts, USA (1882),
condemned for witchcraft, was possibly caused by a
convulsive form of ergotism (Caporael, 1976; Matossian,
1982), althought this proposal has been guestioned (Spanos
& Gottlieb, 1976).

Outbreaks of ergotism are now rare, the most recent
epidemics were reported in Russia 1926, Ireland 19289,

Pont St. Esprit, France 1851 and Ethiopia 1878 (King,

1978). The decline of epidemics in man has been due to

a greater variation in diet, application of simple but
effective control measures during cultivation of

| susceptible cereals and guality control measures imposing

strict 1limits on the qguantity of ergot present in grain.
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1.3.2. Toxicity in livestock

The reported poisoning of man and livestock
resulting from consumption of ergot i1s primarily attributed
to the maturally occuring ergoeline alkaloids elaborated
during the growth of the parasitic sclerotial tissue present
on cereal or grass hosts. The mature plectenchymatic
sclerotial tissue possesses other pharmacologically active
substances {(e.g. amines, such as histamine, tyramine, and
acetylcholine) and it is not yet clear whether clinical
changes in animals subjected to imgestion of erqot
sclerotia are exclusively due to action of the alkaloids
or whether other chemical compounds synergise with their
action. A summary of the host range, alkalocid content and
mycotoxic status of the more important Ergot fungi is
given in Table 6. after Mantle (1877).

The toxicity of the naturally occuming ergot
alkaloids stems from their wide range of pharmacological
activity. In controlled doses the alkaloids have extensive
therapwtic use (Table 5), which can result in symptoms
similar to those of poisoning when taken in excess. Their
activity involves central nervous stimulation, antagonism
towards. adrenaline and 5-hydroxytryptamine (serotonin),
and peripheral action expressed through stimulation of
smooth muscle; uterine smooth muscle, that of the arteriole
walls or the sphincter pupillae. For the definitive tome
on the pharmacology of ergot alkaloids, Berde & Schilde
(1978) should be consulted.

The most recently observed physiological interactions
between alkzloids and animals concern disturbance of
pituitary function, mediated through the hypothalamus.
Mantle (1858) showed that pregnant mice, ingesting a diet
containing sclerotia of €. fusiformis, failed to raise
their littsrs and the active principle was the clavine
alkaloid,agroclavine. Agroclavine when administered orally
at non-toxic dosage was found to inhibit normal mammary
hypertrophy.

The responses of animals to the ingestion of ergot
sclerotiz 2ill depend on the amount eaten, the Claviceps

sp. involvzcd, the extent of absorption of toxin from the
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TABLE B. Summary of Host Range, Distribution, Alkaloid Content, Mycotoxic Status, and Animals
Affected by the more Important Ergot Fungi.
ERGOT HOST PLANT GEOGRAPHIC APPROX. PRINCIPAL TYPES OF TOXIC ANIMALS
FUNGUS RANGE DISTRIBUTION TOTAL ARLKALOIDS POISONING RATING AFFECTED
ALKALOID cCommoNLY (~to+++)
CONTENT OF PRESENT
SCLEROTIA
(%)
C.purpurea Wide range \UWorldwide, 0.3 Ergotamine Anarexia, +++ Human,
of pasture particularly group, lameness, cow, pig,
OTrassEes, in temperate ergotoxine peripheral sheep,
wheat, rye, regions Qroup, gangrene, poultry,
barley, and ergometrine reproductive rat,
hybrids (and isomers) failure, mouse
agalactia,
intestinal
haemorrhage
C.paspali Paspalum spp. North and a.003 Lysergic acid Ataxia, ++ Cou,
South America, ¢-hydroxy-~ reproductive sheep,
Southern Africa, ethylamide, failure, horse,
Australasia, lysergic acid agalactia rat,
Southern amide mouse

Europe



C.fusiformis

C.gigantea

Sphacella
sorghi

C.sulcata

Millet Central Africa

Malze Mexico

Sorghum Nigeria and
Botswana,
India;
probably
another
distinct
form

Brachiarfa Central
spp. Africa

Agroclavine,
elymaclavine,
chanoclavine

Festuclavine,
pyroclavine,

. chanoclavine

Dihydroergosine,
festuclavive,
pyroclavine,
dihydro-
elymoclavine

None

Acute ++
C.N.5

stimulation,
reproductive
failure,

agalactia

I+

None
reported

-

None
reported

None -

Pig,
mouse

rat,

A
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intestinal tract and the toxic factors present in the
sclerotia (Whittemore et al., 1976), Clinical trials
have also shown that some animal species are more
susceptible than others., Results from trials in which young
pigs were fed diets containing sclerotia of C.purpurea,
suggested that alkalocids are not as toxic to the pig, as for
example, to the sheep (Friend & MacIntyre, 1970; Bailey et
al., 1873; Whittemore et al.,.1976; 1977; Greatorex & Mantle,
1973). |
Confirmation that the alkaloids are the actively
toxic constituents of the sclerotial tissue,usually involves
oral administration of purified alkaloid isclated from the
tissue, The strain of C. purpurea which fails to elaborate
ergoline alkaloids during parasitism (Corbett et al., 1974},
used in the present studies for the investigation of its
biosynthetic potential, also provides perhaps the best
"control™" material for animal feeding experiments to
determine effects of alkaloid containing ergot. Consequently,
opportunity has been taken also to explore this topic,
thereby expanding still further the range of research

technigues experienced during the course of these researches.

1.4 Tremorgenic mycotoxins

A group of mycotoxins which are structually related to
the ergot alkaloids are the indole-containing tremorgens.
These toxins are characterised py causing spontaneous
tremor, which in extreme cases results in convulsions.
Substances which cause tremoring in animals are rare but it
now clear that & group of at least 20 secondary metabolites,
isolated from at least 16 different fungi,have this
property. Since the discovery, in the 60's, that a wide
range of common moulds were capable of elaborating toxic
metabolites, fungal metabolites have become implicated
in several hitherto idiopathic syndromes. Following this,
the discovery in the 1970's, of the tremorgenic toxins
in moulds which are knouwn to be ubiquitous contaminants
of grain and foodstuffs, opened yet another branch of the
expanding field of mycotoxins and provided stsible-causal

agents for some naturally occuring neurological disorders



for example staggers (Mantle & Penny, 1981).

One species of ergot fungi (Claviceps paspali) belongs
to the group of tremorgenic fungl and is unique in that it
is the cause of the neurological disorder of cattle, known
as paspalum staggers. The diagnostic features of this
disorder include tremors, hyperexcitability and ataxia
which result from ingestion, by the affected animal,
of sclerotial tissue parasitising paspalum grass; Paspalum
dilatatatum or P. distichum,. Identification of the purified
toxins (Fehr & Acklin, 1966; Cocle et al.,1877(a); Gallagher
et al., 1980) and clinical feeding experiments in sheep
and cattle (Mantle et al., 1377{(a)) demonstrate that the
tremorgens of the pasalinine group (Fig. 6) cause the
staggers condition.

The most potent tremorgen to date, verruculogen, was
isolated from a strain of Penicillium verruculosum growing
on peanuts (Cole et al., 1972). The toxin contains an
indole moiety; G6-0-methylindole, an isoprene unit and a
diketopiperazine ring system derived from tryptophan and
proline (Fig. 7) and is structually related to the
fumitremorgens (Fig. 8), isolated earlier from food-borne
Aspergillus fumigatus (Yamazaki et al., 1871). Oral
administration of verruculogen to mice, caused tremor and
convulsions. Intraperitoneal injection was 40 times more
effective in producing tremors than oral administration
(Cole et al1., 1872).

During the structual determination of verruculogen,

Cole & Kirksey (1873) obtained a novel verruculogen-
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derivative (TR-2) (Fig. 8) which displayed weaker tremorgenic

activity (Cole et al., 1975)., This product was later
reported to occur naturally in culture of P. verruculosunm
and A. fumigatus (Cole et al., 1975; Cole et al., 1977(b))

and as a product of hepatic metabolism of verruculogen in

rats {Perera et al., 1882(a)) and sheep (Perera et al.,18982(b))

Consideration of the structures of fumitremergen B and TR-2

(Perera et al., 1982(a))} and their paralleled isclation from

Penicillium and Aspergillus spp. suggest a bilosynthetic
interrelationship with verruculogen, as the end-product.

Investigation of the biosynthesis of verruculogen by



Fig. 6 Chemical structure of tremorgenic mycotoxins of the paspalinine group
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a strain of P. simplicissimum and the optimisation of
the incorporation of radiolabelled precursors, facilitated
the production of '“C-verruculogen of high specific activity
(Day & Mantle, 1982). This labelled toxin thus provides a
valuable tool for the elucidation of possible biosynthetic
interrelationships amongst the 6-0-methyl indolic
tremorgens and has facilitated studies of their mode of
action and fate within animals.

In the present study the availlable 1“C--wszrJ:uculc:gen has
been used , after reduction to TR-2, to explore the role

of the latter in verruculogen biosynthesis.
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2. MATERTALS AND METHODS

2.1 Growth and maintenance of fungi

2.1.1 Ergot

(a) Origin of strains

Claviceps purpurea: strain 12/2 was originally isolated

in 1960 from a sclerotium collected from rye in Tarporley,
Cheshire. Sclerotia of this iscolate produced on rye
failed to biosynthesise ergoline alkaloids during
parasitic development (Corbett et al., 1974)}. The isolate
is therefore designated ALK ™.

Claviceps purpurea: strain 29/4, an ergotoxine producing
strain, was originally isolated from a sclerotium

parasitic on blackgrass (Nisbet, 1975).

Claviceps fusiformis: was a derivative of the glucan
autolysing strain 1339/2/1C (Dickerson et al., 1970)
originally isolated from a sclerotium parasitic on
bulrtush millet (Szczyrbak, 1872).

Sphacelia sorghi: strain AB2 as used by Atwell (1881},

originally isolated from Nigerian serghum (Mantle, 1968).
(b) Culture maintenance

C. purpurea sclerotia were surface sterilised in 0.1%
mercuric chloride for 5 min., washed 3 times in distilled
water and aseptically cut into segments. Sclerotial sections
were plated out onto Medium T agar containing tetracycline
(50 pg m1™!) and incubated at 24°C. Pure cultures were
obtained by replating onto fresh Medium T and maintained by
subculturing every 21 days. Cultures of C. fusiformis uére
grown at 27°¢c. '

(c) Preservation of inoculum

Long~-term. Fresh honeydew was collected from rye and
diluted with 10% v/v glycerol/water. Diluted inoculum uwas
dispensed in 2 ml volumes into polypropylene ampoules,
cooled to -20°C and stored on canes in liquid nitrogen.-

Mycelial-spore suspensions prepared from agar slopes



were concentrated by centifugation, and resuspeﬁded in 10%
v/v glycerol/water before being cooled and stored as above,

Slope cultures were covered with liquid paraffin (s.qg.
0.87-0.89) and stored at 22°c.

Short-term. Collected honeydew was dispensed into

polypropylene ampoules and stored for up to 14 days at 4°c.
(d) Media
Medium T (Mantle & Tonolo, 1968)

sucrose, 100g ; L-asparagine, 10g ; Ca{(ND3),.4H;0, 1lg ;
KHPO04, 0.25g ; MgS04.7H,0, 0.25g ; KC1l, 0.125g ;
FeS04.7H20, 0.033g ;5 Zn504.7H,0, 0.027g ; L-cysteine
hydrochloride, 0.0l1g ;3 yeast extract(Difco), 0.1lg ;
distilled water to one litre, pH adjusted to pH 5.2

with NalOH and sterilised at 15 p.s.i. for 20 min..

S50lid media centained 2% agar. Tetracycline was sterilised
by filtration through millipore membranes (pore size, 0.45

um) and added to media after autoclaving.
(e) Growth of parasitic tissue

Svalof’s Fourex rye (Swedish Seed Association, Svalof
Sweden) was grown in open plots and under greenhouse
conditions at Chelsea Physic Garden, London. In June
anthesing ears were inoculated with a spore suspension
(approx. 0.2 ml) injected into the floral cavities, above
the ovary, with a hypodermic syringe. The inoculum was
prepared by diluting fresh honeydew collected from
greenhouse rye or preserved inoculum (sectien 2.1.1 (c) ),
with water. Parasitic tissue was harvested 20-80 days after

inoculation.

2.1.2 Penicillium spp.

Penicillium raistrickii:isolated from soil (Patterson
et al., 1979) was obtained from the Central Veterinary

Laboratory as potato dextrose agar (PDA) slope cultures.

Penicillium simplicissimum: as used by Day (1981)

isolated from New Zeland soil.
(a) Maintenance of cultures

Recezted subculturing of P. simplicissimum was found to



have an adverse effect on its ability to produce tremorgenic
mycotoxins, Therefore master cultures were maintained as
lyophylised conidia in sealed ampoules, stored at room
temperature, as prepared by Day (1981). Cultures were
prepared by adding sterile distilled water (approx. 0.2 mi)
to an ampoule and inoculating slopes of PDA agar. Cultures
were grown at 27°C for 7 days to provide a spore inoculum
for liquid cultures.

P. raistrikii was maintained on PDA slopes at 27%¢c,
(b) Media

Seed stage media

Czapek Dox Broth (CD broth, unsupplemented)

Gapek Dox (Difco), 35g ; per litre distilled water. Sterilised

at 15 p.s.i. for 20 min..

Production medium
Capek Dox/yeast extract broth (CD/YE 0.5%)
Gapek Dox (Difco), 353 ; yeast extract (Difco), S5g ; per

litre distilled water. Sterilised at 15 p.s.i. for 20 min..

2.2 General analytical methods

2.2.1 Detection and isolation of ergot alkaloids
(a) Colorimetric assay

Quantitative determination of total alkaloid by
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colorimetric assay, was performed directly on culture filtrate,

or on alkaloids from ether extracts partitioned into aqueous 2%

w/v tartaric acid. A suitable dilution of culture filtrate
(containing up to 50 ug ml ! alkaloid) or 2% w/v tartaric
extract was mixed with twice its volume of VYan Urk Reagent
(p-dimethylaminobenzaldehyde, 0.625g; 55% v/v H,S04, 500 ml;
5% FeCls.6H,0, 0.5 ml). Aftér 10 min. the absorbance of the
resultant blue colour was determined at 570 mnm in a Cecil CE
292 U/V spectrophotometer. Absorbance was compared with

standard curves for agroclavine, ergotamine and lysergic

_écid amide in 2% w/v tartaric acid in the range of 0-860 pug ml~

(b) Extraction of basic alkaloids from culture filtrate

Cﬁlture filtrate was adjusted to pH 8-9 with 0.88 s.g.

1



NHsOH solution and extracted with an equal volume of diethyl

ether. The ether was taken to dryness by rotary evaporation.
(c) Extraction of alkaloid from sclerotia and mycelium

(i) Basic alkaloids _
Lyophilized mycelium or powdered sclerotia (1-2g)
together with NaHCO; (D.3g) were mixed with a little water
and extracted exhaustively with diethyl ether (2x 100 ml)
for 2h. Ether extracts were combined and taken to dryness

in vacuo.
(ii) Amphoteric alkaloids

Tissues rendered free of bases by the above procedure
were further extracted for 2h with methanol (2x 100 ml) to
remove amphoteric alkaloids. The methanol was evaporated,
the residue taken up in 0.025N HCl and applied to a column
of Zeolite C£225 (H') cation-exchange resin. Amphoteric
alkaloids were dissociated from the resin with SN NH40H
and lyophilized.

In some cases amphoteric components were extracted from
fresh sclerotial tissue with water. Sclerotia (1-29) were
homogenised with H,0 (100 ml) in a Sorvall Omnimix. The
- resultant slurry was extracted for 2h and the agueocus phése
was separated from the tissue by centrifugation (15,000q)
for 20 min at AOC. Amphoteric alkaloids were extracted from
the cell~free supernatant by ion-exchange chromatography as
above.

All efther extracts and lyophilised residues were stored

in a desiccator, in the dark at QOC.

2.2.2 Layer chromatography (TLC and PLC)

Crude preparative layer chromatography (PLC) of
alkaloids was performed on glass backed plates coated with
a l mm layer of Silica gel GF,sy4(Merck). Plastic sheets,
coated uwith a 0.25 mm layer of Silica gel (Polygram Sil
G/U¥;54, Camlab), were used for thin layer (analytical)

chromatography (TLC). Sclvent systems for the separation of .

specific elkealoids are guoted in their respective
experimentzl sections. Alkzaloids were recovered from the
silica of both systems by elution with excess methanol.

Indole cerivetives were tentatively located by their

54,
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quenching of the fluorescent dye (254 nm) or for fluorescent
(AS-10) alkaloids their blue fluorescence at 350 nm. Their
presence was confirmed by sprayingall,or part,of the -
resoclved plate with Eirlich’s Reagent (3% p-dimethylamino-
benzaldahyde in concentrated HCl). Areas corresponding to

indole =2rgot slkeloids turned blue.

2.2.3 High performance liquid chromatography (HPLC)

HPLC was performed on reverse-phase silica (Ultresphere
0DS; silicae treated with octadecylsilane, 5 um particle size),
pre-packed in a 1 x 25 cm column. A high pressure pump
(Modsl 11D0A, Altex) (with a working pressure range of O-
5000 p.s.i.) delivered solvent to the column at a rate of
up to 10 m1 min~ !, Samples for analysis were taken up in a
methanol (AR) / distilled-deionised water solvent mixture
having the same ratio of methanol/water as the degassed
eluting solvent. Solutions were filtered through a cellulose
acetate filter (QEGE B.A.S5., 0.2 um pore size), supported
in a B.A.S5, microfilter assembly, by centrifugation.
Filtered samples were injected into interchangable 250 ul
(analytical scale) or 2000 pl (preparative scale) sample
loops, connected to a sample injection valve (Model 210
Altex), which inserted samples into the pre-column solvent
flow. The main column was protected by a smaller pre-column
similarly packed with Ultrasphere ODS (5 uym). Column eluate
wvas monitored at 235 nm using a Spectroplus spectrophotometer
(m.S.E.). Retention times were recorded on a chart recorder
(Fisons). Optimal separation of components under
investigation was achieved by altering the methanol/uwater
ratio. Collected fractions were taken toc dryness by rotary

evaporation Tclliowed by lyophilisation.

2.2.4 Lentriftugation

Centrifugation was performed in a Sorvall RC-5
Superspsed centrifuge. Values for relative centrifugal
force (g) stated in the text are calculated as g max for

each roiocr size used.
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2.2.5 Detection and assay of biosynthetically radiolabelled

metabolites

(2a) Tissue oxidation

Rapid determination of the amounts of label present in
sclerotial tissue or fungal pellets was achieved by
oxidising lyophilized tissue (150 mg) in a sample oxidiser
(Intertechnique Model 4104). '“CO, released from the samples
during oxidatlon was automatically absorbed into 15 ml of
scintillant (toluene / phenylethylamine / methanol / water
4 : 3.3 : 2.2 : 0.5, by volume, and Butyl PBD (5-]4-
biphenyl|-l-oxa-3,4 diazole), 7 gL ') which was subsequently
counted. Overall efficilency of oxidation and scintillation
was determined using tissue paper impregnated with 10 pl
l%c_n-hexadecane reference standard {(specific activty 0.863

x 10% dpm m1~ !, Amersham International).
(b) Liquid scintillation

The amount of '*C incorporated into crude and/or purified
metabolites was determined by liquid scintillation.
Labelled compounds taken up in methanol,were dissolved in 5 ml
scintillant (toluene, 1 litre; napthalene, 50 g; Butyl PBD,
6 g) and counted in a Beckman {LS 230) liquid scintillation
counter. Inaccuracies in radiocounting due to guenching were
calculated using a known amount of !'*C reference standard

in 5 ml of the above scintillant
(c) Low background counting

Radioactivities of purified compounds were measured by
low background counting of dry residues, this allowed
recovery of metabolite for further analysis. Samples were
taken up in a minimum amount of methanol (AR) and deposited
onto planchettes under a stream of warm air. Planchettes
were counted for 1 min. periods in a Nuclear Chicago low
background counter (Model C155), operated at 2,100 V. A
voltage plateau was constructed by increasing the voltage
across the inmert gas (2% isobutane / 98% helium v/v) filling
the counting chamber, in increments of 200 V, while
counting 5 ul }*C-n-hexadecane reference standard. Counts

were recorded and an optimum operation voltage (2,100 V)
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was determined giving a counting efficiency of 11.4%.
Quenching factors for dry deposites were calculated with
the same amount of standard spiked with 50 mg lysergic

acid amide or HPLC-pure verruculogen.

2.3 Axenic culture of the common bunt funaqus Tilletia caries

Axenic culture of T, caries was developed using the basic
scheme employed by Kienholtz & Heald (1930). Their technigue
was divided into two steps (i) ogermination of teliospores
on an inert non-nutrient medium and (ii) transfer of the
germinated spores onto a nutrient medium to maintain growth.
Transfer of germinating spores ( fpom germination plates)
and developing colonies to fresh maintenance medium was
facilitated by growing the fungus on semi-permeable membranes

laid on agar.
{a) Isolation of T. caries

Teliospores of T. caries were isolated from developing
bunted-ovaries of spring wheat, 100-150 days after sowing.
Infected ovaries, characteristically bright green in colour,
were dissected from host florets, surface sterilised in
0.1% w/v mercuric chloride for 3 min., washed and aseptically
halved. Black teliospores were scooped from the central
region and resuspended in sterile distilled water, to use
as an inoculum,

Aseptic isolation was only successful frem yeung bunted-
ovaries still completely enclosed within the glumes and
palea., Iseolation from post-harvest ears resulted in bacterial,
yeast and fungal contamination, becoming evident during the
germination phase (section 2.3 (e)). Bacterial contamination
was reduced by suspending teliospores in distilled water

! and

containing antibiotics (penicillin G, 5 mg 100 ml~
streptomycin sulphate, 5 mg 100 '), for 30 min. and
washing by centrifugation in water., This of course did not
eliminate the fungal contamination and so the following
method to prepare aseptic inoculum, from post-harvest ears,
was developed.

Dried, surface sterilised sori were crushed in a pestle

and mortar to separate the spores from wall material.
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Released teliospores were suspended in a minimum volume

of 30% w/v sterile sucrose and introduced onto
of a sucrose gradient consisting of 3 zones of
concentration (30% w/v sucrose, 20 ml; 40% w/v
10 ml; 45% w/v sucrose, 10 ml). Gradients were

from sterile sucrose solutions in a sterile 50

the top
increasing-
sucrose,
prepared
ml

centrifuge tube. The loaded gradient was spun at 15,000 rpm

(27,000 g) for 1h at a°c. Teliospores were separated into

4 populations (Fig. 10).

Fig. 10 Four populations of bunt teliospores

obtained by centrifugation

Each spore population was recentrifuged, as above, in

20 ml {sterile) of the sucrose concentration above the

interface a2t which it was buoyant. An aliquot of spores

from each resultant pellet was examined microscopically,

the remeainder of the pellet being resuspended in sterile

distilled water containing antibiotics (penicillin G

100 pg ml~ ! and streptomycin sulphate, 100 pg ml~*) and

mixed vigorously in a vortex for 30 min. to eliminate

bacteria remaining on the reticulations of the spore walls.

Antibiotics were removed by centrifugal washing and the

rzsultant rcellets were used to inoculate germination plates.
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Samples from all populations were inoculated onto Medium
T31 and incubated for 1-2 days at a range of temperatures
to reveal any contaminating bacteria.

Population A (Fig. 10) was the only contaminated fraction;
bacterial growth was evident after 12h at 37°¢C. Fungal
contamination was evident on Medium TBl plates of population
A, incubated at 22°C for 4 days. The fungi appeared as fine
white mycelium growing at a rate of 4.5 mm per day, easily
distinguishable from the slow growing T. caries (1.4 mm per
day). Therefore for routine isolations only spores from

regions B,C and D were used.
(b) Germination media
(i) 2% w/v water agar, pH 6.5 (Singh & Trione, 1969)

20 g Bacto-agar (Difco) per litre distilled water
adjusted to pH 6.5 with 1N NalOH prior to autoclaving.
Sterilised at 15 p.s.i. for 20 min..

(ii) 2% w/v water agar, pH 6.5 containing penicillin G and
streptomycin sulphate (Trione, 1873)

The 2% water agar was prepared as above., After cooling
heat labile antibiotics, penicillin G (5 mg 100 ml™ 1)
and streptomycin sulphate (5 mg 100 ml"!) were added
as solutions sterilised by millipore filtration (pore

size 0.45 um).

Cooled media was poured into sterile petri dishes and

stored at 4°C until required.
(c) Maintenance medium

Medium TB1l (modified Medium T (Mantle & Tonolo, 1968),

adapted Tor the organic and inorganic
nutritional reguirements (Chung & Trione, 1967)

af T. caries)

sucross, 50g ; L-asparagine, 10g ; Ca(N0s),.4H,0, 0.05g ;
KH2PO4, 0.25g 3 MgSO04.7H20, 0.25g ; KCl, 0.125g ; FeSO04.

74,0, 0.033g ;3 Zn504.7H20, 0.027g 5 L~cysteine hydrochloride,
0.Clg ;5 per litre distilled water adjusted to pH 6.5 with

1!l Nal4d. Sterilised for 20 min. at 15 p.s.i.. A stock

solution of thiamin HCl (vitamin Bi) (100 mg 1800 ml~! distilled

*
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water) was sterilised separately at 110°C for 20 min.;
1 ml was added to the cooled components above to give a
final thiamin concentraticn of 100 pg litre !. Solid

media contained 20 g of Bacto-agar (Difco).

(d) Semi-permeable membranes

Semi-permeable membrane (Cuprophan-Technicon) discs
(6 cm diam.) were boiled in two changes of distilled
vater for 30 min.. Individual softened discs were placed
between two moistened filter papers, stacked and autoclaved
at 15 p.s.i. for 30 min.. Sterilised membranes were
aseptically introduced onio plates of medium TBl and
allowed to dry overnight at room temperature, before

inoculation.

(e) Germination

Observations made by several workers indicate that
teliospores either fail to germinate, or produce pro-
mycelia which continue to grow across the agar surface
without forming primary sporidia (Lowther, 1850; Trione,
1873), when incubated on agar containing nigh concentrations
(0.1M) of a nutrient carbon source e.g. sucrose or glucose,
or when suspended on a thin layer of water on the agar
surface (Keinholtz & Heald, 1930; Woodbury & Stahmann, 18970).
Since conjugation between compatible (+ and -, Kollmorgen
& Trione, 18B0) primary sporidia is necessary to infect
host seedlings, a non-nutrient medium was used for
germination (Fler, 1932; Kendrick, 1957; Trione, 1964:1874),
A suspension of teliospores (section 2.3 (a)) uwas
inoculated onto semi-permeable membranes laid on germination
medium., The film of inoculum was allowed to dry on the
membrane for 2h at room temperature, the plates were then
incubated at 13°C (Lowther, 1950). The germination phase
was considered complete when primary sporidia formation

commenced.
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(f) Sporidial mating and colony maintenance

Semi-permeable membranes supporting primary sporidia
w=re aseptically transfered to plates of Medium TBl and
incubated at 15°C or 22°C, to allow conjugation between
cormpatible primary sporidia, Concurrently, conjugation
occurred between filiform and lunate secondary sporidia
developed from unfused monosporidia {(Holton, 1853;
Kollmorgen et al., 1978).

Germination of fused (binucleate) sporidia, and
of non-fused (momonucleate) sporidia, resulted in hyphal
colonies with a variety of phenotypic and genotypic
characteristics. Colonies were subcultured onto fresh
Medium TBl every 21 days at 22°C and every 28 days at
15°c.

(g) Cytological investigation

(i) General stains for light microscopy

Cytoplasm
Cotton blue in lactophenol was used to detect the

cytoplasm of hyphae grown in axenic culture, by flooding
culture plates with the stain. Air dried slide samples
were first cleared in lactophenol blue for 5 min. and then
stained with - cotton blue in lactophenol on a hot

plate fer 2 min.. Excess stain was removed with
lactophenol followed by mounting in glycerol. Cytoplasm
stained blue. This staining procedure was routinely
employed to examine coleoptile, pericarp and ovary tissue

of wheat infected with T. caries.
Linid

Mycelial lipid was stained using saturated Sudan III
in lactophenol, Samples were processed as for cotton

blue in lactophenol. Lipid stained red.



(ii) Nuclear staining for light microscopy

A film Df‘hyphae was prepar ed from young mycelia of
T. caries by cutting membrane squares {(approx. 1 cm?) from
cultures. The mycelium was transferred onto the slide by
gently pressing the membrane, mycelial side down, onto the
glass., The membrane "cover" was gently peeled away leaving
tissue adhering to the slide.

UOlder tissue was lifted from the semi-permeable
membranes and briefly homogenised in a glass homogeniser
with a little distilled water, to fragment thé hyphae.

A thin film of hyphal fragments was spread ontoc the slide
with a loop. Samples were air dried at 37°C then stained

using one of the Giemsa procedures below.
method (a) (modified from Tricne, 1974)

Giemsa stain, 1.5 g5 glycerol, 100 ml and methanol,
100 ml were stirred in a stoppered bottle for several hours
(BDH Chemicals Ltd., 15989).

The stain was used within 24 hours.

1. Tissve was fixed in methanol for 20 min.
2. dehydrated in

(a) 50% ethanol for 10 sec
(b) 75% L] t n
(C) 95% " " il

rinsed in 100% ethanol
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improve 1lipid extraction,
RNA,

immersed in diethyl ether for 10 min. at 22°C,
in 100% ethanol
rehydrated in
(a) 95% ethanol for 10 sec
(b) 75% 11 1t 1"
(C) 50% n n fl
rinsed twice in distilled water

hydrolysed in

B3.

rinsed

(a) 2N HCl at 22°C for 10 min., rinsed in

distilled water
(b) 2N HC1 at 60°C for 5 min.

washed thoroughly in 0.07M NakKHPQ, buffer, pH 7.2

treated with fresh Giemsa stain (10 drops) for 15 min.

rinsed in distilled water to remove excess stain

blotted and mounted in Aquamount {(BDH Ltd.)

The second method was developed(by trial and error) to

stain.

intensify hydrolysis of DNA and

and enhance stain penetration using a modified Giemsa

method (b) (modified from Gray, 1977; Trione, 1974; 1880)

Modified Giemsa R-66 was prepared by adding and mixing

the ingredients in the order belouw.

dimethylsulphoxide (DMS0); N,N;dimethylformamide; Giemsa R-66
(BDH Ltd.); 0.07M KH,PO4, pH 6.5; in a ratioc of 1:1:2:4 v/v..

1.
2.

Tissue was dehydrated method (a) 2.

immersed in

(a) 100% ethanol/diethyl ether 1:1 v/v for B

min.

(b) chloroform/methancl "
min.,

(c) 100% ethanol/ether n

fixed in Singleton’s Fixative for 4 min.

n n ) 4

(glacial acetic acid; lactic acid; 100% ethanol; 1:1:6 v/v)

rehydrated method (a) 4.
hydrolysed in 2N HC1 at 25°C for 30 min.
washed in

(a) distilled water for 10 min.
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(b) 0.07M KH,PO, buffer, pH 6.5 for 20 min.

7. stained with modified Giemsa stain R-66 (10 drops) for
15 min.

B, rinsed in distilled water

8. blotted and mounted in Depex {BDH Ltd.)

Nuclei stained deep purple-vioclet against grey cytoplasm.
(iii) Nuclear staining for fluorescence microscopy

Vital staining with acridine orange was used to locate
nuclei by fluorescence microscopy (modified from Robbins &
flarcus, 1863).

A stock soluticn of acridine orange (AO) uwas prepared
by adding acridine orange (Sigma), 1 mg to 100 ml phosphate-
buffered saline (PBS) (0.1M sodium phosphate buffer, pH 7.2
containing 0.85% w/v NaCl). The stock solution was diluted
as required with 0.01M PBS5 in a ratio of 1:106.

Young T, caries mycelium was washed from membranes with
0.01M PBS, or older colonies were homogenised with BRS as
described in section (ii). The hyphal suspension (0.1 ml)
was added to AD/D0.01M P8BS, 1:10°% (1 ml) in a reaction tube
and incubated at 22°C for 1 min.. Cells were harvested by
centrifugation in a bench centrifuge for 1 min.. An aliquot
from the pellet was resuspended in a drop of 0.01M PBS on a
slide. Specimens were immediately excited by epi-illumination
from a HBO 200 W/4 high pressure mercury vapour lamp in a
Pplyvar microscope. An incident light exciter filter (455 nm
- 480 nm) and a 500 nm dichroic mirror provided a narrouw
band of illumination from 450-500 nm. Slides were viewed
through 2 515 nm barrier-filter in conjunction with low

power objectives.
(iv) Microscopy

A Leitz Ortholux microscope was used for light
microscopy. Specimens were observed with both bright field and
positive phase contrast optics. Fluorescence microscopy was
performed with a Polyvar microscope as described in section

(iii).
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2.4 B-glucanase activity of wheat ovary tissue infected

with Claviceps purpurea strain 12/2 and Tilletia caries.

(a) Growth and inoculation of host plants
(i) Wheat

Oressed seed of winter wheat, cv. Huntsman, was sown in
open plots at Chelsea Physic Garden, lLondon. Ears were
inoculated at anthesis (day 0) with a spore suspension.
(0.2 ml per floret) of C. purpurea strain 12/2, prepared
by diluting honeydew collected from rye. Lontrol ears were

inoculated with water alone.
(ii) Bunted-wheat

Wheat infected with the bunt funqus T. caries was
produced by crushing bunt balls {(ex cv. Hobbit; RHM Research
Ltd. ), mixing them with undressed seed of cv. Huntsman and
sowing in rows at Chelsea Physic Garden,London,in January
(1980 and 1881). Bunted ears were inoculated with C. purpurea
as above, but particularly avoiding damage to the young bunt
ball (Fig.11l ), and controls were injected with water.

Bunted florets do not anthesis and thus inoculation with
C. purpurea at a stage eqguivalent to anthesis was judged
by reference to plants within the crop that had escaped

T. caries infection.
(b) Preparation of ovary tissue

Ears representative af all treatments were collected
at anthesis (or equiualent) and at intervals (0,4,7,10,12,
and 15 days) thereafter, Ovaries were carefully dissected
from the florets, batched according to treatment and
weighed (fresh weight). Since the water content of healthy
and infected ovaries changes with increasing age, tissue
was freeze-dried and stored at 4°C in sealed ampoules until

weighed amounts were extracted.
(c) Crude enzyme extraction

Freeze-dried tissue (50-150 mg) was macerated in a
pestle and mortar with C.0lM acetate buffer, pH 5.2 (1:10
w/v) over ice and allowed to extract in the mortar for 1lh.
The extract was centrifuged at 15,000 rpm (27,000 g ) for
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30 min. and the resultant supernatant dialysed against four
changes of the 0.01M acetate buffer (4 x 500 ml) for 24h.
All extraction steps were performed at 4°c. The dialysate

was freeze-dried overnight and assayed the next day.
(d) Preparation of substrate

B-1-3 glucan was produced in submerged culture using
the sorghum ergot fungus Sphacelia sorghi strain AB2 (Atwell,
1881). A seed flask (500 ml) containing Medium T (100 ml)
was inoculated with a suspension of hyphal fragments and
conidia from a 7 day slope culture. Inoculated flasks were
incubated on a rotary shaker (200 rpm ; 10 cm eccentric throw)
at 27°C. After 5 days the whole seed flask content was
homogenised aseptically in an Omnimixer for 10 sec and a 10%
(v/v) transfer made into each production flask (500 ml)
containing Medium T (100 ml) and incubated on a rotary
shaker at 27°C for a further 5 days. The contents of 4
production flasks were mixed with an equal volume of distilled
water and centrifuged at 10,000 rpm (16,000 g) for 20 min.
at 4°C to remove cellular debris. The supernatant was mixed
with 2 volumes of cold absolute ethanol to precipitate
polysaccharide. The precipitate was resuspended in water
and reprecipitated with ethanol. The purified polysaccharide
was dissolved in the minimum volume of water and the final
gelatinous suspension boiled for 10 min., cooled and
dialysed against 3 changes of distilled water (500 ml) for
48h. Purified glucan was precipitated from the dialysate
using ethanol and dried to constant weight at 50°¢ (yield
58 g). This material was used as a substrate for assaying
B-glucanase activity of tissue extracts. The glucan uwas
around to a very fine powder in a quartz pestle and mortar.
Unless the glucan is finely ground it cannot be completely
redissolved later in buffer and particles will interfer with
the colour reaction produced by the chromagen ABTS in the
glucose oxidase assay. The fine powder (10 mg) was
resuspended in 0.01M acetate buffer, pH 5.2 (0.5 ml) over=-
night. At intervals throughout the first hour the mixture

was vigorously stirred using a whirlimix,
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{e) B-glucan assay of tissue extracts
(i) Incubation

The whole freeze-dried crude enzyme extract from
weighed amounts of ovary tissue (section 2.4 (c)) was
resuspended in 0.01M acetate buffer, pH 5.2 (1 ml) and
mixed at 4°C with purified solubilised glucan (10 mg in
0.5 1 buffer). The mixture was then incubated at 30°C for
16h. Sample aliquets (duplicate, 0.1 ml), taken at intervals
durirg the incubation period, were immediately boiled for
3 min. to stop hydrolysis, cooled, made up to 1 ml with

distilled water and assayed for glucose.
(ii) Glucose oxidase assay

Liberation of glucose was determined using the Fleming
& Pegler method (1963) adapted by Dickerson & Pollard
(1982).

Glucose oxidase reagent (glu:ose oxidase, 6 mg;
peroxidase, 1 mg; ABTS (2,2-azin0—di[3-ethylbenzthiazoline-
sulphonate]), 10 mgs in 40 ml 0.5M Tris-HCl buffer, pH 7.0),
2 ml, was added to the 1 ml of incubation sample (above).
Incubation of the reaction mixture at 22°C *1°C for 20 min.
resulted in a green colour, which was stable for a further
20 min., the extinction of which was measured at 420 nm.
The concentration of glucose was determined from a standard
curve for glucose in the range 0-50 ug ml~ . Extinction
values were corrected for 100 mg of dry tissue, for each

treatment.

2.5 BR-glucanase activity of Tilletia caries grown in axenic

culture
(2) Preparetion and determination of B-glucanase activity

Three distinct types of colony (cream/white, white/
black-sporing and black~sporing (section 3.1 {(c) )} uwere
assayed for B-glucanase activity, generally as described
above for wheat ovary tissue.

Colonies, 1-2 months old, of each morphological type
were lifted from the surface of ithe semi-permeable
membranes, snap-frozen in liguid nitrogen (-198°C) and

lvoohilised. Dried material was weighed and stored in a



desiccator at 4°C. A crude enzyme extract was prepared and
assayed, the glucose released being determined by the

glucose oxidase method and extinction values corrected for

50 mg of dry tissue.
(b} Chromatography of the products of hydrolysis

The products of enzyme hydrolysis were tentatively
identified by TLC. At interuais during the incubation period
incubate samples (10 ul) were spotted onto cellulose backed
TLC plates (0.1 mm layer, Polygram CEL 300 UV,s4, Camlab)
using micropipettes and chromatographed against standards
of glucose and gentiobiose (50 ug in 10 pl). Enzyme activity
was stopped by adding 0.01M mercuric chloride (10 upl) to
geach sample immediately after it was applied to the
chromatogram. Plates were resolved in n-propanol / ethyl
acetate / water (7:2:1). Sugars were located by briefly
immersing dried plates in aniline hydrogen pthalate reagent
(Shaw, 1978). After heating for 5 min. at 110°C, sugars
appeared as brown spots.,

2.6 Immunofluorescent technigues to study spatial interaction

between Claviceps purpurea and Tilletia caries during

concurrent parasitism of the host ovarwv

The immunofluorescent techniques used to investigate
the interaction between C. purpurea and T, caries during
concurrent occupation of wheat ovary tissue were based on
the use of antibodies raised against purified B-glucanase
isplated from axenlc culture of €. purpurea. Essentially
the same immunofluorescent antibody technigues, using
B-glucanase Ig5, were successful in locating B-glucanase
in €. purpurea strain b,during its in vive development on
rye (Dickerson & Pollard, 1982).

The anti-f-glucanase serum used throughout these studies
was purified from crude antiserum kindly prepared by
Dr. C. Pollard as described for the rye experiments
(Dickerson & Pollard, 1982).

(a) Preparztion of control non-immune serum

Control nom-immune serum was prepared from blocod taken
from 15 week old, 01d £English x Californian rabbits.
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Animals were ble.d from the ear and the collected blood
(approx. 30 ml) was clotted by incubation at 37°C for 2h.
Clotted blood was stored overnight at 40C, coagulated cells
were separated from the serum by centrifugation at

(25,000 g) for 45 min. at 4°C. The clear serum was divided
into 2 rl eliguots, frozen rapidly over a propanol/solid CO,
mixture and stored at -20°C.

(b) Purification of immunoglobulin G (IgG) fraction from

serum on DEAE-cellulose (Dickerson & Pecllard, 1982)

Pre-swollen DEAE-cellulose (Whatman DE 52) was
suspended in 20 fold excess of 5% w/v KH,POs and degassed
under vacuum,The degassed slurry was extensively
equilibriate by washing in 6 equal volumes of the running
pbuffer (10 mM potassium phosphate buffer, pH 7.8} until
the pH remained constant. A 5 ml column, 4 x 1.2 cm, was
poured from the gel suspension, allowed to settle and then
washed with 2 column volumes of running buffer to complete
equilibriation at 4°C. Crude serum {anti-B-glucanase serum
or control non-immune serum) was thawed slowly then
dialysed against running buffer (3 x 500 ml) for 36h., at
4°C. The dialysate was introduced on to the column and
the Igh fractions were eluted with 2 column volumes of
10 mih potassium phosphate buffer, pH 7.8 containing
50 mM NaCl. Eluate fractions (1 ml) were collected and
monitored spectrophotometrically at 280 nm, to determine
their protein content. Values for each fraction were
determined from a standard curve of 0-3 mg ml ! bovine
serum albumin (BSA, Sigma) in the same elution buffer
(Uarburg & Christian, 1542). Spectrophotometry was
performed in a Cary 210, split beam spectrophotometer,
at 22°C,

Two peaks (Fig. 12) were produced from the 2 elution
steps. Collected samples (1 ml)‘containing IgG were
batzhed togethzr according to their corresponding peak,
the concentratien of NalCl was adjusted to 0.15M (0.85%
w/v) and !llaNs; was added to the purified serum to a
concentration of 0.01% u/v before storage at 4°C,
Immunoglobulin fraction, Igh 1 (Fig. 12) was the serum

fraztion routinely used as anti-B-glucanase serum in
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immunofluorescent staining procedures.
(c) Specificity of the B-glucanase antiserum

The specificity of the antiserum to other enzymes
isplated from C. purpurea and their complementary sera,
was determined using microprecipitin tests with
undiluted sera and sera diluted with phosphate-buffered
saline (PBS) (D.03M sodium phosphate buffer, pH 7.2
containing 0.85% w/v NaCl) by immunodiffusion on agar
plates. Dickerson & Pollard (1882) showed that there was
no cross reaction between B-glucanase and undiluted anti-
8-glucosidase serum or pure B-glucosidase and undiluted
anti-8-glucanase serum. The diffusion plates also
confirmed the strong binding of the commercially prepared
fluorescein conjugated IgG fraction of goat anti-rabbit
106 to the anti-B-glucanase serum, However in order to use
the antiserum as a tool to distinguish between C. purpurea
and T. caries mycelia in dual infected wheat ovaries, it
was necessary to test whether the antiserum cross reacted
with mycelial tissue of T.caries. C. purpurea, C. fusiformis
and T, caries were grown in axenic culture to provide mycelia

for antibody/whole tissue binding studies.

(i) submerqed culture of C.purpurea strain 12/2 and C.
fusiformis strain 139/2/1G

Flasks containing Medium T (100 ml) were inoculated
with 1 ml of a mycelial-spore suspension (approx. 10°
spores ml~ ! sterile water), prepared from 14 day old slopes
of C. purpurea strain 12/2 or C. fusiformis strain 139/2/1G.
Jrnoculated flasks were incubaied on a roftary shaker (200
rpm; 10 cm eccentric throw) at 24°C for C. purpurea or
27°C for C fusiformis. Mycelial samples were aseptically
withdrawn from flasks at 7, 14 and 21 days, washed by

filtration and resuspended in sterile distilled water.
(ii) Surface cultures of T caries

T. caries mycelium was grown an cuprophan membranes
supported by Medium TBl, as previously described in

section (2.3).
(iii) Slide preparation

Ecid-uesned slides were coated with a film of protein



(1.5% Difco gelatine solution containing 0.02% colourless
ethylmercurithiosalicylate (Thimersol; Sigma) ). Two drops
of mycelial suspension of C. purpurea or C. fusiformis, OT
a square {(approx. 1 cm?®) of membrane coated with T. caries
mycelium, was placed onto the partially set protein at

either end of the slide and allowed to dry on a hot plate.
(d) Indirect staining techniques with fluorescent antibodies

Two fluorochromes, fluorescein isothiocyanate (FITC)
and tetramethyl rhodamine isothiocyanate (RITC),
conjugated with the IgG fraction of anti~rabbit sera, uwere
used in the indirect staining procedures modified from the
standard sanduich technigues (Goldman, 1968; Nairn, 1876).
To reduce non-specific binding of rabbit-anti-glucanase
serum to non-specific protein on the fungal mycelium an
unrelated immunoglobulin bovine IgG was used as a masking

counterstain, prior to antibody treatment (Appendix I).
(i) Sera and conjugated fluorochromes

Bovine IgG (Sigma) : 1.5 mqg bovine Igh was solubilised
in 10 ml PBS containing 0.1% NaNj
and stored in 1 ml aligquots at 4°c.,
It was used undiluted as a

counterstain.

Anti-B-glucanase
serum in BBS : used at a working dilution of 1:4,
antiserum/PBS (equivalent to a

1:20 dilution of original anti-

serum).
Control non-immune
serum in PBS s as for antiserum.
Goat anti-rabbit
JFITC (Miles) : anti-rabbit IgG raised in goat

cojugated with FITC, used at a
working dilution of 1:4, FITC/
PBS (manufactures recommendation)
kept at -ZUOC and rapidly thawed

on demand.

74,
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Porcine anti-rabbit/

RITC (Dako) : anti-rabbit IgG raised in pigs
conjugated with RITC, used at a
working dilution of 1:20 RITC/
PBS (as recommended by Daka).
Stored at -ZDOC, prepared as

above on demand.

(ii) General staining procedure

1.

Specimens were first fixed in 90% v/v ethancl for 30 min.,

washed in PBS for 1=2 min. then air dried.

Washed slides were placed flat in a humid chamber;
mycelia was covered with 200 ul bovine IgG in PBS, and

incubated for 30 min.

Slides were washed in 3 changes of PBS for 15 min.,
rinsed in distilled water, air dried and returned to the
humid chamber.

One end of the slide was covered with 200 pl purified
anti-B-glucanase serum in PBS, the other with the same
volume of control non-immune serum., Slides were

incubated for 30-40 min..
Step 3 repeated

S5lides were agaln returned to the humid chamber ‘and
covered with 200 pl of goat anti-rabbit/FITC or porcine
anti-rabbit/RITC, and incubated for a further 45 min..

Slides were washed in 4 changes of PBS for 20 min.,

rTinsed in distilled water and air dried.

Specimens were mounted in 10 ul 90% v/v glycerol in PBS,
covered with size 0 cover slips and sealed with cellulose

laguer.

All staining operations were carried out at 22°C lOC,

slides labelled with FITC/anti-serum were incubated in the
dark.

(e)

Staining infected plant material

A bunted crop of winter wheat cv. Huntsman was grouwn in

open plots and inoculated with C. purpurea strain 12/2,



76.

using the protocol described in section (2.4 (ii)). Each
inoculated ear was capped with a perforated plastic bag

to prevent bird damage.
(i) Sampling

Bunted ears were harvested at intervals after infection
{4,7,8,13 and 28 days). Individual florets were removed from
the ears, glumes and palea were carefully dissected away to
expose bunt balls infected or uninfected by C. purpureas.
Ergotised or non-ergotised bunt balls were batched in

cooled ampoules (-70°C) and "snap~frozen" at -180°C to-196°C
by plunging ampoules into dichlorodifluoromethane (Freon)
over liguid nitrogen, to minimise the formation of intra-
cellular ice crystals. Frozen specimens were stored at -70%¢

until sectioned.
(ii) Sectioning

" Frozen ovaries were mounted horizontally on a bead of
freezing Tissue-Tek II cryoembedding medium (Miles) spotted
at the centre of a cryotome chuck. Excess Tissue-Tek 11
surrounding the ovary was cut away using a warmed razor blade
to ensure even sectioning and to preserve the knife edge.
Longitudinal sections of ovary tissue were cut in a cryostat
chamber {Bright Instrument Company, Model OTF/AS/m/v)
using a steel microtome knife. Both chamber and knife were
maintained at —BUOC. Serial ribbons, of 2-3 sections, 10 um or
15um thick,were transferred fromthe knifeonto each end of

an acid-washed slide and air dried.
(iii) Stainming procedure

The staining protocel was essentially the same as that
for mycelial cross-reaction studies. However,sectioned ovary
tissue demonstrated bright yellow autofluorescence when
illuminated over the wavelength range from 455-490 nm, for
FITC. Bright red autofluorescence occurred when the
section was illuminated with green light (540-580 nm) for
selective observation of RITC (Appendix I). Pollard &
Dickerson (1983) successfully quenched autofluorescence of
rye tissue infected with C. purpurea using 0.03% w/v
methylene blue in 0.1M sodium borate buffer, pH 8.0,
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without reducticn in the intensity of specific fluorescein
staining., The staining procedure for ovary sections was
therefore modified to introduce counterstaining after
labelled-antibody treatment.

1,-7. section (2.8 (d) (ii) ).

8. Antibody treated sections were counterstained with 0.03%
w/v methylene blue in 0.1M sodium borate buffer, pH 8.0,
for 3 min., washed in distilled water for 5 min.,air

dified and mounted in 25 pl 90% v/v glycerol in PBS.
(f) Fluorescence microscopy

Specimens were siudied by epi-illumination using a
Polyvar fluorescence microscope. High energy incident
illumination was supplied by a high pressure mercury vapour
lamp (HBO 200 W/4). The blue light module B:, consisting of
an incident light filter 455-490 nm, and a 500 nm dichroic
interference mirror,uwas used to illuminate FITC stained
specimens. A 515 nm barrier-filter was used fer viewing.
RITC stained specimens were viewed through a 530 nm barrier-
filter,after illumination with green light (module Gi),an
incident-light filter, 546/10 nm and a 580 nm dichroic
mirror. Low power objectives (4x, 10x and 40x) with a 3x
eyepiece were used to scan sections. Photomicrographs
were taken using a 10x eyepiece with a Polyvar automatic
miniature camera, using 35 mm Ektachrome ASA 400, slide
film,

2.7 Detection and promocticn of ergot alkaloid biosynthesis

in Claviceps purpurea strain 12/2 (BALK™)

(a) Radioisotopes

The following labelled putative precursors were products
of Amersham International.

DL-[2-%%C] mevalonic acid lactone (specific activity

18 mCi mmol™ 1)

L-[methyl-%C] methionine (specific activity 60.2 mCi

mmol” 1)

L-[methylene-1*C] tryptophan (specific activity 58.2
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mCi mmol-l)

reference standard '“C-n-hexadecane (specific activity
0.863x10°% dpm m1~ 1)

(b) Preparation of !*C-agroclavine

Erlenmeyer flasks (500 ml) containing Medium T (100 ml)
were inoculated with a 5% v/v transfer from a 7 day seed
flask of C. fusiformis strain 139/2/1G. The mycelium was
dispersed by agitation and then allowed to float to form
a surface culture which was incubated stationary at 27°C.
After 6 days a mixture of DL~[2-'*C] mevalonic acid (25 utCi,
prepared by evaporatinpg the benzene carrier and taking up
the lactone in water as the sodium salt by neutralising with
N NaOH) and L-[methyl-**C] methionine (25 pCi in aqueous
splution) was injected into the medium beneath the mycelial
mat with a hypodermic syringe and mixed by gentle rotation
of the flask. Cultures were incubated for a further 8 days
at 27°C. Alkaloid production was monitored colorimetrically
(section 2.2.1 (a)) at 7 and 16 days.

Clavine alkaloids were extracted from the culture filtrate
(section 2.2.1 (b)) and resolved by PLC in chloroform/methanol
/ammonia (95:7:5). Subsequent autoradiography of the resolved
plate revealed incorporaticn of '*C into one principal
product co-chromatographing with authentic agroclavine.
Radiolabelled agroclavine was purified by recrystallisation
from petroleum ether (b.p. 100-120°C) to a constant specific
activity (19.96 uCi mmol~ ). The purified product was

stored in a covered desiccator. at 4°C.
(c) Growth and preparation of parasitiec tissue

Parasitic tissue was grown on Svalof’s Fourex rye in
open plots as described in section (2.1.1 (e)). Actively
growing sclerotia were harvested, at various stages of
development, from inoculated ears. The tissue was mashed
and sectioned; the youngest (proximal) and oldest {(distal)
3 mm of tissue was discarded. The remaining tissue from
the middle of the sclerotia was briefly macerated in a
Sorvall Omnimixer and distributed evenly to a series of
Erlenmeyer flasks (250 ml) containing glucoggmi 50 pug ml~?

tetracycline (40 ml). When assessing the biosynthetic



activity of the sclerotium of different ages the above
procedure was repeated on each dissected region (the
proximal 3 mm, the middle, and the distal 3 mm) of the
ergots.

(d) Incubation of fresh parasitic tissue
(i) with primary and intermediate precursors

priméry PTecursors : L-Enethyl-l“E] tryptophan;
OL-[2-**C] mevalonate;
L-{methyl-**C] methionine (supplied as

a sterile solution from Amersham Int.)

intermediate precursors : !“C-agroclavine

lysergic acid {not radiolabelled)
(Before administration to sclerotial preparations purified
l%C-agroclavine and lysergic acid were dissolved -in 0.1M
H2504 and 0,1M HCl respectively, and adjusted to pH 6.0
with NaGH)

Labelled precursors were introduced into their respective
flasks with a hypodermic syringe (!*C-agroclavine and
lysergic acid were sterilised by millipore filtration, pore
size 0.45 um,on injection). Sclerotial preparations were
incubated at 24°C on a rotary shaker (200 rev. min~'; 10 cm
eccentric throw) in the dark for 24h (primary precursors)
or 48h (intermediate precursors). Bacterial counts'were made
before addition of the label and after subsequent incubation
at 24°C to assess the ability of tetraeycline to supress

bacterial growth during the incubation period.

(ii) with primary or intermediate precursors in the presence

of phosphate

Macerated sclerotial tissue (section (c¢)) was incubated
with labelled primary precursor, L-[methylene-'*C] - ]
tryptephan (4.5 wCi per flask) and the clavine intermediate
agroclavine (2 mg per flask) (not radiolabelled), in the
presence of a series of phosphate concentrations. Tissue
and label was distributed evenly to a series of flasks
(250 ml) containing 40 ml of incubation buffer (2 mM glucose,
10 ml1 + 0.01M, C.1M or 1.0M potassium phosphate buffer, 30
mi). TIn the control flasks distilled water was substituted
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for phosphate buffer. Tissue was incubated at 24°C as above.
Sclerotial tissue was separated from the incubation fluid
by centrifugation at 15,000rpm (27,000 g) for 15 min.,

and washed to removed unabsorbed precursor. Tissue and
supernatants were stored as lyophilised residues at 4°C,

in the dark.

(e) Tissue oxidation

Rapid determination of the amounts of label present in
the tissue prior to extraction, and retained in the tissue
after solvent extraction, uwas achieved by oxidising a
fraction (150 mg) of the lyophilised tissue, in a tissue

oxidiser.{ section 2.2.5 (a)).
(f) Alkaloid extraction

Basic alkaloids were extracted from lyophilised tissue
by the standard ether/tartarib acid procedure (section 2.2.1
(c)). Extracts were combined and taken to dryness in vacuo.
Tissue rendered free of bases was further extracted with
methanol (section 2.2.1 (c)). The methanol was evporated
off and the residue taken up in 0.025N HC1 before
applying to a column of Zeolite L£225 (H+) cation exchange
resin. Amphoteric alkaloids were dissociated from the resin
with 5N NH4OH and lyophilised. All ether extracts and
lyophilised amphoteric residues. were stored at 4°C in the

dark until analysed.
(g) Separation of '*C-labelled alkaloid components
(i) Amphoteric

Amphoteric components were separated by PLTC and TLC
by developing chromatograms tuwice in chloroform/methanol/
ammonia (80:20:6), against markers of authentic tryptopﬁan
(TRP)} and dimethylallyltryptophan (DMAT). Resolved plates._
were autoradiographed for 4-7 days to locate radiolabel.
Indole derivatives were located by shield spraying a part
of each plate with Frlich’s Reagent. Unsprayed regions
corresponding to DMAT were eluted with excess methanol
-and taken to dryness. The residues were subjected to
preparative HPLC (section 2.2.3), using methanol/water

(5:1) and eluted fractions collected.

8O,
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(ii) Basic alkaloids

Separation of basic alkaloids was performed by PLC in
ethylacetate/dimethylformamide/ethanol (13:1.9:0.1) and
on TLC in a less polar mixture of the same solvents
(26:2:0.1) agzinst markers of authentic agroclavine,
ergometrine, ergosine and ergokryptine. Resolved plates
werTe observed under U/V 350 nm and shield sprayed with
Brlich’s Reagent, to tentatively locate fluorescent indole
alkalcids. Unsprayed regions, emitting blue fluorescence
at 350 nm, indicative of (A9-10) indole alkaloids and
turning blue ©n spraying with Bwlich’s Reagent, uwere
further resolved on TLC using chloroform/methanol (4:1)
against authentic lysergic acid derivatives; lysergic acid,
isolysergic acid,lysergic acid amide and lysergic acid a-
hydroxy ethyl amide. This gave optimum resolution of the
prinecipzal zlkaloid at Rf = 0.5.

Resolved plates were autoradiographed for 4-7 days
using prefogged (Laskey & Mills, 1875) Fuji Safte¥u5
X-ray film, at -70°C. The strip corresponding to C-
alkaloid was eluted with excess methanol, until no A
quenching of the fluorescent (254 nm) dye in the silica was

seen under U/V excitation.
(h)} Measurement of radicactivity

The HPLC eluate containing DMAT and the isolated basic
alkaloid were taken to dryness on planchettes and counted
in a Nuclear Chicago low background counter (section
2.2.5 {c)). The counting efficiency and inaccuracies due
to quenching were calculated using 5 nul '*C-n-hexadecane

standard spiked with 50 ug lysergic acid.
(i) Mass spectrometry

Alkzloids were taken up from the planchettes in
methanol and analysed by electron impact mass spectrometry

(7. 5ilton, Chemistry Department I.C.).
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2.8.1 Incorporation of radiolabelled TR-2 into verruculogen

a2nd fumifremorgen B by Penicillium raistrickii

(z) Preparation of !“C-TR-2

1%C-TR-2 was prepared by catalytic hydrogénation of
1%C-verruculogen by Dr. K.P.W.C. Perera. !“C-verruculogen
(specific activity 5.89 x 10° uCi mmol~'; 780 ug),
prepared biosynthetically radiolabelled from *C-praline
and 2-!*C-mevalonic acid (Day & Mantle, 1982), was
subjected to catalytic hydrogenation in absolute ethanol
over a palladium carbon catalyst for 25 min. at atmospheric
pressure,a modification of the method previously described
(Perera et al., 1982() )2 *C-TR-2 was isolated by preparative
HPLC with a methanol/water (5:1) solvent mixture; eluates
were monitored spectrophotometrically by U/V absarbance at
235 nm. Peaks occuring at a retention time of 5.5 min.,
corresponding to authentic TR-2, were collected and taken
to dryness in vacuvo. The purity of isolated toxin uwas

confirmed by electron impact mass spectrometry.

(b) Administration of '“C-TR-2 to submerged cultures of

P,raistrickii.

Seged stage mycelium was produced in a 500 ml baffled
Erlenmeyer flask containing 100 ml Czapek Dox/yeast extract
broth, pH 6.8, inoculated with dry conidia from a P.
raistrickii PDA slope culture. The seed flask was incubated
at 27°C on a rotary shaker (200 rev. min~!; 10 cm eccentric
throw) for 25h,

Production medium (100 ml,Gapek Dox broth, supplemented
with yeast extract (0.5% w/v) ), in an unbaffled 500 ml
Erlenmeysr flask was inoculated with a 10% v/v transfer
from the 25h seed stage flask, and incubated as above.
After 7h, *"C-TR-2 (1.32 x 10° dpm), dissolved in ethanol
(200 ul) and diluted with water (1.8 ml)}, was injected
intec the culture. The amount of radicactivity administered
tc the culture was checked by counting an aliquot (100 unl)
of dissolved '*C-TR-2 in aqueous scintillant (toluene/
phenlylethylamine/methanol/water 4:13,3:2.2:0.5, by volume
and Butyl PZD, 7 gL™!) in a liquid scintillation counter.

Fcllowing incuhation for a further 60h the mycelium and
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medium were separated by filtration. The washed mycelium

and culture filtrate were lyophilised.
(c) Measurement of isotope incorporation

The total radioactivity remaining in the culture
filtrate and that incorporated into the mycelium was
determined by tissue oxidation. A fraction (4% ) of the
culture filtrate, dissolved in methanol, was impregnated
onto tissue paper and oxidised along with 50 mg of
mycelium frem both control and fed flasks as described in
section (2.2.5 (a)). The same procedure was repeated
after extraction of mycelium to determine the extraction

efficiency.

(d) Extraction of cell-associated indolic secondary

metabolites

Dry mycelium was extracted first with chloroform/acetone
(100 m1) {(1:1 v/v) for -24h. The solvent was decanted off
and retained while the mycelium was re-extracted with
methanol (100 ml) for lh. Combined mycelial extracts were
taken to dryness in vacuo. The dry residue was redissolved
in methanol (5 ml), and an aliquot dissolved in scintillant
(toluene, 1 litre; napthalene, 50 g; Butyl PBD, 6 g) was
counted by ligquid scintillation to determine its total
raﬂioactivity. The remaining extract was resolved by PLC
using chloroform/acetone (93:7) as a developing solvent,
against authentic verruculogen, fumitremorgen B and TR-2.
Two regions, corresponding to verruculogen + fumitremorgen
B (Rf D.35; ratio 4:1 Fig. 13) and TR-2 (Rf 0.18) uwere
tentatively located by shieid spraying the plate with
50% ethanolic H,S0y followed by heating (Day et al., 1980).
Unsprayed regions corresponding to the revealed metabolites
were eluted with chloroform/acetone (1:1) (verruculogen +
fumitremorgen B ) or methanol (TR-2)} and then taken to
dryness in vacuo. The TR-2 component was further resolved
on TLC in chloroform/acetone (B0:20), against authentic
TR-2 (Rf 0.25). The resolved plate was autoradiographed

to locate radicactivity.
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(e) Fluorometric assay for combined verruculogen +

fumitremorgen B

Quantitative determination of iselated verruculogen +
fumitremorgen 8 was measured by spectroflurimetric assay
(Day et al., 1980). Combined verruculogen + fumitremorgen
B was taken up in ethanol (100 ml) and a 1 ml volume was
diluted in a series of three, 10-fold dilutions., 3 ml
aliquots of each dilution, plus an ethanol blank (3 ml),
were mixed with 0.2 ml of concentrated H,504. Samples
were incubated in Pyrex tubes, sealed with teflon-lined
caps to prevent loss by evaporation, at 70°C for 40 min..
All tubes were then cooled immediately to room temperature.
The fluorescence intensity of each dilution was measured
against a blank a2t the optimal excitation and emission
wavelengths (370 nm and 450 nm respectively) in a Farrand
Foci Spectrophotometer Mark I employing a Xenon-arc light
source. Fluorescence intensity was converted to concentration

1

of verruculogen + fumitremorgen B (ug ml™ ! assay solution)

by reference to a fluorescence calibration curve of 0.1-

1.0 pg of verruculogen + fumitremorgen B ml™?,

(f) HPLC

In order to determine the incorporation of !*C-label
into each individual toxin i1t was necessary to separate
and purify the two co-chromatographing components.
Combined verruculogen + fumitremorgen B were separated
and hurified by preparative HPLC, using methanol/water
(5:1) and (4:1) (Fig. 13). In the process of obtaining pure
fumitremorgen B it became apparent that it was
spontaneously, thouaoh slowly, oxidised tc verruculogen
when left in an agueous environment (Fig. 14). To prevent
this occuming HPLC eluates were lyophilised immediately
after collection and stored at 4°C. (Fig. 15)., '“C-TR-2
lzbel recovered from TLC was similarly purified by HPLC
in a (5:1) methanol/water solvent system and taken to

dryness.
(¢c) Racdiocacitivity of purified toxins

Half the purified verruculogen and fumitremorgen B,

and &2l2 the TR-2 wvas taksn up in methanol and deposited
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Fig. 13 Resolution of '“C-verruculogen and '*C-

fumitremorgen B by HPLC on Ultraghere-0DS, (5 u).
Toxins eluted with MeOH/water (S:1) at a flow rate
of 2.4 ml min~' (column 250mm x i0Omm).

Ratio of '“*C-verruculogen to !“C-fumitremorgen B
(v/F8 3 a:l).
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Fig. 14

Fig.

15

HPLE extract of fumitremorgen B (FB) left in
agueous solution for Bh. Re-purified by HPLC

on Ultrasphere-0DS (5 u) (250mm x 10mm column)

Liguid phase MeOH/water 4:1 v/v ; Flow rate
3.0 ml min %,

Resolution of fumitremorgen B (FB) by HPLC on

Ultrasphere-00S (5 p); lLiguid phase MeOH/water

4:1 v/v, Flouw rate 3.0 ml min %,

% The fumitremorgen had been stored as a
lyophilised residue.
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on planchettes. Dry deposit s were counted in a Nuclear

Chicago low background counter with reference to standard

l4C-n-hexadecane.
(h) Application of the fluorimetric assay to fumitremorgen B

HPLC pure fumitremorgen B, isolated from control cultures
of P. raistrickii was used to assess the possible application
of the fluorimetric assay to fumitremorgen B alane. An
ethanolic solution of fumitremorgen B was treated with
concentrated H.S504, using optimal assay conditions, as
described in section (2.8.1 (e)). The fluorescence
character of the acid-treated toxin was analysed in a
~Farrand Focl Spectrophotometer. The solution was scanned over
a wavelength range 200-870 nm to determine the wavelength
producing optimal excitation and again over the same
wavelength range to determine the optimal emission wavelength.
The resulting excitation and emission spectra indicated that
the spectrofluorimetric assay could be used to determine the

amount of purified fumitremorgen B.alome. Fig 24

2.8.2 Incorporation of '®C-proline into verruculogen related

metabolites of P. simplicissimum

L-[U-*C] proline (specific activity 105 pCi mmol~ 1)
was fed to young submerged cultures of P. simpliciésimum.
Seed and production flasks were set up using essentially
the same protocol as described for P. raistrickii (section
2.8.1 (b)), except that a 5% v/v transfer of 18h seed
mycelium was used to inoculate production medium, Label
(7.5 uCis L-[U-**C] proline in 2% aqueous ethanol) was fed
to the production medium in 2 stages. 4 puCi were fed after
24h incubation at 2?OC, followed by 3.5 uCi after 60h,
Cultures were incubated for 7 days, toxin was then extiacted
from the harvested mycelium with chloroform/acetone (lﬁl)
as described for P. raistrickii (section 2.8.1 (d)).

Dried extracts were dissolved in chloroform and
applied to PLC plates as a continuous band using an Agla
micrometer syringe attached to a Burkard applicator to

produce a straight origin. Authentic verruculogen +
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fumitremorgen B8 was spotted at the origin as a marker.
Resolved plates {chloroform/acetone 93:7) uwere '
autoradiographed for 7 days. This revealed incorporation
of activity into verruculogen + fumitremorgen B in
accordance with Day et al (1980), but also into 4,more
polar products. The plate was dissected into 3 regions A,B
and C; region C corresponding to verruculogen +
fumitremorgen 8 (Rf 0.35), region B to one band (Rf 0.18)
and region A composed of threeunknown products (Rf’s 0,094,
0.065 and 0.035). Material was eluted (chloroform/acetone
1:1) from the regions and taken to dryness by rotary
evaporation, Dried residues were taken up in 1000 pl of
methanol/water (5:1), filtered and purified by HPLEC in
methanol/water (5:1). Authentic verruculogen,
fumitremorgen B and TR-2 were also run on the coclumn as
markers., Aliquots (200 pl) of each dissclved residue

-were Tun on the column against the appropriate marker.
Subsequent aliquots (200 pl) were then spiked with authentic
verruculogen, fumitremorgen B or TR-2 and run on the column
to help identify specific peaks. Peak retention times and
heights were recorded on a chart recorder (Fisons).
Remaining extract was similarly separated and fractions
collected. Radioactivity in each fraction was measured by
dissolving dried column eluates in methamol (200 pl)
followed by scintillant (5 ml; toluene, 1 litre;
napthalene, 50 g; Butyl PBD, 6 g) and counting in a liguid
scintillation counter. HPLC traces of region=B (Rf 0.18),
revealed a peak with retention time corresponding to
authentic TR-2. On spiking subseguent injection samples

of region B with authentic TR-2Z, the peak tentatively
identified as TR-2, increased in height. Nect enough
purified toxin was recovered from the HPLC eluate to carry

out further analysis.
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2.9 Toxicity of ergot sclerotia

2.9.1 A preliminary investigation into the effects on

growth of young lean mice and young obese mice,

resulting from the ingestion of sclerotial tissue

of Claviceps purpurea.

The consequences of ingesting sclerotia of Claviceps
spp. depends on a combination of factors, the concentration
and combination of toxic factors present in the tissue
consumed, the amount of tissue consumed, and the species of
animal which has consumed the feed (section 1.3.2). The
toxic factors can vary between the Claviceps spp. and
within batches of sclerotia of the same species. An
experiment was designed to investigate the tolerance of
young, weaned, lean and obese mice to a diet containing
sclerotial tissue from 2 strains of C. purpurea, one rich
in alkaloid (29/4 [hLK+]), the other devoid of alkaloid
(12/2 [ALK™]). The change in weight of each genotype of
mouse was monitored throughout the 50 day experimental
period as a reflection of their development, while they
were presented with the ergotised diets.

In previous studies on pigs (Uhittemore et al.,1876;
Whittemore et al., 1977) erget sclerotia seemed to contain
an unpalatable factor, and some symptoms of ergot ingestion
were therefore attributed to reduced feed intake, resulting
in suboptimal growth, rather than to some directly toxic
component of the sclerotia. To reduce the possibility of
rejection of the diet due to unpalatability obese mice
were chosen for their voracious feeding habits., It was
hoped that innated hyperphagia would cause them to eat

an ergotised diet regardless of its palatability.
(a) Ergot sclerotia

Sclerotia of €. purpurea strain 12/2 were harvested in
1977 and 1981 from wheat (cv.Huntsman) deliberately
infected with the fungus. The sclerotia were air dried and
stored in the dark until required for the experiment.

An alkaloid assay (section 2.2.1 (a)) performed on the
tissue confirmed that 12/2 sclerotial tissues was devoid

of tetracyclic ergoline alkaloids (Corbett et al., 1974).



Sclerotia of C. purpurea strain 29/4 were harvested from
deliberately infected rye in 1981 and 1982. Alkaloid assay
showed that the sclerctia contained alkaloid (0.27 % w/w).
Chromatographic analysis (section 2.2.2) showed that the
major component was ergotoxin but minor amounts of ergosine,
ergotamine, and traces of ergometrine, ergometrinine,

ergosinine, ergotaminine and ergotinine were detected.
(b) Selection and weighing of experimental animals

Young lean (heterozygous ob/+) and obese (homozygous
ob/ob) mice were selected from the Imperial College colony.
The young pups were separated from their mothers just
after weaning when they were 21-25 days old. The weanlings
were provisionally divided into two groups according to
their obese or lean appearence, and kept in two large
cages. Obese mice could only be tentatively identified by
a slight thickening around the neck. This was by no means
a foolproof method of identification and in some cases the
mice turned out not to be obese, failing to deposit fat.
In the ob/ob mouse excess fat begins to accumulate from
approximately 12 days of age (Thurlby & Trayhurn, 1878).
Lin et al., (1977a)found that the food intake during the
suckling period and up to 28 days of age is no greater
than in lean siblings. Thus overt signs of fat deposit s
are barely deftectable until 28-35 days. -

Both obese and lean weanlings were presented with an

ad 1ibitum control diet for the first day while they

became accustomed to separation from their mothers, On the
second day the mice within the two main groups were weighed
then separated and placed in individual numbered cages with
blotting paper sheets provided as bedding material.
Throughout the investigation animals were kept at 23%c + 1°
with a 12h 1ight/12h dark cycle. '

The mean weight of each mouse was measured each day

C

usihg a Sartorius balance (Model 1213 MP, with a universal
programmer unit Model 7042) programmed to calculate the
mean weight from 5 independent measurements. Thus each
weight was a mean of 5 readings. Mice and food were

weighed on this balance throughout the experimental period.
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(c) Preparation and presentation of food

Mouse breeder diet pellets (Beta diets No. 3, standard
breeder diet; B.P. Nutrition) were milled to a fine pouwder
to provide food for all control animals and the basic
component for the two experimental diets. Experimental
diets containing a percentage of [ALK'] or [ALK”] sclerotial
tissue were prepared by incorporating a known percentage
of pre-milled sclerotial tissue with the breeder diet and
remilling together. By this method the sclerotial tissue
was indistinguishable from milled breeder meal.
Contaminated feed was prepared not more than a week before
presentation and was stored at.40C in the dark to maintain
stability of the alkaleoids., Food was presented to each mouse,
once a day, in a petri dish 1lid. The milled meal was
moistened with water to minimise scattering and to
facilitate guantitative estimation of uneaten food. Care
was taken to remove faeces from the dishes to eliminate
ambiguous results., A plentiful supply of fresh water was
maintained throughout the experimental period in drop
bottles. For the first seven days all experimental animals
(lean and cbese) were presented with control diet, starting
with 2 g per mouse per day, increasing to 5 g per mouse per
day to maintain a steady increase in body weight. On day B8
the two main groups, obese and lean, were randomly sub-
divided into 3 groups of 6 individually caged animals, one
group was designated as the control, the other two were the
experimental groups [ALK™] and [ALK™]. The number of each
icage was recorded and the groups remained unaltered
throughout the investigation. Experimental diets were

presented from day 8 cnwards in the normal manner.

Experiment I

The effect of ergotised diets on the growth of obese mice

Food was presented once a day to each mouse. The gquantity
of food bresented daily throughout the experimental period
was equated with the consumption of the control diet by
the respective obese controls..The diet was sufficient to
ensure an increase in weight but maintained a degree of

hunger within the obese mice.
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Controls were fed a diet of milled breeder pellets.
The other groups were fed [ALK™] or [ALK'] diets at
increasing concentrations and in total amounts indicated
in Fig. 26B (section 3.7). The ergotised diets uere
administered for 18 days. The animals were then given an
ad libitum control diet which was presented in a milled
form in the same way as the experimental diets. This was
particularly necessary where mice from the [ALK+] group
were very weak towards the end of the 19 day period and
seemed unable to gnaw whole pellets. The weight of each

mouse was measured daily, along with the food uneaten.

Experiment 2

The effect of a contaminated diet on the growth of lean

mice.

The protocol of experiment I was repeated on lean mice
except that during the 18 day experimental period the initial
5% [ALK'] ergotised diet was barely tolerated and therefore
had to be reduced to 3% (Fig. 27B).

2.9.2 Statistical analysis

Collated data for the mean weights of mice from each
group were subjected to statistical analysis. The significance
of any difference between either of the two experimental
treatment means and the control was tested by subjecting
pairs of values from a given day to the student "t" test
for unpaired data (Appendix III). The results are given in
Table 13 and Table 14 (section 3.7). Thus for a given day
the sample mean for the obese or lean, [ALK™] or [ALKT]
treatments were tested for significance against the means
of their respective genotype control mean. Anomalies
occuming in the results are possibly due to the small éample

size.



3.RESULTS

3.1 Growth of Tilletia caries in axenic culture

(a) Isolaticen

Bacterial, yeast and fungal contaminants could be
eliminated from teliospore inoculum,isolated from bunt
balls gathered at normal harvest time, by zonal
centrifugation in sterile sucrose (section 2.3 (a)). The
fungal contaminant isolated was identified as Verticillium
Sp., easily distinguishable from T. caries at 15°C and 22°C
by its faster growth rate and white filamentous colony
appearance. The size of T. caries teliospores separated
by zonal centrifugation, varied from 14-20 pum in diameter

in agreement with observaticns by Trione (1874).
(b) Germination

Teliospores incubated on semi-permeable membranes
supported by 2% water agar, pH B.5 commenced germination
within 60-72h at 15°C. Germination was not synchronous
throughout the culture. Normal germination events occuzed.
A single promycelium, 4-5 um in diameter, emerged and greuw
to 20-60 um. Annular septa were clearly visible along the
evacuated region of the promycelium, proximal to the spore,
occuxing every 10-11 um, The promycelial tip containing
the cytoplasm becomes shortly bifurcated and produces on
average 8 filiform primary sporidia in a whorl.

Development of primary sporidia at the distal end of the
germ tube confirmed that the spores were sexual teliospores
not asexual chlamydospores (Holton, 1941; Kendrick, 1857;
Trione & Metzger, 1962). '

Attempts to produce primary sporidia in cultures gTown
on 2% water agar containing antibiotics failed. Instead
promycelia continued to grow across the plate ; the
protoplasm was confined to the first 15-20 pym of the hyphal
tip, the proximal portion being devoid of protoplasmic
material.
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(c) Growth of T. caries on nuttient media

After the germination phase germinated teliospores of
T. caries were aseptically transfered to maintenance
medium, Medium TB1l, and incubated at 15°C or 22°C. Isolates
{(groun for 1 week at both 15°¢ and 2200) appeared mainly
as small dense beige or cream colonies (Plate 1). However
within a further 7 days colonies grown at different
temperatures had developed distinguishing features.

At 15°C a few colonies appeared to stop radial growth
two weeks after transfer and instead began to produce a mass
of hlack reticulate teliospores. Mature teliosporogenic
coleonies had irregular margins and elevation with a black,
wvaxy surface (Plate 2). Only hyphae in contact with the
semi-permeable membrane remained white. Immature, sporing
colonies were composed of a hyphal matrix bearing smooth,
hyaline, bulbous swelling at the hyphal tips. A
translucent area was distinct at the margin of these
colonies corresponding to hyaline spores, surrounding a
central dome of hyphae bearing older pigmented, reticulate
teliospores (Plate 3). The hyphae in both mature and
immature teliosporogenic colonies apparently only
represented a small fraction of the total colony mass., Spores
appearecd to adhere to one another without interconnecting
hyphae, a feature consistent with the appearence of
teliospores in bunt balls,

Teliospores isolated from mature colonies germinated
normally as described in section (3.1 (b)). Hyaline spores
from immature colonies failed to germinate on 2% water
zgar &t 15°C.

Occasionally teliospores were produced randomly on
the surface of older beige coloured coclonies. Whereas the
majority of colonies at 15°C had beige or cream convoluted
surfaces and were irregular in margin and grew slowly
(0.2 mm per day), some colonies were composed of two
hyphal types. One was thick (3-4 um in diameter) and highly
tranched from beige regions, the other was white and thinner
(i-2 um in diameter) and grew over the thicker type (Plate
t}. In contrast T. caries colonies at 229C grew at a faster

rete (1.4 mm per day). Convoluted cream colonies were
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PLATE 1. Tilletia caries incubated for 7 days on

PLATE 2.

PLATE 3.

PLATE 4.

Medium TB1l at 22°C (5) and 15°C (8)
Colonies appear mainly as small dense,

beige or cream colonies.

Teliosporogenic colonies of Tilletia caries

Some colonies of Tilletia caries, incubated
at 15°C appeared to stop radial growth and
produce a mass of black reticulate
teliospores {(10).

Immature, hyaline teliospores of Tilletia
caries.

A transleucent area of hyaline spores was
evident around the margin of teliosporogenic
colonies at 15°C.

Growth of T, caries in axenic culture at 150C.

Two hyphal types were evident at 15°C. Older
colonies were compesed of a highly branched
form, 3-4 um in diameter, which became over-
grown with finer (1-2 uym diam.), white, aerial

hyphae.
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rapidly overgrown with fine white aerial hyphae (Plate 5),
1-2 uym in diameter, characteristic of mononucleate colonies
(Trione, 1974). Concurrent with the formation of aerial
hyphae a brown, water-soluble, pigment was produced

which diffused through the semi-permeable membrane into

the agar (Plate 5). Colonies producing pigment at 22°C

were aseptically transfered,.on a semi-permeable membrane,
to fresh Medium TBY at 15°C., These colonies subsequently
failed to produce pigment at 15°C. Similarly cream colonies
transfered from 15°C to 22°C initiated fine, white hyphal
grouth and concurrently produced pigment. Therefore it
appears that pigment production was dependent on temperature.
Continued growth at 22°C resulted in production of thick-
walled asexval chlamydospores on the central elevations of
colonies (Plate 6). Chlamydospores were distinct from
teliospores in that they failed to produce primary sporidia
on germination but produced secondary sporidia borne on
sterigmata., Thus colonies of T. caries were divided into 5

distinct phenotypes (Table 7).
(d) The nuclear status of T. caries in axenic culture

Nuclei of promycelia and primary sporidia were readily
stained by both HCl/Giemsa procedures; 4-B. compact nuclei
were clearly visible in promycelia prior to primary
sporidia formation. As Tiliform sporidia deuelopea at the
promycelial tip the nuclei became progressively more
difficult to see. 5Single nucleil per cell were stained in
fine (1-2 um diameter) hyphae isolated from culture plates
confirming their monokaryotic status. Houwever the Giemsa
stain failed to penetrate thick (3~4 um diameter) hyphae
and thus their nuclear status remains unclear., Similar
results were observed for promycelial and monokaryotic
hyphae stained with acridine orange. and observed by
fluorescence microscopy. Secondarf lunate basidia formed
directly from the promycelia without prior primary sporidia
production, each possessed eight nucleil clearly visible as

‘yellow-green compact bodies.
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PLATE 5. Growth of T, caries in axenic culture at 220C;
concurrent pigment production.
Covoluted cream colonies became overgrown with
fine, white, aerial hyphae, 1-2 um in diameter
characteristic of mononucleate hyphae.
Concurrent with formation of aerial hyphae a

brown water-soluble pigment was produced.

PLATE 6. Chlamydospore production by T. caries at 22°C.

Continued growth at 22°cC resulted in production
of thick-walled chlamydospores on the central

elevations of colonies.
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- TABLLE 7. Phenotypes of Tilletia caries isolated

during axenic culture

margins producing asexual thick-
walled chlamydospores

PHENOTYPE PRINCIPAL APPEARED AFTER INCUBATION PLATE No,
MORPHOLOGICAL CHARACTERS AT TEMERATURE

CREAM dense, convoluted, irreqular 15°C and 22°%C 1
in margin and elevation

CREAM/WHITE in part as for (1), overgrown 15°c and 22°C 4
with fine white aerial hyphae

WHITE/BLACK- teliosporogenic colonies 15% onLy 3

SPORING composed of immature (hyaline)
and mature (black) spores

BLACK/SPORING precocious teliosporogenic 15°C onLY 2
colonies composed of mature
(black) sexual spores

WHITE/BROWN white colonies with irregular 22°¢C B

10T
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3.2 B=glucanase activity during the early stage of ovary

infection

(a) B-glucanase activity of extracts from healthy ovaries

and ovaries infected with Claviceps purpurea

Healthy and infected ovary tissue of the winter wheat
cv. Huntsman,sampled at various stages after inoculation,
hydrolysed Sphacelia sorghi glucan., Over the first 4 days
B-glucanase activity was similar and prominent in control
and infected ovaries but by 7 days their activities were
diverging, the greater occuuxing in infected tissue (Fig. 16).
As both tissues grew so the glucanase activities increased.
Honeydew release commenced B-10 days after inoculation.
The apparent temporary deceleration in glucanase activity
after onset of honeydew exudation might be due to the fact
that glucanase activity is leached out in the honeydeuw
(NMisbet, 1975; Shaw, 1879).

(b) B-glucanase activity in bunt infected ovaries, with

and without Claviceps purpurea

At anthesis (day 0) the glucanase activity of bunted
ovary tissue i1s much greater than that of control ovary
tissue (Fig. 17). 7 days later this activity had declined
to that of the control ovary tissue thereafter retaining
approximately this activity. In contrast, colonisatiaon
of bunted ovaries by C. purpurea imposes an acceleration of .
glucanase activity similar to that seen when it is the sole
ovary pathogen (Fig. 16). Thus where bunted ovaries are to
be infected later with C, purpurea it seems that two peaks
of glucanase activity, corresponding to the prominent '
periods of mycelial growth/sporulation of each pathogen,

can be observed separated by about 2 weeks.

3.3 B-glucanase activity of Tilletia caries in axenic culture

Growth of T, caries at 15°C and 22°C resulted in colonies
of 5 distinct phenotypic limes (section 3.1 (c)), 3 of which
were tested for their ability to hydrolyse Sphacelia sorghi
glucan, Clear evidence of glucanase activity was obtained
for each phenotypic line (Fig. 1B). Whereas the results
cannot support a differentiation between the rate of

olucanase activity in each type of tissue, the relatively
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Fig. 18 Time course of hydrolysis of S. sorghi glucan by dialysed extracts of
T. caries tissue from axenic culture,

(—0— ) cream/white colonies 22°C
(—e—) black/sporing colonies 15°C

(—®—) white/black sporing colanies 15°C
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high yields of glucose during the first 40 min. of
incubation particularly from the black colonies but also
from the white/black type are consistent with prominent
activity being associated with sporulation, This agrees
with the obtserved high activity in potential bunt balls
at about the time of anthesis (Fig. 17).

Chromatography of the reaction products during and at
the end of the 16h incubation, indicate that glucose uwas
the only product of hydrolysis. Since no gentiobiose
(3-1-6 linked dissacharide) was detected the extracts

appeared to possess f-1-6 glucosidase activity as well,

3.4 Spatial interaction between Claviceps purpurea and

Tilletis caries during concurrent parasitism of

wvheat ovary tissue

Bunted wheat plants were identified by characteristics
previously described by Hansen (1959) after ears had
emerged from the boot. 98-150 days after sowing in open
ground., Emergent ears were characteristically bluish-
green in celour. Individual florets were more bulbous
than their non - bunted healthy counterparts, giving the
ear a thicker stunted appearence. A& number of plants bore
partially bunted ears composed of bunted florets towards
the base of the ear below non-bunted ovaries in terminal
florets., Integuments of young infected ovaries were bright
green, surrounding a core of tanslucent and/or black
teliospores wvisible on dissection. Crushing the bunt ball
released trimethylamine producing the "fishy" odor
associated with stinking smut. As ears developed infected
ovaries became more swollen due to further sporulation of
T. caries ulthin the central region. The remaining nucellus
layer within the ovary was eventually displaced, leaving
host ovary integuments directly adjacent to teliospores,
forming 2 sorus. In partially bunted seeds teliospores
carn be coniined to the parenchymatous layer below the
outer epidermis of the ovary wall (Hansen, 1859; Swinburne,

1980). In such cases the ovule remains intact within the
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embryo sac, The nucellus tissue degenerates to accommodate
endosperm tissue of the develbping seed. Rapid swelling of
the ovary caused anthers to become trapped between the

ovary and lemma or palea, preventing anthesis. Bunted florets
were therefore inoculated when contrel florets anthesed

(Fig. 11 section 2.4).°

Within 6 days of inoculation with C. purpurea white
mycelium was seen growing superficially at the base of the
bunt ball and upwards along the furrow region (Fig. 19).
Honeydew production commenced slightly earlier than in
control, non-bunted ears around 7-8 days after inoculation.
In comparison with honeydew produced from florets singly
infected with C. purpurea, honeydew released from bunted
ovaries infected with C. purpurea, appeared dark brouwn
instead of the usual virtually colourless exudate. No
teliospores were evident on microscopic examination, thus
the colour could not be attributed to teliospores carried
out with the sugary exudate.

Longitudinal sections through the dual infected ovaries
at 7,10,13 and 18 days after inoculation, counter stained
with methylene blue,were viewed by light microscopy. 7-10
days after inoculation pockets of conidation (PC) were
visible within the area of sphacelial fructification (Fig.
20). Sclerotial tissue was evident after 13 days,
differentiating below the "sphacelial cap" in contact with
bunted tissue being displaced in an acropetal direction.
3-4 weeks after incculation C. purpurea was forming a
typical purple ergot sclerotium though bearing an

uncharacteristic cap of black teliospores.

(a) Specificity of anti~Claviceps B-glucanase IgG to

Claviceps mycelia from axenic cultlre

Anti-Claviceps B-glucanase IgG was seen to bind
specifically to wall-associated glucanase of C. purpurea
and C. fusiformis but not to T. caries. Specific binding
of the antiserum in comparison to non-immune serum is
illustrated in Plate 7R and Plate 7B. For mycelium stained
with antiserum (Plate 7R) areas of concentrated fludrescence

are seen to be associated with hyphal tips and surrounding
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Fig. 139. Diagramatic representation of a dual
infected wheat ovary B days after
inoculation with C. purpurea.

White mycelium was evident growing
superficially at the base of the bunt

ball and upwards along the furrow.
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Fig. 20. Diagramatic representation of a longitudinal
section through a dual infected ovary, 10
days after inoculation with C. purpurea.
Pockets of conidation were clearly visible
within the sphacelial fructification. The
bunt tellospores were borne at the tip of

the developing erqgot.



1135,

10

DAY

v
w
v
[3+}
0.
vy

* d

wuw §



114

developing conidia. Annuler septa, =10 um apart, are clearly
visible along the hyphae (5-6 um in diameter)}. Mycelium from
the same culture stained with non-immune serum (Plate 7B)
did not display the same intensity of fluorescence. The
photomicrograph illustrates the faint autofluorescence,
displayed by the fungal hyphae,which has been artificially
intensified by doubling the exposure time to 8 sec.
Anti-Claviceps B~glucanase IgG failed to bind to hyphae
of T. caries (Plate 7C). In order to obtain any sort of
picture,the image produced by faint autofluorescence of
T. caries hyphae had to be intensified by prolonging the
exposure to 30 sec.

(b) Application of the immunofluorescence staining

technique to whole tissue binding studies

Failure of the anti-B-glucanase serum to cross react
with T. caries and its relative specificity towards R-
glucanase of (. purpurea allowed application of antiserum
staining techniques to distinguish between C. purpurea
and T, caries parasitising the same host ovary.

OQwing te the heterogeneous structure of bunt balls it
proved difficult to section bunted ovaries during the early
stages of infection by C. purpurea. Houwever development of
sphacelial tisswe within 13 days of inoculation provided =
mass of densdy packed cells which facilitated sectioning.
At this stage the bunted tissue, surrounded by host ovary
integuments, was clearly separated from host rachilla by
an interposed area of developing sphacelial tissue
displaying a bright specific immunofluorescence. Localised
areas of intense immunofluorescence appeared at the base
of the developing scleroctium adjacent to the host-fungal
interface. Similarly a second band of intense immuno-
fluorescence was visible in the sphacelial cap tissue,
parallel to the fungal-fungal interface, at the tip of the
developing erget (RPlate 8). The thin band of yellow auto-
fluorescence is possibly host ovary integument remaining
=s the displaced sorus wall. Telicspores are seen packed
within this integument.

Further sections taken at the 19 day stage were counter-
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PLATE 7. Specificity of anti-Claviceps-B8-glucanase
IgG to Claviceps mycelium from axenic culture.

A Mycelium from a 14 day shake culture of
C. purpurea stained with Bovine IgG
Anti-B-glucanase
FITC
Exposure 4 sec

Scale bar= 20 um
Areas of concentrated fluorescence are seen
to be associated with hyphal tips, septa,

and surrounding developing conidia.

B fycelium from a 14 day shake culture of
C. purpurea stained with Bovine IgG
Non-immune serum
FITC
Exposure B sec
Scale bar= 20 um
Mycelium displayed only faint autofluorescence
which was accentuated by prolonging the exposure

to 8 sec.
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PLATE 7C Anti-Claviceps-B-glucanase failed to cross-

react with T. caries mycelium from axenic
culture. To accentuate the faint auto-
fluorescence the exposure time was

prolonged to 30 sec.



PLATE 8.

Longitudinal section through a dual
infected ovary, 18 days after
inoculation with C. purpurea.

stained with Bovine IgG
Anti-Claviceps-B-glucanase IgG
FITC

Exposure 1 sec

Scale bar= 50 um

R band of intense fluorescence was visible in

sphacelial tissue parallel to the fungal-

fungal interface. The thin band of yellouw

autofluorescence is possibly host ovary

integument. HI
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stained with methylene blue in borate buffer to quench
host autofluorescence (Plate 89). The approximate areas of
the sections depicted in the photomicrographs are
illustrated in Fig. 21. Autofluorescence of the host
integument was quenched, providing clear localisation of
the band of B-glucanase activity adjacent toc displaced

T. caries tissue.
(c) Immunofluorescence staining of C. purpurea conidiospores

Conidiospores isolated from 14 day slope cultures of
C. purpurea and extracted from freshly collected honeydew
from ergotised rye, were stained using the anti-B8-glucanase
staining protocol. On viewing the stained preparations
there was a marked difference between conidiospores
isolated from the two sources. Conidiospores from axenic
culture pcssessed an intense corona of fluorescence
associated with the spore wall (Plate 10A). In contrast
honeydew spores had little fluorescence assoclated with
the walls (Plate 10B). Preliminary germination studies
indicated that conidiospores from honeydew germinated earlier

than those {from axenic culture.

3.5 Biosynthesis

{a) Incubation of fresh parasitic tissue of C. purpurea

strain 12/2 [ALK™] with primary biosynthetic precursors

The first step of the ergot alkaloid biosynthetic
pathway was explored by incubating fresh tissue of partially
developed ergot sclerotiaz with radiocactive primary
precursors; tryptophan, methionine and mevalonic acid. The
results,summarised in Table 8, demonstrate conclusively that
dimethylallyliryptophan (DMAT) was biosynthesised during
the incubation period. Radiolabel was not detected in any
chromatographic region in which €. purpurea alkalcids are
normally found nor was there any evidence of ergot alkaloids
having been present in the tissue prior to incubation,
Consequently Turther fresh ergot tissue was analysed using
TLC anc HFLT systems selscting for amphoteric indole

derivatives:; trace amounts of DMAT were detected. It was

118.
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PLATE 9. L.S.through a dual infected ovary,l9 days
after inoculation with C. purpures.
stained with Bovine IqgG

Anti-Claviceps-B-glucanase
FITC

counter stained with 0.3% w/v
methylene blue in borate buffer

Autofluorescence of host integuments was quenched
by counterstaining with methylene blue in borate
buffer, this prouidéd clear localisation of the
band of B-glucanase activity adjacent to

displaced T, caries tissue.
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Fig. 21 Diagram representing sections of dual
infected ovaries stained with B-1, 3-
glucanase antiserum, indicating the

areas of the sections illustrated in
Plates 8 and 8. '
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PLATE 10.

A

Conidiospores of Claviceps purpurea stained with anti-B-glucanase serum.

Conidiospores,isolated from 14 day slope B Honeydew conidiospores showed little
culture of C. purpurea, possessed an fluorescence associated with the spore wall
intense corona of fluorescence associated

with the spore wall. Scale bar= 5 uh

Exposure 8 sec
Exposure 4 sec B

XA
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clear therefore not only that this strain of (. purpurea
produces small amounts of DMAT during parasitic growth,
but that its biosynthesis can be demonstrated even more
clearly by giving radiolabelled precursors (tryptophan
and/or mevalonic acid). Accumulation only of !*C-DMAT in
this experiment demonstrated a biosynthetic block beyond
DMAT. Since the next step in the biosynthetic pathuway
involves N-methylation of DMAT by S-adenosyl methionine,
the operation of this step was tested by incubating
sclerotial tissue with '*“C-methyl methionine. Co-
chromatography of tissue extract with authentic N-methyl
DMAT showed no evidence of this intermediate in the tissue
capable of producing DMAT and no radioactivity in the
corresponding region of the autoradiographed chromatograms(Fig 22
These results confirmed that there was a biosynthetic
block located at the DMAT —] |— N-methyl DMAT step.

(b) Incubation of parasitic tissue with intermediates in

alkaloid biosynthesis

The questicn therefore arose as to the extent to
which subsequent steps in the ftypical ergoline biosynthetic
pathway would function given appropriate substrates which
were known to occur further along the pathway. Therefore
similar parasitic tissue was incubated with either the
clavine alkaloid intermediate‘agroclavine, specially
prepared biosynthetically-radiolabelled with '*C or non-
radiolabelled lysergic acid. }**C-agroclavine was taken
up (9.1%) by the tissue from the incubation fluid (Table 8),
and approximately one half of the absorbed agroclavinermas
detected in ergot alkaloid bases. The administered label
accounted for most of the detected alkaloid but a new
blue fluorescent (350 nm) spot was evident at an Rf value
(Rf 0.027; ethyl acetate/dimethylformamide/ethanol 13:1.9:
0.1) lower than that of all tripeptide ergot alkaloids,
Co-chromatography in 3 solvent systems (ethyl acetate/
dimethylformamide/ethanol,13:1.9:0.1 ; chloroform/methanol
J/ammonia, B80:20:6 ;3 chloroform/methancl, 4:1) with authentic
filuorescent (A9-10) alkaloids (section 2.7 (g)), some
having chromatographic mobility similar to the new alkaloid

metabolite (lysergic acid, Rf 0.1 ; isolysergic acid,
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Incubation of fresh parasitic tissue of C.
purpurea strain 12/2 [ALK™] with !“C-methyl
methionine. TLC analysis (chloroform/methanol/
ammonia, 80:20:6) and autoradiography of

amphoteric extracts.

There was no evidence of !“C-N-methyl DMAT;

«— jndicates expected position
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TABLE B. Biosynthetic products from incorporation of precursors or intermediates administered
to parasitic tissue of Claviceps purpurea strain 12/2

Dry %(and amount)} of l4C_metabolites Calculated
weight (g) Precursor added Specific metabolizable detected by yield of
of ergot activity radiolabel taken autoradiography lysergic
tissue of precursor up and retained acid amide
(-uCi mmol™ ') by ergot tissue '*C-DMAT !“C-ergot
alkaloids
1.53 L-'*C-tryptophan 58.2 x 10° 61% (1.83 uci) + - -
. 3 uCi
1.07 DL-2-'*C-mevalonate 18 x 103 7.4% (0.74 pci) + - -
10 uCi
1.99 t4%C-methyl- 56.7 x 10° B2.3% (4.12 pCi) - - -
methionine 5 pCi
6.08 %C-.agroclavine 18.96 9.1% (0.052 uci) - + 45 ug
0,57 pCi (lysergic
acid amide
4,8%
agroclavine
95,2%)
3.98 lysergic acid 2 mg
(not radiolabelled) - + 188 ug
' (lysergic
acid amide
> 909 ;
not radio-
labelled)

"LZT



Rf 0.46 ; lysergic acid amide, Rf 0.35 ; lysergic acid
a-hydroxyethylamide , Rf 0.43 ; chloroform/methancl 4:1)
indicated that it was lysergic acid amide (LAA).
Autoradiography of the chromatogram showed that the LAA
was radiolabelled (2,718 dpm, counted from half of the
isolated LAAR). The specific activity was assumed to be
essentially the same as the agroclavine from which it
must guantitatively have been formed (specific activity
18.96 uCi mmol~!). Thus a yield of = 45 pg was calculated.
The identity of the metabolite was confirmed by
zlectron impact mass spectrometry. An important ion E/E
267 (m*) (shown by all fluorescent (A3-10) lysergic acid
derivatives as a prominent fragment) was the ion of
highest mass and the fragmentation pattern of this spectrum
conformed with the mass spectrum of authentic LAA., From this
and the chromatogrphic evidence it was concluded that LAA
had been formed from agroclavine during incubation of the
sclerotial tissue. In a separate experiment lysergic acid
was also converted to LAAR as the sole alkaloid product
(Table 8).

(c) Biosynthetic ability of sclerotial tissue of different

age

Since ergot sclerotia grow acropetally, the youngest
tissue will be found at the point of attachment with the
host {Shaw & Mantle, 1980(b).Division of developinc ergots
of varying age (from two consecutive years’ crops) into
the youngest (proximal 3 mm) older (middle) and oldest
(distal 3 mm) tissue (Table 9), was designed to seek the
region and stage at which DMAT synthesis occurred in vivo,
JMAT was never found in the youngest (proximal 3 mm)
tissue. The central part of the sclerotia contained DMAT
atter 3 weeks parasitic growth in 1881 and 4% weeks in
1582, but although quantitative determinations were not
nade, there were only at the most trace amounts in
relation to the ncrmal yield of ergot alkzaloids in
typical C. purpurea sclerotia (0.2-0.4%). DMAT was not
found in the distal part of the sclerotia, this region
being composed largely of the shrivelled remains of the

sghacelial fructification.
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TABLE 9. Regional distribution of dimethylallyltryptopbhan

(DMAT) in C. purpurea sclerotia of different ages

DMAT DETECTED

Days after Region of sclerotial tissue

inoculation Proximal 3 mm Middle Oistal 3 mm
1981/1982 1981 1982 1981/1982

20 - - NT -
23 - + NT -
26 - + NT -
27 - NT - -
28 - NT - -
31 - NT - -
32 - + NT -
35 - ++ +4 -
40 - + + -

NT= not tested

(d) Incubation of fresh parasitic tissue of €. purpurea
strain 12/2 [ALK"] with primary or intermediate
precursors of ergot alkaloids in the presence of

added phosphate

Fresh sclerotial tissue known to biosynthesiseboth
OMAT from exogenously supplied tryptophan and LAA from
administered agroclavine, was incubated with phosphate
buffer, of various concentration (0.01M, O0.1M, 1M), to
investigate the influence of phosphate on these two
sections of the alkalold biosynthetic pathway. Auto-
radiography (Fig . 23 ) of the resolved alkaloid
extracts from each incubation with **C-tryptophan at
different phosphate concentrations,revealed that only
high (molar) phosphate inhibited DMAT synthesis,
although the same concentration did neot affect the
éonUersion of aaroclavine to LAA in homologous tissue
(Table 10).



ﬁ
DPIAT DMAT
TRYPTOPHAN TRYPTOPHAN
Fig. 23 1Incubation of fresh parasitic tissue of C. purpurea strain 12/2 [ALK™] with

1%C-tryptophan in the presence of 0.0lM, 0.1M and 1.0M phosphate. TLC analysis

(chloroform/methanol/ammonia, 80:20:6) and autoradiography of amphoteric extracts.
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TABLE 10. Effect of phosphate concentration in the
incubate on C. purpurea metabolism of precursors
to products in the ergot alkaloid biosynthetic

pathway
Dry Molar Precursor added Specific
weight(g) concentration activity of
of ergot of phosphate PTECUTSOT_
tissue buffer (uCi mmol™1)
1.85 0 L-*C-tryptophan(4.5uCi) 54.66x 10°
2.32 0.01 L-1%C-tryptophan{4.5uCi) 54.68x 10°
2.11 0.1 L-**C-tryptophan(4.5uCi) 54.68x 10°
2.36 1.0 L-!%C~-tryptophan(4.5uCi) 54.68x 10°
3.50 0 agroclavine (2 mg) -
3.20 0.01 agroclavine (2 mg) -
3.36 0.1 agroclavine (2 mg) -

3.55 1.0 agroclavine (2 mg) -




%{(and amount) of
radiolabel taken

up and retained
by ergot tissus

principal anabolic
products in
alkaloid
biosynthesis

Eonversion of
precursor to
product (%)

28.58
21.26
2E.58

43,95

(1.29uCi)
(0.96uCi)
(1.20uCi)
(1.98uC1i)

L4c-DMAT (13,586 dpm)
18C-DMAT (42,147 dpm)
lsc_DMAT (23,465 dpm)

none --

lysergic acid amide(128ug)
lysergic acid amide(100ug)
lysergic acid amide(152uqg)

lysergic acid amide(B0ug)

0.05
0.07

.04

132,
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3.6.1 Incorporation of radiolabelled !*C-TR-2 into

verruculogen and fumitremorgen B by P, raistrickii

Tissue oxidation of culture filtrate and mycelium
from a submerged culture of P. raistrickii fed with
14C-TR-2 showed that 48.7% of the administered
radioactiviy remained in the culture filtrate, the
remaining half (50.8% calculated from a subsequent
oxidation test) was taken up by the fungus during the B0h
incubation period. PLC of the mycelial extract revealed a
principal band, co-chromatographing with authentic
verruculogen + fumitremorgen B, at Rf 0.35. Subseqguently
the total weight (8.5 mg)} of material eluted from this
band was determined by spectrofluorimetric assay. A more
polar substance was also visible on the resolved plate at
Rf 0.18, corresponding to TR-Z. Autoradiography of the
plate showed regions of radicactivity corresponding to the
verruculogen and TR-2 bands. To determine the amount of
incorporation into each !'“C-labelled product, metabolites
were further isclated and purified by HPLC. Purification
of the more polar band gave !*C-TR-2, having an activity
of 3.2 x 10° dpm (equivalent to 2.4% of the TR-2 fed,
presumably unmetabolised). Preparative HPLC of the
principal band resolved two products verruculogen and
fumitremorgen B, present in é ratio of 4:1(Fig. 13
section 2.8.1 (d)). HPLC-pure material of each toxin was
found to be clearly radioclabelled. Application of the
spectrofluorimetric assay allowed quantitative
determination of verruculogen and fumitremorgen B
separately (Table 11). The efficiency of the HPLC step
was found to be 70% for verruculogen and 48% for _
fumitremocrgen B calculated from the results of the assay
of the separate products, and of combined verruculogen
+ fumitremorgen B eluted from PLL. In spite of the
inevitable losses of products during purification the
radicactivity measured in verruculogen, by low back-
.ground counting, corresponded to 27% of the “C-TR-2
taken up by the mycelium. This could be increased to
an estimated 35% when taking into account losses due to

purification. The results summarised in Table 11 shouw
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TABLE 1l1. Incorporation of '*C-TR-2 into verruculogen
and fumitremorgen B by Penicillium raistrickii

Amount of '“C-TR-2 fed 1.32 x 10° dpm
(=50 uag)
Mycelial dry weight after incubation
with labelled precursors for 60h 1.1 g
Radioactivity remaining in culture
filtrate 6.4 x 10% dpm
(48.7% of

activity fed)

Radioactivity remaining in mycelium

after solvent extraction 2.1 x 103 dpm
(1.5% of
activity fed)

Radiocactivity in combined mycelial

extracts 6.7 x 10" dpm
(50.8% of
activity fed)

Total verruculogen and
fumitremorgen B recovered
after PLC 8.5 mg

Amount of HPLC-purified
verruculogen 5.2 mg

(1.8 x 10"* dpm)

Amount of HPLC-purified
fumitremorgen B 0.8 mg

(1.6 x 10% dpm)

Efficiency of incorporation of the

1%C.TR-2 taken up by the mycelium into

purified verruculogen and

fumitremorgen B (combined) 29.399%
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the extent of isotope incorporation into verruculogen
and fumitremorgen B.

3.6.2 Application of the flucrimetric assay to

fumitremorgen B.

The resulting excitation and emission spectra for
acild-treated fumitremorgen B indicated an optimal
excitation wavelength, 370 nm, producing optimal fluorescence
emission at 450 nm, identical to verruculogen (Fig. 24).
The fluorescence intensity of the structually related
metabolite was equal toc that produced by pure acid-

treated verruculogen on an equimolar basis.

3.6.3 Biosynthetically-radiolabelled, verruculogen-

related metabolites of P, simplicissimum

Autoradiography of PLC resolved metabolites extracted
from P, simplicissimum fed with '*C-proline (sectieon 2.8.2)
revealed that the label was not only incorporated into
verruculogen but also into 4,more polar products. The
amount of label incorporated into the isolated products
is shown in Table 12. The identity of one !"“C-labelled
product with a echromatographic mobility (Rf 0.18 in
chloroform/methanol 83:7) corresponding to that of authentic
TR~2, and having similar fluorescence characteristics, was
shown also by cn—chrnmatograpﬁy using HPLC to be TR-2; the
metabolite (retention time 5.5 min.; methanol/water 3:1,
solvent flow rate 2.5 ml min~ ') when spiked with authentic
TR-2 showed increased peak height. The small amounts of
material precluded further analysis.

It is concluded that there i1s strong evidence to
suggest that TR-~2 is a normal minor metabolite of P,
simplicissimum and that further exploration of the trace
amounts of other metabolites might reveal otherwise

unrecognised intermediates of verruculogen biosynthesis.
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TABLE 12. Incorporation of!“*C=-proline into verruculogen
and related metabolites produced by
Penicillium simplicissimum

Amount of !“C-proline fed 1.65 x 107 dpm
(=B ug)
Radicactivity detected in HPLC-
purified verruculogen (Rf 0.35) 11,896 dpm
(0.07% of

activity fed)

Radioactivity detected in HPLC-

purified TR-2 (Rf 0.18) 7,792 dpm
(0.05% of
activity fed)

Radiocactivity detected in
unidentified products

(Rf 0.095)
(Rf 0,065) combined S,966 dpm
(Rf 0.035) (0.04% of

activity fed)




3.7 Toxicity

Experiment 1

The effect of erqotised diets on the growth of young obese

mice

The growth curves for all 3 obese groups , control,
[ALK™] and [ALK™] are shown in Fig. 25A and Fig. 258
indicates the amount of meal (g) presented per day and
the percentage of sclerotial tissue contaminating the
meal for the experimental diets. The results indicate
that it was possible to increase to 10% the proportion
of alkaloid-free ergot within 11 days of commencing the
[ALK-] diet, without any apparent adverse effect on the
animals. At the 10% level the mice were consuming daily
550 mg of ergot and this did not appear to affect their
appetite. Conseguently up to 20 days there appears to be
no significant difference (P< 0,02 Table 13) between the
weights of control and [ALK™] animals and this situation
held up to and including 26 days in spite of further
increase in the ergot component to 12 per cent. Transfer
to an ad 1ibitum control diet on day 27, resulted in a
more significant deviation in growth rate of controls
and [ALK™]. This is an inevitable consequence of the
slightly larger control animals exploiting an ad libitum
diet but this temporary difference between the tmu.groups
was quickly eliminated thereafter.

In contrast within 3 days of presenting a diet
containing 5% [ALK+] ergot to obese mice there was a
significant decrease in their growth rate compared to
the controls. The significance was increased to a level
of P< D.0001 by day 19 (Table 13).At this stage the amount
of fungal tissue consumed by each mouse was 385 mg per day
(= = 1.04 mg alkaloid) and the mice appeared nervous,
hyperactive and drank more water that either controls or
[ALK™] groups. Five days (day 21) after increasing the
[RLK+] diet to 7 per cent w/w the first death occured,’
The mouse weighed 12.1 g at death., It had lost weight
‘during the 2 days before death. It was anorexic and had
dull eyes, some loss of hair and displayed prominent

arching of the spine. Death appeared to be the conseguence

138.
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Fig. 25 A and B

*

Growth curves -for the 3 groups of obese (ob/ob) mice over the 50 day
experimental period

indicates death of mice

Amount of food presented per day and the percentage of sclerotial tissue
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Fig. 26 A and B

A Growth curves for the 3 groups of lean (ob/+) mice over the 50 day
experimental period

¥ indicates death of mice

B Amount of food presented per day and the percentage of sclerotial tissue
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TABLE 13. Statistical analysis; Comparison between sample
means for obese (ob/ob)} mice

CONTRBL v [ALK']

Day d.f. t 5.8 significance
g 5 1.556 .1707 n.s.
10 7 2. 768 .0277 N. s,
11 8 2,826 .0223 N.s,
12 g 2.887 , 0180 %

16 8 3,832 0050 %
19 8. 7.810 .ooo1 3t
20 B 7.100 .0oo1 3333
23 4 11.615 .0003 XY
24 5 12,282 .0001 3363 %
25 5 13,721 .0noo SR
26 4 12.652 .0B02 MR
27 5 13,721 003 %33
30 3 5.558 L0072 563 &
31 . 3 B.425 .0076 3t %
32 3 6.258 .0caz ¥ 3% 3
33 4 5.54l 0052 33 %
34 4 5. 2086 .00865 333
37 3 5.390 .0125 33
44 3 5.181 .0140 3
50 3 4,348 .0225 #

d.f degrees of freedom
t calculated value
s.2 standard error

Nn.s.= not significant

0.022 98% #

0.01= 99% 33t
0.002z 99,8%
C.0001=<99,8% e
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TABLE 13, Statistical analysis; Comparisan between
contd. sample means for obese{ob/ob)mice

CONTROL v [ALK™]

Day d.t. t 5.8, significance
g9 4 -2.,474 . 0686 n.s.
10 7 1.185 .2712 N.s.
11 7 - .298 L7787 N.S.
12 7 - .BEB8 . 5250 N.S.
16 8 1,380 .20189 N.S.
18 B 3.075 .0218 n.s.
20 8 1.919 .0913 ‘ NeS.
23 8 3.106 L0145 *

24 5 1,042 . 3450 -
25 7 3.240 L0143 s
26 3] 2,717 . 0348 N.S.
30 8 3.704 .0060 3
31 8 4,857 .0016 R
32 8 4,372 .0024 3
.33 5 3.454 .0136 *
37 7 3.414 0112 #

44 5 2.982 .0307 N.s.,
50 g 3.D46 .0285 NS
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of extensive internal haemorrhage. Two more mice died
within 3 days (day 23). These mice weighed 11.7 g and
11.8 g at death and showed similar symptoms to the first
dead mouse. One of the mice had a necrotic ring near

the tip of the tail, a feature of classic peripheral
gangrenous ergotism., At the end of the 50 day period
control mice had attained weights of 50-85 g. These were
closely paralleled by the [ALK"] group having weights of
45-55 g. However by day 50 the survivors of the [ALK']

group were only jusi beginning to approach control weights,

Experiment 2

The effect of ergotised diets on the growth of young lean

nice

The growth curves in Fig. 26A show clearly that the
grouth of lean mice,fed a diet containing [ALK-] ergot,
coincided closely with that of the control group.

Throughout the experimental period there was no significant
difference (P< 0.02 ; Table 14) between the weight of control
and [ALK”] mice. These mice tolerated a diet containing up
to 12% of [ALK™] ergot (660 mg),without any apparent effect.
Their behaviour did not differ from the control animals.
Lean individuals given [ALK+] diet seemed to find it
unpalatable at first. These mice failed to gain weight on

a 5 per cent w/w [ALK'] diet. Their behaviour was erratic;
sometimes they were hypersctive and at other listless.

Mfice ingesting [ALK+] ergot drank more water than those

fed control diet. Although the mice consumed 80-80% of their
food they failed to puit on weight, On day 19 the percentage
of ergot was reduced to 3%, hopefully to allow for a weight
gain, This had little effect; by 23 days the mice

appeared anorexic having a mean weight of 11.5 % 1.5 g in
comparison toc contrel weights of 16.5 * 3 g. By the time
the toxic diet was rteduced to 3% ergot there was already

2 significant cifference (P< 0.0001) between [ALK'] and
conirols. Oeeths occurred on days 24 and 31. The second
death cccurced after 3 days on ad libitum diet, evidently
the damage incurred by prolanged ingestion of [ALK+] ergot
uas irreversible. After 50 days lean control and [ALK™]

~ize reachzc weights between 28-38 g, just over half the
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TABLE 14, Statistical analysis; Comparison between sample
means for lean (ob/+) mice

CONTROL v [ALK]

Day d.f t S.e significance
g 9 4.434 . 0016 3

10 9 3.688 . 050 NeSe
11 9 4,721 .011 ¥

12 g 6.070 . 0002 33 3 3
15 6 3.312 .0162 *

16 8 3.343 .0102 ®

19 7 3.208 .0148 #

20 8 10,356 .000a 33 3t %
23 8 11,868 . 0000 33 3% %
24 - 8 10.624 . 0000 3363 3
25 B 10.688 . 0000 #HAR
26 7 13.351 . 0000 HREH
27 B 11.184 . 0000 33 %3
30 7 8,741 . 0001 HapH
31 5 7.778 . 0008 330363
32 4 6,350 .0o032 3%
33 5 6.240 . 0015 33t
37 3 3.400 L0424 NeS.
44 5 5,150 L0386 NeS.

50 B B.5B61 . 0006 ERTRTR
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TABLE 14. Statistical analysis; Comparisom betuween
contd. means for lean (ob/+) mice

CONTROL v [ALK™]

Day d.f. t S.e significance
9 6 . 040 . 9682 n.s.
10 8 . 436 .B6746 n;s.
11 g .0B62 .8522 n.s.
12 9 . 480 . 63860 n.s
16 8 1.055 . 3221 NeSs.
18 9 -.914 . 3845 N.s.
20 9 1.021 . 3337 n.s.
23 8 2.228 .0565 N.s.
24 8 1.809 .0886 N.S.
25 9 2.548 L0313 NeSe
26 8 2.876 .0206 N.s.
30 9 2.2863 . 04898 n.s.
31 9 2,482 .0361 n.s.
32 9 3.878 - .0370 NeS. "
33 9 1.983 L0774 n.s.
37 8 2.674 . 0282 NeS.
44 8 2.804 . 0760 MeS,

50 9 2.843 .0183 #
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weight of the genetically obese counterparts in experiment I.
It was noticeable (Table 15 A and B) towards the end

of the experimental diet period for both lean and obese

[ALK"] groups that individuals fluctuated in their food

intake, one day they would eat most of the ergotised diet

and the next day rejected much more of it,



1449,

TABLE 15, FOOD INTAKE

A. LEAN MICE B. OBESE MICE
DAY % eaten_ . % eaten
control ALK ALK control ALK~ ALkt
1 100 100 100 100 100 100
2 100 100 100 100 100 100
3 100 100 100 100 100 160
4 100 100 100 100 100 100
5 100 100 100 100 100 100
B 100 100 100 100 100 100
7 100 100 100 100 100 100
8t 100 1008 100 100 100 100
9 100 100 100 100 100 100
10 88,3 g2.5 B4.5 100 97.7 86.2
11 g9.0 98.0 94,0 1040 86.2 96.7
12 g91.2 100 g98.4 100 100 97.0
13 86. 4 100 79,3 100 100 BG.4
14 100 84.0 B2.4 100 88.4 B4,2
15 100 84,2 B7.6 100 87.5 B89.3
16 100 B82.6 83.8 1C0 g8.6 89.1
17 BB.5 895.3. 88.7 100 100 90.8
18 100 97.5 87.6 104 g9.5 85.8
19 79,0 87.58 B0.9 100 100 BB. 4
20 1400 100 20.0 100 100 76.9
21 100 88.6 B4.9 100 100 Bz.b
22 100 92.9 82.9 100 100 84,0
23 100 100 B3.8 100 g9.,5 7B.4
24 100 88,0 90.4 180 98.4 85.1
25 100 100 78.6 100 85.1 92.7
256 100 98.2 86.8 100 87.8 92.0

1 indicates the day on which the experimental diets
were first administered
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4, DISCUSSION

4,1 B-glucanase activity of Tilletia caries

Increase in B-~glucanase activity during the development
of C. pwpurea in wheat ovary tissue has been described by
Shaw (1879). In contrast R-glucanase activity in bunted
ovary tissue was higher than controls at anthesis but
thereafter declined to control levels within a week. It was
also evident that B-glucanase activity was higher in
sporulating mycelium than in vegetative mycelium of T, caries
from axenic culture. These results suggest that 8-glucanase
activity in T. caries is closely associated with the process
of teliosporogenesis. Similar hydrolytic enzyme activity
was detected during sporulation of Ustilago sclaminea in
sugar cane (Trione, 1980).but a role for B-glucanase in
teliospore formation has not been proved.

The teliospore wall consists of three major layers.

The inner is a sheath which is composed primarily of pectic
material which incorporates hemicelliulose, including callose
(B-1-3 glucan), and lipids. The next layer is the reticulum
containing pectic materials, hemicelluloses, protein, melanin
pigments and lipid. The ouler coat or endospore layer is
mainly chitinous but includes hemicelluloses (Graham, 1960).
Reticular patterns are characteristic of teliospores of T.
caries , and their initials are evident early on in the spore
development as indentations in the cell wall. In the
reticulated regions, irregular areas of cell membrane are
evident which suggest that materials are being deposited
through the membrane more rapidly at these sites (Ueber &
Hess, 1874). 1t may be that it is during this period of
rapid deposition of material that B-glucanase(s) play an
active role in plasticising the cell wall. Alternatively
f-glucanases may play a role during germination and thus
there is need to package endogenous supplies of enzyme
within the spore 11 -

T. caries spores do not require an exogenous supply of
nutrients during germination, thus enerqgy and biosynthetic
precursors ars supplied by mobilisation of reserves within

the spore cytoplasm for promycelial development.
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Such a mechanism is employed by Phytophthora spp.,

which contain B-glucan as a major reserve carbohydrate

in the spore cytoplasm (Zevenhuizen & Bartnicki - Garcia,
1970; Wang & Bartnicki - Garcia, 1982). During vegetative
development large reserves of B-glucan are synthesised
which are carried cver to tHe sporangium. On germination
endogenous B-glucanase activity mobilises the reserves
(Menyonga & Tsao, 1966).

Dissolution of the spore wall and germ tobe grewth:
appear to occur at the same time in activated spores of
T. caries (Weber & Hess, 1874). Signs of new wall
formation occur at the apex of the developing germ tube,
shortly after germination has been initiated. Cytoplasmic
vesicles arrange themselves at the tip of the developing
hyphae in a manner similar to that described by Grove &
Bracker (1870) for other fungi. The germination of a
sporangilospore of Mucor rouxii is an example of a 2 stage
germination process common in fungal spores including
those of Tilletia (Bartnicki-Garcia et a&l., 196B). Prior
to germ tube emergence the ellipsoidal spore undergoes
an initial growth phase where the spore becomes a germ
sphere, this is not only a "swelling"™ process but a period
of active wall deposition. In the second stage the germ
sphere produces germ tubes.

Although there is no critical kinetic information an
the production of the wall-synthesising enzymes during
spore germination of M. rouxii, the finding that germinating
spores grow and synthesise glucosamine polymers
exponentially indicates that cell-wall synthesising enzymes
must be produced in a parallel exponential fashicn during
germination. An initiel supply of wall synthesising enzymes,
if present, might initizte the development of the germ
sphere but might not sustain the exponential rate of wall
formation in the emerging promycelium. Inhibitors of protein
synthesis can block sporangiospore germination completely
(Orlowski & Sypberd, 1978)}. Thus although de novo protein
synthesis may not be necessary at the very early stages of
promycelizl development in T. caries when promycelial wall
formation occurs beneath the confines of the spore wall,

initiation of de novo protein synthesis may be reguired
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to keep up with the exponential growth of the promycelium
once it has emerged from the teliospore.

In the present studies Tilletia mycelium, possessing
B-glucanase activity, failed to cross react with anti-
Claviceps~B-glucanase, suggesting a phylogenetic difference
between the structures of the B-glucanases in these two
fungi. This failure to cross react has provided the basis
for the use of anti-Claviceps-R-glucanase serum in the
immunofluorescence investigation of the interaction

between C. purpurea and T, caries in wheat ovary tissue.

4.2 Interaction between Claviceps purpures and Tilletia

caries 1n wheat ovary tissue

The presence of T, caries in wheat ovary tissue did
not prevent further infection by Claviceps purpurea strain
12/2. During the development of bunted ovaries the host
stigma shrivels, therefore eliminating an established
route of entry for C. purpurea (Shaw & Mantle, 1980(a);
Luttrell, 1980). Infection by C. purpurea uwas therefore
of necessity directed towards the base of the bunt
infected ovary. Thus it is more evident in the interaction
between €. purpurea and T. caries that invasion by C.
purpurea is essentially a displacement phenamenon rather
thén the replacement phenomenon which characterises C.
ﬁurpurea parasitism of healthy ovaries. Attack at the
ovary base initiates an immediate link with the host
nutrient supply, replacement of ex isting tissue is not
essential to establishment but a cébequence of acropetal
development. Field observations indicate that establishment
of the sphacelium and subseguent differentiation to
sclerntial tissue is more rapid in bunted rather than non-
bunted ovaries. Thus bunted ovaries appear to present less
of a barrier towards infection and sclerotial development
than healthy ovaries.

During the interaction of C.purpurea and T. caries,

C. purpurea R-glucanase, located by the fluorescent
antibody, was specifically located at the base of the
scl=rotium at the host-parasite interface and around the
neriphery of the sphacelium in accordance with the

otbsarvations of Dickerson & Pollard {1982)., Intense activity
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was also observed in an area adjacent to the fungal-
fungal interface at the tip of the developing ergot.
C. purpurea therefore appeared to be displacing the

resident bunted tissue in an acropetal direction, by
active hyphal grouwth,

Anti-Claviceps~B-glucanase was used to study C,.
purpurea in axenic culture. Specific fluorescence was
located at the hyphal apices, branching points, septa
and regions of spore development. These observations
therefore compliment observations from previocus studies
(Kritzman et al., 1878) and support the proposal that
B-glucanases play a major role in hyphal morphogenesis
in the filamentous fungi.

Previous workers have described the difficulty in
observing the host infection process of the common bunt
fungus T, caries (Churchward, 1940; Hansen, 1859;
Swinburne, 1860). Dikaryotic infection hyphae are thought
to penetrate between the cells of the coleoptile epidermis,
rarely through cell lumen, and grow towards the
meristematic initials (Swinburne, 1960). Hyphal grouwth
within the plant has been divided intoc a series of phases
(Hansen, 19583 Swinburne, 1960) specifying the location
of the fungus at particular stages of host development.
However the exact path of infection and development of
this pathogen which seems exceptionally economic in
achieving i1ts objective of reaching and staying with the
host apex,still remains obscure.

Cell wall growth in hyphae of T. caries qgrowing on
agar media is much faster than expansion of the cytoplasm,
thus cytoplasm is confined to the growling tip beyond a
series of evacuated hyphal cells, sealed by annular septa
(Dastur, 19213 Trione, 1964). Churchward (1940) argued
that it is the occumence of this growth phenomenon during
host infection that makes it difficult tc visualise the
hyphae by conventional staining techniques which usually
focus on the cytoplasm. He suggested that evacuated hyphal
cells become sealed off by host tissue and are eventually
digested, thus leaving only the actively growing tip to

be sought by stazining.This form of perpetuated promycelial
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growth was observed in cultures of T, caries germinated
in the presence of antibiotics. Under normal germination
conditions promycelia give rise to primary sporidia, but
on antibiotic media primary sporidias production failed to
occur. A similar pattern of distorted promycelial
development was obhserved by Kollmorgen & Jones (1375);
germ tubes failed to develop primary sporidia in the
presence of Streptomyces spp and supernatants from
Streptomyces cultures. Thus antibiotics produced by soil-~
borne micro-organisms appear to have inhibitory effects on
primary sporidial formation by Tilletia caries.
Considering the specific nature of immunmofluocrescent
techniques and their recent application in plant
pathology, it is suggested that the present researches
have showed that they would provide an invaluable tool in
clarifying the sequence of events during host infection
by T'. caries, the activity of the "latent" fungus within
host meristematic tissuve, and the phase of accelerated

pathogen growth 1In the ovary.

4.3 Promotion of alkaloid biosynthesis in a [ALK™] Claviceps

purpurea mutant

Mutants deficient in a particular biasynthetic enzyme
‘have proved to be useful for investigating biosynthetic
pathways of secondary metabolites and the promotion of
novel end-products by micro-organisms. The technique has
been most successfully applied in the field of antibiotics
(Queener et al., 1978; Lancini et al., 1978) but was also
used to good effect in exploring aflatoxin biosynthesis in
Aspergillus parasiticus (Singh & Hsieh, 1977). Recently
Maier et al. {(1980a; 19B0b) reported the selection of a
C. purpurea mutant to examine the biosynthesis of ergot
alkaloids in saprophytic culture. Variants of C. purpurea,
which fail to produce alkzloids during parasitism, but
which are otherwise typical C. purpurea, are rare. Using
one such strain (designated 12/2) which has consistently
fallecd to elaborate alkaloids while parasitising rye and
wheat, Atwell (1981) found that the first pathway-specific
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step in ergot a2lkaloid biosynthesis, isoprenylation of
tryptophan to DMAT, was functional. Accumulation of DMAT,
albeit in trace amounts suggested that a biosynthetic
block was located immediately beyond this step. These
results have been confirmed in the present study. Further,
specific testing for the next pathway-specific step
(methylation), using !*C-labelled methipnine donor, showed
convincingly that N-methylation did not occur. Thus it is
concluded that this mutant strain of €. purpurea is
specifically defective in the N-methyl transferase which is
analogous to that recently detected in C, fusiformis
(Otsuka et al., 1980). Incidentally this result provides
in vivo evidence supporting the proposal of Otsuka et al.
(19738) that prenylation of tryptophan precedes N-
methylation. N-~methyl transferase always catalyses the
second step in ergot alkaleid biosynthesis, its apparent
inactivity within the wmutant parasitic tissue can neither
be an expression of conventional end-product inhibition
mechanisms, seen to operate on DOMAT synthetase in C,
fusiformis (Cheng et al., 1980)},nor of repression since
there are no accumulated end-products. This leaves genetic
change as the most likely cause.

The finding that DMAT synthetase activity was restricted
to maturing sclerotial tissue which had probably ceased
cell division, differs a little from previous studies on
C. purpurea strain 29/4 (Nisbet, 1875) in which ergot
alkaloids were detected in young sclerotial tissue located
in-the preximal 3 mm of the ergots. However both these
observations conform to fthe general principle that fungal
secondary metabolites are biosynthesised in an idiophase
following replicatory growth in the trophophase (Bu'lock
& Barr, 1874).

Conversion of both agroclavine and lysergic acid to
lysergic zcicd amide (LAA) indicated that steps further on
in the biosynthetic pathway could operate when appropriate
substrates were provided. It was however suprising that the
expected cyclic tripeptide ergot alkaloids, the classic
end-products for C.purpurea, were not elaborated by

agroclavine irested tissue. The [ALK-] strain of C. purpurea
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is therefore unique in this respect. This suggests that
there is an additional mutation affecting the multie
enzyme complex considered to be responsible for
biosynthesis of the cyclic tripeptide moiety of ergot
alkaloids (Floss & Anderson, 1974)., Thus a biosynthetic
scheme has been constructed (Fig. 27) which indicates
steps operating normally and those performed by the double
mutant only on incubation with appropriate substrates.

The metebolism of the intermediate clavine alkaloid
and lysergic acid to the same end-product, lysergic acid
amide presents a novel biosynthesis for C. purpurea
(Floss & Anderson, 1988). At first sight this may imply
that LAAR is a natural intermediate in the biosynthesis of
cyclic tripeptide ergot alkaloids. However there 1is strong
evidence from previous 5N studies with C. purpurea, that
the lysergyl amide nitrogen in the ergotoxine group of
alkaloids is derived not from (amide-!®N) lysergic acid,
but from the amino nitrogen of valine (Maier et al., 18971),
or of alanine in the ergotamine group. During investigations
into the derivation of the side chain of simple lysergic
acid derivatives from €. paspali Agurell (1966(d)) found that
neither lysergic acid amide nor ioslysergic acid amide
were precursors of lysergic acid a-hydroxyethylamide.
Castagnoli et al.{1970) shouwed that although the %K from
from L-fu !'®C, !°N] alanine was incorporated into the amide
nitrogen of lysergic acid a-hydroxyethylamide by C. paspeli,
enhanced *°N/'“C ratio of the product implied that the
incorporation was indirect. The same organism incorporated
lysergyl-2-1%C-alanine into ergometrine. It was therefore
proposed that ths side chain was derived from pyruvate and
ammoniz., Thus even for short chain lysergic acid derivatives
LRA does not appear to be an intermediate. The isolation
of LAA from submerged cultures of C. paspali (Arcamone et
al.. 15B1) has since been regarded as a consequence of
catabolism of lysergic acid a-hydroxyethylamide (Kleinerova
& Kybal, 1973). further studies are needed to establish
whether production of LAA in the mutant results from direct
amidation of lysergic acid or from degradation of a

transient product of higher mass.
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Maier et al1.{1980b) reported the axenic culture
biosynthesis of cyclic tripeptide alkaloids by a C,. _
purpurea mutant having 2 metabolic block beyond chanoclavine-
I-aldehyde (Maier et al., 1980a). This "idiotroph" produced
the same eslkaloids, ergometrine and ergotoxine alkaloids,
as the parent strain when fed agroclavine, elymoclavine
and lysergic acid. Thus uptake of exogenously supplied
substrates and access to the appropriate sub-cellular
compartments of convential alkaloid biosynthesis can occur
in whole cell preparations. It was concluded that the use
of whole cell preparations should not have limited access
of exogenously supplied substrates to sub-cellular
compartments in C,purpurea 12/2 sclerotial tissue; the
finding of LAR as end-product is therefore not only novel
but genuine.

Investigatiorn into the control of alkaloid biosynthesis
in axenic culture has shown that high levels of inorganic
phosphate have an inhibitory effect omn alkaloid production.
This inhibition can be overcome by addition of tryptophan
or an unmetabolised analogue of tryptophan, thicotryptophan
(Robbers et al., 1972; Krupinski et al., 1876). Whether
inorganic phosphate directly inhibits the biosynthesis of
tryptophan; lowering endogenous trigger levels of
tryptophan , or whether it inhibits or represses DMAT
synthetase remalns unclear. However work on three enzymes
involved in tryptophan biosynthesis (phospho-2-keto-3-deoxy-
heptonate aldolase ; anthranilate synthase and tryptophan
synthase) and also on DMAT synthetase, has shown that
enhancement of ergot alkaloid production in culture by
tryptophan and thicotryptophan, in both normal and " high
phosphate” cultural conditions, is more directly related
to DMAT synthetase activity than to requlation of
tryptophan biosynthesis {(Krupinski et al., 1976).
Thiotryptophan and tryptophan generally appear to induce
de novo synthesis of DMAT synthetase. Haw then does
phosphate inhibition operate, directly on DMAT synthetase
or indirectly by inhibiting tryptophan synthesis lowering
the tryptophan pool and preventing induction of DMAT
synthetase ? Incubation of [ALK™] €. purpurea sclerotial



160.

tissue in the presence of various concentrations of phosphate
showed that DMAT synthetase only failed to operate in the
presence cf 1.0M phosphate, which must be regarded as grossly
non-physiolocical. This implies that ODMAT synthetase is
insensitive to phosphate under normal parasitic conditions.
Ffurther, the metabolism of agroclavine to lysergic acid amide,
even in molar phosphate, indicates that phosphate control
of alkaloild tiosynthesis is not mediated through the enzymes
involved in this sequence of biosynthetic steps either.
Accumulation of omly trace amounts of OMAT in fresh parasitic
tissue of this mutant under normal circumstances, suggests
that DMAT synthetase and/or its substrates (perhaps more
likely the latter) is under tight metabolic control which
does not require ergoline end-product feedback regulatian.
The naturally occuming double mutant of C. purpures
provides a2 unigue model for the investigation of control
mechanisms regulating the first rate-limiting step in
ergoline biosynthesis, namely isoprenylation of tryptophan
to DMAT. Investigation concerning the incorporation of
N-methyl DMAT and/or N-methyl chanoclavines could reveal
the exact position and extent of the biosynthetic block,
although the difficulty in producing and isclating
sufficient amounts of the chanoclavines for radioclabelling
studies would be a limiting factor. The strains apparent
inability to elaborate peptide alkaloids, forming LARA
instead when given appropriate substrates, also provides
a model for inwvestigating the origin of the amide nitrogen
in the simple lysergyl derivatives. Trace amounts of
exogenously supplied intermediate precursors are unlikely
toc cause end-product inhkibition of coperaticnal biosynthetic
stens along the ergoline pathuway, therefore this technigue
is useful for investigating the mechanisms of promoted
biosynthesis within parasitic tissue of €, purpurea strain
12/2. Further, zpplication of cell-free extract and protoplast
technigues could elucidate the enzymic capacity of this strain.
Despite the absence of alkaloid production the mutant
strain was cepabtle of parasitising a susceptible host, either
wheat or ryes, and also of displacing T. caries in competitive

infecticn of wheat ovary tissue. Failure to produce ergot



alkaloid therefore does not appear to impair the ability
of the fungus as a pathogen or impose any ecological
disadvantage. This tends to conflict with the view that
secondary metabolites are produced to relieve the fungus
of an embarrassment of excess primary metabolites which,
if allowed to accumulate, might shut off primary pathways
by feedback regulation (Bu’lLock & Barr, 1974). At least
alkaloid biosynthesis does not seem to be necessary for

this particular organism,

4.4 Biosynthesis of verrtuculogen

Although radiolabelling technigues have been used to
establish the biosynthetic origin of the 'verruculogen
molecule (Day & Mantle, 1982) nothing is known about
intermediate steps involved in the biosynthesis of this
potent tremorgenic mycotoxin (Yamazaki, 1980). In some
species of Pendicillium and Aspergilius the structually
related tremorgenic mycotoxins, verruculogen and
fumitremorgen B appear as co-metabolites {(Mantle & Penny,
1981; Patterson et al., 1981). A third structually
related tremorgenic metabolite TR-2 has also been isolated
as a minor product of A. fumigatus (Cole et al., 1977(b)).
The structual similarities betweem verruculogen and TR-2
suggested a possible biosynthetic interrelationship
betueen the two metabolites.

Now '®C-TR-2 has been successfully incorporated into
verruculogen and fumitremorgen B by submerged culture of
P, raistrickii., During the estimation of fremorgen yield

the spectrofluorimetric assay technigue developed by
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Day et al. (18980) for guantitative estimation of verruculogen,

was shown to be valid also for estimating fumitremorgen 8.
The fluorescence characteristicsof acid-treated
fumitremorgen B are eguivalent to verruculogen on an
equimolar besis. Separatian of the two tremorgens proved
to be difficult due to the unusually low yield of
fumitremorgen E and its spontaneous conversion to
verruculocen in water in the presence of oxygen. It was
therefore apparent that fumitremorgen B could not only be

derivec girecily (snzynicelly) from TR-2 but also in turn



could be spontanecusly converted to verruculogen. This

does not necessarily imply that all verruculogen is an

artefact soley derived by spontaneous oxidation of

fumitremorgen B, but it may not all be entirely derived

from fungal biosynthesis. A scheme summarising the

conclusions of the present studies with respect to the

biosynthesis of verruculogen in P, raistrickii is given in

the following scheme.
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The capacity for prenylation of the indolic-N of TR-2
by the fungus to give verruculogen appears to be the
reverse of the mechanism which occurs in the hepatic
metabolism of verruculogen in the tat (Perera et al.,
1882a) and in the sheep (Perera et al., 1982b).in which
TR-2 has been detected as the principal metabolite
eliminated in the bile.

So far TR=-2 has only been reported as a minor
metabolite of A. fumigatus (Cole et al., 1977) and it
has not been conclusively established whether or not it
is a normal metabolite of P, raistrickii. However trace
amounts of a !'®*C-proline derived metabolite, which co-
chromatographed (HPLC) with TR-2 and showed similar
fluorescence characteristics, were detected in P.
simplicissimum ctultures during elaboration of both
verruculogen and fumitremorgen B. Further work is needed
to establish the exact nature of this possible intermediate
and to determine whether TR~2 is a vital intermediate in
verruculogen biosynthesis.

The finding that the tremorgenic alkaloid TR-2 is an
intermediate in the biosynthesis of verruculogen is of
some ecological interest. If the metabolite is readily
prenylated by certain soil~borne fungi to form wverruculogen
and then,following ingesticn during grazing, readily
deprenylated by hepatic enzyﬁes in ruminants and éexcreted
via faeces there is a potential closed metabolic cycle of
tremorgenic toxin.

Since this present study is principally concerned with
interactions of parasitic C. purpurea it is interesting
to consider a possible role for tremorgenic mycotoxins
in convulsive ergotism the cause of which is in doubt
since ergot alkaloids do not cause convulsions. There are
undoubtedly idicpathic syndromes amongst livestock which_
occur due to synergistic effects of exo-mycotoxins.
Tremorgenic species of Aspergillus and Penicillium
commonly mould grain and grain products and for example -
have been specifically isclated from bereals during
storage {(Hou et al., 1971). Similarly damp ergot will
support the growth of saprophytic moulds. Thus poor

storage of cereal grain during the past could easily



have resulted in proliferation of these ubiquitous,
saprophytic, fooed contaminating moulds on ergotised grain,
the consumption of which might have resulted in a |
dominant expression of a neurological toxicity rather than
the vasopressor type characteristic of ergot alkaloids.
Several tremorgenic mycotoxins exhibit much more potent

biolbgical activity than erqgot alkaloids.

4.5 Toxicity

The ingestion of sclerotial tissue of [ALK] C.
purpurea, which is naturally devoid of alkaloid, by
young obese and young lean mice did not significantly
impair their growth when substituting for 10% of their
diet. In contrast a diet containing alkaloid-rich ergot
was toxic, causing severe reduction or cessation of
growth even when the sclerotial element comprised only
3% of the experimental diet. When the percentage of
alkaloid-rich sclerotial tissue was increased to 5%,
continued consumption resulted in death of several
experimental animals. Suprisingly this is the first

properly controlled investigation of the significance

of alkalecid in ergot toxicity and results strongly indicate

that the principal toxic agent in sclerotial tissue 1s the
alkaloid. Further, [ALK™] ergot did not appear to be
unpalatable at the dosage used., However at concentrations
much exceeding 10%,[ALK™] ergot was deleterious to test
animals but it is not clear uwhether this is a toxicity
due to some pharmacologically active substance or purely
an unpalatability factor.

A scheme illustrating some bicchemical interactions

involving parasitic Claviceps pupurea 1s presented in
Fig. 29.
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APPENDIX T

Techniques to reduce unwanted background. fluorescence in

fluorescence microscopy

It is rare to obtain a fluorescence image where the
background is completely black., The image commonly shows
3 levels of brightness; background glow contributed by
autofluorescence and light scatter from optical elements,
immersion media and filters; diffuse autofluorescence of
tissue; and clear specific immunofluorescence. The back-
ground level can be reduced by appropriate filters and the
specific immunoflucrescence is a function of the binding
titer and labelling efficlencies of conjugated fluorochromes,
both of which can be controlled. However fluorescence
involving the biological material, which can effectively
interfere with the recognition of specific fluorescence,
can be caused by 3 effects, autofluorescence, cross-

reactions and non-specific staining.
(a) Autofluorescence

Unstained fresh specimens of micro-organisms, or tissue
sections, show autofluorescence upon excitation with
ultraviolet, blue or green light. Autofluorescence can be
produced after histological preparation of the tissue.
Faint autofluorescence can be eliminated by careful
selection of barrier filters. Fungi display faint yellow~
green or negligible fluorescence (Sonea & de Repentigny,
1960) which does not interfere with specific staining.
Plant tissue, however, demonstrates autcfluorescence
( Choo & Holland, 18703 Paton, 1864; Barlow et al., 1973;
Kmnox, 13713 Fulcher & Wong, 1982) under both blue and green
light, which can mask specific fluorescence. With the
advent of incident-light microscopy (epi-illumination)
thicker sections can be viewed with greater clarity but
produce greater autofluorescence. In contrast thin _
sections necessary to obtain high clarity with the older
method of transmitted-iight microscopys shouw less
autoflucrescence., Thus technigues to quench autofluorescence

by counterstaining with fluorochromes (Bohloo & Schmidt,
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1968) or dyes (Pollard & Dickerson, 1883) have been
developed.

(b) Cross-reactions

Improved fractionation and purification of antigens
used to raise antibodies and immunoglobulin fractions from
antisera have been successfully developed to reduce cross-
reaction between labelled antisera and antigens found in
the organisms, other thamn those under investigation
(Nairn, 1978).

(c) Non-specific staining

Non-specific staining is distinguishable from auto-
fluorescence in that it only appears after incubation
of tﬁe specimen with labelled antisera. Non-specific and.
specific antibody-antigen reasctions are governed largely
by the same short-rtange forces which govern any protein-
protein interactiion. The extent to which cells
take up label non-specifically is dependent on the tissue
involved, and the sectioning, preparation and incubation
conditions (Goldman, 1968). Non-specific staining was
originally attributed to a hypothetical common, widely
distributed antigen. Investigation by Hughes (1858) and
Mayersbach & Schubert (1960) on the staining of tissue
sections under different conditions, and by Goldstein et
al,(1861) on the staining properties of fractionated
conjugates, has established that non-specific reactions
are due to a charge effect.Positively charged protein in the
tissue interacts with negatively charged, labelled and
unlabelled, serum proteins. Labelling with fluorochromes,
for example FITC, tends to increase the relative negativity
of the serum protein (Goldstein et al., 1961) by blocking
some native amino acid groups. Therefore non-specific
binding tends to be greater with conjugated sera used in
"sandwich™ staining techniques. Several methods have been

developed to reduce this phenomenon.
(i) DEAE-cellulose purification

The titration behaviour of amino acid residues which
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react with the fluorochrome will be changed and any ionizable
group in the fluorochrome molecule may contribute to the

net charge of the conjugated molecule. This net charge of

the conjugated protein is an 1mportant factor determining
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(ii) Serum-titre

If antisera possess a high specificity they can be
diluted to a concentration where antigen/antibody complexes

are stable but nen-specific staining is extinguished.
(iii) Control of pH

Washing the tissue section with alkali buffer (pH 7-8),
thus reducing the charge during staining,results
in more specific attraction between negatively charged
serum and positive protein (Mayersbach & Schubert, 1960).
However altering the pH may effect the fluorescence
intensity by causing dissociation of the {fluorochrome/

antibody camplex.
(iv) Counterstaining

Counterstaining with non-specific dyes can be used
if it is possible to find the appropriate concentration
at which the counterstain swamps the non-specific
fluorescence but not the specific element. Since the non-
spacific and specific fluorescence are usually produced
by the same fluorochrome,selection is difficult. In the
present study an immunoglobulin (bovine IgG),unrelated
to entisera and conjugated immunoglobulin, was used to
extinguish non-specific fluorescence in mycelia and
tissue preparation of C. purpurea and T. caries. The
DEARE-cellulose purified bovine IgG was administered before
staining with anti-Claviceps-B-glucanase serum to mask

non-specific sites by binding to the tissue,
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APPENDIX TI

Preparation of plant tissue for fluorescence microscopy

The choice of histological method for preparing
specimens for immunofluorescent staining is limited by
the need to prevent denaturation of the antigen. Some
antigens are sufficiently resistant to denaturation to
permit fixation, dehydration, clearing and embedding
by classical methods developed for light microscopy.
Fixation methods include the use of formalin (Procknow
et al., 1862), alcochol (Sainte-Marie, 1962) and heat
fixation, followed by embedding in paraffin wax. With
many tissues it is uncertain houw effectively antigenicity
is preserved during prolonged fixation and embedding,
therefore negative immunofluorescence staining rtesults
obtained from paraffin sections should not be accepted as
a definite failure to cross-react with the tissue.

Fixation in certain solvents may cause distortion of the
tissue due to extraction of reserves (e.g. lipid)

(Fulcher & Wong, 1882). Techniques developed for transmissian
electron-microscopy have been successfully applied to
investigate pathogen morphology and infection processess
(Holland & Fulcher, 1971; Craiq et al.,1978).

However the choice of method will depend on the tissue as
well as the antigen.

At the time when non-bunted wheat florets anthese, bunt
balls are composed of a mass of teliospores held within the
displaced ovary pericarp. Attempis were made to develop
a method to fix and embed uninfected and ergotised bunt balls
for sectioning without denaturing the B-glucanase of

€. purpurea and maintaining the integrity of the structure.

(i) Impregnation with gelatine (modified from Burkholder
et al., 1961)

Fresh ovaries were fixed in 90% v/v ethanol/phosphate-
buffered saline (PBS) (0.03M sodium phosphate buffer, pH
7.2, containing 0.85% w/v NaCl) for 2h and impregnated.uwith
10% v/v gelatine (10 g Difco gelatine in 100 ml PBS)

Ouerhight at 37°C. Excess gelatine was trimmed from the



block which was frozen in a mixture of propancl-2-ol/
solid CO, before sectioning in a cryostat with a steel
knife at -20°C. Gelatine was found to be too viscous to
totally impregnate the tissue and did not permit thin

sectioning without tearing lesioned areas.

(ii) Rapid dehydration with 2,2~dimethoxypropane (DMP),
(Postek & Tucker, 19753 Lin et al., 1977(b)) followed
by impregnation with paraffin wax containing

plasticisers.

Fresh ovaries were fixed in a paraformaldehyde and
glutaraldehyde mixture for 2h under vacuum at room
temperature (6 g paraformaldehyde were dissolved in 100 ml
distilled water by heating for 20 min.. The soclution was
clarified while still warm by adding 6 drops of 1N Na(H.

5 ml of prepared paraformaldehyde were added to 10 ml of

8% w/v glutaraldehyde + 5 ml of 0.03M sodium phosphate
buffer, pH 7.2)}. Fixative was replaced with PBS by

washing tissue with PBS and 3 changes of distilled water.
After rinsing the final water was decanted off and replaced
by a continuous stream of acidified DMP (prepared by

adding 1 drop of concentrated HC1l to 100 ml DMP).
Dehydration was considered complete when no further cooling
was evident. Excess DMP was decanted off and replaced by
acetone.

Dehydrated specimens were embedded in Histoplast
(Shanon) {melting point 50°C) overnight at 55°C. Sections,
10 uym or 15 pum thick were cut in a cryotome as above, at
-20°C. Paraffin was removed with xylol before tissue was
taken:throogh towater via 95%, 75%, 50% w/v ethanol/PBS
each for 5 min. Rehydrated sections were ready for
staining. Wax embedding gave rise to problems in tissue
coherence., Pericarp integuments remained intact forming -
an arc around torrsphacelial/teliospore areas. Removal
of the Histoplast with xylol resulted in loss of freer
teliospores from displaced bunt regions. '

with the failure of the 3 embedding methods above,
attempts were made to section fresh unfixed tissue in -a

crysotat, By maintaining aconstant temperature of -3DOC,

170.
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reproducible cutting of thin sections (10 um or 15 um)

was achieved., This method was only successful with older
tissue sampled 9, 13 and 2B days after inoculation, where
sphacelial tissue or sclerotial tissue was well established.
In early samples,4 and 7 days old, sphacelial growth was
localised at the base of the ovary only, the difference

in hydration between the sphacelial tissue and T. caries
telliospores resulted in a2 clean lesion between the two

fungal tissues.



APPENDIX JIT1

Statistical analysis for the difference between tuwo

sample means

Analysis of data from the ergot sclerotia toxicily
experiments on mice (section 3.7) was performed on the
Imperial College computer using the statistical
MINITAB program. The individual mouse weights for each
day and treatment were stored and the datas for the tuo
populations was recalled for "t" testing. The program
command assumed that the two sample means were from
unpaired samples, where the population variance for
egach sample was assumed to be unegual,

The computer print-out gave

No. of individuals = nj n2

means = X Xz

standard deviation = s; 53
approx.degrees of freedom = d.f

The approximate degrees of freedom (d.f)} were calculated

by the formula

b+ I

approx d.f = SN

2 s
(=2Y+ (=3
1

ng

(r1=1) (nz-1)

t is given by the formule

£ = X1 - X2
I s3 s3

v (Ez)'*(ﬁ2”
1 1
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Whete the twd population variances are assumed to be unequal
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The calculated t was compared with the student "t" values
for the stated probability P (Paker, 1976; Ryan et al.,
1967).
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