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- ABSTRACT

The occurrence of thiophenes in Tagetes erecta (Astera-

‘ceae) in healthy plants as well as in plants exposed'to
biclogical or chemical étress was monitored using high pres-
sure liguid chromatography. Severe treatment of 4 days cld
seedlings with mercuric chloride (0.001M) or with a highly

pathogenic fungi ( Alternaria tagetica) resulted in a gener-
.i.

al decrease in the amounts of the thiophenes
5~(4-acetoxy-l-butenyl)-2,2'bithienyl (BBT-0Ac),
(S—buten-S-}igiil )-2,2"-bithienyl (BBT), alpha-terthienyl

(alpha-T) and a compound tentatively identified as a poly-
ine monocthiophene. Infection of 2 week old seedlings by two

different Fusarium oxvsporum strains varying in their degree

3
of wvirulence towards the host plant resulted in different

patterns of thiophene kinetics in the infected tissues. The
detected thiEphenes S—(é-hydroxy-l-butenyl)-Z,2'bithienyl3

{BBT-0H), BBT and alpha-T accumulated 1in roots and stems

which had been partially damaged by the moderate pathogen

F. oxysperum wvar callistephi race 2 (FOVC race 2), reaching

maximum concentrations 12 days after inoculation (the com-

bined yvield of the 3 thiophenes was 0.9 and 3.4 ug/seedling

for control and infected plants respectively). However,
severe infection with F. oxysporum f.sp. radi-

- iv -
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cis lfcoperisici (FORL) resulted }fx é decline in thiophene
levels in the highly damaged tissues (the ¢ombined-thiophene
yield was 0.9 and 0.13 ug/seedling in control and infected
plants respectively; lé days after inoculation).

The antifungal activity of the naturally occurring thio-
phenes BRBT-0OH, BBT-0QACcC, BBT, alpha-T and
5-(3,4-diacetoxy-l-butinyl)-2,2'~- bithienyl (BBT-20A¢) was
tested against FOVC race 2 and FORt. All of these compounds
completely inhibited in z;ggé spore germination of both fun-
gi at a concentration of 5 ug/ml in the presence of near BV
light (4 w/m?). Alpha-T was strongly phototoxic towards
mycelial growth of both fungi in shake cultures with an Ecso
of 6205 and 0.03 ug/ml for FOVC race 2 and FORL respective-
ly. In the dark, only FOVC race 2 was inhibited bf high
concentrations of the compound. Tritiated alpha-T was not
significantly metabolized by ,the. pathogen FORL when grown in
shake cultures containing 0.3 ug of alpha-T / ml. The role
of thiophenes in disease resistance of T. erecta is dis-

cussed in relation to these findings.



RESUME

La preésence de thiophenes dans la plante Tagetes erecta

(Asteraceae), est étudiée, che; les plantes saines comnme
chez celles qui sont exposées a un stress biclogigue ou chi-
mique, au moven de la chromatograrhie en phase licuide a-
haute pression (HPLC).

Sur des pousses de 4 jours, un traitemen£ intensif au
chlorure de mercure (0.001 M) ou aveé un champignon haute-

ment pathogéne ( Alternaria tagetica), provogue un abaisse-

- - R R -
ment general des taux de concentration des thiophenes

5-(4-acetoxy-l-butenyl)-2,2"'-bithienyl (BBT-0Ac),
(S-buten-3-ynil)-2,2"-bithienyl (BBT), alpha-terthienyl
(alpha-T), ainsi que d'un ccmposé qui est sans doute un

monothiophene contenant plusieurs triples liaisons carbone-

carbone.

L'infestation des pousses de 2 semaines par deux souches

de Fusarium oxvsporum de virulence ﬁefférente vis a vis de
la plante-hate, revele une cinétique differente fdes thio-
phénes dans les ' tissus infestes. Les <thiophénes
5-(4-hydroxy-1l-butenyl)-2,2 'bithienyl -}BBT-OH), BBT et
alpha-T, s'accumulent dans les racines et les tiges lorsgue
celles~ci sont partiellement endomagées par le pathog;ne

modere E. oxyvsporum var callistephi souche 2 (FOVC souche
- ~
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2), et leur concentration maximale est observee 12 jours

apiés 1l'inoculation (le rendement des 3 thiophénes combines

‘est de 0.9 et 3.4 uwg / pousse respectivement chez les

plantes controles et infestées). Cependant une infestation

majeure par E. oxysperum f.sp. radicis lvcoperisici (FORL),

a pour réspltat un declin du taux des thiophénes dans les
tissus affectes {le rendement global devient de 0.9 et 0.13
g / pousse respectivement éhez les plantes controle et
infestées, 12 jours aprés inoculation).

‘Dans un deuxieme temps, l'activite antifongicque des
thiophénes naturels BBET-0H, BEBT~-0Ac, BBT, alpha-T et
5-(3,4-diacetoxy-l-butinvl) -2;2'—bithienyL.(BBT-2OA§}5 est
testee sur les pathogénes FOVC souche 2 et FORL. Tous ceas
composés, a une concentration de S ug/ml et en présence 4’
UV-proche (4 w/m?), se montrent capable d'empecher in vitro
la germination des spores chei les deux esp;ces de champig=-
nons. L' alpha-T est fortement toxique pour le dé&eloppe-
ment des deux mycelia pendant leur culture en agitation con-
stante. et la concentration effective est respectivement de
0.06 et 0.03 wug/ml pour les pathogénes FOVC souche 2 et
FORL. En absence de lumgére, ce composé inhibe le devel-
oppement de FOVC souche 2 seulement. ‘L' alipha-T tritie
n'ést pas metabolise significativement par le pathogéne FORL
s1 la culture en agitation constante contient 0.3 wg/ml.

En fonction de ces resultats, nous discutons du role des

thiophenes dans la resistance de T. erecta aux maladies.

&
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' J ) Chapter I
INTRODUCTION
1.1 General introduction
. Plants ip nature are constantly challenged by ‘a vast

array of pathogenic¢ microorganisms but resist almost all of

;shem.  The failure of most microorganisms to colonize plants

has often been attributed to the presence of physical or
chemical antagonists which inhibit or displace pathogens.

One important phenomenon in this multicomplex interaction is

the accumulation .in many plants species of low molecular

weighﬁ anfimicrobial metabolites in response to microbial
infection. During the past 25 vears, the production of
these toxic products, known as phytoalexins, has become the
most extensively studied process of disease resistance in
plants.

Many plant species belonging to 17 plant families
produce phytoalexins. However, only two species £from the
large flowe;ing plant family Asteraceae have been reported
to possess the ability to accumulate phvtoalexins. These
phytoalexins are polvacetylenes and coumarin deriyatives.
Howéver, many species of the Asteraceae also contain hetero-

¢yclic sulfur substances called thiophenes which have not

vet been described as phytoalexins. These secondary metabo-
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lites are toxic to ,a wide variety of organisms including

microorganisms, insects and other animals in dark, but with
substantially mére activity in the presence of sunlight or
artificial sources of near UV light (320-400 nm). The exis-
tence of chemiéals of this sort within the plant tissues

leads one to question their in situ significance. It is the

role of thiophenes as phytoalexins that is the main topic of

this thesis.



1.2 Literature review.

1.2.1 Plant disease resistance -

Disease resistance is the ability of a plant to prevent,
restrict or retard disease developmenf and occurs at high,
moderate or'low levels. In contrast, virulenge is’thé abil-
ity (low, moderate or high) of an infectious agent to over-
come resistance (Bell, 1%81).

Apart from th? comp;nent of resistance conferred from
the innate genetic characters of the host ;nd'the pathogen,
the outcome of the host+pathogen interaction is the result
of é‘complex system involving the coordinated action of many
components . The plant C%F resist pathogenic invasion by
the presence of constitutive passive barriers. But in many
cases, resistance involves inducible dynamic ‘defence mecha--
nismsfshch as erectién of structural barriers or accumula-
tion of antimicrobial coﬁpounds. Failure of plants to
invoke such defence reactions may result in disease suscep-
tibility. The ability of the pathogen to bypass cor degrade
the preformed phys;cal or chemical karriers and to activelj
suppress or avoid the active defence response mechanisms of

its host may ultimatly determine the outcome of the host-

pathogen interaction {Bell, 1981).



1.2.1.1 Physical barriers

Preformed physical barriers are normally present in the
plant prior to infection. For example, the cell Qall is an
efficient physical defence barrier. Cutin, suberin, lignin,

3

cellulose and pectic substances are the comﬁonents of the
cell wall that may physically oppose the progress og the
pathogens in the plant tissues (Schigevasu and Fukuto-

Cmi, 1977). They act by means of their impermeabiliﬁy to
pathogen excretions, their insélubility to pathogens excre-
tions and their impenetrability (Dickinson,f 960} . -In addi-

2Eion, superficial layers such as trichomes,.root hai;s, root
caps, mucilage layers and seed coats may provide effective
barriérs against penetration by many pathogens (Caﬁpbell
et al.,1977). Local saprophyvtic microflora composed of gpi—
phytic microorganisms on aerial plant surfaces and ectomy-
corrhizae on roots may alsc assist the host defence since
they can be antaéonistic tc many pathogenic fungi and bacte-
ria (Campbell et al.,K61977).

Active defense mechanisms exist that involve physical
changes in plant structures and result in greater resis-
tandg. They include a) envelopment of parasites at the cell
surface, b) hardening of plant cell walls by calcium accumu-
lation, c¢) depositiop {by means cf vesicles) of callose 1in
paplillae at specific’sites of ipfection or as a more gener-
alized protective laver, d) deposition of additional wall

——

lavers, e) dedifferentiation, growth, division and rediffer-
b g
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entiation of cells to form protective tissues and £) wvascu-
lar occlusion of xylem elemeqps by the formation of tyloses
and gels or gum plugs (Bell and Mace, 1981). In addition,
all of these structures may become lignified by infusion and
polymerization with stored.or syvnthesized phenclic substanc-
es, producing tough walling-off structures that may minimize
the effects of microbial invasions or other injuries due to
envirormental factors (e.g., chemicals‘ and- cold tempera-
tures) and may function for rapid sealing-off of wascular

infections (Seckman, 1977).

1.2.1.2 Chemical barriers
In addition to physical barriers, plants possess a large
arsenal of biochemical defences against potential pathogens.
Plant hydrolases, inhibitorns of extracellular microbial
enzymes, as well as a wide variety of antimicrobial secon-
dary plant metabolites may offer a barrier to invasion by
pathogens.
Plants possess hvdrolases tﬁat can attack the cell walls
of pathogens. Among these are chitinase, 1lyzozvme and
Bfl,3=glucanase {Bell, 1981). Seyeral studies have exam-
ined B-1,3-glucanase and chitinase in plants infected with
fungi. In general,' the -activities of <these enzyvmes were
found to increase strongly in the course of iﬁfection (Boll-
er, 1985). It has been clearly demonstrated that the two
enzymes have the potential to attack and partiallf deg{ade
fungal cell walls in g;gig (Young and Pegg, 1982 Boller

L
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et al.,1983), but it remains to be shown in what manner and ——
to what extent this potential contributes to the resistance
of a plént against an attacking pathogen in gggg;
Most microorganisms secrete hydrolytic \enzymes- that

3

cleave the macromolecular constituents of host cell walls

-

and bring about impaired host membranes (Bateman and Bas-
ham, 1976). Some plants appear to have enzymes that inhibit
the activity .of these hydrolases. Phenolic compounds

-

"including tannins, orthoguinones as well as some unidenti-

fied proteins, appear to inactivate these extracellular
microbial enzymes (Bell, 198i).

Many secondary plant products have antimicrobial proper-
ties and may pléy a role in plant defence reacticns. Secon-
dary plant metabelites are defined as all those compounds
which are not part of the main metabolic pathways and cycles

/ﬁ\\ggﬂgggﬁ;d all plants (Stoessl, 1983). They include about
10,000 known compounds pertaining to a wide variety of chem-~
ical cléssés. Antimicrobial secondary plant products may
function as preformed inhibitors. Some plants are protected

from pathogenic attack by the' simple mechanism of excreting

toxic substances onto leaf surfaces. These substances are

mainly lipophilic di-or triterpenoids (e.g., urselic acid,
A ]

lupeol and B~amyrin) and methylated <flavanoids (e.g.,

eucaliptin and nobiletin) which can exert their toxic action
without further modification of the molecule (Harborne and

Ingham, 1978). Other preformed toxins (post-inhibitins) are
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stored within plant cells in safe, inactive forms, frequent-
ly as leCOS}aggt so that they do not interfere yith normal
cellular processes. As- soon as microbiél invasion occurs,
the active toxin is liberaéed eniymatically from +the bound
non-toxic form (Swain, 1977). Glucosinclates, cyanogenic
glycosides, lactonic glucosides and phenolic quinones are
examples of such post-inhibitins. Enzymes concgrned with
the telease 6f these~ toxins are mainly specific glucosidases
but at legst one oxidase and one amino acid iyase have also
been implicated (Swain, 1977). _

Antimicrobial substances c¢an also accumulate to high
concentrations in plant tissues in response to microbial
invasion. Thése induced inhibitors , termed "phytoal%xins",
are believed Eo be major compoﬁénté of the d?naTE;/éefence

reactions in plants.

1.2.2 Phytoalexins

For the purposes of this thesis, an appropriate defini-

tion for the molecules recognized as phytcalexins 1s pro-

posed as follows: Phytoalexins are low molecular weight

(200-500 daltons) antimicrobial compounds that accumulate in

plants in response to infection or stress"” (Bailey and Mans-

field, 1982). The chemistry, biosynthesis, toxicity and

elicitation of these compounds, ‘as well as their role in

plant defence against pathogens is summarized below.

'



1.2.2.1 Structural and biosynthetic considerations

The accumulation of phytoalexins have been demonstrated
in at least 17 .plant families. They have been isolated
mostly from the dicotyledons, rarely from the gymnosperms
aﬁg menocotyledons, and have never been reportéd-from lower
plants; ‘

The chemistry of these compounds is wusually uniform
within a Qlant family but 1is diverse within the plant king-
dom. Plants from the Fabaceae, Solanaceae, Astérhceae and
Convolvulaceae produce predominantly iéoflavonoids,
carbocyclic-sesduiferpenoids, polvacetylenes and furanoses-
quiterpenoids respectively (Table 1) (Bailey and Mans-
field,'iQSZ). However, this is not an invariable rule and
some structural classes as for example stilbenes, are repre-
sented by phyvtoalexins from a wide spectrum of unrelated
plant families (Stoessl, 1982). Of <the 102 phyvtoalexins
reported from the Fabaceae, 84 'are isoflavonoid derivatives,
8 afg'furanoacetylenes, 4 are stilbenes, 3 are benzofurans,
2 are chromones and 1 is a flavanone. Similarly, in the
Sclanaceae, 34 phytoalexins are terpenoid derivatives, 6 are
phenylpropanoid phenols and 3 are acetylenes (Kuc and
Rﬁsh, 1985). The sesquiterpenoid phytoalexins have not been
reperted in the Fabaceae nor tﬁé iseflavonoid phytoalexins
in the Solanaceae.

Diversity of phytoalexin structures implies a complex

integration of synthetic crganization. The acetate-
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mevalonate, acetate-malonate and shikimic acid pathways are

the three main routes utilized in the biosynthesis of phyto-

alexins. The isoflavonoids produced by the Fabaceae are
synthesized by a combination of precurscrs from the shiki-
mate, the acetate-malonate and_ with some, the acetate-
mévalonated.pathway. The sesguiterpenes produced in the
Solanaceae are syntﬁésized by the acetate-mevalonate path-
way. Figure 1 shows examples of.phytoalexins produced by
one of the pathways, or by a combination of 2 or 3 ¢f the
patyways. . -

Accumulation of phytoalexiﬁs may béldue to an increase
in the amounts of the enzymes c¢atalyzing their appropriate
biosynthetic pathways. Production of isoflavonoid phvtoa-
lexins appears to be the conseguence of a specific coordi-
nated increase in the rate of synthesis of many enzymes from
the phenylpropanoid pathway including phenpylalanine ammonia
lvase (PAL), cinnamic acid 4-hydroxylase (Q4H), 4-coumarate:
CoA ligase (4CL), flavanone synthase, chalcone synthase and
chalcone isomerase (Rathmell and Bendall, 1971; Dixon and
Benrdall, 1978; Dixon and Lamb, 1979; Cramer et é&.,1985)§
Increased synthesis of enzymes ﬁas alsc seen to be associat-
ed with accumulation of tilbenes (Fritzemeir and
Kindi, 19@1),’furanoterpené§ (Uritani et al.,1$76), “sescqui-
terpenes (Corsini and Pavek, 1980) and furanoccoumarins
(Tiétjen et al.,1983 Hagmann et al., 1983 Hauffe

et al., 1986). The induction of some enzymes was shown to be
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based on rapid changes in amounts and activities of the cor-
" responding messenger RNAs {(Tietjen and Matern, 1983; Chap- -
pell and Hahlbrock, 1984; Lawton et al.,1983) suggesting

that the control of phytoalexin biosynthesis lies’” at the

level of transcription or earlier.

s



. TABLE !

CREMICAL NATURE OF THE PHYTOALEXINS ASSOCIATED WITH DIFFERENT PLANT FAMILIES

(Adapted from Farborne and Ingham, 1978)

’

FAMILY CHEMICAL TYPE EXAMPLE

CYNNOSPERMAE .
Pinaceae . Stildbene Pinosvlivin
Lignan . Hydroxymazafresinol
ANCIOSPERMAE
Monocotyledones
Craaineae Diterpene Momilactone A
Orchidaceac Phenanthrene Orchinol
Dicotyledones
Chenopodiaceae L' ~Deoxyisoflavone Betavulgarin
ComposiZae Polyacetylene ) Safynol
Convolvulaceae furacoterpene Ipooeamarone
Euphorbiaceae Diterpene Casbene
Leguainosae Isoflavonoid
Isoflavone Wighteone
Isoflavanone KieviZone
Prerccarpan Medicarpin
" lscflavan Vescitol
“Stilbene® Resveratrol
Benzo furan® Vignsfuran
) mtam:ucel::ylt:rxeIl Wyerone acid
Linacese Phenylpromsnoid Coniferyl alcohol
Mz lracese M phchaldehyde GCossypol
Naphthe furan Vergosin
fosaceae Phenclic acid Benzoic acid
Solanaceae Sesquiterpene Rishizin
Uabelliferase Chromone Eugenina
Dihydrolsocoumrin &-Methoxynellein
Furanocoumatin Yanthotoxin
Vitaceac Stilbene oligomer d-yiniferin

Very tare {n this family vhere isoflavonoids predominace,



Examples of phvteoalexins produced by major
metabolic pathways (adapted £from Kuc and
Rush, 1983). , j
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1.2.2.2 Elicitors

- ——

An extremely broad spectrum of compounds and environmen-
tal conditions causes phytoalexins to accumulate. Phytoa-
lexin accumulatioﬁ is induced by infection of plant tissues .
with K bacteria, fungi, viruses, insects and nematodes; by
exposure to cold and .ultraviclet light , and also following
treatment with many chemiébls'ipcluding heayy metal salts,

-

Do

-

vamines, ethylene, antibiotics, metabolic inhibitors,

fungicides and-riyonucleases {Grisebach and Ebel, 1978; Bai-

ley, 1982). Not all of thejabove induce or "elicit" phytoa-
lexin accumulation in-all plants, e.g., phytoalexin accumu-
lation in the Fabaceae is elicited by many compounds and

environmental conditions, but seems, to be under much tighter

-

metabolic regulation in the Solanaceae (XKuc and Rush, 1985).

There have been many investigations aimed at isolating

and characterizing <the products of microbial metabolism

ey

which may be responsible for the stimulatiaé of phytoalexin

accumulation. This has resulted in the identification of
various mirobial elicitors : a) monilicolin A, a low molecu-

lar weight peptide f£rcm Monilinia fructicola caused the pro-

duction of phaseollin by French beaﬁs {Cruickschank and Per-
rin, 1968p, b)) glvcopeptides isolated from wvarious fungi,
led to the accumulatién of several phytoalexins such as rhi-
sistin in tomato, pisatin in pea and glyceollin in soybean

(Bailey, 1982), c¢) cell wall degrading enzymes £from both

fungal {Lee and West, 1981) and bacterial {Davis
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.et al.,1984,1986) sources induced phytoaiexins to accumu-

late, an example being the inducticon of pterccarpan phytoa-
e

lexins in seoybean cotyledons by an endopolygalacturonic acid

lyase frodefwinia carctovora (Davis et al.,b1984), d) poly-

————

sacch%rides obtained from c¢ulture filtrates or from fungal'

cell walls (e.g.., chitosan <£from cell walls of Fusari-
um solani)- were active elicitors of phytoalexins such as
pisatin in peas (Bailey, 1982), and figally e) two polyunsa-
turated fatty acids, arachidenic and eicos;pentaenoic acids,

isclated from Phytophtora infestans elicited the accumula-

tion of sesquiterpencid phvtoalexins in potato tubers (Bos-
tock et al.,1981).

However, the fact that phvtoalexins were able to accumu-
late in the abééhcé of microorganisms or Ehemicals, espe-
cially after treatment with ultravieolet light, led to the
suggestion that exogenous materials'ﬁay not be requiréd to
initiate phytoalexin synthesis (Bailey, 1982). The discov-
ery of materials originating within the plant tissues that
were able to elicit phytoalexin accumulation in plants when
released or activated reéolved some of +the difficulties
encountered when considering the great diversity of phytoa-
lexin elicitors. Several studies have in ..demonstrated
that oligq%accharfdes released from planifiiell walls by
either partial hydrolysis (Hahn et ai.,1981 Nothnagel
et al.,1983) or treatment with pectin-degrading enzymes

(Bruce and West, 1982; Davis .et al.,1984,1986 Kurcsaki

et al., 1985) were elicitors of phytoalexin accumulation.
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Evidence that oligogalacturonides contribute to phytoa-
lexin accumulation 1is provided by the obserxrvations that
most, i1f not all, plants contain homogglacturonans within

their cell walls (Mc Neil et al.,1984). Since all phytopa-,

%
%

thogenic micfcorganisms secrete pectin-degrading enzymes,
(Bateman et al.,1976), it is Llikely that elicitor-active

oligogalacturonides are released from the cell wall during

attempted infectiom——

1.2.2.3 Toxicity and metabolism

ty

hytoalexins exhibit toxicity across much of the biolo-
gical spectrum. Fungi, bacteria{ insects, nematodes, plants
and animals are all susceptible to the action of individual
phytoalexins (Smith, 1982).

Most o©of the research aimed at the elucidation of the
L

molecular features ¢f phytcalexins which confer toxic capa-

b=

4

bilities has concerned interaction; between phvtecalexins and
<« .
fungi. The available evidence, based on cypological and
physiological examinations is consistent with ‘a) a multi-
site toxic activity such as interference with respiration,.
nen-specific binding to proteins, inhikition ¢f enzymes and
prevention of cell wall biosynthesis, apd b) a rapid and
substantial damage to the plasmalemma a; reflected by cvyto-
plasmic granulétion, breakdown cof the cell membrane, leakage
of electrolytes and metabolites and dry;weight loss. The

wide variety 8&f organisms detrimentally affected by phyvtoa-

lexins and the apparent importance of a lipephvlic nature
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-

for these compounds would be consistent with such an activi-

ty (Smith, 1982).

-

The level of phytoalexin éensitivity varies significant-
ly among fungal species and sometimes among fungal races
(Smith, 1982). Apparently, pathogenicity is not always
assoclated with a relative insensitivity to fhe host phvtoa-=
lexin: while some studies have reported that pathogenic fun-
gi were more tolerant to their host phytoalexin than non-
pathogens {Cruickschank, 1%962; Cru@ékschank ana
Perrin, 1871; Hutscn énd Mansfield, 1980; Mansfiéld, 1880),
several exceptions also exist (Keen et éi.,lé?l Pueppke and
Van Etten, 1974; Smith et al.,1975).

Detoxification of phytoalexins by pathogens hashw been
frequently reported. Most of the known conversioné qf/ggfh\,f
toalexins by fungi involve the creation of new hvdroxvl
groups by oxygenation, hydration, carbonyl reducfion or eth-

L\
er cleavage (VanEtten et al.,1982). The metabolism of phy-

toalexins usually, though not always, vields products <that
are less toxic. Phytoalexin metabolism may play a rdle in
pathogenicity of some fungi b&t'man& examples exist where no
metabeclism was detected. Examples of some metabolic studies

performed in pure cultures are given in Table. 2.



EXAMPLES OF THE ABILITY OF SOME_ FUNCAL PATHOGENS TO METABOLIZE

/

TABLE 2

(Adapted from Vanfrcen et al,, 1982)
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THEIR HOST'S PHYTOALEXINS

PHYTQALEXIN HOST PATHOGEN METABCL(TE
Capsidiol Pepper Botrvtls clnerea capsenone

(Capsicum frutescens) Fusariua oXvimrum capsenone

E'E.E' vasinfectum
Phytophthora capsict 50 Detabolisa e
e Cladosporiua Netbacuam no metidollam

Rishi{zin Potate Phytophtora infescans no aetabollsa

(Solanum tuberosum)
Ipomeana fone Swesat tato Corztcium rolfsil unident? fped

Ipooesmaronol

(lpomoes dacacas)

Bocrvodiplodia theobrommae
Caratocyacis fimbrisca
Botryodiplodia theobrome

anidencifted
no »etabollam
unidenclfied

P

Wyarone acid Broad bdean BotryCtls fadas reduced wyercne aciz
{(Vicia faba)

Wyerone Batrytis fabae wyerol
Wvarona apoxide cryzis fabae vyarol epxide
» dihwdrodihydroxvwvers.
Phasecllin French bean Borrytis cinarea Ga-hydroxvphaseol.in
. (Phaseolus vulgaris) :
Fusarium oxvaporua no oatabolisa
f.3p. phasecit
Th-s._cr:v!.oplu basicola no aetabolism
. Rhizoctonia solant unidentificd
" Collezocrichum lindemuthisanum ba-hydtoxvyphaseollin &

e . 6a,7-dihydroxyphasecllin

Fusarium soland L.sp. phusecli la-hydroxyphaseoliome
Phaseollidin Fussrivm solanl f.sp. phasecli phesecllidin hvdraze
Collefotrichum lindemuthianue umidenttfied
fusarium solsnt {.8p. phaseoll unidencified

- Collecocrichum lindemuchianum  untdentifiaed

Phaseollinisoflaven

Klevizone Fusarica solant E'EE' praseoll Kkievizone hydraze
Colletotzichuam lindesuthiaznum unidencified
" Mgdicarpin falfa Stemphylivm batrvosum: vesCizol
(Hcdicago safive)
Sativan '
Pisatin Pea , &
] (Pisum sativum) Nectria hasmmtococcn 3.5e—dihydrozy-8,9-cechvienes 7
oxyptacocarpan (TMDP)
Ascochyts pisg De@P .. .
Aphanomvces guteiches oMDP
.%Hcdicarpin - Red clovar _ Sclerotinia trifoliorum ba-hydroxvymedicarain 5
(Trifolivm pratansa) _ e, T=dinydroxyoedicaroin
S:n—ghyliua sarcinaeforme unidencified
GClyceollin Saybean oy aecabolisa

Phytophthorz asgssperma

vart. lolll

{(Glveine max)

D
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1.2.2.4 Rol

ole of Phytoalexins in disease resistance

There can be little doubt that phytoalexims contribute
to resistance in soﬁe, possibly in many plant-pathogen
interactions. Demonstrationg of the role of these antimi-
crobial compounds in disease resistance depend upon informa-
tion on the accumulation of effective concentrations at
appropriate times and places in tissues to cause <the
observed cessation of microbial growth.

‘Evidence has been provided by a number of studies tﬁat
phytoalexins accdmulate at the site of infection follewing
penetration’%y the microbe, quicg}y enough and in suffi-
ciently high concentration to inhibit the growth of bacteria
~and fungi (Bailey, 1974; Lyon and Woo#, 1975; Rossal and
Mansfield, 198C). Perhaps one of the best examples is the
recent study by Hahn and his collaborators (1985) dealing
with the quantitative localization of glvceollin I in rela-

- - =% - i3 -
tion to fungal hyphae in sovbean roots infected with Phvto-
bod £=iYR0

rhtora megasperma f.sp. glvcinea.using a specific radioim-
muncoassay for the phytoalexin_aﬁa an imm&nofluorescent stain
for the fungal hyphae. It was shown that local phytoalexin
concentration in and arcund infection sites were high enough
to inhibit. f%ngal groewth in  the incompatible {host-
resistant) but not in the compatible '(host- susceptible)
interaction. ’

There is evidence in many host-pathogen systems that the

resistance response is accompanied by the hvpersensitive

7
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reaction in which some cells at ﬁhe site of the infected
plan£ ?issues rapidly d;e and phytoalexins accumulate. Liv-
ing and dead tissues existing together ;eem‘to be essential
for phytoalexin accumulation. Phytoalexin accumulation is
less pronounced and less rapid in the host-susceptible reac-
tions (Grisebach 'and Ebel, 1978; parviyl and‘ Alber-
sheim, 1984). The difference in <the _hytoaiexin vields
between the compatible and incompatible interactions could
be explained by any of seﬁéral rhenomena including ;) secre-
tion by the compatiblé:pathogen cf phvtotoxins that'injufe
or kill the plant cells in the vicinity of the pathogg%,
thereby making it difficult for the plant ta\accumulate s&‘-
fzcient phytoalexin concentration to stop the pathogen (Dar-
vill and Albersheim, 19%84), b) differential secretion by the
pathogens of suppressors or inhibitors of phytoaléf;n syn-
thetic enzymes (Oku et al.,1980),- ¢) more rapid phytoalexin
detoxification by the compatible microbe , and &) differen-
tial elicitation of phytoalexip sﬁnthesis by the two patho-
gens, although the availgble‘evidence does not suppert this
last pos§ibility (Darvill and Albersheim, 1984). .

&\ The biosynthesis and accumulation of phytoalexins also-
appears to be a componeﬁt of the resistance response seen 1in
pl;nt immunization in which infection with an .avirulent
pathogen stimulates rggistance to subsequent infection by a
virulent pathogen. The ability to immunize against some

diseases provides sirong support for the existence of a sys-

~ | . ~
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temic signal which sensitizes plants to recognize infections

and respond rapidly (Kuc' and Rush, 1985).-

The interaction of hogtg and pathogens appears to be a
very complex phenomenon. Resistance mechanisms do not seem
to be very sbecific with reggnd to their induction, the
products produced and the specificity of the products to
iﬁggbit developﬁent of the attacking pathogens. In spite of
this non-specificity, all these lmechanisms are extremely
important for the defence mechanisms in élants permiétinq

survival and growth.

1.2.3 ‘Thiophenes

1.2.3.1 Phytochemical aspects
Thiophenes are an important group of secondary metabo-
lites which have beeE/isolgted, with the exceptidon of a sin-
T

gle microorganism,  only from the family Asteraceae (Composi-

——

tae) (Bohlmann and 2Zdero, 1985). These sulfur containing
substances were'first reported to occur in Tagetes

: —=
(Sease and Zg;ﬁﬁeister, 1947). The first natural thiophene

to be identified was alpha-terthienyl (alpha-T); this was
followed by the identification of the clgsely related
Sm(but-lren)-2¥2'—bithienyl (BBT) (Figure 2) (Sease and
Zechmeister, 1947; Uhlenbroeck ‘qné Bijloo, -1958,1959).
Since then, the number of chemically distinct thiophene

derivatives from this family has risen to more than 15C.
l b -

Jo

-
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Acetylenic thiophenes are useful chemotaxonomic markers
for some tribes of the Asteraceae. Most genera that contain

thiophenes belong to the tribes Heliantheae .and Tageteae.

The genera Dyssodia, Evmenantherum, Poriphyllum and Tagetes
are particularly rich in thi;phene derivatives. No thio-
phenes have been isclated from members of the tribes Aster-~
eaé, Calenduleae and Cichorieae. The occurrence of th;&?
phenes in tr&bes of the family Asteraceae 1s- described in

Table 3.
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TABLE 3

»

THZ OCCURRENCE OF THIOPHENES WITHIN THE ASTERACEAL

{Adapted from Sorensaen, 1977; Bohklmmnn and ch;.'o. 193%5)

TRIBE

MONOTHIOPHENES

DITHIQPHENES

TERTHIOPMENES

‘An:hniduq
Arttotidase
Astersae
Calenduless
Clch'orln.
Lyasress
fumrtoriess
Helsciese
Hallianthess
iculeas
Lides
Nulislesae
Sececlcnane
Tagatsse

Vetooalicas
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Naturally _occurring thiophenes are heterocyclic com-
pounds contaihigg one, two or three aromatic rings per mol-
ecule. Most of them contain a linear moiety with conjugated
double or triple bond systems, that give unigue ultraviolet
ab;orption spectra useful for rapid detection even in crude

plant extracts. The content of thiophene derivatives varies
——

in different organs during the vegetative growth (Sut-

feld, 1¢82; Downum and Towers, 1983; Bohlmann and 2Zde-
re, 1985). For example, in Tagetes patula, maximum accumu-

lation of <thiophenes occured within the £irst days of
germination. BBT and acetoxvbutinylbithicophene (BBT-0Ac)
(Figure 2) were the major components of the hypocotyls and
~e
roots. Alpha-T occured exclusively in the cotyledons while
the relative distribution of Thydroxybutinyvlbithiophene
(B8T-0H) (Figufq 2) was gult variable among cotyledons,
hypecotyls and roots (Sutfeld, 1982). It 1is not known

whether t:anslocation‘b:ocesses are involved in the accumu-

-

lation ¢f thiophenes in distinct organs, or if the different
pattern oflaccumulation 1s due to separate sites of synthe-
sis of the thiophenic compounds.
-~

Natural thiophenic acetylenes are Dbiosynthetically
derived from oleic acid. Chain shortening of this eighteen-
carbon datty acid, by oxidation and\ﬁecarboxylation through
polyacetylenic iﬁtermediates, _ieads ¥%o the widespread
+h

hirteen-carbon 1intermediate <tridecapentaynene, the impor-

- -

»
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tant precurscr of most of the naturally occuring thiophenes.
The addition of methionine or its sulfur equivalent to this
intermediate is believed to be the key step for the forma-
tion of the thiophenic ring(s), resulting in the variou§

mone, di and terthienyl derivatives (Bohlmann et al.,b1973).
The structural relat{onships-between the natural thio-
phenes isolated from Tageted, and results of feeding experi-
ments with labelled precursors have suégestad a plausible
biosynthetic pathway (Fiqure 3). Tﬁe.biogenetic origin of
alpha-T and BBT, bot; present in most'fagetes species has
been established by feediné labelled tridecapentaynene. It
was suégested that in the rouée from <the tridecapentaynene
to the naturally occurring thiophene derivatives, the path-
way splits into twe routes. While the first route vyields
the bithienyls, the other route in which one more bond
becomes introduced into the i:;s;medfate, ieads t; the ter-
thiophene alpha-T (Jente et al.,b 1981 Bohlmann and Zde~
ro, 1985). . BBT-OE and BBT-OAc would probably be formed
through the epoxides of BBT (Bohlmann et al.,1973). Ques-

tions remain in this hypothesized biosynthetic pathway con-

cerning the segquence of single steps. Various possibilities

exist for the introduction éf the required 1-2 acétylenic

bond from tridecapentaynene to the corresponding dihydrocom-
«

pound. The stage at which the terminal methvl group "is

eliminated by oxidative decarboxylation also remains, unknown
>,

(Bohlmann and Zdero, 1985).
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Tentative biosynthetic pathway of the thio-
phenes BBT (2), BBT-OAc (3), BBT-0K (4) and
alpha=-T (5) present in Tagetes erecta from
the tridecapentaynene precursor (1) (adapt-
ed £from Bohlmann and Zderco, 1985; Jente
et al.,h 1981).
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Tracer studies are a preliminary guide to biosynthetic

pathways, which can be established definitively only through

enzymatic studies. Only two enzymatic studies h%ye been
undertaken. The first study involved the isolation of an
enzyme from green parts of Tagetes patula. The enzyme,

identified as being a highly specific ace;oxybutinylbithioj
Qphene acetate esterase, catalvzed the transformation of BBI-
OAc to BBT-OH (Sutfeld and Towers, 1882). Recently, experiw
ments performed with crude enzyme prepa:épions from

Tagetes patula seedlings supported the existence of two

position-specific dithiophene acetate esterases (Pensl and
Sutfeld, 1885). It is not known whether these enzymes play
a role in the biosynthetic or degradative step of thiophene
metabolism. Further enzymolegical investigations are needed

in order te¢ elucidate this unresclved guestion.

s

1.2.3.2 Photobiological aspects

Plants of the genus Tagetes have been extensively used
ih Central and South America as well as in other parts of
the world as medicinal pl;nts, insect repellents and to dis-
courage soil nematedes (Neher, 1968). It was only in the
late 1950's that the nematicidal principles were first iso-

lated from the roots of the marigold Tagetes erecta and

identified as alpha-T and the structurally related BBT
(Uhlenbrock and Bijloo, 1958,1859). It waé subsequently
observed that i1rradiation with near-ultravioclet light (UV=-A)

strongly enhanced the nematicidal activity of alpha-T (Gom-

am—
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‘M&Ts, 1972, Commers and Geerligs, 1973). Since then, thio-

A

phenes have been demonstrated.to be physioleogically active

against a wide variety of organisa;, possessing greater
activity in the presence of sunlight or artificial sources
of UV-A light (320-4200 nm) . than in the dark: In addition to
nemapodeg, these ' "photosensitizers" are phﬁtotoxic against

microorganisms including fungi (DiCosmo et al.,b1982), bacte-

t

ria and yeasts (Camm et al.,1%75 Chan al.,1975 Arnason

t al.,1%981a Downum et al.,b1982,1983), various insects

(Arnason t al.,l1981b, 1983 Wat et al.,1981 Kagan and

Chan, 1983; Champagne et al.,6 1883 fbhampagne, 1984; Downum

et al.,1984) and other organisms including £ish (Tow-

"

ers, 1980), marine and fresh water algae {Arnason

et al.,1981lc Sinclair and Arnason, 1982) as well as other
plant species (Campbell et gi‘,1982).- In addition, alpha-T

can cause skin damage (Towers et al.,197%9) and lysis of

&

human erythrocytes (Wat et al.,1980).

: “ -
The mechanisms by which thiophenes exert their photo-

~

biological activity in the presence of UV-2 irradiation is a

L.

topic of considerable interest. ‘A photosensitizer 1is
described as a molecule that can be_ excited to a new elec-

tronic state by absorption of a quantum of. light and which,
. [4

in its excited state, reacts with itself or with some other
’ ¢

‘suitable molecule in a given svstem (Spikes, 1977). Two

-

types of photosensitizations are known: those reguiring oxy-

gen, known as photodvnamic sensitizations and those occur-

-
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ring without oxygen. The latter are most frequenEly reac-
tieons involfing photeinduced modifications of DNA, mediated
Ey plant products such as furanocoumarins and furanoguino-

lines (Spﬁkes, 1977). Photodynamic sensitizations can occur
-3

as either type I or type II processes. Type I photodynamic
reactions y;;ld superoxide radicals O;_ éhrough a series of
electron <transfer processes following light absorptiocn.
Iype Z photodymamic reactions involve the production of sin-
glet oxygen 102 as a result of transfer of the excitation
energy. The twe <types of activatgd species of oxvgen aré
highiflféactive énd can cause biological damage by oxidation
of biological molecules such as sterols (Suwa et al., 1878y,
proteins (Lamola and Doleiden, 198C) and nucleic acids
s .

(Spikes, 1977).

Evidence has accumulated that thiephenes are efficient

generators of sindlet oxvgen (Bakker et al., 1879 Arnason

et 21.,198la Gommers et al.,1982 Mc Lachlan et al.,6 1984

é
Reyftmann et &l.,1985) and that .the primary mechanism of
action is the photodynamic disruption of membranes and does

not involve DNA ‘(MacRae ‘et al.,1980 Downum et al., 1982
Yamamoto et al.,b1984). Photosensitization involving both
‘oxidative and non-oxidative (production of free radicals)

mechanisms have also been described for polvacetylenes (Mc

‘Lachlan et al.,1984 Weir et al.,b1985).
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The phototoxicity of certain secondary plant substances
leads one to question their in situ significance. It is now
geﬂ%rally‘ accepted that these endogenous photosensitizers
confer advantages as natural protective agents to the plant
that possesses them (Spikes, .1977). Similarly, the exis-
tence of toxic chemicéls such as thiophenes in the As*era-
ceae, that have no known metaboli;_function in the plant,
suggests their xrole as protective agents against fungal,
bacterial or viral pathogens, insects or other aﬁimals. It
is this defence role of thiophenes against fungal infection
tHat is the main topic of this thesis.

1

1.3 Plan of study .

Although in vitro toxicity of thiocphenes towards various
—_— L

erganisms is well documented, no information exists concern-

ing the in situ role of these compounds in the plant defence
reactions, probably due to the lack of a well defined host-
pathogen system for study.

\\ This research was an effort te evaluate the ;ossible
involvement of these powerful photssensitizers in plant
resistance to fungal pathogens. Thé main purpose was to
investigate whether thiophenes play a role as phvteoalexins.

. ¥

For this, the changes in thiophene levels occurring in p;ant
tissues following microbial infection or, exposure to abiotic

stress, as well as the in vitro toxicity of these compounds

were examined. An attempt was also made to assess a) wheth-
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er the physiolegical growth stage affects the ability of the
host to résponq to applied stress in terms of thiophene pro-

ducticn, b) whether the severity of the fungal infection

affects the vield jf thiophenes in the infected tissues and
¢) whether differepces in fungal pathogenicity can be asso-
ciated with differential sensitivity of mycelium to the tox-

T— .
ic thiophenes pro the host. An effort was alsc made

to determine i1f a Tmaturally occurring thiopnhene c¢an be
metabolized in vitro by a virulent fungus. It was hoped
that information concerniﬁg these aspects of the host-
pathogen interaction would help élucidate the role of thio-
phenes in plant defence reactions.

- But before in situ studies could be conducted, it was
essential to design a suitable host-pathogen system, to
c¢haracterize thiophenes present in the host plant and to
find a sensitive method for accurate.quantification cf thio-

plienes in the plant tissues.

1.3.1 The host

-

‘'The African marigold Tagetes erecta (Tageteae, Astera-

ceae) was choosen as a sultable host because it was reported

to contain a relatively broad spectrum of biochemically

related thiophenes including BBT-OE, BBT-CAc, BBT and alpha-

T (Figure 2) (Bohlmann et al.,1973 Hogstad et al.,b1984).

In addition, many fungal pathogens exist for this™ plant
including species of Alternaria (Cotty et al.,1983), Septo-

ria® (Changsri and Weber, 1958), Fusarium (QOlsen, 1965),

Botrytis and Phvtophtora (Pirone, 1978).
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Tagetes is a diverse ggnﬁs, comprising strongly scented

species, some of which_have become well established horti-

»

culturally. Their natural range extends from southeast Mex-
ico into Argentina and the area of their grea?gst diveisity
is in south-central Mexico (Neher, 1968). -

Only four phytoalexins have been isolated from members
of the family Asteraceae. These are safynol and dehydrosaf-
ynol from safflower (Allen and Thomas, 1%7la,b), as well as
ayvapin and scopoleti;_ from sunflower (Tal and Rcbe-

son, 1985). The widespread occurrence of phytealexins in

many plant species makes 1t probable that Jother plant spec-
-

o

ies from the Asteraceae faﬁily also< produce phytoalexins in

" response to stress. Thiophenes, characteristic of this fam-
ily, may be possible candidates. "

To test the effect of ﬁhe physioclogical growth stage on

the thiophene yield in the plant tissues exposed to stress,
young germinating seedlings (4 dayvs old) were used as com-
—pared to older less vulnerable seedlings' (2 weeks old) to

Set up two different experimental systems. Seedlings. were

used instead of older plants because they -were easier to

grow and to manipulate

1.3.2 The péthogens

Alternaria tageticae (Deuteromyces) was the fungus used

to infect vyoung germinating seedlings of Tagetes erecta.

-

This organism is the causal agent of stem, leaf and flower ~

blight of marigolds (Cotty et al.,1983). Other Alternaria
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species cause leaf spots of crucifers and cufcubits or early’

blight of potato (Hawksworth et al.,b1983).

The second host-pathogen system used was the root and

stem rot of older Tagetes erecta seedlings caused by Fusari-
um oxysporum. This fungus is the most important member of
the genus Fusarium (Deuteromyces), and causes severe vascu-

lar wilts in many agricultural crops and many ornamentals

{Armstrong and Armstrong, 1873).

Two Fusarium oxvsporum strains, differing in their

prathegenicity towards Tagetes erecta were tested for their

ability to initiate accumulation of thiophenes in

Tagetes erecta root and stem tissues during the course of

infection development.

.



Chapter 1II -

MATERIALS AND METHODS

2.1 Chemical analyses of thiophenes.

¥
K

2.1.1 Chemicals

Acetonitrile and water used for high performance licuid
chromatography {(HPLC) were of HPLC grade (Fisher). A&ll oth-
er soivents used for extraction and chromatography were of
analytical quality and were twice distilled before use.

Alpha-terthienyl (alpha-T) was prepared by our collabo-
raters Drs L.C. Leitch and P. Morand (Department of Chemis-
try, University of Ottawa) by a large-scale version of a

Grignard synthesis developed in their laboratory (Philcgene

&

1.,1€¢84). Samples of 5—(4—hydrogy-l—butenyl)
-2,2"'bithienyl (BBT-0H), 5-(4-acetoxy-l-butenyl)-2,2' bithi-
enyl (BBT-OAc), 5-(3,4-diacetoxy-l-butinyl)-2,2'-bithienvl
(BBT-ZOAC? and (5-buten-3-ynil)~2;2'-bithienyl {BBT) (Figure
2)..were kindly supplied by Dr. R. Sutfeld, University of
Muﬁster, E:R.G.. Reference compounds were checked for puri-

ty by EPLC, UV and mass spectroscopy (M.S.).
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2.1.2 Qualitative analysis

2.1.2.1 Extraction

EEesh plant tissue (0.3-1.5 g) was ground in 95% ethanol
(?0 ml) using a motor driven homogenizer {Lourdes, Model
MMlig;EEi the hgmogenate was fi;tered under wvacuum on a
Buchner funnel using Whatman #1 filter paper. The filter
containing the plant residue was. washed with an equal volume
of 95% ethanol. The resulting filtrate was then refiltered
using 0.45 ¥, 47 mm HPLC nvlon filter (Schleicher and
Schuell, Inc., N.H) to remove any residual particulate mat-
ter, before being reduced to a small volume (2 ml) on a
rotary evaporator (30°C). Tﬁe concentrated fraction was
stored at -20°C until HPLC analysis. The procedure was con-
ducted under reduced lighting to avéid photodegradation of

thiophene compounds. :

2.1.2.2 High pressure liquid chromatography

HPLC, used for qualitative and quantitative analysis of

e .
thiophenes, was verformed by isocratic elution with

e
acetonitrile-water (70:30, v/v) at a flow rate of 1 ml/min
(Beckman 110A pump and 420 controller). A reversed-phase

Ultrasphere 5 ¢ ODS 4.6 mm x 25 cm (RP"C:a) column was used

for analytical work (injection wvolume; 20 ul). A_Béckman

165 Variable Wavelength detector s at 250 nm was used to

detect eluted compounds. The eluate was scannéa (220-400
. I

nm) on-line with a2 high speed | linear spectrophotometer,
——

allowing rapid identification £f the compounds.
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Peaks corresponding to thiophene compounds were recog-
nized by comparison of their reténtion time and UV spec%rum
witﬁ £hose of reference material. The identity of each
substance was later .confirmed by isolation, purification and

spectroscopic :identification of edch thiophene derivative.

2.1.2.3 Isolation and purification.

Identification of thiophenes was conducted after isola-
tion £from crude planf extracts. Spectral analysis of pure
samples (UV spectra and mass spegtra) and comparison with
published data were used for structural elucidation of com-
pounds.

Bulk extraction of Tagetes erecta was achieved by homog-

_enizing fresh tissue (500 g) in QS%hethanol (1 1) and £fil-
tering twice as previously described (see Extraction, sec-
tion 2.1.1). After evaporation of the resulting filtrate to
dryness on a rotary evaporator (30°C), the residue was dis-
solved in hexane (2 mli). This scolution was subjected to
spinning plate thin layer chromatography (Chromatotron Model
7924T, Harrison Research Inc.). The rotor was coated with a
l =m thick absorbent layer made of Silica Gel GF-Gypsum con-
taining 13% binder (CaSOJ.l/ZHQO). Followin cémplete satu;
ration of the absorbent laver with hexane aqd partial equi-
libration, the concentrated plant extract wa? introduced
into the Chromatotron. Gradilent elution, starting witﬁ a

low polarity solvent to increasing amounts of a polar sol-

vent was used to develop the chromatogram. This was con-
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ducted at a flow rate of 3 ml/min in 5 consecutive'ﬁtepg
with seolvent systems consisting of 100% hexane‘(for-step 1,
10 min elution time) and 2%, 6%, 10% and 20% ethyl~acét§te‘
in hexane (f£or steps 2 to S reSpective%y, elution time: 5-
min each). This was £followed by an acetonitrile wash to

remove residual polar compounds.
Collected fractions were monitored for thiophenes with a
Pye-Unicam SP8-10C spectrophotometer. | Fractions containifig

. P o W P . . .
thiophenes were further purified using preparative reverse-
) - . ’ .
phase HPLC. The ceolumn used for preparative work was a
Beckman ultrasphere 5 u 0DS 10 x 25 ¢m egquiped with a 200
rl sample loop. The samples were eluted with acetonitrile-
water (70:30, wv/v) at a flow rate of 2 ml/min with the UV .
detector set at 250 nm. Fractions containing thiophene
derivatives were collected and extracted once with hexane
and once with ethyl acetate after the addition of water.
The two extracts were thenh pooled together, evaporated to
dryness using a stream of nitrogen and the residue concen-
C .

trated in ethyl acetate before sending toe M.S5. analysis.

All M:S. analyses (direct probe) were performed by the Chem-

istry Dept., University of OQOttawa, using a VG 7070-E mass
»

spectrometer.
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.1.3 Quantitative analysis

A%

-

Peaks attribuable to thiophenic compound§ detected on
'th;'HPLC chromatograms of crude plant.extracts were quanti-
fied by reference tc standard concentratign lcurves. The
toncentration curves ;ere determined by preparing various
dilutions of the thiophene reference substances in ethanol.
Each dilution (26‘ Ji) was then injected inte the reverse-
phase HPLC column. The peék heights of <the resulting chro-

matograms were estimated and concentration plots were drawn.

2.2 Abiotic and bioctic treatments of 4 day old seedlings

of Tagetes erecta

{

2.2.1 Plant material

Seeds of Tagetes erecta var "Crackerjack" purchased from

Stokes Seeds- Inc., Buffalo, N.Y., were imbibed between
sheets of moist filter paper (Whatman #1) at 25°C‘ for 96
hrs. The peric;tps\bére then carefully remo;ed f£rom germi-
nating seeds,” the seedlings separated and washed with dis-
tilled water. These could be prepared and handled without

inflicting severe damage.

2.2.2 Treatment with an ablotic agent
Lots of 200 seedlings were submerged in 100 ml solutions
of HgCl, (0.001 N) and left for different periods of time

{10, 30, 6C and 120 min). After treatment, germinated see-

dlings were washed 5 times with 100 ml distilled water.
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Treated and centrol plants, which had been immgrsed in water
not containing HgCl,, were placéd i; 10 ¢m plastic Petri
plates lined with.Whatman #1 filter paper (10 seedlings pér
plate) and incubated foril, 2 and 3 days in a controlled
environment chamber (Conviron S10h) at 25°C, 70% R.H., 16:8
‘hr light:dark with illumination provided by solar simulating
Vita Lights (Durotest 4£8T12). The light intensity gt plate
level was estimated to be_l? w/m* using a Yellow Springs
Instrumgﬁt £5=-A radiometer; At the end of each incubation
period, triplicate samples from each treatment (50 seedlings
per sample, l-i.S g fresh weight) were extracted and stored
at -20°C until thiophene analysis by HPLC (as described in

section 2.1).
2.2.3 Treatment with a biotic agent

2.2.3.1 Fungal cultures

Alternaria taagetica, isclate 16 MV obtained from materi;l
collected in Los Mechis, éinalqa, Mexico, was kindly sup-
plied by Dr. P. Cotty, College of Agriculture, University of
Arizona, and was chosen as the pathogenic agent. The cul-
ture was maintained on a modified V-8 medium containing 10%
(v/v) V-8 vegetable juice solidified with 2¥% agar (w/v), at
25°C, 10 cm below a cool-white fluorescent tube (20 w) using
é 16 hr light, 8 hr dark photoperiod (light intensity at
plate level = 2w/m?). Spores were ob%tained from 2 weeks old

cultures grown under these conditions.
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2.2.3.2 .Prgﬁaration of monospore cultures
-Fungél culturéﬁ deffﬁedlfrom single spores were prepared
for use as stock cultures. Sterile distilled water (5 to 10
drops) was spread onto the surface ¢of the sporulating fun-
gus. After agitation, a leoopful ofl this suspension was
transferred using aczlamed broach to a plate contaiﬁing the
appropriate fungal gro&ﬁh medium and mixed with 0.5 ml of
sterile distilled water. One loop of the resulting mixture
was uniformly dispersed into 0.5 ml of sterile distilled
water added to another Petri dish containing the suitable
medium. The process.was repeated until various dilutions of
the fungal conidia were obtained. Dilution plates were then
incubated at 25°C . 10. cm below a cool-white fluokescent.
tube (20 w) with continuous illumination and examined after
24 hrs under a stereoscopic microscope at 50x magnification
té check for germination of the conidia. Small pieces of
agar containing single germiﬁating conidia were transferred
to Petri dishes containing the suitable fungal medium using
a flamed broach (size XX Fine, Union Broach Corperation).
Five plates, each containing one\germinatiﬂg conidia, were
prrepared for each fungal isolate used in this study. The
plates were incubated at 25°C with continuous fluorescent
illuminaéion. After 5 days, a small piece of agar contain-
ing mycelia was transferred from each monoconidial culture
to a dozen of 2% agar slants. These were kept‘for 24 hrs
under the conditions just described prior to storage at 2°C

-

for use as stock monosporal cultures.
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2.2.3.3 Inbculation of plants

For the production of the incculum, sterile distilled
water was pipetted onteo a 2.weeks cld A. tagetica culture
grown from single spores on the medified VB medium. The
surface of the “Culture was scraped using a sterile glass

_microscope slide and the suspension was passed trough a lay-
wer of cheesecloth to collect mycelial fragments. The
resulting mycelial mat was washed with sterile deionized
water pricr to fragmentation in a Waring.blendor for 90 s
The suspension was diluted to a final concentraticn of 1 mg
mycelial dry_ﬁeight per ml of water and was used to inocu-
late plants. Plastic Petri dishes (10 c¢cm) lined with moist
Whatman #1 filter paper, each éontaining 10 T. erecta see-
dlings prepared as previously described (see section 2.2.1,
plant material}) were spraved to runoff with the fungal ino-
culum. Control plants were spraved with distilled ;aﬁer.
All plates were incubated'for 0, 1, 2, 3 and 4 days in a
controlled environment chamber (Conviron $10h) at 25°C, 70%
R.H., under solar simulating Vita lights (Durotest 48T12)
with a 16:8 hr light:dark cycle. Afte; the required period
of incubation, plants were examined for the presence of dis-

» .
ease symptoms and triplicate samples from each treatment (5C
seedlings per sample, 1-1.5 g fresh weight) were extracted
and stored at -20°C until thiophene analysis and gquantifica-

tion by HPLC (as described in section 2.1).

)



2.2.3.4 Reisolation from diseased plants
To check for the presence of the pathogen in diseased

tissue obtained following fungal treatment, segments O.§ cm
in length were cut from different parts of'tie infected
plant using a razor blade. The excised pieceg were then
surface-sterilized in 70% ethanel for 3 min and then rinseé
in sterileAdistilled water (3 'x 10 min rinses). The margins
of each excised piece were then cut . out and the remaining 2
mm central strip plated in a sterile medium ceontaining 53
mg/l of Rose Bengal and 20 mg/ml of Difco agar. The plates
were then incubated for 5 days at 25°C, 10 cm below a white-
cool fluorescent tube (2 w/mf at plate level}) with continu-

ous -illumination prior to examination and isolation of the

fungus for comparison with starting material.

'2.3 * Biotiec treatment of 2 weeks old seedlings of Tagetes

erecta under aseptic conditions.

2.3.1 Plant material

T. erecta var "Crackerjack" (from Stokes Seeds Inc., Buf-
f;lo, N.Y.) was also used in this study. Seeds were sur-
face sterilized before gérmination.

Lots of approximatively 500 seeds were soaked for 3 hrs
in distilled water (500 ml) containing 0.04% powdered deter-
gent {Sparkleen, Fisher scientific). The detergent was add-
ed to 'decrease surface tension and thus facilitate imbibi-

tion of the seeds. Following hvdration, the seeds were



. | . o ‘46
submerged in 500 ml of a 10% Javex sPlhtiOn for 6 min and
then finsed 3 timés with 500 ml sterile distilled water.
For germination, seeds were plated on 2% agar (10 seeds per
‘Eetri.plate) and incubated in the dark for 96 hrs at 25°C.

Following the required period ofiincubation, each sur-
face sterilized'seedling {5 to 6 cm) was asept;cally trans-
ferred to a sterile glass tube {25 x 200 mm) containinql35 g
of 2 mm glaés beads covered with 10 ml of a 75% Hoagland's
solution (Appendix 1). The bottom of each tube was fitted
with a black plastic sleeve to prevent entry of light into
the root zZone. All the culture tubes (Figure 4) (in total:
60C tubes) were incubated for 10 days in an environmental
growth chamber {(Conviron S10h) at 25°C, under solér simulat-
ing Vita light (Durotest 48T12) with a 16:8 hr light:dark
prhotoperiod. The light intensity reaching the plaﬁts inside
the tubes was 15 w/m® as measured using a ¥YSI-Kettering méﬁ-

el B65A radicmeter.
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| Figure 4: Sterile culture tube used for the growth of |
| T. erecta. Zach 4 days old seedling was |
| aseptically transferred to a tube contain- |
| ing 75% Heoagland's solution (Appendix 1) |
| and incubated for 10 days in a controlled |
| . environment chamber at 25°C, 70% R.H. with |
| a 16:8 hr light:dark photoperiod (light |
| intensity reaching the plants = 15 w/m?), |
| prior to fungal infection. |
I - |
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2.3.2 Fungal cultures

Two isolates 'of Fusarium oxysporum differing in their .

virulence towards - T. erecta were choosen as the fungal

pathogens: a) F. oxysporum var callistephi race 2 (FOVC race

2)., described by Olsen (1963) as causing a vascular wilt of ..
the African marigold, was obtained from the Commonwealth
Mycological Institute, England (culture # 141122), and

F. oxysporum £.sp. radicis lvcoperisici (EORL) was obtained

-

from Dr. W. Jarvis, Plant Paﬁhology, Harrow Researh Stati
This organism was not known previously to infect marigolds.-
Monospere cultures of FOVC race 2 and FORL were grown on
potato sucrose agar (PSA) prepafeé as described 'in Appendix
1, 10 cm below a daylight fluorescent lamp (2 w/m* reaqhing.
the plates) with continuous illuminatien. After 10 days of
growth, conidia were harvested by-flooding plates of the
sporulating fungi with sterile distilled water and agitating
the sufface of the culture using 2 mm sterile glass beads.
The conidial suspension was filtered twice through steri-
lized muslin to remove mycelial fragments. The filtered
spores were centrifuged for 15 min at 1,000 x g and washed
twice with 10 ml of sterile distilled water before adjusting
the concentration to approximately 5 X 109 spores/ml as
estimated using a Klett densitometer previouély standardized

from haemacytometer counts.
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2.3.3 Inoculation of plants
Two weeks old T. ereé%a seedlings grown under aseptic
conditions as previously described (secnion 2.3.1) were ino-
culated with 1 ml of a 7 day old hyphal solutien in Frieg
medium (Appendix 1). This fungal solution was prepared by
inoculating 200 wul cof the 5 x 10g .sbores/ml suspension in
a 250 ml Erlenmmever flask containing 200 ml of the steri-
lizedJFries medium, and growing the fungus with continuous
shaking at 100 rpm iﬁ ;he dark at 25°C. Friessmedium (llml)
was administered to control seedlings.
AIl culture tubes were returned to the growth cabinet’

after treatment and incubated for 0, 4, 8 and 12 days.

After each incubation period, plants were examined for the

presence of disease symptoms, and the root and stem portions

below the point of attachment of the cotvledens were excised

from each plant usiﬁg a razer bklade. For each treatment
{control plants, blants infected with FOVC race 2 and plants
infected with FOFL), triplicate samples consisting of roots
and stems excised from 15 plants (0.3-0.5 g fresh weight)
were extracted and stored at -20°C until thiophene analysi;

by HPLC (section 2.1).

2.4 . Fungitoxicity and metabolism of thiophenes
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2.4.1 Effects of alpha-terthienyl on fungal growth
The liquid bioassay method used to .determine the biolo-
'gical activity ofl alpha-terthienyl (alpha-T) against two
fungal isolates in the absence and in the presence of lnear
UV light was essentially that of Bourque et al. (1985). The

fungi used were Fusarium oxysporum var callistephi race 2

(FOVC race 2) and F. oxysporum £.sp. radicis lycoperisici

(FORL) previously described (section 2.3.2).

- Erlenmeyer fla;sks {25 ml), each c¢ontaining 10 mi of
Sterilized Fries medium, were inoculated with 100 ul of a
spore suspension (5 x‘lO9 spores/mil-) prepared from 10 day
old fungél cultures grown on PSA as described in section
2.3.2. Appropr;ate amounts ¢f alpha-T were then aseptically
added to éééh flask in 10 nl of 95% ei'..ha’nol to achieve
final concentrations of 0.001, 0.01, ©.1, 1, 10, 50 and 100
rg/ml. Coﬁtrols received 10 yl of éS% ethanol with;aut.
alpha-T. Each treatment consisted of 5 replicates. The
conidial cultures were then incubated at 25°C with continu-
ous shaking at 150 rpm in the dark or in the presence, of
near UV radiation (16:8 hr, light:dark photoperiod).. The
source of UV-A irradiation consisted of a bank of ¢ Westing-
house blacklight biue tubes ;(Westinghouse F 20T12/BLB, emis-
sion in the 300-400 nm range). The light intensity of less
than 400 nm reaching the fungal cultures was estimated to be

4 w/m® using a ¥YSI 65-A radiometer and a Kodak Wratten fil-

ter # 2A. The Erlenmever flasks used were then checked for

N
/

/
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uv absorptioﬂ and were £Qund'to be transparent to wavel-

engths above 300 nm.

Following a 48 hr incubation peried, 100 ul aliquots
were removed from control and from alpha~T treated samples
(1-100 ug,/ml, +UV-A) and examined under phase contrast
microscopy to check for any symptom of toxicity."After 72
hrs, the mycelial dryv weights of the fungél cultures were
determined. The fungil were collected on Whatman $ 2 filter
paper (4.25 ecm) using a wvacuum filtration appératus ané
weighe? after 24 hrs at 75°C. Each experiment was repeate&
twice. The results presented are the adjusted mycelial dry

~

.. . , " g
weights obtained after substracting the weight oi}fhe cul-

ture medium. .

2.872 In vitro metabolism of alpha-terthienyl by fungi

.Fusarium oxysporum f.sp. radicis lvcoperisici (FORL),
described previously (section 2.3.2), was used in this
study. \

-~ -

To obtain mvcelial growth] 100 3l of a spoxe suspension -
S——

9
3 x 10 spores , bprepared from 10 day old c¢ultures of

FORL grown on PSA - (as described in secgzgﬁ\ité;zlﬁﬁgs ino;u-
lated into 300 ml of sterile Fries medium contained in 500
ml erlenmever fliasks to give a final concentration of 10°
spores/ml. The culture was then incubated at 25°C on a
reciprocal shaker (150 rpm) in the dark for 48 hrs.
Uniformiy iabelled 3H-labelled alpha-T with a specific

activity of 1.3 mc/nmole was prepared by our collaborator

2

e
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Dr. Werstiuk, Chemistry Dept., University of Mc Master, by a

high temperature dilute acid procedure developed in his lab-

L Vs
oratory. The purity ofnaﬂ-alpha-T was assessed by cochroma-

tography with pure unlabelled alpha-T using'various solvent
systems (see below) and was found to be above 97%.. The
labelled alpha-T (10,000 disintegrations min / ug) was asep-

~

ticaily ‘added to the culture medium in 30 yl of 95% ethanol
v

Lo obtain a concentration of 0.3 ug/ml. This concentration

was observed to have no inhibitory effects on the growth of
FORL in the dark (see results, section 3.4.1). ’Two‘types of
controls accompanied q?is experiment and consisted of
JH-aLpha-T or unlabelled zalpha-T (final concentration: 0.3
rg/ml) added <to flafks containing sterile Fries medium
oniy. Three repiicaé;; were used for each treatment. .
After the média had been shaken with alpha-T at 25°C for
24 hrs, 50 ml of acetone were added to each flask to halt
metabolic hétivity. The mycelium was then filtered on What-
man # 2 filter paper and washed with acetone (50 ml) to
extract alpha-T and its derivatives £from the mycelia. Ace-

tone was rembved from the filtrate by evaporation under
reduced pressure. ’ The agueous fraction remaining was
extracted once with hexane (300 ml} and once with ethfl ace-
tate (300 ml)._ Both extracts were pocled and evapwrated to

ryness using a rotary evaporator. The residue Qas suspend-
ed in 200 pl of 95% ethancl. Control samples were extract-

ed and ccncentrated in a similar way. In order to estimate
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the guantitative recovery o% the labelled material using
this extraction procedur;, filtérs containing the mycelial
mat, as well as 20. ul samples from each of the water and
the combined hexane and ethyl acetate fractions, were placed
in 19 ml scintillation £luid (Scintiverse. 2, Fisher). and
kept foaqﬁifioactivity determingtion.

Thin layer chromatography (TLC) was used to idenfify
possible metabolic products of alpha-T. The concentrated
ethanolic extracts (50 ul) from control:and treated samples’
were spoﬁted‘on;250 um Silica gel TLC plétes (Baker Si

250F, UV,., TLC plates). Three chromategraphic solvent sys-

tems were used to develop the chromatograms: a) hexane:ethyl

-

acetate (1:1 v/v),-b).hexane:ethyl acetate (25:3 v/v) and <)
petroleum ether:acetogg (95:5 v/v). The chromatogyams were
subseguently examined under UV light. To determine radioac-
tivity incorporated into the UV-visible spets, these were
scraped coff the plates and eluted with distilled acetone
(10 ml) into scintillation vials, the silica gel was removed
by filtratien ﬁh:odgh cotton. The acetone was subseguently
évaporated fromgéhé;scintillation vials using a stream of
nitrogen pr%prJtéithe addition of scintillation fluid (Scin-
tiverse 2, Fisher) an&idetermination of radiocactive countsﬂ
All counting was performed using a Beckman LS-15C licuid
sciﬁtillation'counter. Quench corrections were made using

cquench curves derived from external standards. The effi-

ciency of counting was found t¢ be between 30% and 35%.
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2.4.3 Fungitoxicity of thiophene standards

The thiophene reference substances BBT-OH, BBT-OAc,
BBT-20Ac and BBT (Figure 3) were examined for their ability
to inhibit germination of conidia ¢f the two pathogenic fun-
gl FOVC race 2 and FORL described in section 2.3.2.

A 20 .ul aliquot of each stock solution of the test com-
pound in ethanecl containing 25 ug/ml was pipetted into the'
cavities of microscope well sLides.- Fo%lowing evaporatien
of the solyent, the dried deposits weré!then covéred with
100 wul of é sSpore suspension of 5 x 10° é?ores/ml in Fries
media. Control spores received éo ul ethanol in absence of
the test compounds. The slides were placed in covered Petri
plates lined with moistened filter paper and .incubated éor
18 hrs at 25°C in the presence of UV-A light, with illumina-
tion provided by a bank of 4 Westinghouse blacklight blue
tubes (Westinghouse F 20T12/BLB). The 1light intensity
reaching the plates'was estimated to be 4 w/m* using a YSI
65-A radiometer: After the required period of incubation,
the percentage germination was determined by examining more
than 100 spores per sample by phase contrast microscopy.
All treatments were duplicated and each experiment carried

out twice.
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2.5 Statistical analysis of results
Statistical analysis performed oﬁ the data obtained in
this study (Appendicés 3 to 6) was achieved using an Amdghl
&470/V7A processor runniné the IBM VM 370/CMS System (Univer-‘
sity of Ottawa) and the statistical packaée for social sci-

ences (SPSS).



Chapter III

RESULTS

3.1 Chemical analysis of thiophenes

-

Thiophene derivatives present in Tagetes erecta were

. separated using reverse phase liquid chromatography (HPLC).
This has been shown to be a very efficient and sensitive
methoa for gualitative and gquantitative analysis of thio-
phenes in crude plant extracts, as well as for preparative
work (Downum and Towers, 1983).

Three studies involved the use of HPLC. The first two
studies entailed the examination of <thiophene levels in
T. erecta at various times éfter treatment of voung germ.-
nating seedlings (4 days old) with an abiotic agent (mercu-
ric chleride) and with a Dbiotic agent { gélterna-

ria tagetica). Changes in thiophene concentrations

occurring in roots and lower stems of T. erecta grown asep-
tically at different times after inoculation of 2 weeks old
seedlings' with fungal pathogens were determined in the third

study.-

- 57 -
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3.1.1 Qualitative analysis

3.1.1.1 Analytical HPLC

<

The HPLC chromatograms sﬁowing compounds absorbing at
250 nm in extracts of T. erecta are presented in Figure 5.
In. the extracts of whole young germinating seedlings, 4 dif-
ferent substances were detected which displayed characteris-
tic UV spectra of thicphenes (Figure 5a). Extracts from
roots and lower stems of older seedlings grown in Hoagland's
solution showed a different thiophene pattern (Eigﬁre 50y,
two of the detected thicphenes were the same as those
present in vounger seedlings, as shown by their coinciding
preaks in the 2 chromatograms and their similar UV spectra.
All of these substances, except one, had comparable reten-
ticon times on fhe chromatograms to those of authentic refer-
ence substances (Tgble 4). The purity and identity of these’

t’ 1
e 5 .
reference compounds had been confirmed by spectroscopy (MS

and UV) and by compariscon with spectral data described in
the literature (Appendix 2).

Compound 1, which el&ted first (R, = 4.5 min) had the
same retention time as the most pclar thiophene standard
5-(4-hydroxy-l-butenyl}-2,2'- bithienyl (BBT-OH). The peaks
of compounds 2 and 3 coincided with those of authentic
5-(4-acetoxy-l-butenyl)-2,2'-bithienyl (BBT-0OAc) (RT = 8
min) and 5-(3-buten-l-ynyl)-2,2'-bithienyl (BBT) (RT = 13.8

min) respectivelv. The peak of substance 4 did not corre-

spond with any of +the reference compounds. Compound 5,
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retained the longest, on the column<(RT = 16.3 min) was com-
parable to synthetic standard 2,2':5',2''-terthienyl (alpha-

T), the least polar compound. The structures of the thio-

~phene standards are shown in Figure 2.
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~Figure 5: HPLC chromatograms of compounds absorbing |
at 250 nm present in ethanolic extracts of |
T. erecta (a) from 1 week old seedlings and |
(b) £from roots and stems of 3 weeks old |
/ﬁ seedlings. Plant growth conditions and |
\ HPLC parameters. are described in Materials

and Methods (Section 2}.
|
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TABLE 4

RETENTION TIMES (tR), ADJUSTED RETENTION TIMES (t'R)

AND MAXTMUM ABSORBANCE WAVELENGTES ()\MAX) QF COMPOUNDS

1 TO S separated by HPLC (co = ].6 min) -t
COMPOUND tp (min) t'p (@ia) AMAX (NM)
1 . 4.7 3.1 335
2 8.0 6.4 335
3 . 13.8 : 12.2 345
4 15.5 13.9 335

5 16.3 14.7 350
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3.1.1.2 Pu;ification and chemical identification of
) thicphenes in I.erecfa

In order to éonfirm the identity of compounds 1 to S”
detected in HPLC chromatograms of T. erecta extraéts, each
substance was isoclated and subjected to combinéa GC~-MS anal-
ysis.'-Separatiop was achieved using spinning plate TLC com-

bined with preparative reverse phase HPLC.

Spinning plate TLC was a relatively efficient and rapid
method for pre-purification of samples. Gradient elution
with increasing amounts of a polar solvent (0% ethyl acetate
in hexane increasing to 20% ethyl acetate in hexane during a
3C min time period) yielded a relatively discrete separation
of bands. Eluted fractions collected from the Chfomatotron
were examined fér the presence of thiophenes by UV spectros-
copy. Compounds 3, 4 and 5 were not resolved by this method
and were eluted together (R. = 8 min). Compound 2 was elut-

ed when the percentage of the polar solvent was increased to
15-20% ethyl acetate in hexane (R, = 26 min). The more polar
substance (1) was removed from the absorbent laver by c¢lean-
ing up with a UV transparent polar solvent (acetonitrile)
and had a retention time of 38 min. .
Compéunds separated by spinning plate TLC were then sub-
jected to preparative reverse phése HPLC for #urther purifi-~
cation. This was achieved by elutitn with an isocratic sol-

vent system (Acetonitrile:Water (70:30, v/v). . Each

thiophene eluted from the preparative column and correspond-
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ing to one peak on the HPLC chromatogram, was collecﬁed,sep—
"arately. The purity ;f each thiophene .derivative was
checked b; reinjection onto the preparative column which
ultimately vielded one pure peak on the HPLC chromatogram:
Isolated thiophenes were then submitted to direct probe MS
analysis. Analysis of the mass spectra (Figure 6f and com-
‘parison with the spectral proﬁerties of the reference com-
pounds and with published data (Appendix 2) permitted the
identification of compounds 2, 3 and 5 as BBT-OAc, BBT and
alpha-T respectively. The elemental composition of compound
4 was determined by accﬁrate mass measurement with tﬁe VG
70705 mass spectrometer wﬁich indicatéd that the molecular
formula was CBHSS.' This compound was tentatively identified
as being one of the polyine monothiophenes shown in Figure
7, based on UV spectral comparisons.

Structural verification of compound 1, expected to be
BBT-OH was difficult because of its unstable nature. Iden-
tification was achieved by alkaline hvdrolysis of BBT~0AcC
(saturated.ethanolié KOH, 5 min incubation at room tempera-
ture) which yielded BBT-0OH. The conversioen of BBT-0OAc to
BBT-OH as detected by analyjical reverse phase HPLC is
depicted in Eiéure 8. It can be clearly seen from the chro-
matograms that Ehe product of the alkaline hydrolysis:
BET-OH, has an identical retention time to that of compound
1. sSamples of (1) were collected and were shown to display

a UV absorption spectrum identical to that of the authentic

BBT-OH prepared by hydrolysis.
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Mass spectra of compounds isolated from
seedlings of T. erecta (a) compound 2
(BBT-0Ac), (b)) compound 3 (BBT), (¢c) com-
pound 4 (C H S) and (d) compound S (alpha-
T) (see Figure 2 for structural formulae).
Relative abundance is plotted against m/z.
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Figure 7: Tentative identification of compound 4 from
extracts of T. erecta seedlings. The UV
absorption maxima (nm) are fcllowed by pub-
Lished extinction coefficients in par-
antheses. .
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FORMULA

a) CnHSS

b) CISHBS

N\

MOLECULAR

WEIGHT

196

196

POSSIBLE CHEMICAL STRUCTURE

H3C[C!C1z-[;‘-CEC-CH=CHz

H,c-CacQ[c :Clo-CH = CHy

~ -

- 70

UV-MAXIMA

{nm)

332 (30300)
357 (26200)

3381(31600)
358(22400)



C e

Conversion of BBT-OAc (compound 2) - to
BBT-OH ({(compound 3) as detected by analv:i-
ical HPLC. The chromatograms show the
changes 1in the levels of the compounds

occurring {a) before and (b) 2fter alkaline

hydrolysis of BBT-0QAc.
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3.1.2 Quaﬁtitative analysis

-

Quantitation of thiophene peaks ‘obtained in the HPLC

chromatograms of T. grecta extracts was achieved by direct -

comparison with the standard concentration curve of the: cor-
- responding thiophene. When various dilutions of the thio-
phene standards were exa‘fmined, the HPLC detector response
(recorded as peak height £rom the EPLC chromatogram) / con-
centration plots were linear for all thiophenes with corre-
latidn.vaiues () >.0.99 (Figure 9). A calibration curve
was determined for every reference compound, since the molar
extinction coefficient at the UV-A Amax differed for each of
them {(Appendix 2). Because of the lack of an authentic ref-
erence sample . for substance 4 tentatively identified as
beiﬁg a polyine monothicphene (Figure 7), quantitation was
achieved by reference to the alpha-T standard concentration
curve since the molar extinction coefficients of the Z prob-

able structures arehc‘::c‘arﬁparable to that of alpha-T at <the

monitoring wavelength (350 nm) (Figure 7, Appendix 2).

Previous work demonstrated that HPLC was a very sensj-,

’

tive Eethod, able to detect nanomelar cquantities of thio-
phenes (Downﬁm and Towers, 1983). This was confirmed in
this stuay where even lower amounts of thiophenes could be
quantified. The minimal aetectable levels were 17 ng/
' seedling for BBT-OH, 27 ng/seedling for BBT-0A¢ and 31 ng/
seedling for alpha-T and compéun%ﬂé. The minimal instant

detector response was 0.02 mm peak height on the HPLC chro-

matogram. : »

X}
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Quantitative work indicated that BBT-0OAc was the most
strongly concentrated com;ound_(0.35 ug/seedling) in 4 day-
old germinating seedlings-of T. erecta. BBT and compound 4
were also present in substantial guantities (0.16 and 0.13

ug/seedling respectively). Alpha-T was present in only
trace amounts (0.06 ug/seedling).

BBT-0OAc was the most prominent compound present in the
roots and lower stems of T. erecta (at 2 weeks) grown under
aseptic conditions, - with a concentration of 0.97

ug/seedling. BBT-0H and alpha-T were also present but at a
much lower concentration, the ameounts being insufficient for
accurate gquantitation .Qﬁen small samples were analyzed.
BéT, reported to be present in roots of T. erecta (Uhlen-
brock and Bijloo, 1959 Bohlmann et §$.,1973 Hogstad

et al.,h 1984) was not detected in roots and lower stems of

the seedlings under the environmental conditions used here.
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Fiqure 8: Standard concentration curves for thio-
phenes (a) BBT-OH, (b) BBT-OAc, (c¢) BBT and
(d) alpha-T relating HPLC peak height (mm)
R to amount of standard injected (nanograms).
The results shown are means of triplicate
samples. Bars represent standard devia-
tions.  The correlation values (r) are >
0.99 for all plots. -
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3.2 Abiotic and biotic treatmenﬁ of 4 day-old germinating

seedlings

-,

3.2.1 | Treatment with an abiotic agent

- Tissue damage was clearly evident in youﬁg seedlings
after treatment with HgCl, (0.001 M). Gradual incfease in
the length of treatment (from 10 min to IZOtmin) resulted in
a progressive increase in browning and discologra;ion of tﬁe
plants. Most of the seedlings collapsed'whe; tfeatedayith
HgCl, for 60 min or more. | |

BBT-OAC; BBTx alpha-T aﬁa'compound 4 were detected in
EPLC chromategrams of .all tissue extracts. Quantitative
analysis showed that the highest levels of thiophenes were
‘present in control plants treated with distilied water.
Treatment, with mercuric .chloride éaused a reduction in the
‘combined vields of the 4 thiophenes; increasing the treat-
ment period resulted in a éecreasé in the thiophene content
of the seedling (Figure iOa,b,c)

Analysis of ‘variance of the data (Appendix 3) showed -
that seedlings treated with HgClZ for 3b'min.or more had
significantly less BBT~OAc (P = 0.05) than untreated contrecl
plants, beginning from the first day po$t-treatm§it {Figqure
10a). The concentration of BBT-CAc in healthy marigolds
increased continuously with time ‘until it reached 0.71 ug/
seedling by the end of the expe?iment. At this time, much
smaller quantities of this thiophene were detected in HgCl,

treated seediings (C.41 ng/seedling for the 10 min treatment

and 0.18 pg/seedling for the 120 min treatment).-
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g The concentration of BBT and compouﬁd 4 decreased in
“’hgclg treatéa plants 24 hrs after the observed fall in the
céncentraffon oﬁ BBT-CA¢, while they remained constant 19 
controd seedlings until the terﬁination cf the experimeﬁf
(Figure 10. b,c). The drop in the amount of cghpound 4
occured gradually with time, reaching its lowest value 3
days after treatment yith thehtoxic‘agent. The decreasg‘in
BBT content was sigﬂlficant (P = 0.05) relative to the con-
trols in & and 7 day-old seedlings treated for 120 min with
HgCll‘1 (0.18-0.19 pg/seedling in contrels and 0.09-0.11 pg/

> ‘ »
seedling in treated plants) butushorter treatment periéds
did not siénificantly:affect (P = 0.0S)hthe concentration of

the compound.

Alpha-?& was :present in small concentrétions (Figure
10d). The slight variabilities encountered in the levels of
aipha—T between the different treatments did not appear to

be related to the degree of damagé done to the plant by the
3=

abiotic agent.



Yield of thiophenes (a) BBT-OAc, (b) BBT,
(c) compound 4 and ¢d) alpha-T in see-
dlings of T. erecta (4 day-old) treated
with HgCl, (0.001 M) for different lengths
of time and incubated for wvarious days in
a controlled environment chamber at 25°C,
70% R.H., with a 16:8 hr light:dark photo-
period (light intensity = 17 w/m?). Each
point represents the mean of at least 3
replicates. Bars represent standard devi-
ations. Where omitted, standard devia-
tions were <. 5%. Control plants and
plants treated with HgCl, for 10, 30, 60
and 120 min grew by 9.4%, 4.4%, 1.8%, 2%
and 0% respectively, from day 1 teo day 3

o post-treatment.
o e PP % ———e -
-~ :
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3 2.2 -. Treatment w1th a biotic agent o

This study 1nvolved the quantﬁtatlve determination of
‘thiophenes (using reverse phase HPLC) at various times after
inoculation of 4 days old seedlingsawdth é.jtagetica.

Within 2 days of inoculatiocn, d rk—brown necrotic sp;;s
were:observed on stems and leaves of diseased plants. Tﬁe
infection progressed rapidly causin browning and drying of
the seedlinﬁs and culminating in %lant mortallty 4 days
aftef fungal treatment. A. tagetlca

could be recovered from
all portions of diseased plants.

BBT-0OAc, BET, alpha-T aed coﬁpouhd 4 were detected in.
PLC chromatogreqf of all tissue e;tracts. dﬁantitative
estimation of the results revealed la general decline in
thlophene content of plants infected w1th A tagetica, the
total thiophene yield being much hlgher in normal healthy

plants than in diseased plants (0.87 and 0.27 pg/seedling in
1

_control and treated plants respectively at the tegpination

of the experiment).
A clear reduction in the BBT-OAc content of infected
plants was apparent, beginning the first day after inocula-

tion and continuing so until the termination of the experi-

‘ment (Figure 1la). At this time (4 days post-inoculation),

dead seedlings contained only 0.12 pg/seedling of BBT-QOAc, a
4.5 fold decrease in concentration as,compared‘to normal
plants. Analysis of variance of the. data (Appendix 4)

showed that the observed differences in the amounts of BBT-

-
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‘OAc. between healthy and diseased plants were significant (P

= 0.05).

A significant decline in the concentrations of BBT and

compound- 4 was evident 3 days after inoculation with the

microbial pathogen and after 4 days, only 0.05 pg/seedling

‘of each compound was left in the severely damaged marigold,

" as compared to 0.13 pd/seedling present in healthy plants
L Y

{Figure 11 b,c).

Alpha-T was present in low concentrations in all plant
tissue examined. Its levels remained constant (Figure llc)
and did not differ siénificantly (P = 0.05) between healthy
and diseased plants (Appendix 4).

These results show thaé thiéphenes'did not accumulate ;ﬁ
very young Z: erecta seedlings (4 to 8 days old) exposed fto

severe growth and infection conditions, with the invading

pathogegrcausing severe tissue damage at a very fast rate.



Changes in concentrations of (a) BBT-OAc,
(b) BBT, (c) compound 4 and (d) alpha-T in
control T. erecta seedlings and in see-
dlings infected with A. tagetica at wvari-
ous days after inoculation. Plants were
maintained in a controlled environmental

chamber at 25°C, 70% R.H®™, with a 16:8 hr _

light:dark photoperiod (light intensity =
17 w/m?), until the termination of the
experiment. Each point represents the
mean of at least 3 replicates. Bars rep-

resent standard deviations. When omitted,
- standard deviations were < 5%.
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3.3 _ Biotic treatment of 2 weeks old seedlings grown under
aééptic conditions.
Changes in thiophene levelg were monitored (using
reverse phase HPLC) in roots and lower stems of T. erecta
groﬁn aseptically in Hoagland's solution 0, 4, 8 and 12 days

after inoculatidén of 2 weeks old seedlings with 2 fungi

showing different degrees -of pathogenicity toward the plant.

3.3.1 - Description of disease symptoms

%~ T. erecta seedlings ﬁere moderately susceptible to Fusar-

ium oxysporum var callistaphi race 2 (FOVC race 2). Initial

., disease symptoms were apparent within 4 days of inoculation

with this pathogen, as evidenced by the browning of the
roots at the site of inoculation berieath the mycelium which
had developed on the surface of the Hoagland's so%ution: ‘A
discolouration of lateral root junctions and iateral root
tips was observed after 8 days, and within 12 days, a more
extensive decomposition of the roots had occurred along with
foliar chlorosis of some leaveé {Figure 12). Reisolation of
viable FOVC race 2 was achieved from the roots and stems of
infected seedlings using standard methods (section 2.2.2.4).

F. oxysporum f.sp. radicis lycoperisici (FORL) was high-

ly pathogenic toward T. erecta seedlings. This fungus is

not reported to infect Afriéﬁn marigolds but theexperimen-

"tal conditions used possibly induced decreases in host

resistance and development of the fusarium wilt,\ Among the

1

factors that could have influenced the outcome of the inter-
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1 - .
action were: the use of a very virulent FORL strain, inocu-

lation of the plénts at a susceptible growth stage and main=-

' tainance of the plants in aéeptic cultures A at favorable

tempergture and humidity conditions. FORL.rapialy invaded
the susceptibie marigold. Zones of discolouration of the
roots were first visible within 4 days after inoculation,
especially below the point of contact with the culture medi-
um, the surface of which wés completely covered with mycelii.
al growth. The hyphae continued to proliferate and after 8
days, extensive unchecked fungal colonization had .resulted
in seedling death as evideﬁced by complete necrosis of
stems, roots and leaves. The appearénce of the seediing 12
days after inoculation with FORL is shown in Figurs 12. At
this time, viable FORL were recovered from all poﬁ{igns of
the plant.' Neither fungus was recovered from healthy con-

trol seedlings which showed no symptoms of disease.
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Figure 12 T. erecta seedlings 12 days after inocula- |
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tion with F. oxysporum wvar callistephi-

race 2 (FOVC race 2) d F. oxysporum
f£.sp. radicis lycoperisicX¥— (FORL). Two
week-old seedlings grown aseptically in
Hoagland's solution were inoculated with a
mycelial solution of the appropriate fun-
gus in Fries medium. Contrel plants were
treated with sterile Fries medium.
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3.3.2 Thicphene content during infection *ﬂs&-
Three thiophenes: BBT-0H, BBT-0Ac and alpha-T were
detected (using reverse :éhase HPLC) iﬁ healthy T. erecta
seedlings and in seedlings infected wiﬁh FOVC race 2 or
FORL. Quantitative analysis showed strfﬁ?ng differences in
th;“?3#tterns of thiophene kinetics (Figure 13). .In the
first péttetn associated with moderate susceptibility to the
invading‘pathogén (FOVC race 2 infection}, ﬁhiophenes tended
to accﬁmulate during the infection process. In the second
pattern associated with high susceptibility to the att;cking

fungus- {FORL infection), the opposite tendency was obagfved.
. 1

— -

In uninfected control plants, leveis of BBT-OH increased
slightly with time and were significantly different (P=0.05)
from initial levels ét day 12 (Appendix 5).

In FOVC race 2 infected plants, there was a much more
dramqtic aecumulation of BBT-OH with time. By ¢ days post-
inoculation, levels were significantly different (P = 0.05)
from 0 day levels and pninfected control levels at 4 days.
By B8 days post-treatment, the yield of BBT-CH wgs signifi-
cantly higher (P = 0.05) 'than the yields at days O and 4 or
Ehe vyield of uninfected controls at dgfy 8 (Appendix 5).
Thereafter, the concentration went up to\ 464 ng/seedling at
12 days, which represents.27.timés the day O concentration

or 12 times the healthy ‘ca;%rol concentration at day 12

(Figure 13a). The fate of BBT-OH was different in seedlings
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infected with FORL, reaching i%ts maximum copcentration (70.
ng/seedling) 4 days after treatment and decreaéing afterward
(Figure 13a). The differences in the vyields -of BBT-#H
between contrel and infected_plants were significant (P =

" 0.05) 4 and 12 days following FORL treatment (Appendix 5).

Amounts of BBT-OAc in control healthy marigolds at day 4

\

were significantly lower (P 0.05) than initial levels (day

0). In both groups of 4 day-infected ;laﬁfs, a still great-
er dgcline below initial concentrations {(day 0) was observed
(figure 13b). These levels were significantly different
from day O levels or from uninfected controls at.day 4.

Iin FORL infected seedlings, BBT-OAc continued to
decrease with time, attaining low values (0.08 pg/seedling)
by thej end of the treatment period (12 days) (Figure 13b}).
The levels of BBT-OAc reached in tissues challenged with
FORL for 4, 8 and 12 days were significantly different (P =
0.05) from the levels encountered in normal healthy plants
(Appen&i% 5).

In FOVC race 2 infected seedlings, original concentra-
tion of BBT-OAc was re-established by 8 days post-
inoculatioen. Tpis concentration was nothsignificantly dif-
ferent (P = 0.05) from the initial concentratien at day 0 or
from the concentration present in the controls at day 8.

Thereafter, BBT-OAc increased to 2.64 pg/seedling at day 12

post-treatmentwshich represents 2.7 times the amount present
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at‘day 0 or 3.2 times the amount in uninfected controls at
day 12 (Figure 13b).

In normal control marigolds, alpha-T concentration ini-
tially remained cor tant with time (0-8 days) followed by a
significant increase over the initial levels at 12 days
(Figure 1l3c)

In marigolds ;nfected with the more virulent FORL, a
very slight but significant incréase in the yield of alpha-T
occurred after &4 days of treatment, but the levels fell
thereafter. At day 12,:n0 alpha-T was detected in the dead
infected seedlings by the assay method utilized, in contrast
to 100 ng of alpha-T / seedling detected in control plants'
at day 12 (Figure 13c¢).

In the marigolds infected with tﬁe less wvirulent FOVC
race 2, the yield of alpha-T increased over time. By 8 days
post;inoculation, levels were sign%ficantly different (P =
0.05) from initial levels (day 0) or from control levels at
8 days. Subseqﬁéntly, alpha-T reached its maximum value of
267 ng/seedling at day 12, which represents more than B.b6
times its wvalue at day'O or 2.7 times its value in uninfect-
ed control plants at daw 12 (Figure 13c). @&

An increase in the leQels of thiophenes occurring in
T. erecta seedlings partially damaged by FOVC race 2 was
clearly apparent in these results. Tissues severely damaged

by FORL infection did not accumulate any thiophenes.
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Changes . in the concentrations of (a)
BBT-0OH, (b) BBT-0OAc and {(c) alpha-T in
roots and stems of T. erecta in ceontrol
seedlings and in seedlings infected with
E. oxysporum var callistephi race 2 (FOVC

race 2) or F. oxysporum f£.sp. radi-
cis lycoperisici (FORL), at wvarious days
after inoculation. Plants, which were 2

weeks old at the time of inoculation, were
grown in aseptic culture in a controlled
environment chamber at 25°C, 70% R.H.,
with a 16:8 hr light:dark photopericd (the
light intensity reaching the plants was 15
w/m?) . FEach point in the graphs repre-
sents the mean concentration of at least 3
replicates. For concentrations. which are
below the limit of sensitivity of the HPLC
assay method, the maximum possible values
are plotted. Bars represent standard
deviations.
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3.4 Fungitoxicity and metabolism of thiophengf
3.4.1 Effect of alpha-T on fungal growth'=\\

l The liquid shake culture bioassay fechnique\éas selected
to carry out a comparative toxicity test of the thiophene
alpha-T towards 2 isolates of F. oxysporum (FOVéx?EEe 2 and
FORL) exhibiting different degrees of pathbgenicities toward
the host plant ( T. erecta), in the dark or in the presence
of near UV irradiation (Figures 14 and 15}.

When no alpha-T was present, approximatively 50 of the
spores germinated 12 hrs after inoéulation.~of the licuid
medium with either fungus. After 24 hrs, extensive branched
mycelia grew in culture. Hyphae with conidiaphores bearing
conidia were seen after 48 hrs, many ceonidia were also
present in the medium at that time. Near UV irradiation did
not have any effect upon germination of conidia.

Addition of alpha-T (0~01-100 pg/ml) to cultures éf FORL
grown in the dark did not have any significant effect (P =
0.05) upon mycelial growth of the fungus (Appendix 6}. No
significant (P = 0.05) dry weight loss was gvident in cul-
tures of FOVC race 2 incubated in the dark and containing
0.01 ug/ml of alpha-T or less. Higher levels of alpha-T
tended to cause a significant reduction in fungél growth
{Appendix b6) reachiné a value of 46% dgrowth inhibitien at
the highest concentration of treatment (100 pg/ml) (Figure
14). The effects of high alpha-T concentrafions (0.1 pg/ml
or more) on FORL and FOVC race 2 cultures incubated in the

dark were significahtly different (Appendix 6).
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Wheri combined with near UV irradiation, alpha-T had a
greagly eﬁhanced toxic effect on mycelial growth, causing a
considérable reduction in the dry weight$ of ‘the two fungal
colonies. The:growth of FORL was ;;énificaptly éffected at
concentrations- of 6.01 pg/ml or more, dmring treatment
(Appendix 6). But the pattern of reséonse &f this fungus to
alpha-T in the presence of near UV light varied between rep-
licate samples at concentrations around 0.1 pg/ml, as
reflected by the high standard deviation. obtained (Figure
15). Higher, concentrationé of the thiophéne gave consis-
tently strong inhibglion of the fungus. Probit plot analy-
sis of the data -gave a"reasonablg linéar‘ transformation
(Figure 15) and showed that a 50% mycelial dry weight loss
(ECSO).was induced upon exbosure to 0.03 pg/ml of alpha-j;
FOVC race 2 grew well in shake cultures incubated iﬁ the
presence of UV-A light and containing relatively low amounts
of alpha-T (up to 0.01 pg/ml). Further increase in the con-
centration of this substance led to progressively less dense
mycelial growth, and at 1 pg/m£ of alpha-T or more, greowth
of FdVC' race 2 was completely prevented. | The EC_, of
alpha-T on FOVC race 2 was 0.06 pg/ml, as determiped from
probit plbt analysis of the data (Figure 15). The photoin-
duced growth inhibition observed in alpha-T treated saﬁples

was significant (P = 0.05) as compared to the controls, at

concentrations of 0.1 pg/ml or more (Appendix 6).
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When either fungal culture which had been incupbated in
the presence of UV-A irradiation was examined by phase con-
trast microscopy 48 hrs after being placed in Fries medium
containing levels of alpha~T between 1 an 100 pg/ml, cellu-
lar content of inocula was found to be granular and disrupt-
ed. Increasing the concentration of alpha-T led to more
extensive granulation and cell lysis. Any concentration of
alpha~T of 1 pg/ml or more completely prevdnted éerminatioﬂ\
of conidia. |
These data clearly demonstrate the phgtotoxic effects of
alpha-T on fungal growth. The dose-response curves (+ UV-3)
differed only slightly for the two fungi tested. This dif-
ference was not significant (P = 0.05) within the dose 'range

tested (0.001 to 100 pg/ml) (Appendix 6).
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Figure 14: Effect of alpha-T on mycelial growth of
F. oxysporum var callistephi race 2 (FOVC
race 2) and F. oxysporum f£.sp. radi-
¢is lycoperisici (FORL) cultures incubated
in the dark at 25°C. The data presented .,
show the mycelial dry weights attained
after exposure of the inocula to different
concentrations of alpha-T for 72 hrs.
Each point represents the mean of 5 sam-
ples. Bars represent standard deviations.
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Effect of alpha-T on mycelial growtly of
F. oxysporum var callistaphi race 2 TFOVC
race 2) and F. oxysperum f£.sp. radi-
cis lycoperisici (FORL) cultures incubated
at 25°C in the presence of UV-A irradia-
tion (16:8 hr 1light:dark photoperiod,
light intensity = 4 w/m?). The data pre-
sented show the mycelial dry weights
attained after exposure of the inocula to
different concentrations of alpha-T for 72
hrs. Each point represents the megan of 5
samples. Bars represent standard devia-
tions. The insert represents the probit
plot transformation of the data, with cor-
relation values (r) of -0.99 and -0.98 for
FOVC race 2 and FORL plots respectively.
The [EC,, derived from these plots are 0.06
pg/ml and 0.03 pg/ml for FORL .
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of alpha-T in vitro<

This experiment examined tha ability of FORL to metabo-

''3.4.2 Metabolism

v
1 +

lize 3H-labelled alpha-T (0.3 ug/ml) in shake culture in the
dark.

Tablg S shows the distribution of radiocactivity in ‘the
differenm fractions obtained from the ‘H-alpha-T. treated
FORL cultures or from the uninoculated controls containing
jH-alpha-T o;ly, expressed as activity of the. labelled
material recovered after 24 hrs.. In the fungal cultures,
the total recovery was only duced to 86% since inevitable
losses of radicactivity fgzie occurred during extraction.
Most of the label appeared in the,coﬁbined he#ane and ethyl
acetate fractions (63.3%). A smaller proportion remained in
the mycelial residue (32%) ana some was present in the aque-
ous fraction {(4.86%). The total reébvery from uninoculated
controls was 79% with most of the radioactivity found in the
combined hexane and ethyl acetate fractiéns (92.2%).

Examination of TLC platés of extracts of the control,
using hexane-ethyl acetate (1:1, v/v)‘as the sclvent system'
(Figure 16) revealed that the location of radicactive
material coincided with the location on the plates of the
authentic alpha-T standard (band a, R? = 0.9). The use of
other solvent systems (hexane-ethyl acétate (17:3, wv/v) or
petroleum ether-acetone (19:1, v/v)) élso gave corresponding

R!s. In cultures of FORL treated with JH—alpha~T, two bands
N

(¢c and d, R, = 0.54 and 0.19 respectively) were detected.
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These bands contained only a very small percentage of the
label (0.1-0.2%) and may represent either metabolites or
chemical breakdown products caused by interaction with\:he
fungus. Band b (R, = 0.61) seen in both control. and fungal
extracts contained very low levels of radiocactivity (£0.3%)
and may represent some breakdown of alpha-T occurring during

- —

shaking irn aqueous medium or during extraction of the medi-
um.
These results indicate that under the experihental con-

ditions employed, 3H-alpha--'l‘ did not undergo significa;E“

levels of metabolism by FORL.

3.4.3 Fungitoxicity of thiophene standardé

The 4 thiophenes tested: BBT-OH, BBT-OAc, BBT-20Ac and
BBT caused complete inhibition of spore germinaticon of FOVC
race 2 and FORL at a concentr&fion of 5 ppm in the presence
of UV=-A irradiation. . When examined by phase contrast
hicroscopy, most spores appeared dead, being lysed and with
a granular content. The percentage germiﬁation of both con-

trol ‘fungal treatments was greater than 70%.
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- . TABLE 5 .

DISTRIBUTION OF RADIOACTIVITY IN DIFFERENT FRACTIONS OBTAINED FROM CULTURES of

F. oxysporum f.sp. radicts lycoperisici GROWN IN A LIQUID MEDIUM AT 25°C AND

AFTER 48 RRS, SUPPLIED WITH 3H—ALPHA-T. AND FROM UNINOCULATED CONTROLS
CONTAINING JH-ALPHA-T ONLY. IN BOTH CASES, 3R-ALPEA—T {10,000

DISINTEGRATIONS HIH-lfUG) HRE-ADD!D TO GIVE A FINAL CONCENTRATION OF 0.)

. .

UG/MI.. RESULTS ARE EXPRESSED IN DISINTEGRATIONS HIN-lIHL OF ORIGINAL CULTURE

RECOVERED AFTER 246 HRS INCUBATION WITH THE 3B—LABELLED MATERIAL.

ACTIVITY" (disiategrations ain ' /ml
of origioal culture)

FRACTION ' '
SFURGAL MYCELIUM UNINOCULATED CONTROL + T
‘}.t
Hycelisl residue 826 (32) -
Aquaous fraction 120 ( 4.86) v 186 (7.7}
* of filtrate
Combined ethyl scetate 1634 (63.3) 2186 (92.2) N
and hexane fractions
of filtrate
Total 2580 2370
T Recovery : 863 /ot

* Values sre mesns of duplicate samples. Values i{n brackers are the
sctivities expressed as parcentages of total recovered activity,



e Em e R b et v vy e T S S Ak EE R N Aeh SN AR A e T TR M TR e W W ER WR e WR v R W TR v v e m w e e e wm

e e Y mm e e e R e v S N A M WS Em S N MR S R S el et e e h e e T S W M R Y e e e T Ww = e o e wm W e w wm

Schematic representation of thin layer.

chromatography of ethanolic extracts pre-
pared from cultures of FORL mycelium incu-
bated 24 hrs with 3H-alpha-T (0.3 pg/ml)
and from_control uninoculated medium con-
taining "H-alpha-T only. Horizontal bars
represent "H activity of the various sec-
tions of the chromatogram. The activity
of each section is expressed as a percent-
age of total activity recovered from the
cultures.. The values dre means of dupli-
cate samples. TLC solvent used was
hexane-ethyl acetate (50:50, v/v).
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Chapter IV

DISCUSSION

The present study provides evidence for the accumulation
of thiophenes BBT-~OH, BBT-0OAC and Alpha-T in T. erecta see-
dlings as a response to appliedlstress_under Specific envi-
ronmental conditions which seem to be related to plant age,
growth tonditions and the nature of the +treatment agent.
These‘thiophenes are highly phototoxic éqainsflthe-invading

fungal pathogens EF. oxysporum var callisfephijraoe 2 (FOVC

race 2) and F. oxysporum f.sp. radicis lycoperisici {EFORL) .

These findings, in addition to evidence accumulated from
previous studies on thg toxicity of these compounds against
bacterié, fungi and yeasts (sections 1.2.3.2 and 4.3), lead
to‘the suggestion that this class of chemicals might be con-

sidered as a possible Héw class of phytoalexins.
>

4.1 Chemical identification of thiophenes from seedlings

of Tagetes erecta

Several studies have examined the occurence of thiophene
derivatives in adﬁlt Tagetes species (Bohlmann et al.,6 1973
Bohlmann and Z2Zdero, 1979; Groneman et al.,6 1984 Hogstad
et gli?1984).of in calli and suspension-cultured cells of

the marigold (Ketel et al.,1984 Norton et al.,1985}), Dbut

- 114 -
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very few have dealt with young seedlings (Pensl and Sut-

feld, 1985; sSutfeld, 1982; Downum and Towers, 1983). This
J . .

is the first investigation, as far as is known, concerned

with the analysis of thiophenes in.seedlings of T. erecta.

It has revealed the presence of 4 thiophenes: BBT-0OAc, BBT,

alpha-T (Figure 2) and compound 4 tentatively identified{as;i

being a polyine monothiophene (E‘i_qure 10) in extracta of
whole young germinating seedling (4 to 8 days old). In
roots and stems of older seedlings (14 to 26 days old) grown
in aseptic medium, 3 thiophenes: BBT-OH, BBT-~0OAc¢ and alpﬁa—T
were found (section 3.1).

The appearance of compound 4 only injihe first . days of
grow%h and its subsequent disappearance from older.plants
lead to the suggestion that it could be a precursor of the
other thiophene derivatives. In agreement with this sugges-
tion is the fact that the tentatively identified monothie-
phenes (Figure 7) are believed to be iﬁportant intermediates
in the biosynthesis of naturally occuxring thiophenes, baing
directly derived froﬁ the widespread trideéapeﬁtadyine by a
reaction equivalent to the additien of HES (Figure 3) (Bohl-
mann and Zdero, 19853). These tentatively identified com-
pounds were found in many species of the Asteraceae (Bohl-~
mann and Zdero, 1985). One of them (Figure: 7b) has been
reported from oné Tagetes Fpecies: T. paucilauba (Bohlmann

1and Hopf, 1973), but neither was ever isclated from

I.,erecta.
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This investigation provides no evidence for the ﬁfesehce
of BBT in\lower stems and roots pf T. erecta (14 to 26 days
old) pﬁde the environmental conditions used. This does not
correspond to previous profile analyses of thiophenes in
T. erecta showing éBT to be an important{cgnstituent of the
roots (Bohlmann et al.,1967 Bohlmann and.H;rbst, 1962; Hog-
stad et gi.,1954).. Differences in the grow£h stages of the
plants, the environmental conéitions employed and genetié
differences in the material used might be the reason for the
observed discrepancy. _.

Thiophene pattern in T. erecta seems therefore to aepend
upon the plant age, the environmental conditions used and
the particular organ under study, in agreement with earlier
observations made on Tagetes species (Sutfeld, 1982 Downum
and Towers, 1983; Ketel et al., 1984 pNorton et gi.,1985).
4.2 Effects of various treatments on the fate of

_ thiophenes in T. erecta

This study demonstrates that under very specific condi-
tions, applied stress can cauée the accumulation of thio-
phenes in T. erecta. This acéumulation seems to be under
* the control of specific factors associated with the natﬁre
of the treatment agent, its ability to inflict damage on the
plant tissue, the age and thsiological state of the blant

(

and the epvironmental conditions used.

*
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In general, it was seen that severe treatment conditions
causing rﬁpid damage to the Qlént cells res?lt in a reduced
thiophene yield. "Milder treatment, with the plant remaining

in a‘relatively good physioclogical state, results in accumu-
lation of thiophenes:

The failure of young seedlings of T.erecta (4 to 8 days
old) to accdmulate thiophenes after treatment with an abiot-
ic agent (HgCla) (Figure 10) or with a Hiotic agent (
" A. tagetica) (Figure 11), could be due a) to the weak phys- "

iological state of the plant at the'time of treatment, very
young seedlings being more vulnerable and‘more easily pene-
trated and invaded by paihoéens than older plants (Agr-
ios, 1977), and b} to unfavorable growth conditions, iqélud--
ing external coﬁ%t;aints such as .sﬁortage of mf eral
‘nutrients. These factors could have possibly limited the
capacity of the plant for dynamic defense. - The amount of
stress imposed on the plant cells by ‘biotic or abiotic
treatment, added to the prevailing stress , %ave praobably
exceedé@ the elastic limits of the plant, causing ;apid dam-
age and death, thus prevanfiﬂg thiophene accumulatién.

Older T. erecta seedlings (14 to 26 days old) grown
under aseptic conditions reacted differently to‘infecpion by
the  two pathogenic fungi F. oxysporum f.sp. radi-
cis lycopefisici (FORL) and E. oxyspbrdmcfvar callistephi

[

race 2 (FOVC race2). This was reflected in a) different

amounts of damage caused to the host by the pathogen (Figure
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12) and b) differences in the yields of the fhiophenes
BBT=-0H, BBT-OAc and alpha-T in the infected tissues examined
{Eigugg 13).

T more extensive and rapid colonization of T. erecta
by FORL than by FOVC race 2, deébite the fact that FCRL 1is
known as a tomato and not a marigold pathogen, may be
e¥plained by the high virulence of the isclate. It is not
unusual for a wvirulent strain of wilt fungus to infect a
wide variety of hosts (Bell and Mace, 1981). The environ-
mental conditions employed, partiéularly the maintainance of
the plants in aseptic medium, may have favored the develop-
ment of the infection' Plants grown in sterilized medium
often show decreased resistance to wilt diseases as compared
to those grown in the fiéld_due to the lack of induced immu-
nity caused by microorganisms or chemicals in the soil (Bell
and Mace; 1981). \ -

The major increases in the amounts of thiophenes occur-
ring with time during the infection process in the roots and
lower stems of moderately susceptible seedlingé (FOVC race 2
infection) but not in highly susceptible seedlings. (FORL
infection) (Figure 13), lead to the suggestion that both
tyﬁes of host~fungal interactions affect the metabolic con-
trol system of thiophenes in different ways. Infection by
FORL could prevent th;ophene accumulation by a) suppressing
éynthesis, by the presence of a fungal suppressor preventing

thicphene production or more probabiy by killing cells too
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rapidly for synthesis to occur, b} enhancing the rate of
degradation in the very damaged plant célls and c) metabo-
lism by EORL.‘

Infection by FOVC race 2 could enhance tﬁiophene accumu-
lation as a result of a) the presence of a fungal or endoge-
nous elicito; fér thiophene production, b) a disorganized
pattern of growth, c) the absence of a fungal suppressor of
thiophene production énd d) other interactions that preceded
and ied to thiophene accumulation. \kf

Changes of ghiophene content of plant cells may depend
upon alterations in the acﬁivity of the ehzymes responsible
for their synthesis. The only enzyme concerned with thio-
phene metabolism that J has been - characterized is
5-(4—acetoxy-1-butinyi)-2,2'bithiophene : acetate esterase
isolated from T. patula and responsible for the conversion
of BﬁT—OAc to BBT-OH (Sutféld and Towers, 1982).

It is suggested that the observed accumulation of BBT-CH
with time in FOVC race 2 infected tissues might be a direct
consequence of an increase in the activity of this enzyme.
This is sustained by the fact that the increase in the:
amounts of BBT-0H occurring in infected tissues 4 days after
treatment with FOVC race 2 is accompanied by, a simultaneous
decrease of the BBT-0Ac conten£ of the infected plant, rela-
tive to' day 0 levels (Figure 13a,b). This time~course
change in tke thiophene levels is not ébserved in healthy

control plants.



) _ 120

Several workers have reported increases iﬁ;the amounts
of certain enzymes occurring during‘f;néél infection. Accu-
mulation of furanoterpenes (Uritani gﬁAgl.,1976): séséuiter-
peneé (Corsini and Pavek, 1980), stilbenes (Fritzemeier and
Kindl, 198l1), isoflavonoids (Rathmell and Bendall, 1971;
Dixon and Benéall, 1978; Dixon and Lamb,'lgfg) and furano-

coumarins (Hauffe et al.,1986) have been associated with\<

increased enzyme activity.

The results obtained in this investigation are substan-

L)
tiated by the results of a recent study examining thiophene
production in crown galls of T. patula produced by Agrobac-

terium tumefaciens (strains A208, A277) inféction or by

transformed callus tissues defived from . them (Norton
et al.,1985). BBT-OH and BBT-OAc were recovered in Pigher
yields from galls and callus tissues than from normal unin-
fected plant partﬁ. The high standard deviationé obtained
in their data led the authors to suggest that the irreqular-
ities of thiophene preoduction were possibly éue to disorgan-
ized patterns of growth, and that it was impossible to pre-
dict the amount of thiophenes in these transformed tissues.
It is possible that thé high standard deviations
observed by these authors may have been caused b& the envi-
ronmental growth conditions (plants were grown in greenhous-

es), rather than by an unpredictable thiophene profile. In

addition, little information was obtained on the time-course
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changes of thiophene levels in the transformed tissues,
‘since thiophene contents were measured only at two separate
tiﬁes {August and November harvyest). The authors d;d not
relate the morphological appearance of the different infect-

ed tissues to their thiophene content and did not comment on

L

the possible implication of the accumulated thiophenes in

defense against microbial invasion.

4.3 Fungitoxicity and metabolism of thiophenes -

rd

4.3.1 Effect of Alpha-terthienyl on funpal growth
The biological acpivity of alpha-T against fungi has

already been studied '‘quantitatively (Di Cosmo et al.,b1982).

‘Ih the presence of near UV light, photoinduéed toxicity of

this compound was_obser?ed toward a variety of ascomycetous

and ocomycetous fungi, with Eca}values ranging from 0.07 to
750 pg/ml, as measured using inhibition of radial mycelial.
growth across an agar surface. In the dark, alpha-T was n?t
significantly toxic ﬁgainst several fungal species tested

but some, as for example Colletotrichum sp., were highly

inhibited by the thiophene (EC50= 6 ug/ml).

The present study indicates that both spores and myceli-
um of FOVC race 2 and FORL are highly sensiti;e to alpha-T
in the presence of near UV irradiation, in agreement with Di
Cosmo et al. (1982), and both fungi seem to be equally
affected by the toxic thiophene: In the dark, only the

growth of FOVC race 2 is inhibited by the presence of this
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compound-(section 3.4.1). Possible mechanistic explanations
a&counting ¢or the differenfial sensitivity of the two fungi
to alpha-T in tﬁe dark include : a) differential cell wall
permeability to ‘the thiophene, b) differential sensitivity
of .the site of action, c¢) existence of a metabolic bypass
for the process inhibjted by alpha-T in FORL but not in FOVC
race 2 and d) differential detoxification of alpha-T befo%e
or aﬁter‘its‘entry into the fingal cells. These processes
mith not operate in tﬁé.presence Sf near UV light when the
strong photosensitizing action of alpha-T migh; mask the
more subtlie biolédical effects seen in the dark.

This is the first report on alpha-T causing protoplasmic
granulation and lysis of fungal cells (beL and FOVC race
2). No previous microscopical studies have been made on the_
fungitoric effects of this compéund, aesplte"nhe evidence
for its_antifungal activity. Various other naturally occur-
ing antifungal substances have been shown to cause a simi}ar
type of activity in other organisms. They 1include kievi—”
tone, orchinol, phaseollin ({Smith, 1982) and phenylhepta-
triyne (Bourque et _i.,lQSS), which are all membrane-
damaging compounds. Similarly; the extensive research -done
on the mechanism of action of alpha-T supports the fact that
cellulambr.::\nei' damage is the pri?nary target of alpha-T
photosensitization (see section 1.2.3.2).

As an antifungal compound, alpha-T appears to be partic-

‘ularly toxic in the presence of near UV light. It should be
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noted that the near UV radiation levels from the lamps used

are not as high as those from the sun, incident at the sur-

. face of the earth. Untirlnow, only a few naturally occuring

compounds have been attributed an‘ECH value of less than 1

Y

“Mg/ml. Even some of the most active fungitoxic secondary

pléht substances such as phaseollin (Skipp and Bai-
ley, 1976}, kievitone (Smith, 1976), capsidiol {Bailey

=y

et al.,1976) and wyerone epoxide (Hargreaves et gi..1976):
have been reported to have aﬁtifunqal activities.at arcund
10 pg/ml.

The high phototoxicity of alpha-T indicates that }t has
a poteﬁtial as a protectant fungicide. Its lipophilic
nature combinea'with the fact that it is much less effective
inside the pfznt {in the.dark).make it an inefficient sys-
temic fungicide. But further investigations are reqguired,

especially tc assess the selective toxicity of this compound

to the fungus as-compared to the host plant.

4.3.2 Metabolism of Alpha-T in vitro

This study does not provide any substantial evidence for
the in vitro metabolism of alpha-T by FORL (Figure 16). _ﬁﬂ

Studying the metabolic conversion of a natural substance
by a microbial ageﬁ£ requireé that the appropriate environ-
mental conditions be chosen. It is possible that the nut-
rient status of the medium employed and the period of incu-
bation of the fungal mycelia in the pgesence of 1H-alphaﬂT,

might have influenced the regulation of the alpha-T metabo-

lism.
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Some cases exist where environmental factors have been

shown to influence the degradation of a secendary plant
metabolite by a fungus. ‘For example, in vitroe degradatign
studies of pisatin have indicated that the nature_and fhe
.goncgntration of the carbochydrate source rin the medium

4 . -
affected the rate of metabolism of this substance by

—

F. solani f.sp. pisi, suggesting that synthesis of pisétin

degrading enzymes were ,subjected to catabolite repression

(De-Wit Elsliove and Fﬁchs, 1971; Van Etten and Barz, 1981).

Most degradation studigs hqvé been done on short term exper-
iments (<24 hrs) but lénger incubatioh times were needed in
order to observe breakdown éf pisatin by F. sclani f£.sp.
Qigi'(De Wit-Elshove and Fuchs, 1971). Further studiés on
the metgbolism of alpha-T by fungi should take into account

these considerations.

4.3;3 Fungitoxicity of thiophené standards

- The spore germinationﬁb&oﬁgghy usgd in this ;tﬁdy to
test the fungitoxicity of'tﬁiophene standards 1is one of the
most extensively and widely used of the fungicide test meth-—
ods (Pelletier, 1977). The results of this test (secticn

-

3.4.3) demonstrate the antifungal activity of the thisphenes
VBBT-OH, BBT-0Ac and BBT occurring in T. erecta and. of the

thiophene reference compound BBT-%OAC not detected in this

plant but found in. T. patula (Pensl and Suffeld, 1985) .-

Five ug/ﬁl of each of these standards completely prevented

germination cof FORL and FOVC race 2 conidia in the presence

»t
b

v
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of near ﬁv liéht.' The antifungal spectra of :these thio-
phenes, as wel} as their fuﬁgitoxic activityﬂfn the dark
were not investigated owing to the very limited amounts of
each compound which were available.

The antifungal action of BBT has been previogsly dgmon—
strated (Di Cosmo et al.,1982). This compound was_?dxic in

the dark against a wvariety of fungal species including

Aspergillus niger (Ecsd= 200 pg/ml), Pythium aphanidermatum

(ECSO; 20 pg/ml) and Saprolegnia sp. (EC,, = 20 pg/ml), but

its activity was enhanced in the presence of UV-A irradia-
tion. The phototoxic action of BBT-OH, BBT-OAc and BBT has

been reported for Escherichia coli, Pseudomonas aeruginosa

and Saccharomycesréerévisiae (Downum et al.,1983), but under

the conditions of the experiment, these compounds were not
effective in the dark. The photofoxic acti&ity of BBT-20Ac
had never been examined. This is the first repo;t on the
photosensitization effect of BBT-20Ac, as well as the anti-
fungal activity of thée two bithiophene.derivatives-BBT—OH
and BBT-OAc.

The mode of action of these compounds haé not been'
extensively studied. Only BBT has received some attention.
BBT seems to require oxygen for expression of its toxicity
(Mc Lachlan et al.,1984). - In contrast-to alpha-T, this com-
pound was more toxic foward the repair-deficient E. coli
strain than toward the repair competeng E. coli strain, sug-

gésting that cellular DNA may be a molecular target forl the

T
-l
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photoacE{vq&gﬂJgrocess {(Downum et al.,61983). It would be
surprisins{ﬁsﬁéﬁér, if alpha-T and BBT which afe structural-
ly véry closely related, havé very différen; modes of
action. Further structufe-activity relationships are. needed

in order to obtain more detailed information upon the exact

mechanism of action of thesg thiophene derivatives.

4.4 Thiophenes: Role in disease resistance in T.erecta.
From the present study, 1t is clear that treatment of
T. erecta seedlings with a mild pathogen (FOVC race 2) caus-

es a marked accumulation of thiophenes in the infected plant

cells (Figqure 13). This finding, in combination with the

*~

antimicrobial properties of these compounds (section 3.4)
llead us to suggest that thiophenes might be conéidered as a
new class of phytoalexins since the two criteria: antimi—
crobial activity and accuﬁulation folliowing microbial® infec-
tjon, define a compound as phytoalexins (Paxton, 1981).
Clearly, more evidence on the non—photosensitizing effects
-of BBT-OH and BBT-OAc is required for a definitive assess-
ment of their role éé phytoalexins.

The: other biotic and abiotic treatments utilized d; not
result in this accumulation. Thus, there seems to be some
degree of specificity.associated with tﬂe accumulation of
thiophenes.' This specificity haé been observed for other

types of secondary plant substances. For example, in potato

- tubers, oifly Phytophtora infestans compatible and incompati-
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ble races, as well as arachidonic and eicosapentancic acids
isoclated from this funqus, were able to cause accumulation
of sesquiterpenes ph§toalexins (Bloch et al.,1984). Other
fattg acids (Bostock ' et al.,1981), biotic (Lisker and
Kuc, 1977) and abiotic agents (Currier, 1975; Varns, 1970;

Varns et al.,1971la) did not cause phytecalexin accumulation

in potato.
%
Fungal-inducetl host metabolites with antimicrobial prop-

erties are believed to play a role in the resistance of
plants to many phytopafhogens (Cruickschank, 1963). This
study indicates that'more than one post-infectionally accu~
mulated compound méy be involved since BBT~CH, BBT-OAc and
Alpha-T were all seen to ultimately accumulate ih FOVC race
\2 infected tissues (Figure 13). This is not raré in the
case of phytoalexins (Thomas aﬁd Alleﬁ; 1970; Allen and
. Thomas, 1971b; Varns et al.,1971b Higgins and Smith, 1972).

Y
For example, phaseollin, phaseollidin, phaseollinisoflavan
and kKievitone phytoalexigé were found to!accumuiate in be;n
tissues in response to infection by scme fungal and bacteri-
al pathogens as well as some viruses (Bailey, 1973; Smith
et al.,1976).

It seems a logical consideration thét the adverse chémi—
cal environment created by the high levels of these thio-
phene derivatives present in and around thg area of fungal

“attack, would play a role in the inhibition of tﬁe‘attacking

-

pathogen. ' In assessing this possible role, it is necessary

»
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ey

to relate the toxicity'of thiophenes in vitro to the levels

at wﬁich they accumulate in the infected tissues. On the
basis of these considerations, a possible rolé‘of BBT-CH,
BBT-0OAc and alpha-T on the limitaéion of FOVC race 2 devel-
opment in treated marigolds can be QisualizedQ |

If any invoivemqpt of thiophenes occurred in the inhib-
ifion_of the FOVC race 2 infection process, BBT-OH would be
primarily resﬁonsible since this compound attained relative-
ly high levels in the early stages of infection (216 ng/
seedling in infected seedlings as compared to 31 ng/seedling
in controls, at day 8 post-treatment).

A cloée examination of the thiophene kinetics ir the
Tagetes-FOVC race 2 interaction as coﬁpareéﬂ%o the Tagetes- .
FORL ‘interaction (Figure 13) reveals the coincidental and
comparable thiophene pattern 4 days afteF inoculation, dif-
ferent from that of the control plants. This is significant
in that it apparently demonstrates the similar initial reac-
tion of the infected plants to cope with the fupgal invasion
in terms of thiophene metabolism. -"But the subsequent fate
in the thiophene content of infected cells markedly differed-
for both interactions,:decreasing with time in the rapidly
ébreading and damaging FORL  infection and drastically
increasing with time in the milder infectionfl The possible
reasoné for this differential fate of thiophenes have been

discussed (section 4.2).
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‘'The limitation of the FOVC race 2 infection could be
associated with thel accumulatioh of BBT-0OH, BBT-0OAc and
alpha-T to amounts w?ﬁch might be'expected to ihhibit myce-
lial growth based on the bioassay data.‘ The concentration
of BBT-CH in the tissues of moderately susceptible T. erecta .
12 dayé ‘after inoculation with FOVC race 2 is 464 ng/
.seedling»equivalent to 6.96 pg/g fresh weight (since 15 éee-
dlings = 1 g lfresh _weight). This would, according to
in wvitro studieg:that 5 ng/ml of BBT-OH completely prevented
germination of FQYC race 2, conidia in the presence of UV-A
irradiation, and equafing Kra/g fresh wegght of tissues with
ug/ml, result in a total inhibition of FOVC race 2 conidial
germination in the infected tissues and probably also inhib-
ition of mycelial growth. It is unlikely that the levels of
BBT-COH present in coﬁtrols at day 12 (37ng/seedling or 0.55
. .
Mo/g fresh weight) be as efficient in inhibiting fungal
growth. It should be pointed out that the fungitoxicity of
BB-OH in the dark was not investigated due to the limited
amount of material available.

Similarly, alpha-T had antifungal activities in vitro
toward FOVC race 2 causing 50%-§rowﬁh inhibition at 0.06
pmg/ml in the presénce of near UV light agd 43% growth inhib-
ition at 1 pg/ml in the dark. The amount of alpha-T isclat~
ed from FOVC race 2 infected tissues 12,aays after .inocula-
tién (267 ng/seedling equivalent to .4ug/g fresh weight)

corresponds to 67 times the EC,, value in the presence of

light and 4 times the approximate écso'value in the dark .
. . .
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But such estimations, despite their popularity in the
area of phytoalexin research, may mean very little. It is
risky to ‘draw conclusions pertaining to the biological
effectiveness of ggvgigg concentrations from in vitro assays
since fhe environments  in which the compounds exist in ‘the
two situations are quite different. The present results are
based on experiments done in an artificjal system and there
are undoubtedly problems in trying to extend them ég“hatu-
rally infected whole plants in thch the spatial and tempo-
ral distribution of the infecting fungus, the interactions
with local microflora and the components of the host's
response mﬁst be much more compiex. It should also not be
forgotten that assays to test antifungal activity wefe made

separately for each thiophene, whereas they occur together

in T. erecta tissues. It is not known whether additive or

synergistic effects on fqnqal growth would result from this
interaction. Furthermore, this analysis does not take into
;ccount unequal distribution of the thiophenes‘withiﬁ the
plantrtissues. Phytoalexins in various wilt infected plants
are apparently exuded into gums, gels or tylose walls of
infected xylem vessels which may block phytoalexin movement

F

in the xylem vessel, thus limiting its diffusion and permit-
ting its accumulation in regions of infection (Bell and
Mace, 1981). 1If this is the case for thiophenes, they would

-accumulate in' these structures at many fold higher concen-

tration than those in extracts of entire tissues.
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4.5 Futuré research

It is the cqncentratiéh of ,thiophenes in the <cells in
contact with the. advancing hyphae that is biolpgically'
importént. . Such estimations are technically difficult.
Detailed histochemical studies coupled with biochemical
studies are needed in order to clarify the role of thio-
phenes in the time-space relationships of the dynamic pro-
céss that contain wilt fungi in T. erecta.

Nothing is known on the biochemical basis of the modifi-
cation in the metabelism of thiophenes cccurring =in'

i. erecta plant fissues following infection by pathogens or
exposure to other kinds of stress. Information is especial-
ly needed concerning the bésis of differentiation\;h thio-
rhene metabolisq between highly susceptible and m&derately
suéceptible host-pathogen interaction. The question of the
involvement of specific elicitors or suppressors in this
metabolic regulation is‘-an important theme for future

research.

S

The two T. erecta - E. oxysporum host-pathogen systems
described in this study might serve as a valuable model for
the characterization of enzymes involved in thiophene metab-
olisﬁ, as well as for the evaluation of the role of thio-
phenes 1in the coordinated process‘.of. fesistanbe in
T. erecta.

Finally, it is believed that the synthesis of some thio-

phenes might be light induced (Sutfeld, 1982). Since thio~ .
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phenes are perrful photosensitizers, the examination of the
relatioqships between light duration, tﬁiophene yields and
diseéSe registance of i. erecta to fungal pathogens would be
an interesting area of research. One study has recently
demonstrated that the susceptibility of 'T. erecta to
A. tagetica was decréased'by increasing exposure to light in _
the humidity chambers (Cotty and Misaghi, 1985). It remains

to be determined whether thiophenes play‘a role in this

increase in plant resistance.
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APPENDIX 1

Composition of the Media Used in this Study
s 1 v -

a) Hoagland's nutrient solution (from Hoagland and Arnon.'1938)

Ingredient Nei?ht Oistilled Use in preparation
(g H20 (mt) of nutrient solution
(m1)
Salt
KH2P04 136.09 1000 1
KN03 101.10 1000 5
Ca (NO,), 4H,0 236.16 1000 .5
372 72 : . 5
MgSO4 120,39 1000 ' 2
Micronutrients
H3304 7 2.86
MnC]2 4H20 1.86 Distilled H20 to 1000 m1.
ZnSO4 7H,0 0.22 ©1ml s used in preparation -
Cus0, 5H,0 0.88 . of nutrient solution.
HzMoo4 H20 0.02

Iron solution

Ferfic tartrate 5.0 1000 1

To make, 11. of full strength Hoagland's nutrient solution, use the required
amount of salt, add the required amount of micronutrients solution and iron solution
and make up to 1000 m] with distilled H20.
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Paotato Sucrose Aqar {PSA) (from Bagath, 1977)
' 5

v 500 m1 potato extract
20 g sucrose
‘20 ¢ agar
500 m] distilled water

The water and potato extract are mixed together and the sucrose and agar
added. The mixture is heated slowly until the agar is dissolved and the

pH adjusted if necessary to 6.5 with calcium carbonate,

* fotato extract is prepared from 1800 g of mature main crop
potatoes peeled and diced and suspended in muslin in 4500 m]
of water and 5011ed for 10 min, The potatces are then discardéd
and the_.liquor placed in large glass containers and autoclaved
at 15 psi for 20 min. It can be stored in a refrigerator for

use as required.
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FRIES MEDIUM

g KHZPOQ

5g (NHA)2 C&HAOG
0.2g HgSOa

0.1g NaCl

208 Sucrose

(modifled from Miller and Adams,

1971}

159

Make up to 1000 ml with distilled water and then add 5 ug blotin, | ml of

solution A and ! ml of soluticn B.

PREPARATION OF SOLUTIONS A AND B:

Ingrediencs Weight (ag) ~Didcilled K,0 (al) '
Solution A
—_— -
(Na_B,0, . 108,0)8 8.8
(NH,) M00,, - 4H,0 6.4 100
Zn S0, . TH,0 8.8
CuCl2 27 .
MACL, . 4,0 £ i
Solution B
. 100
F Cly . 6H,0 96
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APBENDTY 3

Statistica!lana1ysis of Figure 10 (a to d)

Note: . Maans followed by the same letter in a row or by the same number -

in a column are not significantly different (p = 0.05) in Ducan's
multiple range tast,

Analysis of Fig. 10{a)

Days .Mean concentration of BBT-0Ac (ug/seedling)
post-treatment for HgCl2 exposure times of:
0 min 10 min 30 min 60 min 120 min

) a a b b :b

1 ; 0.351 . 0.3‘11 | 0.21, 0.151 . 0.16;

a b b c d

2 0.60, 0.331 0.31, 0.201 0.1&)

a b < c c

3 0.713 0.41, 0.272 0.17; 0.18]

Analysis of Fig. 10{b)

Days Mean concentration of BBT (ug/scedl1ng) for
post-treatment HgCl2 exposure times of:
0 min 10 min 30 min " 60 min 120 min
1 0.233 0.21‘; 0.22; ' 0.181 0.22‘;
2 0.18} 0.14‘{h 0.13%2 0.1y 0.113
3 0.193 0.143° 0.113° 0.113® - 0.0
- o
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Anatysts of Fig, 10ic)
Days Mean concentration of compound 4 (ug/seedling)
post-treatment -for Hc_;Cl2 exposure times of:. :
0 min 10 min 30 min 60 min 120 Hin
a a a a a
1 tll.iil1 0.311 0.281 0.271 0.311
- ab b b
a c C c
2 0.281 0.242 C).222 0.202 C}.l'!2
a ab A oab ab ab
k! Cl.Z‘l1 0.153 0.123 O.M3 Otlﬁ2
Analysis of Fig. 10(d)
Days Mean concentration of Alpha-T (ug/seedling)
post-treatment for HgClz exposure times of:
0 min 10 min 30 min 60 min 120 min
a a a a a
1 C‘.IO1 0.101 (J.12l 0.101 0.091‘
a 2 a b Agh
2 0.141 0.1312 .0.121 0.081 0.091
ab a ab b b
3 0.111 0.172 fJ.IO1 0.052 0.101
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' APPENDIX 4

-

Statistica) Analysis of Figure 1t fa to db

Note: Means followed by the same letter in a row not significantly
different (p.-= 0.05)-in one way analysis of variance,

Means followed by the same number in a column are not
significantly different (p = 0.05) in Duncan's multiple
range test. = - '

Analysis of Fig. 11(ql‘

Days . Mean concentration of BBT-0Ac (ug/seed11ngi
post-inoculation in T. erecta: ‘
— Controls - Infected with A. tagetica
L
a : a
Q . 0.35y 0.35% i
' a a
1 ‘ 0.495 ' ‘ 0.38
a 54D
2 ‘ . 0.47, ) _ 0.23,
a ' ' "ot
3 0.54, N : 0:21,
: a \ 10D
4 0.54, Y 0.124
Analysis of Fig, 11(b) - .
Days Mean concentration of BET (ug/seedlfng) in T, erecta:
post-inoculation -
Controls Infected with A, tagetica
a : a
0 0.16, - 0.16;
: a a
1 0.175 0.16y
a a
2 0.124 0.11,
R | b
3 i 0-1312 00083
. a b
4 o 0.13,, 0.05,




3
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Arnalvsis of Fiq,

1 ic)

31

_ Oays
post-inculation

. Lays Mean concentration of compound 4 (.g/seedling)
- post-tnoculation -in T. tagetica:
- Controls Infected with A, tagetica
a a,
0. 0.131 0.1312
' a a
-1 9'161 0.151
a a
a - b
k! 0.151 0.093
‘ a b
) 4 . 0.131 0.054
1
 Analysis of Fig. n(d)

. Mean concentration Alpha-T (ug/seedling) in T. erecta:

ContrgIs . Infected A. tagetica
v 0.088 U oo
1 0.063 0.07]
2 0.09] -0.093
3 0.07} 0.073.
s o;ﬁii ' ‘0,083
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Statistical Analysis of Fig. 13 (a tg ¢)

Note: Means followed by the same letter in a row or by the same
number in a column are not significantly different (p = 0.05)
in Kruskal-Wallis multiple range non parametric test.

Analysis of Fig. 13{a)

Days Mean concentration of BBT-OH {ng/seedling)
post-inoculation in T, erecta: . .
" Controls Infected with Infected with
FOVC race 2= - FORL
0 <17} 17} -
N a b . S,
4 <17 63, 705
e :a b - 1yd
8 3112 . | 2163 o . 211 _
b ‘ | =
a ] R o
12 372 4644 <171 ;

N.B.:- Vaiues <17 are below thé detection limit of the ass&y method.

Analysis of Fig. 13(b)

L]

-

- Days Mean concentration of BBT-0OAc (ug/seedling)
post-inoculation in T. erecta: &
" Controls Infected with Infected. with
FOVYC race 2 FORL - i
0 oézq - 0.97]
D b
3 0.302 o 0.242
PR ' b -
8 0.841 . 0.063
' b ¢
12 . | 0.84 2.643 ) : 0.083
o . N.B.: Values <31 are below the detection limit of the assay method.

e



Analysis of Fig. 13{c):

(W3}

Days Mean concentration of Alpha-T (ng/seedling)
post-inoculation in T. erecta:
Control; Infacted with Infected with
FOVC race 2 FORL
0 | 31 313 313
: . a a a
4 371 325 ' 382.
: ' a b aa
.8 - <311 472 <31 -
a b " ¢
12 ., 100, 2674 : <314

(5}

N:B.: Values <31 are below the detection limit bf the assay method,

e
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APPENDIX 8

STATISTICAL ANALYSIS OF FIGS. 14, 15

NOTE: Means followed by the same letter in a row or by che same number in
a column are not significantly different {P = 0.05) in Duncan's
multiple range test and in T-tst respectively,

Scatistical Analysis of Fig. 14

Treatment Mycelial dry weights (mg) for ®-T concentrations (ug/ml):
group
0 0.001L 0.01 0.1 1 10 50 00
| o
FOVC race 2| 19.0% | 13.52% | 14.9%% | 13.0® | 10.8%¢) 12.4b | 14.03b | 1n.2be
- UV 1 1 1 L 1 1 1 L
FORL 21.1% | 16.8° 21.63 | 25.23%| 22,08 | 27.1b | 25.53b 28830
- v 1 1 |- L 2 2 2 2 | 2

Statistical Analysis of Fig. 15

Treatment Mycelial dry weights (mg) for &-T concentrations (ug/ml):
group .

0 0.001 0.01 0.1 1 - 10 50 10G
FOVC race 2| 15.72 18.02 14,62 5,80 0.2¢ ot 0.3¢ n®
« uv 1 1 1 1 1 1 L t
FORL 22.7° 18.9%° | 15.7° | 10.3¢ 2.5° | 1.9¢ 1.a° 1.0’
+ UV 1 1 1 1 1 1 1 1
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