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ABSTRACT

Lignans are phenylpropanoid secondary metabolites
often containing a methylenedioxyphenyl group which can
inhibit the cytochrome P-456 dependant oxidation enzymes
(mixed function oxidases: MFOs) utilized by insects for
the detoxification of insecticides. Such an inhibition
of the MFOs in the European corn borer (BECB), Ostrinia
nubilalis, by a selected lignan, dillapicl, was
postulated to potentiate the insecticidal activities of
repfesentative allelochemicals from the family of the
Asteraceae, a polyacetylene , phenylheptatriyne and a

sesquiterpene lactone, tenulin.

In an in vitro system containing microsomes from the
epithelial cells of the midgut wall of the ECB, three
lignans, sesamolin, dillapiol and diasesartemin, which
possess the methylenedioxy group, inhibited the activity of
the ECB MFOs, as measured by aldrin epoxidase. The other
allelochemicals had little effect in vitro. However, in
vivo and in contrast to the in vitro resultslarvae fed
during four days on diets Eontaining dillapiol, PHT and
tenulin at the concentrations of 100, 104 and 1000 ug/g
respectively in a meridic diet; showed a strong induction of

the epoxidase activity.
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A study of the effects of the compounds on the

entire life cycle of the insect revealed that, contrary
to the hypothesis proposed, dillapiol did not synergize
the activity of either of the two model secondary
metabolites from the Asteraceae. Rather, dillapiol was
toxic to the ECB larvae, and inhibited their growth.
Highest mortality was observed with dillapiol alone
while mixtures with other allelochemicals often caused
less mortality. 1In growth of surviving insects, there
were some additive but not synergistic effects of the
allelochemicals. The induction of MFO evident after 4
days, appears to explain these results and could
constitute a highly successful adaptation of this
polyphagous species to these particular types of

allelochemicals present in the host plants.

The results indicate that plant-insect interactions
are complex and cannot be properly assessed on the basis
of short term iin vitro experiments. Allelochemical |
mixtures that are synergistic in some situations, may
actually be counterproductive defense measures once

insects have adapted to them,
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RESUME

Les lignans sont des métabolites secondaires dérivés
des phénylpropanes. Le groupe méthylénedioxyphenyl
qu'ils contiennent est souvent un inhibiteur des enzymes
d'oxidations multiples & cytochrome P-458 utilisédes par
1'insecte pour détoxifier de nombreuses substances

étrangéres. Notre hypothése de travail é&tait que
1'inhibition des enzymes de détoxification chez pyrale

du mais (ECB), Ostrinia nubilalis, par un lignan sé-

lectionnd&, le dillapiole, , pouvait potentialiser
lt'activité insecticide de deux substances allélochimiques
représentatives de la famille des Astéraceae, le
polyacétyléne phénylheptatriyne, et la lactone

sesquiterpéne ténuline.

Trois lignans, la sésamoline, le dillapiole et la
diasésartemine, contenant le groupe méthyléne-
dioxyphenyl, sont des inhibiteurs de 1'aldrin époxidase
dans un systéme in vitro contenant la fraction /
microsomale des cellules &pitheliales de la paroi de
1'intestin moyen de la pyrale du mais. Les autres
substances naturelles testées n'ont que peu d'effet sur
ce systéme. Cependant, dans un systéme in vivo, on

observe une forte induction de l'activité de 1'epoxidase

lorsque les larves d'insectes sont nourries pendant



iv
guatre jours avec des concentrations de dillapiole, de

phénylheptatriyne et de ténuline respectivement de 108,
100 et 1006 ug/g dans une diete semiraffinée, ce qui

contraste avec les résultats in vitro.

Une é&tude de l'effet de ces composés sur le
cycle vital de 1l'insecte montre que le dillapiole n'agit
pas comme synergiste de l'activité insecticide de 1'un
ou l'autre des métabclites secondaires types des Asté-
raceae. Au contraire le dillapiole est en lui méme
toxique pour les larves de la pyrale du mais, en
diminuant leur prise de poids et en retardant leur dé-
veloppement. Les effets sont plus importants avec le
dillapiole seul plutdt qu'en association avec le PHT ou
avec la ténuline. L'induction enzymatique observée au
bout de quatre jours, paralt expliquer ces résultats et
pourrait représenter une adaptation de la pyrale a un
type particulier de composés chimiques rencontré dans
ses plantes hdtes .

Ces résultats indiquent que les relations plante-
insectes sont complexes et ne peuvent &tre évaludes par
des expériences in vitro a court terme. Des mélanges
de composés allélochimiques qui se potentialisent
dans certaines situations, peuvent eﬁ fait avoir des

effets inverses lorsque les insectes y sont adaptés.



ACKNOWLEDGEMENTS

I would like to express my deepest gratitude to my
supervisors, Drs J. Thor Arnason and Bernard J.R.
Philogéne, not only for their help, the constant and
patient interest they showed in this work and the
always constructive and friendly advice, but
especially for introducing me to the fascinating field
of plant-insect interactions. I greatly appreciated
their availability and understanding during the course
of these studies., I am also grateful to my
advisors, Drs. Pearl Weinberger and D. Gardner for their

guidance during committee meetings.

My studies have been greatly helped by the several
unique compounds provided by Dr Jorgen Lam (Department
of Chemistry, University of Aarhus, Denmark), thanks to
whom the present work is original. Dr Tom Waddell
(Départment of Chemistry, University of Tennessee at
Chattanooga, USA) provided the sesquiterpene lactone,
while large gquantities of PHT synthetized by A.
MacEachern allowed me to perform part of the experiments.
The hospitality of Drs. David Peakall and Sean Kennedy
together with the technical help of Suzanne Trudeau (National
Wild Life Research Center, Hull) was greatly

appreciated.



vi

The students in the laboratory, Sesh Iyengar,
Robert Chenier, Cathy MacCDougal and Elly Kourany among
others, contributed towards creating a friendly and
invigorating atmosphere. Special thanks go to Natalie
Donskoff, both a dear friend and a great help in the
laboratory, and to Dr Alok Sen who corrected this manuscript

several times with attention and patience.

Finally, I would like to thank my husband Philippe
who guided my first steps in laboratory research, as
well as my children, Henri and Camille, for their help
and patience in spite of randomly scheduled family
activities. The moral support and stimulating interest
of my parents overseas also contributed to my

enthusiasm for the present work.



TABLE OF CONTENTS

Abstract .................. * & & $ 85 & &5 S 8P S8 S PSS " e
Résumé' 4 & & @ 9 8 & 9 8 "8 S S 08 4P " S P RS S SRR S E et R e e
AcknowledgementsS..v.cceeveecnrannns cesaneaenan vaes

Table

Of Contents ----- LI BN N R B A A I R R B R I ) LR L B I

List Of Figures-c-‘----.-o.o.....lll.-lIl....-.l.!

List Of TableS.iueetecassccccassncscsssassnssnannsas

List of AbreviationS.cececeseceacacsessassssasssasssnns

1. INTRODUCTION.....l....ot..-t.tt.tl....l......ot..

1l.1. Hypothesis of the present study...isissseccacss

l.2. Li
l.2.1.

l1.2.1.1.
l.2.1.2,
1.2.1.3.
l.2.2,

l.2.2.1.

l.2.2.2,

1.2.3.
l1.2.4.

l.2.4.1.

terature revieW..secscescesssssssssnsanssassasns
Plant allelochemicalS.csessesesasosncsacscas
LignanS.ceseseccscesscsncssanasosssssnsnnae
Sesquiterpene lactoNeS..cciessaccsnsssanns
PolyacetyleneS..ceeaccsnsssscssencssssanas
The experimental allelochemicalS.sccccasases
The fivé\lignans..........................
The two model allelochemicals from the
ASteracaticsescssesssssvcesocncnsasnssscas
Co-occurrence of allelochemicalS..scescencse
Insect response to plant allelochemicals....

Insect MONOOXYJENASESeesesescassscssssnssss

vii

i
iii
iv

vii

xiii

xiv

20
26
30
30

33
35
38
39



viii
1.2.4.2. Role of monooxydgenases in the detoxification
of allelochemicals..cevveecaeee csssssnes PP 1)
1.2.4.3. The test insect: the European corn borar,

Ostrinia nubilalis Hubner (Lepidoptera:

Pyralidae) cessessassasnsannese taessesnsss.db

1.3. Objectives of the study....cseeecevesessnsnaas Sl

2, MATERIAL AND METHODS . cccesecsvsssossncsnansnsssee 93
2.1, Test COMPOUNAS..cserascssssccsscssasnsscscsass D3
2.2, TeSt IinNSecCtSececcceacssvesssnsancenssssssassss D7
2.2.1., StoCk CULLUr@ecevvascssssssscnsssssesnonnnse 97
2.2.2. Preparation of test dietS....cieeetececaccas 58
2,3. ENZYME A558YSeseccccassesnscsnsssssacssssnnsss 59
2.3.1. 1Isclation of MiCrOSOMES.ectssescessssssenans 99
2.3.2., Determination of the MFO content by cytochrome

‘P-4SB differencelspectrum........;..........ﬂ. 60
2.3.3. 1In vitro and in vivo MFO assays:

aldrin epoxidatioN..cesseesssccccssscsssconsses 61 R

2.4, Growth and development studi@S....sseeccecancss 66 T

3- RESULTS...'..I...I....I.'.l..l........l.ll.l..... 68
3.1. Evidence of a cytochrome P-450 monooxygenase

in the gut of Ostrinia nubilaliS...iceeccesecs. 68

3.2. In vitro activity of the aldrin epoxidase..... 71

3.2.1. Dieldrin formation in controlS...cessscsesecss 71



3.2.2. Influence of allelochemicals on the in

vitro epoxidase activity......... seevsssssesess 14

3.3. In vivo activity of the aldrin epoxidase...... &l

3.4, EBffects of allelochemicals on growth and

deVElOpment...........o.-c.................... 85

4, DISCUSSION.wssssessanessncscosssnscsossansasssacces L1O0O
4.1. In vitro variations of MFOS....ccceeeraccneess 101
4.2. 1In vivo variations of MFOS...iiveetecacsanses 105
4.3. Influence of allelochemicals on the insect

life CYyCleisiiietareasessessensssaccsanssanssans 107
4.3.1. Acute and chronic toxicities..cecseeeesessss 108
4,3.2. General conclusions:Adaptability of insects

to plant allelochemicals.....l.......l‘........ 115

‘4.4. Future work...'.ﬁ...‘..‘.t.;-......I‘...'C‘-I.‘. 116

5. REFERENCES..I.I...I......'....................... 118

6. APPENDIX A: Composition of the semidefined diet fox

ostrinia nubilalis.........‘.......... 137

ix



LIST OF FIGURES

Biosynthetic pathways of lignans and related

PhenylpropancidS.cececessecesssassacssosossssasaanss
Lignan basic skeleton.‘l-.II...lll...........‘....l
Structure of some representative lignanS..cceceseee

Structure of lignans with synergistic

activity on insecticideS.cesccccsessesanscasacacsss
Structure of the lignans used in the studyY...eeesea

Structure of representative sesquiterpene

lactones from the AStEracCeaC.csscsssersssssssrssena

Structure of representative polyacetylenes

from the Asteracéae..............I......I--....-...

Reactions catalysed by the cytochrome P-450

dependant monocoxygenase (MFO) compleX.cessssevsosnes

Life cycle of Ostrinia nubilalis and its

relationship with one of its host plant,

Zea ma!s.,--l'...........I..-II.I......'..'..II.OI....

11

13

17

21

23

28

41

47



Gas chromatogram of a standard mixture of

aldrin and dieldriN..cceccscssceccoscsnsssnasassassens 04

Difference spectrum of the CO-dithionite-reduced
cytochrome P-450 from the microsomal fraction of

the midgut of O, nubilalis...cscveeencncccencnanaas 69

Gas chromatogram of the aldrin and dieldrin
content of a microsomal fraction of Q.

nlIbilaliS. 8 G 4 PSS SRS S ES S S S EE AP SN 72

In-vitro activity of the aldrin epoxidase in
the microsomal fraction of the midgut of

0. nubilalis : effect of piperonyl butoxide ........ 75

In-vitro activity of the aldrin epoxidase in
the microsomal fraction of the midgut of

O. nubilalis : effect of lignans..iceeccecccennssses 77

In-vitro activity of the aldrin epoxidase in :
the microsomal fraction of the midgut of
0. nubilalis : effect of phenylheptatriyne

and tenulin........................................ 79

In-vivo activity of the aldrin epoxidase of
0.  nubilalis after feeding on single or

association‘of allelochemicals from the Asteraceae.. 82



17

18a

xii

Cumulative mortality in O. nubilalis exposed

to single, double or triple allelochemicals from the

ASLEYraACEaAC . cs i sssssrsasenssssssssassssnssassassnsssnn 86
to 184 Larval growth curves for  O.
nubilalis exposed to single, double or

triple allelochemicalS.cceeeceseccssossonssacsncsass 93



xiii
LIST OF TABLES

Lignans from the Asteraceae...scesssscacceces Y |

Examples of co-ccurrence of lignans and other

allelochemicals in the Anthophyta......cscc0ceessea. 36

Host plants of Ostrinia nubilalis with some

of their secondary metaboliteS....ceeeeesssccssssnsa 50

Some physical constants of the

allelochemicals studied.ccacecesssascsssencasssncnss 34

In vitro inhibitory activity of 1lignans on

the epoxidase of_0;nubilalis............I.......... 84

Effect of dietary allelochemicals on the larval, pupal

and adult weights of 0. nubilalis : Trial I..c.eee.. 89

Effect of dietary allelochemicals on the larval, pupal

and adult weights of 0. nubilalis ¢ Trial Il.ceceees 90

Effect of dietary allelochemicals on growth parameters

of&nubilalis-.-'.’-t-I.......‘.................... 91



LIST CF ABREVIATIONS USED IN THE TEXT

CUBivecesnssseannssascsssasnssassCubebin
DIAcoccssassosnsnsasansessnssessssDiasesartemin
DIL.uueecssesassnaacannseasssssssDillapiol
ECB.ceceassovessnsssncsansasseasBUropean corn borer
EPI............................Epiyangambin'
MDPuvasceeacsssssnsssnsanssssassMethylenedioxyphenyl
MFOceeceencsssssossnssssnsesasaMixed function oxidases
PEeviceccccssecsasasssnssnesssssbPetroleum ether

PHT ¢ eeeseascssssncnnsnsasssssssPhenylheptatriyne
PHE.eesessosassacacsssssssssessPhenobarbital
PIP..cacsasaseasseasssssnssenssasPiperonyl butoxide
SESeeesssscsnctsssnasanssasssssSesamin

TEN..........l.................Tenulin

xiv



1. INTRODUCTION

Plant characteristics such as trichomes or a hard
cuticle have long been recognized as an evolutionary
response to herbivory (Darwin, 1859). Since Fraenkel's
landmark paper {1959} on plant-insect interactions, it
has become generally accepted that chemicals play an
important part in plant defense mechanisms. Ehrlich and
Raven (1964) suggested a pattern of co-evolution in
which plants and insects have continually adapted‘to one
another. Through evoluﬁionary tiﬁe, chemical‘defense
adaptations in plants involved the synthesis of
seépndary metabolités, i.e. chemicals that have no known
role in the basic physiology of the plant,‘as opposed to
the primary or intermediary metabolites which support
the plant's,vital processes. These ;econdary chemicals

are also referred to as 'allelochemicals' when their

deterrent properties have been defined. The diversity of



chemical structures ( now estimated to be in the tens of
thousands; Haslam, 1986), are produced via metabolic
pathways, distinct from, but linked to the pathways
used for primary metabolites. They may be found in all
parts of the plant, where they are usually stored in
specific tissues or organs such as the cuticle,
vacuoles, canals or glands, and often in larger
guantities at leaf margins or other locations'possibly

best suited for a first line protection (Swain, 1977).

Insect response to plant defence compounds may
include behavioral adaptation (Dethier, 1937;
Frazier,1986), acquisition of physiological
counterstrategies such as the development of
insensitivity in the target site (Brooks, 1976;
Berenbaum, 1986), or special excretory and sequestratioﬁ
mechanisms (Rothschild & Edgar, 1978; Brattsten,1986;
Mullin, 1986), all contributing to eliminate potential
toxins from sensitive targets. However, the diversity of
secondary metabolites suggests that polyphagous |
herbivorous insects enéounter many new molecules, and
that no particular detoxification can be forecast. 1In
insects the detoxification of these foreign molecules is
achieved through a complex of several eﬁzymes catalysing

general reactions such as oxidations, hydroxylations, .



reductions or group transfers (Ahmad et al., 1986). By
far the most important of these detoxification processes
is a pool of oxidases with a cytochrome P-450 as
prosthetic group, the mixed function oxidases (MFO)
(Casida, 1978), or also known as polysubstrate
monooxygenases (PMSO) (Ahmad et al., 1986). Numerous
publications have appeared in the literature on this
metabolic mechanism by which insects resist poisoning by
synthetic or botanical insecticides (see reviews in
Metcaif, 1967; Brattsten, 1979, 1986; Hodgson, 1985).

It has been shown that persitency and effectiveness of the
toxic agents are dependent on activity of the MFOs

{Hodgson, 1985).

Some plants have developed, presumably through
selective pressure of herbivory, a counter-strategy
that involves the ability to synthesize inhibitors of
the MFOs. These inhibitors usdélly cccur in plants,
together with other allelochemicals, and can possibly
enhance the deterrent effect of these toxins (Berenbaum

& Neal, 1985).

Plants often contain not only one class of
allelochemicals, but many distinct biosynthetic groups.

‘For instance, species of Asteraceae may contain



lignans, acetylenes and sesquiterpene lactones in a
single plant. The relevance for a plant to involve
energy in the synthesis of several molecules when a
single one might sufficiently protect it is still
largely uninvestigated. The allelochemical pools could
be seen as remainders of separate attempts in plants to
develop chemical defenses during evolution, resulting in
strategies independent of one another., Alternately,

an interaction between these defensive chemical
compounds could occur, resulting in a synergistic effect
between two or more compounds. Such a strategy would
have the advantage of efficiently protect the plant
at minimal energy cost, and avoid or delay the

appearance of resistance in polyphagous insects.

1.1 HYPOTHESIS OF THE PRESENT STUDY

The present study was undertaken to tesf the
hypothesis that in the plant family Asteraceae ,
several groups of naturél allelochemicals can interact
and achieve greater biological activity. Members of
this plant family contains in particular lignans with a
méthylenedioxyphenyl‘g:oup (MDP) that is similar to that

of most insecticide synergists and known to inhibit



MFOs. Are then lignans in the Asteraceae also enhancing
the toxicity to insects of other co-ingested
allelochemicals? This hypothesis was investigated
using representative compounds from the Asteraceae,
including phenylheptatriyne (PHT), a characteristic
polyacetylene, tenulin (TEN)}, a sesquiterpene lactone,
and several lignans , with particular emphasis on
dillapiol (DIL). The effects of these compounds was
determined on a model insect, the European corn borer,

Ostrinia nubilalis, which is a highly polyphagous

herbivore feeding on many species. of Asteraceae.

1.2, LITERATURE REVIEW

l.2.1 PLANT ALLELOCHEMICALS

1.2.1.1 LIGNANS
Lignans are a group of natural products widely
distributed in plants. More than 2806 lignans found in
about 50 plant families and 146 species have been
identified (MacRae & Towers, 1984), and new occurrences
of these structures are continually being reported in

plants, as well as recently, in human urine and blood



(Axelson et al., 1982). They may be found in
Gymnosperms as well as in Angiosperms, and are most
abundant in the Pinaceae, Podophyllaceae, Rutaceae and
Lauraceae, with only one occurrence in the
monocotyledons and a few in the ferns. The Asteraceae
contain several lignans (Table 1), but they do not
presently seem to be a predominant allelochemical of
the family, when compared to the acetylenes or
sesquiterpene lactones, for instance. However, in the
Asteraceae, sesamin-type lignans occur in sufficient
abundance and variety to constitute a useful taxonomic
criterion within the tribe Artemisia (Greger, 1981) .
Lignans may constitute a large proportion of the total
content of secondary metabolites in plants; for

instance, in Sesamum angolense (Pedaliaceae ), sesamin

and sesangolin, were found to constitute up to 6.4% of

the o0il extract from fresh roots (Jones et al., 1962),

Lignans, strictly speaking, are dimers of
phenylpropanoid units (C6-C3), linked by thé central
carbon of their side chain and are formed in plants from
the C6~C3 amino acids phenylalanine or tyrosine
(Hayworth, 1936). However, phenylpropanoid monomers
such as dillapiol (Fig. 5) or myristicin (Fig. 4) will
be considered, in this study, with the group of lignans

with which they shre important structural features and



TABLE 1 :

GENUS SPECIES LIGNAN
Anacvluz pyrethrum (+)=-sesamin
Arctlium lappa lappaol

matajcesinol
arc.iin
arctigenin
minus
Loiospecmun acctiin
Artemisia absinthium sesartemin
episesartemin
diasesartemin
fragrans sasamin-cype
Cagphephorug odozatissimus eudesmin
epieudesnin
Carthamus tinctaorius tetracheloside
matairesinoside
2-hydroxyarctiin
Cacdinae SPP. aretiin-like
Centaurea  3pp, arctiin-like
Chrysanthemum . )
cinerariaefol ium sesamin
c. ructescens sesanin
Cnicus benedictus - acctigenin
acctitn
tcachelogenin
nortracheloside
2-acetylnortrache-
=loaide
salonitenolide
Erigeron pappochroma dillapiol
Heliopsis scabta heliantholidin
helioxanthin
Lappa majoc arctiin
minor accelin
tomentosa arctiin
Sylybum marianum dihydcodiconife-
=-zyl alcohol
silycheistin
eburneum silydianin

silybin

LOCATION
IN PLANT

fruies
seeds

roots
sceds

young
shoots

all
paces

seeds
seeds
sacds

seeds

flowers
[ 4-1-1 4 ]

fruit
leaves

all
pacts

Toots

:eeds'

seeds

PHYSIOLOGICAL
EFFECTS

synecgisc
insecticide
synezgist
antifungal

insecticide

insecticide
acaricide

laxative
tasteless

bitter

bitter

insecticide
synergist

antibacterial
antitumorcal

ankitumoral

insecticide

LIGNANS FROM THE ASTERACEAE

REFERENCE
Burden & Crombie, 19693,

Shinoda & Kawagoye, 1929,

Yakhontova & Kibal'chich,
1971

Greger, 1981.

Bohlman et al., 1973.

wahlberg et al,, 1572.

Nishibe et al., 1972,
Palter et al,, 1972.
Haensel et al., 1564.

Haensel et al., Ll964.
Doskotch & El-Feraly,l1969.

Vanhaeien & Vanhaelen,

1975.

Socronscn kb Sofrensen,
1969,

Burden et al., 1969s
Lindner, 1948.

weinges et al., 1974,
Wagner et al., 1971.

Hasnsel et al., 1972.
Koch, 1975.



biclogical activities (Mukerjee et al., 1979; Berenbaum
and Neal, 1985). Deamination of the amino acid
precursor by phenylalanineammonia lyase (often in the
form of co-A esters), leads to various phenylpropanoids
and phenols such as flavonoids, stilbenes, coumarins,
cinnamyl esters, lignans, lignins, or polyphencls (Rao.
1978). The common biosynthetic pathway of these
phenylpropanoids is shown in Fig. 1. The most abundant
form of lignans found in nature, have their two
phenylpropanocid units linked by the third carbon of
their propane chain (Fig. 2). Permutations of the
initial junction of the C6~C3 units may lead to
structures such as norhydroguairaretic acid (Fig. 3a),
bitetrahydrofuranoids such as pinoresinol or asarinin
(Fig. 3b), or also dibenzylbutyrolactones such as
cubebin (Fig. 5}, savinin, hinokinin, podophyllotoxin,
conidendrin or justicin (Fig 3c¢). Other natural phenols
.may be involved with C6-C3 units; the compound

silychristin (Fig. 34), from Silybum marianum

(Asteraceae), for example, results from a C6-C3 unit
and a flavononol unit. As it is often the case with
other allelochemicals, such as flavones, for instanée,
lignans are sometimes linked to sugars, as in
matairesinoside (Fig. 3d) and tgtracheloside, both from

Trachelospermum sp.(Apocynaceae), or from Carthamus

tinctorius. (Asteraceae).




FIG 1 : BIOSYNTHETIC PATHWAYS OF LIGNANS AND RELATED
PHENYLPROPANOIDS.

{Adapted from Towers and Wat, 1979).
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FIG

2

LIGNAN BASIC SKELETON: The two phenylpropanoid
units are linked by the central carbons of their

side chains. (Adapted from Rao, 1978).
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FIG 3 : SOME REPRESENTATIVE LIGNANS

A. Lignan with the original C4 junction
B. Bitetrahydrofuranoids or substituted furans
C. Dibenzylbutyrolactones or diarylbutanes

D. Lignans linked to other structures

s
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Lignans have a wide range of biological
activities that have recently been reviewed by MacRae
and Towers (1984). They constitute a useful tool for
medicine as well as in the fight against crop pests.
Podophyllotoxin (Fig. 3c), and some of its deoxy and
demethylated derivatives from Hyptis spp. (Labiatae),

and peltatin (Fig. 3c¢) from Linum album {Linaceae), are

antimitotic agents (German, 1971), active against
lymphocytic leukemia (Weiss at al., 1975), or against
sarcoma 37 in mice (Kier et al., 1963). Norisoguaiacin
showed antibacterial activity against several

Strepcoccus species (Oliveto, 1972). The resinous

exudate of creosote bush, Larrea tridentata

(Zygophyllaceae) contains the potent antioxiaant
norhydroguaiaretic acid (Fig. 3a), a lignan that is
used in commerce to prevent rancidity in animal or
vegetable fats, as well as the oxidative degradation of
vitamin A and E preparations (Mabry & Ulubelen,.1980).
High yields of conidendrin, also an antioxidant, were
extracted from Picea and Tsuga species through a
commercial process developed in two Canadian
laboratories, Forintek Canada Corp. and MacMillan

Bloedel Ltd (reference in Mabry & Uiubelen, 1984@).

15
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Only a few biological activities have been
reported in insects. The lignan peltatin A from

Librocedrus bidwillii, and deoxypodophyllotoxin from

several species of Podophyllum and Juniperus, were

found to be toxic to the housefly lusca domestica, and

the codling moth, Laspeyresia pomonella (Russell et al.,

1976). Also, weak juvenile hormone activity was
reported with sesamin and sesamolin towards the

milkweed bug, Oncopeltus fasciatus (Bowers, 1968).

Growth inhibition and antifeedant properties were
observed with several lignans of the podophyllotoxin
family, and the biepoxylignans kobusin and sesamin
(Russell et al, 1976; Kamikado et al, 1975; Wada &

Munakata, 1970).

However, lignans alone have limited activity on
insects;\and a large number of them, e.g. myristicin, do
not appear to have any noticeable activity at
concentrations naturally occurring in plants (Berenbaum
& Neal, 1985). Their role comes out when they are in
association with synthetic pesticides or, in fewer
reported instancés, with other allelochemicals .
Sesamin, sesamolin, sesangolin, asarinin, myristicin,
savinin, hinokinin (Fig. 3 and 4), all of plant origin,

are effective in enhancing a wide variety of

insecticides (Casida, 197@), particularly pyrethrins and



FIG 4 : METHYLENEDIOXYPHENYL COMPOUNDS WITH SYNERGISTIC

ACTIVITY ON INSECTICIDES

(Adapted from MacRae and Towers, 1984)
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carbamates, and led to the synthesis of the most active,
numerous and economically important insecticide

synergists.

Most of the lignans that are synergists of
pesticides (Fig. 4), contain a methylenedioxyphenyl
(MDP) group, a structure that appears to be responsible
for the inhibition of the cytochrome P-450
detoxification system in animals, and in insects in
particular (Metcalf, 1967). MDP compounds are
widespread among plants (Newman, 1262). In several
families, they occur together with other
allelochemicals with known toxic, growth reducing, or
otherwise fitness reducing properties towards insects
(section 1,2.3). The possibility exists, then, that these
MDP compounds act as natural synergists, interfering
with MFOs in insects to increase the adverse effects of
the other allelochemical (s) ingested simultaneously.

If such a mechanism occurs in plants, it may allow them
to reduce the quantity of allelochemicals produced,
without affecting total efficacy of their defense
'strategy (Janzen, 1973). However, this aspect of plant
defense is still largely uninvestigated. The large
family Asteraceae appeared as a promising family to

investigate since it contains , in addition to several
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lignans (Table 1, Fig. 5), two groups of biologically
active secondary metabolites with modes of action in
insects fairly well understood, namely sesquiterpene

lactones and polyacetylenes.

1.2,1.2 SESQUITERPENE LACTONES

Sesquiterpene lactones are terpennid compounds
characteristic of the Asteraceae which account for 90%
of the some 206006 known structures, with only a few
occurrences in other angiosperm and non-angiosperm
families (Seaman, 1982). They are formed by 3 five-
carbon isoprene units (C-15), linked covalently, and
the chains thus formed can cyclize to produce a
bicyclic compound containing 2 double bonds, as seen
for instance in biologically active sesquiterpene
lactones (Fig. 6). Their biosynthetic pathway is
felated to that of squalene, triterpenoids, steroids,

caretenoids and rubber.

Together with alkaloids, sesquiterpene lactones
are usually the cause of bitterness in plants, and are
mainly located in leaves and heads of the plant, where
they can constitute up to 5% of the dry weight

(Hegnauer, 1977). Picman (1986) recently reviewed the
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FIG 5

¢ LIGNANS USED IN THE EXPERIMENTS OF THE PRESENT

STUDY : Dillapiol (DIL), Diasesartemin (DIA), and
Epiyangambin (EPI) are found in Artemisia spp.
(Asteraceae) . Cubebin (CUB) comes from Piper
cubeba (Piperaceée), and sesamolin (SES) is a by
product of sesame oil from Sesamum spp.

(Pedaliaceae},
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FIG & : STRUCTURES OF SOME BIOLOGICALLY ACTIVE

SESQUITERPENE LACTONES.

Helenalin, lactucin and tenulin (TEN) have
pharmalological activity (sedative and analgesic),
parthenin has allelopathic properties. 1Insect
antifeedants include tenulin, santonin, parthenin

and helenalin.
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numerous biological activities of sesgniterpene
lactones, namely anti-tumor, anti-fungal, anti-
bacterial, antiparasite, as well as adverse effects on
insects. The antifeedant properties of this group of
terpenes have recently been emphasized (Van Beek and de
Groot, 1986), and exemples of their structures are
given in Fig. 6. Their role in plant defense
mechanisms against herbivores appears to be important,
and the activities reported on 17 different insect
species include feeding and oviposition deterrency,
growth inhibition, lengthened development, reduction in
pupal and adult weights and mortality (Picman, 1986;
Arnason et al., 1987; Isman and Rodriguez, 1983). The
increased concentration of sesquiterpene lactones found
in the leaves of plants submitted to herbivory
(Gershenzon et al, 1987) further shows the importance of

sesquiterpene lactones in plant defense strategies.

Present in active sesquiterpene lactones such as

parthenin, from Parthenium hysterophorus , coronopilin

from Iva xanthifolia and Parthenium spp., and helenalin

from Helenium spp. (Fig. 6), the da-methylene-¥-lactone
moiety was found to be toxic to the confused flour

beetle, Tribolium confusum (Picman and Picman, 1984),

when the allelochémicals were included in its diet . In

a survey of 12 sesquiterpene lactones from the

v
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Asteraceae, Isman and Rodriguez (1983) found that
toxicity to the larvae of the tobacco budworm, Heliothis
zea increased with the degree of oxygenation of the
molecule. Moreover, neutralization of the cardiac-
inhibiting properties of parthenin in the migratory

grasshopper, Melanoplus sanguinipes, by the addition of

thiol agents such as cysteine, homocysteine and
dithiothreitol (Picman et al, 1%8l), suggested the
possible interference of sesqguiterpene lactones with
free sulfhydryl groups in the insect. The possibility
of adduct formation between sesquiterpene lactones and
thiol-containing proteins was demonstrated in-vitro
(Hall et al., 1977), and recent investigations suggest
that a similar mechanism probably occurs in-vivo

(Arnason et al., 1987).

1.2.1.3 POLYACETYLENES

Polyacétylenes from plants are an unusual group
of substances because of their considerable degree of
unsaturation and high reactivity (Bohlman et al, 1973).
In the Angiosperms, they are almos£ all restricted to 5
advanced plant families (Araliaceae, Campanulaceae,
Asteraceae, Santalaceae and Apiaceae), with rare

occurrences among other families such as Fabaceae



(wyerone), or Solanaceae (falcorindiol) (Hegnauer,
1977). Polyacetylenes from the Asteraceae, the most
numerous of some 758 identified structures,
distinguish themselves by a high degree of unsaturation
and cyclization of the fatty acid precursors, forming
aromatic, furanoid, thiophenic or spiroketal compounds.
They are distributed in all parts of plants, although
roots, stems, leaves, or fruits may each have a unique

polyacetylene profile (Wrang and Lam, 1975).

Polyacetylenes have a broad range of bicactivities
including neurotoxicity to fish, livestock or humans
{Bohlman et al.; 1973) (Fig. 7), toxicity to nematodes
(Uhlenbroek and Bijloo, 1958; Wat et al., 1981), fungi
(Bourque et al., 1985) and several microocrganisms
(Towers, 1980; Arnason et al., 198l1), or include
phytoalexins such as safynol (Fig; 7) or wyerone
(Hargraves et al., 1976). Studies on insects dealing
with tbese secondaty metabolites, originating mainly
from two research centers, the ﬁhiversity of British °
Columbia and the University of Ottawa, showed that
polyacetylenes, as well as their thiophene derivatives,
had a photosensitizing and,a light independent toxicity
(Arnason et al., 1980}. One compound, alpha-
terthieny;, is.a.potent phototoxin to mosquito and

blackfly larvae as well as to the immature

27



FIG 7 : STRUCTURE OF SOME BIOLOGICALLY ACTIVE

POLYACETYLENES AND THEIR DERIVATIVES.

Neurotoxins include cicutonin and
ichtyotherial, phytoalexins‘include wyerone and
safynol, deydromatricaria ester is ovicidal.
Alpha-terthyenyl and phenylheptatriyne (PHT) are

phototoxic insecticides.

7
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stages of several species of Lepidoptera (Arnason et
al., 1981; pPhilogene et al., 1985; Champagne et al.,
1986), and its use as a possible pest control agent is

presently under investigation.

1.2,2 THE EXPERIMENTAL ALLELOCHEMICALS

1.2.2.1 THE LIGNANS

DPillapiol (DIL: 3-([3,4-methylenedioxy-5,6-
dimethoxyphenyl]-l-propene} (Fig. 5), sometimes called
dimethoxysafrole, is commonly isclated from the

essential o0il of Piper novae-hollandiae Migqg.

(Piperaceae), a forest vine growing as a tree-top canopy
(Loder et al., 1969), and also more recently from an

Asteraceae, Artemisia scoparia (Greger, 198l). It is a

major constituent of Indian dill, Anethum sowa, left as

a waste product in the processing of this condiment. It

occurs in P. novae-hollandiae together with at least 10

amides such as piperine, chavicine, fagaramide, already
identified from other Piper species (Karrer, 1958). In
traditional medicine, it was used to relieve sore gums
and against gonorrhoea. The alcoholic wood extracts
showed activity against implanted Lewis lung carcinoma
in mice (references in Loder et al., 1969). 1In

addition, DIL reflected significant synergism as
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compared to piperonyl butoxide or safrole (Fig.4) when
used in combination with N-methyl carbamate and
pyrethrins against adult red flour beetles, Tribolium

castaneum (Saxena et al,, 1978; Mukerjee et al., 1979).

Diasesartemin (DIA: 2-[2-methoxy-3,4-
methylenedioxyphenyl]-6-(3,4,5-trimethoxyphenyl]-3,7-
dioxabicyclo {3,3,0} -octane) (Fig. 5), was isolated
together with 13 other lignans from the roots of

Artemisia absinthium, where it constitutes one of the

major components of the resinous moeity. It accumulates
in the schizogenous secretory canals of the plant
{Greger, 1982). There is no record of its biological

activity.

Epiyangambin (EPI: 2,6-[3,4,5-trimethoxyphenyl]-
3,7-dioxabicyclo {3,3,08} octane) (Fig. 5), also called
lirioresinol- A-dimethylether, was isolated frqm several
species of Artemisia (Greger and Hofer, 1980),
including A. absinthium (Lam, personal communication).
In addition, it was described to be a component of

Viriola peruviana (Lai et al., 1973). Its biological

activity is unknown.

Cubebin (CUB: 3,4-(3,4-methylenedioxyphenyl]-

dimethyl-2-furanol) (Fig. 5), was identified
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as early as 1839 as one of the components of the unripe

berries of cubeb, Piper cubeba (Piperaceae) (Capitaine

and Soubeiran, 183%), and its structure was later confirmed
by Hearon and MacGregor {(1955). More recently Burden
et al. (19269) completed a total synthesis. In addition
to cubebin, P. cubeba may contain some 18 other lignans
or neolignans such as ashantin, dillapiol, sesamin,
hinokinin, yatein, cubebinin, magnosalin, heterotropan
(Badheka et al., 1987), together with several amides
(Loder et al, 1969). Plants from Piper spp. have long
been known for their insecticidal activity. However,
the possible contribution of cubebin or other lignans
to the recognized toxicity of the amides that are
frequent in this family (Miyakado et al., 1983), has

not been investigated.

Sesamolin (SES: 2-[3,4-methylenedioxyphenoxy]-6-
[3,4-methylenedioxyphenyl]-cis-3,7-dioxabicyclo {3.3.0}
¢ctane) (Fig. 5), a better known lignan, is obtained

from the flowers of Chrysanthemum cinerariaefolium

(Asteraceae) (Beroza, 1954), but the extracts used
commercially are derived from the seeds of Sesamum
angoiense and S. indicum (Pedaliaceae) (iénes et al.,
1962). Thelhigh synergistic activity of the oil from

S. angolense can be accounted for by the simultaneous
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presence of sesamolin and sesangolin in these species
(Budowski, 1964), Beroza (1954) reported sesamolin to
be 5 times as potent as sesamin when tested as a
synergist for pyrethrin against houseflies. Together
with sesamin, from which it differs only by the
presence of a connecting oxygen atom between
tetrahydrofurfurofuran nucleus and one of the MDP
groups, sesamolin has given rise to several insecticide
synergists such as piperonyl butoxide, sulfoxide and
sesamex, among others, all active synergists of
pyrethrins, carbamates, or chlorinated hydrocarbons. In
addition, sesamol, a phenolic constituent formed from
sesamolin under certain processing conditions, was
found to be a potent antioxidant, possibly increasing
the efficiency of use of carotene and cqunteracting

fish oil toxicity in feed for poultry (Ershoff, 1971).

1.2.2.2 THE TWO MODEL ALLELOCHEMICALS FROM THE ASTERACEAE

Tenulin (TEN, Fig. 6), a sesquiterpene lactone, is
present in large gquantities in several Helenium species,
and has a wide range of biological activities (Picman,
1986). It has been used commercially as a fish poison,
and has mild sternutatory action (Hall et al., 1977).
Its activity against vérious types of carcinomas is due

to the inhibition of cellular enzyme activity and
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metabolism that it induces (Lee et al., 1977). The mode
of action of sesquiterpene lactones was further
elucidated by studies on insects, with TEN in particular
{({Arnason et al,, 1985a, 1987). The retention of the
cyclopentenone moiety in TEN was required for
antifeedant and growth reducing activity on the larvae

of Ostrinia nubilalis. Adduct formation between the

d-8-unsaturated ketone in TEN and SH groups in free
haemoproteins, as demonstrated in vitro (Hall et al.,

1977), was probably involved (Arnason et al., 1987).

Phenylheptatriyne (PHT, Fig. 7), the polyacetylene
used in this study, has both a phototoxic and an oxygen
independant (non-photodynamic) activity (MacLachlan et
al., 1982). The particularly large quantity of this

compound contained in the subtropical weed Bidens pilosa

(Asteraceae), where it can constitute up to 7006ug/g of
the fresh weight in the leaves, may contribute to the
protection of this plant from insect herbivory. In
laboratory as well as under field conditions, it
inhibits growth and.has antifeedant éroperties, at the
ground state, against three Lepidoptera species, Manduca

sexta, Euxoa messoria, and Ostrinia nubilalis,

(Champagne et al., 1986), and Heliothis virescens

(Iyengar, 1988). A previous investigation with PHT fed
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at 18@0ug/g in the diet, showed larval growth inhibition
in the European corn borer, 0. nubilalis, limiting the

frequency of pupation.

1.2.13 CO-OCCURRENCE OF ALLELOCHEMICALS

Up to now, only a few reports on lignans
cooccurring with other allelochemicals are available,
and even fewer studies have investigated the
bioactivity of lignans in association with other

bioactive naturally occurring compounds.

The identification of the synergist sesamin in

pyrethrum flowers, Chrysanthemum cinerariaefolium

(Asteraceae), also containing the insecticide pyrethrum
{(Jones et al,, 1962), triggered new interest in the
possigle interaction between the numerous secondary
metabolites synthesized by plants. Thus in other

families or species, including Argyranthemum

frutescens, Anacycluss pyrethrum, Otanthus maritimus,

and in some Achillea species , sesamin was found to
co-occur with olefinic and acetylenic amides
(Greger,1981, Burden & Crombie, 1969). 1In fact,
lignans such as sesamin, seldom occur as the only
allelochemicals in plants; some examples of these

associations are given in Table 2.

!



TABLE 2 :

ALLELOCHEMICALS IN THE ANGIOSPERM.

PIPERACEAE

Piper longum
P.pepulcides

P_- cubeba

o

- nigrum -
novae=hollandiae

guineense

S

ASTERACEAE

Acrtemisia maritima

» glutino=a
. tridentata

-

>

A. absynthiuom

Anacyclus pveethzum

Chrysanthemum
' Cinecaciaetolium

Elephantopus
auguati!nlius

Erigeron
Eh!!ad.lghicus

Heliopsis scabra
‘Ambrosia spp.
Otanthus maritimus
Achillea spp.
PODOCARPACEAE

LIGNAN

sesamin .
diaeudesmin
cubebin

18 others

hinokinin,yatein,
magnosalin...

guineensine

14
sesamin-
type lignans

sesactemin
diasesartemin

epiyangambin

sesamin

sesanmin,
sesamol in

guaianolide
lignans
dillapiol
helioxanthin
nelianthoidin

sesanin

sesanin

Librocedrus bidwillil

UMBELLIFERAE

Atriscus spp.

Pasticana sativa

ecxypodophyllo=-
toxin, peltatin

deoxypodophyllio=
toxin

myristicin

OTHER ALLELOCHEMICALS

amides (4, e.i. pipartine)
alkaloid (piperlonguminine)

amides (with additive
toxic effects)

amides; pipercide

alkaloids; pipecstachine
ongostachine

alkaloid {visanine)

polyacetylenes, sesguiterpene
lactones

polyncetylenss{glutinosol

coumarins{l® i.e.esculln, umbelli-

ferone, skimmin, chicoriin...}

flavonoids (4, {.e. axillarin,
eupafolin, dihydropeltone)

fiavonoids (4,i.e. axillarin, lutea)

sesquiterpenes lactones(42, i.e.
absinthine, belenolide
polyacetylenes (1@, {.e,
artelin, esculin}, thicphenes
amides

amides (5, i.e. anacyelin,
pellitorin,tyramine)

sesquiterpene lactonan
(pycethrosin)

sesquiterpenes lactones
{elephantopin)
polyacetylenes

matricaria esters

fatry acids

diterpenes (erigerol)

anides (2, i.e.scabrin,heliopsin)

gosqulterpenes lactones(59)
sevaral thiophenes

olefinic and acetylinic

amides

amides
epoxipolyacetylenes

:t:pqn: lactones
-,
(nagilactone)

polyacetylenes

coummarins, furanccoumacins
terpenes, f[lavonoids
linear polyacetylenes

EXAMPLES OF COOCCURRENCE OF LIGNANS AND OTHER

REFERENCES
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Burden & Crombie, 1969a

Burden & Crombie, 196%a

Miyakado et al., 1983
Badieka et al.,1987

Miyakado et al., 198)
Miyakado et al.,l1982

rathak & Khanna, 1987

Gonzalez ot al., 1981

Bohlman, 1973
Greger, 1982

Greger, 1961

Fraga, 1986

Wada & Munakata, 1984
Bohlman, 1913
Greger, 1981

Burden & Crombie, 196%a

Bohlman et al., 1980
Jakupovic et al., 1987

Waddell et al., 198)

Bugden at al., 1969,

Seaman, 1962

Groger, 1581

Russel et al., 1976

tlewman, 1962

Hewman. 1962

Harboene & al.. 1969
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Yet, while the importance of mixtures of
allelochemicals occurring together in the same plants
for the choice of the host plant by the insect seems now
well established, the role of these mixtures in plant
defense has received little attention. In particular,
there have been few investigations on the interactions
of lignans with other biologically active
allelochemicals, Only recently has such an
interaction between plant secondary metabolites been
reported in the family Apiaceae, where the lignan
myristicin clearly synergized the activity of
xanthotoxin, a representative allelochemical of this
family (Berenbaum and Neal, 1985), Also, Dr Lam
suggested that lignans might be protective agents of the
polyacetylenic compounds against photooxidation, in a
manner similar to the known electronic interactions
between polyécetylenes or arqmatic compounds and
caffeine (Lam, pers. comm.). However, the possibility
that each allelochemical synthesized by a plant has a
separate biological activity cannot be rejected,
especially in view of the various biological activities

found in lignans (MacRae & Towers, 1984).

r'/
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1.2,4 INSECT RESPONSE TO PLANT ALLELOCHEMICALS

During their evolution, herbivores including
phytophagous insects had to deal with the numerous
plant secondary metabolites many of which were
unsuitable to their physiology, but obligatorily
ingested with their food. Aas their environment changed
and new plant defense compounds appeared, insect
herbivores had to develop mechanisms to survive exposure
to such chemicals, a general process referred to as
plant-insect coevolution (Ehrlich and Raven, 1964).
Examples of herbivorous insect adaﬁtations to plant
allelochemicals (see review in Brattsten, 1979) include
behavioral avoidance (Hsiao, 1985), sequestration of the
toxin away from sensitive metabolism, fxcilitated
excretion (Duffey, 198¢), temporary binding with a
carrier protein, or modification of target sites
(Moxris, 1984), and one step beyond, the ability tec
utilize plant allelochemicals for their own defe?se
against predators, pathogens or parasites (Price et al.,
1986).  However, these processes can be assumed to
evolve fairly slowly, since they involve the fine tuning

of many molecular interactions (Frazier, 1986).
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1.2.4.1 1INSECT MONOOXYGENASES

The principal adaptation that has allowed insects
to survive and eventually evolve the finer counter
strategies mentioned above, is an array of
detoxification enzymes performing such general
reactions as oxidation-reduction, side group removal,
or conjugation with other molecules, all resulting in
an excretable product (Brattsten, 1979; Dowd et al.,
1983). The five major enzymatic systems identified in
the detoxification of plant allelochemicals all share . a
requirement of high degree of substrate lipophilicity.
They are: the cytochrome P-458 dependant
monooxygenases, often called mixed function oxidases
(MFO) or also polysubstrate monooxygenases (PMSO),
reductases, esterases,'epoxide hydrolases and
glutathione or other group transferases (Ahmad et al.,
1986). The detoxification steps have been conﬁeniently
_grouped into primary (phase I) and secondary (phase II)
metabolic processes (Hodgson, 1985). Generally the
resultant product is a metabolite more polar than the
parent compound (I), which is further conjugated with
an amino acid, glutathione, sugars, phosphates or
sul fates by'specific transferases (II), to finally

produce an excretable metabolite.
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The MFOs are by far the most important of these
detoxification systems, because the§ detoxify a wide
range of foreign chemicals, natural or synthetic.
Localized in insects mainly in tﬁe smooth endoplasmic
reticulum of the cells of the midgut walls, this
enzymatic system has 3 major components (Fig 8): the
cytochrome P-450, the NADPH-cytochrome-~P-450-~reductase
and a phospholipid (Capdevila et al., 1975). The
cytochrome P-450 moiety is a simple polypeptide
containing an iron protoporphyrin group located in a
so-called hydrophobic pocket in the apoprotein. The
NADPH=-cytochrome P-450 reductase interferes in the
transport of electrons to the cytochrome P-45d. The
basic reaction catalysed by these enzymes is:

RH + O 2+ NADPH = ROH + NADP + Hzo
where the usually lipophilic substrate (RH)} , in the
presence of molecular oxygen and a reducing equivalent
(NADPH), results in the formation of alcohol or phenol

(ROH) a more hydrophilic metabolite.

l.2.4.2 ROLE OF MONOOXYGENASES 1IN THE DETOXIFICATION
ALLELOCHEMICALS.

Numerous studies have been conducted on the role of
MFOs in drug and insecticide metabolism. In insect

pest management, the importance of these enzymes is
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FIG 8

! REACTIONS CATALYSED BY THE CYTOCHROME P-450

DEPENDANT MONO-OXYGENASE SYSTEM (MFO).

(Adapted from Hodgson, 1985 and Iyengar, 1988).
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great, as it was revealed that the appearance of
resistance to pesticides in pest populations correlated
closely with high levels of MFOs (Metcalfe, 1967).
Although most of the studies on MFOs have dealt with
their potential in the detoxification of synthetic
pesticides, the role of these enzymes in plant-insect
interactions is now well documented (Krieger et al.,

1971; Brattsten 1979).

MFOs play a major role in the detoxification of
rfﬁé chemicals contained in the daily food of
he:bivorés. Allelochemicals. known to be metabolized by
MFOs include phytoecdysones (Bowers, 198l1), precocenes
(Ellis-Pratt, 1983), monoterpenes, pugelone (Brattsten,
1983; Gunderson et al., 1986)), indole, safrole,
flavone, estragol, digitoxin, coumarins, a
phenylpropane (eugenol), alkaloids (atropine,
strychnine, caffeine), 13 monoterpenes, 2
sesquiterpenes, a diterpene (phytol), steroids (stigma-,
sito- and ergosterol), squalene, Q-carotene {see Yu,
1987). The lignans myristicin, sesamin and sesamolin
are known to bind to MFOs and probably are metabolized
by-tﬁem, but the metabolites have not been identified.
Probably, a much larger number bf natural compounds are

also metabolised by the MFOs, but metabolism studies
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have been limited by the small quantities of the

allelochemicals available.

Krieger et al. (1971), first related the activity
in the guts of larvae of Lepidopteran species to their
feeding habits, suggesting that since polyphagous
insects were in contact with a large diversity of plant
allelochemicals, they had acquired through evolution the
high MFO levels that were observed. In contrast,
monophagous insects were adapted to their host's
specific defensive allelochemicals with lower MFO levels
(Rhoades and Cates, 1976). This theory was further
supported by studies reporting that ingested plant
allelochemicals could, in fact, differentially affect
MFO levels in insects. For instance Brattsten (1979)
observed thét when fed on Apiaceae such as carrots,
parsley and coriander, the southern armyworm, Spodoptera
eridania, had significantly greater induction of gut
MFOs than with its usual host plant, the lima bean .

Similarly, in the variegated cutworm, Peridroma saucia,

peppermint induced higher levels of gut MFOs than the
snap bean (Yu et al., 1979). Furthermore, the pattern
of induction obtained after 24 hours with diets of
various complexity paraileled the observation of Krieger

et al. (1971). The induction was highest in field
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collected Japaneese beetles, Popillia japonica,

intermediate in laboratory-reared insects on a limited
number of plant species, and lowest on single plant
species (Ahmad, 1983). The close relationship between
food intake and MFOs was also reflected in the variation
of the enzyme levels during the insect life cycle. In

the gypsy moth, Lymantria dispar, highest MFO activity

was recorded during active feeding periods, whereas a
reduction of the enzyme activity was observed just

before molts and pupation (Ahmad, 1982 ).

The appearance in plants of inhibitors of MFOs may
constitute a next step in the coevolutiocnary scenario of
BEhrlich and Raven (1964) . Focussing on the insect's
principal enzymatic adaptation to overcome toxicity from
allelochemicals, plant MFQO inhibitors appear to be
subtle countermeasures to offset insect chemical
defenses. The most numercus and potent MFO inhibitors
contain a methylenedioxyphenyl (MDP) ring in their
structure (Casida, 1970), a structure that is most
frequently encountered in lignans (see section 1.2.1.1),
as well as in other phenylpropanoid compounds and in
amides. The overail mechanism of action of these
inhibitors involves the formation 6f stable adducts
between the planar MDP ring of the lignan and the heme

of the cytochrome P-450 terminal oxidase of the MFO
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system (Metcalfe, 1967), possibly following the
formation of free radical species such as a
carbocation, a carbanion or a carbene (Hodgson, 1985).
The decrease in the enzyme availability for other
substrates such as insecticides or toxic
allelochemicals, results in an increase or a
lengthening of the effects of the toxin applied
simultaneously. Such a mechanism was prdposed for the
synergism of xanthotoxin, a secondary metabolite
detoxified by the MFO system in the tobacco budworm, H.
zea (Ivie et al., 1983), and its natural synergist the

lignan, myristicin (Berenbaum & Neal, 1985).

1.2.4.3. THE TEST INSECT : THE EUROPEAN CORN BORER (ECB),

Ostrinia nubilalis (Hubner) Lepidoptera : Pyralideae.

The European corn borer (ECB)} Ostrinia nubilalis,

was introduced into North America at the beginning of
this century (Davidson and Lyon, 1979), spread rapidly
and presently ranges over all temperate corn producing'l
areas. It now also attacks other economically important
crops such as sweet pepper, beet, bean, potato, oat,

soybean, and wheat (Davidson and Lyon, 1979). Its
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FIG 9

LIFE CYCLE OF QSTRINIA NUBILALIS (Hubner) IN

RELATION TO ONE OF ITS HOST PLANT, ZEA MAYS.

(Adapted from Guthrie, 1971)
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history on corn is however relatively recent and the
approximately 160 wild host plant species of this
highly polyphagous species include species from the
Asteraceae which are known to contain large amounts of
the compounds studied in this wor', polyacetylenes (up

to 680 ug/g PHT in the leaves of Bidens pilosa),

sesquiterpene lactone (santonin in Artemisia sp.), or

lignans (sesamolin in Chrysanthemum flowers,

matairesinol in Arctium lappa), together with other

biologically active allelochemicals ( Table 3).

The general biology of the ECB is best documented
in relation to its most economically important host
plant, corn (Fig. 9). Eggs are deposited in masses on
the underside of leaves. They hatch 4 or 5 days later
after entering a stage where the cephalic capsules of
the embryo melanize and become visible through the
chbrion, a condition referred to as the 'black head'
stage. There are normally 5 larval instars. The first
and second instar larvae feed on corn leaves.
Subsequently, larV;e enter tﬁe corn stalk, feeding and
excavating tuﬁnels that weaken the plant and may cause
it to fall over. These last two instars are the most
damaging to the plant.: If weather and photoperiodic

conditions are favorable , larvae enter pupation and

emergence of adults occurs approximately a week later
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(Bonnemaison, 1978). Otherwise, winter is spent as
mature larvae, in diapause, within the corn stalks.

The number of generations per year varies with location
and latitude (Davidson and Lyon, 197%). In our
laboratory environment, the proportion of larvae
entering diapause was kept very low by the use of a
non-diapause inducing photoperiod and temperature

schedule (see section 2.2).

1.3 OBJECTIVES OF THE STUDY

Given the hypothesis outlined in 1l.1l.1 (p. 4) and
the previous work outlined in the literature review, the
general objective of the present study was to determine
tbg participation of a selected lignan (DIL) in plant
défence against a polyphagous herbivore, Ostrinia
nubilalis, as well as to determine the interactions of
this lignan with the sesquiterpene 1act9ne {TEN) and the
polyacetylene (PHT), all allelochemicals from the

Asteraceae. To achieve this, it was necessary to:

1, Characterize the MFO system and to optimize the

activity of these enzymes in 0. nubilalis,

2, Determine the in vitro variations of the MFO
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activity of 0. nubilalis in the presence of five
different lignans at various concentrations, and select

an adequate MFO inhibitor, the lignan DIL,

3. Relate the in vitro inhibitory effect of DIL, the

most active lignan assayed, with its in vivo effect on

the MFOs of 0. nubilalis,

4. Investigate in vivo effects of DIL, in double or
triple associations with 2 other characteristic
allelochemicals from the family of the Asteraceae, TEN
and PHT, on the entire life cycle of Q. nubilalis.
Observations on the insects included mortality, growth

and developmental time of larvae, pupae and adults.

The association of DIL with TEN and PHT was chosen
as representative of the type of allelochemicals
encountered in the diet of 0. nubilalis (Table 3), e.g.
in the tribe Artemisia, which contains these three
classes of allelochemicals., In addition, the mode of
action of TEN and PHT on this insect species has been
previously investigated (see sections 1.2.1.2 p. 20 and
1.2.1.3 p. 26). The choice of these three compounds was
also directed by their availability in quantities

necessary to perform in vitro and in vivo experiments.
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2 MATERIAL AND METHODS

2.1 TEST COMPOUNDS

Structures of the lignans, the polyacetylene PHT
and the sesquiterpene lactone TEN, with their plant
origins, as well as the structure of the synthetic
compounds used in the present work, are given in Fig. 5,
6 and 7. Table 4 1lists some physical constants of
these compounds, as well as the reference to the method
used for their extraction or synthesis as the case may
be. Evidence of purity was obtained for each compound as

described below.

The lignans were all of plant origin and provided
by Dr J. Lam, Department of Organic Chemistry,
University of aarhus (Denmark) , either as crystals of
the pure compound (diasesartemin: DIA, sesamolin: SES,
cubebin: CUB, epiyangambin: EPI), or as a solution of

1,9 mg/ml of the lignan in 95% ethanol (dillapiol: DIL).

The polyacetylene phenylhepta-l1,3,5-triyne (PHT)
{(fig 7), was obtained from mature leaves of Bidens
pilosa grown from seeds collected in Miami, Florida.
After steeping in ethanol (95%) for at least two
weeks, the extract was treatéd by the modified method of

Wat & al. (1979): dilution with an equal amount of
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water, extraction in petroleum ether (PE) three times in
a separatory funnel. The combined PE fractions were
dried with sodium sulfite and the volume reduced to 1 ml
on a rotary evaporator at 30 C., Elution of PHT was
performed on a Silica Gel Chromatography column (Baker
40-140), under low nitrogen pressure with glass
distilled PE as eluent. 'PHT eluted just behind the
solvent front and just before the first carotenoid band,
as identified by spectrophotometry (see Table 4 for PHT
constants). The PHT contaiﬂing fraction was
concentrated to almost drynes§ in a rotary evaporator
(3¢ C), and allowed to crystallize at -46 C. Evidence
of purity“iover 99%) of the PHT solution was established
on the HPLC by elution with acetonitrile-water

(76: 30, ﬁ/v) at a flow rate of 1 ml/min (Beckman ll8a
pump and 420 controller}, with a reverse phase column
(RP C 18, pore size 5 um, Ultrasphere R
octadecylsilicate (ODS} of internal diameter of 4.6 mm x
25 cm). A single peak with retention time of 3.1 min
was observed. Concentrations of the solution of PHT in
95% ethanol to be used for the bicassays was verified on

a Pye-Unicam SP8-10¢ spectrophotometer.

Alternatively, PHT was synthesized in the
Department of Chemistry of the University of Ottawa,

following a procedure described by McEachern (1987),
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which provided larger guantities of the compound.

The sesquiterpene lactone tenulin (TEN), extracted

from the leaves and stems of Helenium amarum

(Asteraceae) ( Lucas et al., 1964), was provided as a
pure compound in powder form by T. Waddell, Department
of Chemistry, University of Tennesse at Chattanooga,

Tennessee. It was used without further purification.

The synthetic compounds phenobarbital (PHE) and
piperonyl butoxide (PIP), were purchased from Sigma
chemical and were purified by column chromatography on
silica gel prior to their utilization by J. Kaminski,

Department of Chemistry, University of Ottawa.

For in vitro studies, 10 ul of the test compound

a,
SO

were put in the assay vial prior to the addition of 1 ml
of the enzyme source (see section 2.3.1). A control
without test compound but containing ethanol was also
included in tﬁe assay.

For in vivo studies, stock solutions of the
allelochemicals and the synthetic compounds were made up
in ethanol (10 mg/ml), and incorporated in the diet for

a final concentration of 1% ethanol. To facilitate
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solubility, SES and PHT had to be dissolved in ethanol
by sonication immediately before incorporation in the
diet. The concentration of the solution of DIL and PHT
were verified on a Pye-Unicam SP8-18@ spectrophotometer.
The other compounds were weighed and made up to the

proper concentration.

2.2 INSECTS

2.2.1 Stock culture

Eggs and larvae of QOstrinia nubilalis were obtained

from a stock culture maintained in the laboratory, which
was started using eggs supplied by M. Hudon (Agriculture
Canada, St. Jean, P.Q.) and periodically boosted with
eqgs supplied by G. McLeod (Agriculture Canada, London,

Oont.).

Larvae were reared in mass culture according to the
method of Guthrie (1971), in a controlled environment
chamber (Conviron cabinet E7, photoperiod of 16/8
light/dark, 26 C during photopﬁase, 19 C during
scotophase, constant relative humidity of 80%).

Lighting was provided by four 20 W solar simulating
fluorescent lamps (Vitalight R 48712 U.H.0.), separated

from the chamber by a 3mm thick plexiglass sheet. The
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resultant light intensity in the chamber was 48 W/m2, as
measured by 5 Yellow Springs Radiometer. The meridic
diet used was essentially that of Guthrie (1971), with
the omission of corn cob grits during the time of the
experiments to achieve a homogenous distribution of the

allelochemicals (Appendix A).

Adults were maintained in a plexiglass and
aluminium screen cage (inner dimensions 45 x 45 x 61 in
height), in a controlled environment chamber similar to
that for larvae (same setting except for the constant
relative humidity of 85%). Lighting"was provided by
four 68 W fluorescent lamps (Coolwhite F48T12/CW/HO) and
one 48 W incandescent bulb, separated from the chamber
by a 3 mm plexiglass sheet. The resultant light
intensity inside the cage was 50 W/m2. Water was
constantly available to the moths through the mist from
a cool-spray vaporizer positioned in the chamber,
adjacent to the cage, with the outlet port facing one

side of the screen cage.

2.2.2 Preparation of test diets

The meridic diet used for the stock culture was
prepared as explained above, The appropriate amount of

the compound, dissolved in 95% ethanol, was deposited



59

in a small beaker and the liquid meridic diet at
approximately 496 C (to prevent degradation of the
compounds), was then added. The content of the beaker
was quickly and vigorously mixed and poured into 1 x 1 x
.6 cm moulds to cool. The amount of solvent did not

exceed 1% in the diet.

2.3 ENZYME ASSAYS

2.3.1 Isolation of the microscomal fraction.

Extracts were prepared from fifth instar actively
feeding larvae of homogenous weights (9¢ mg +15), which
was usually the third day of this larval stage. Larvae
were opened longitudinally, the alimentary canal drawn
out and the gut content cleared with a syringe filled
with ice cold Insect Ringer solution. The midgut was
then freed from the rest of the insect and rinsed again
in the cold Ringer. The microsomal fraction was then
isolated according to the method described in Gould and
Hodgson (1980} and modified for the ECB. Midguts were
homogenized in groups of 10 in Tris-HC1l buffer (0.065.M),
pH 7.6 or 7.8, containing KCl (1.15% w/v)}, in é‘hand
driyen Ten Broek homogenizer previously cégled to 4 C.

The homogenate was centrifuged for 15 minutes at 1006 g '
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in a Beckman L5-58 ultracentrifuge refrigerated at 4 C.
Sediments consisting of cellular debris and nuclei were
discarded. The supernatant was then centrifuged at
1¢0 080 g in the same preparative ultracentrifuge to
obtain the microsomal fraction (100 060 g pellet).
Protein content of the homogenate was determined by the
Lowry method (Lowry et al., 1951), using purified bovine
serum albumen as a standard. Because of the short life
time of the microsome preparations, protein
concentration was determined after the recording of
the difference spectra (section 2.3.2) or the

epoxidation experiment (section 2,3.3).

2.3,2 Determination of the MFO content by cytochrome

P-450 difference spectrum

The microsomal pellet was gently washed, then
resuspended in the Tris-HCl buffer to make a final
concentration of 2 to 2.5 mg protein / ml. The
suspension was separated in two 1 ml quartz cuvettes and
the difference spectrum was determined betwggp the
waw?lengths 500-400 nm, on a Cary 2020 | |
spectrophotometer. The microsomal suspension had anr
appﬁoximate absorbance of 1.6 at 45¢ nm, as measured
against air;' In a first step, a baseline was recorded

with two identical cuvettes of microsomal suspension.
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Then both cuvettes were removed. Carbon monoxide was
bubbled in the sample cuvette for 1 minute under the
fumehood, at the approximate rate of 5ul per second.
The reducing agent sodium dithionite (approximately @.1
mg), was then added to both cuvettes and the difference
spectrum was recorded repetitively from 5606 nm to 356 nm
until the peak at 458 nm attained its highest value.
Subsequently, the peak at 450 nm diminished and the peak

at 420 nm increased (Fig. 11).

The cytochrome P-458 content was estimated as the
absorbance (peak at A[450]nm minus A[490]nm, or peak
A[420)nm minus A{490])nm) of the dithionite-reduced
cytochrome P-450 carbon monoxide difference spectrum
according to the method of Omura and Sato (1964). The
guidelines given by Kulkarni and Hodgson {(1976) were
‘used to minimize errors in the interpretation of the
spectra, and the concentrations of cytochrome P-450 were
calculated using the equation provided by Guengerich

(1982).

A

2.3.3 In vitro and in vivo MFO assays: aldrin used as a

substrate for epoxidation.

Standard incubation mixtures were prepared at 4 C,

following the ‘method described by Gould & Hodgson
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(1988). The pellet obtained from the 180 @86g
ultracentrifugation of 40 to 60 guts was resuspended by
several passages through the needle of a hypodermic
syringe, in 18 to 14 ml of Tris (0.05 M) -KCL (1.15%) at
pH 7.6, and containing NADPH (5 x 10-6 M, final
concentration)., One ml of the mixture was frozen
immediately for later determination of the protein
content. The remaining microsomal suspension was

allowed to equilibrate 4-5 minutes in a water bath at 386 C.

Fach assay performed in an open Erlenmeyet flask
included 1@ ul of the tested allelochemical at the
desired concentration (in ethanol), lml of the
microsomal suspension, and, Eo start the reaction, 1 ul
of a solution of aldrin (18 mg/ml) in ethanol. The
reaction was allowed to run for 15 minutes, with
constanu agitation, in the 30 C water bath (conditions during
which the reaction rate remained linear), and
was terminated by the addition of 2 ml of acetone. The
" flasks were then closed with a glass cap and immediately

placed in the refrigerator.

Usually the next day‘ aldrin and dieldrin (produced
by the epoxldatlon of alirln by the MFOs; Fig. 10 ),

were extracted in 1 ml of PE two times at room
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temperature. Each extraction included a vigorous mixing
of the mixture followed by 18 minutes centrifugation for
an accurate phase separation. The organic phase was
diluted 2 to 5 fold with PE to obtain the appropriate
dieldrin concentration for gas chromatography {Hewlett-
Packard 5730A chromatograph with Electron Capture
Detector; temperature of oven: 1806 C, injection port:
25¢ C; detector: 300 C; column: mixed phase packing;
mobile phase: argon 95%, methane 5%; flow rates: 33
ml/min). Under these conditions, the retention time for
aldrin and dieldrin was 2.9min and 5.8min respectively
(Fig. 10). The linearity of detector response (peak
area) versus dieldrin concentrations was established
(correlation coefficient: ¢ = 0.97), and later checked
at the beginning of each session with 1 ul of at least 3
dieldrin standards at different cohcentrations. After
injecting 1 ul of the control sample, the dieldrin
standard giving fhe closest response was selected and
subsequently injected after every second injection of

the samples.

In vivo assays of MFO activity (aldrin epoxidase

activity) was determined in larvae entering their 5th
instar fed with the appropriate test allelochemical (s)

for 4 days:ﬁrior to the assay (20 larvae per treatment;
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FIG 10 : GAS CHROMATOGRAM OF A STANDARD MIXTURE OF ALDRIN

AND DIELDRIN.

(Hewlett-Packard 5730A chromatograph with Electron
Capture Detector; ‘'mixed phase' column packing; mobile
phase argon/ methane 95%/5%; temperatures: oven

180°C, injection port 256°C and detector 30@¢"'C)
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mean larval weight = 8@ +15mg). Ten guts of the same
group were pooled, 8.5 ml of the microsomal
suspension was set aside for protein determination, and

the microsomal assays performed as in section 2.3.1.

2.4 GROWTH AND DEVELOPMENT STUDIES

Egg masses at the 'black head' stage (approximately
6 hours before hatching) were placed on a single cube of
the treated meridic diets in 15 ml scintillation vials
capped with cotton wool. The total number of eggs used
per treatment was 156, distributed in 3 vials, in the
first experiment and 25¢ in the second one, distributed
in 5 vials. Vials were kept during the course of the
experiment in the controlled environment chamber at 85%
RH., After eight days, 30 larvae were randomly chosen
from each treatment group, weighed and individually
placed on approximately @.4 g of the appropriate diet.
The remaining larvae from the original 3 or 5 vials were
counted, then discérded (except for one vial of each
treatment which was kept until day 13). Subsequently,
larvae were weighed on days 8, 13, 17, 22, with the
diets changed at the same time. The days when the head
capsules were shed were noted for each larva throughout

its development.

Pupation day as well as pupal weight were recorded
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and each pupa was then placed in a clean vial with a
strip of moist filter paper to maintain high humidity

within the vial.

Adults were weighed and sexed on the day of their
emergence. Adults from the same treatment were placed in
a mating enclosure consisting of a dessication chamber
with a wax paper suspended within the chamber to provide
support for egg laying. New adults were added as
emergence occurred, Adult pairs and eggs laid were

recorded every day.

Mortality was recorded in larvae, pupae and adults.
When larvae died before day 13, they were replaced with
new larvae from the reserve vial of the sameé treatment.
This was taken into account in the calculation of the

cumulative mortality.

Experiments were set up:§$ two trials of 3@ insects
per treatment of a single orjéﬁ association of
allelochemicals. Each tr%al héd to be separated in 2
parts (each including a control group) since the number
.0f insect groups was too large to handle simultaneously.

Analysis of variance with Tukey-HSD Multiple Range Test

'(Tukey, 1949) was performed on weight data using the

SPSSX General Linear Models Procedure. Time

measurements were subjected to the Kruskal-Wallis Test
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(Kruskal and Wallis, 1952; SPSSX). The level of significance

was P = 0.0865.

3. RESULTS

3.1 Evidence for the presence of a cytochrome P-450

moncoxygenase in microsomes from Ostrinia nubilalis.

The characteristic difference spectrum of the
reduced cytochrome P-450 produced with or without carbon
monoxide was obtained with a microsomal preparation
containing 20 guts per ml (Fig. 11). The maximuﬁ P-450
peak was obtained approximately 3@ minutes after
resuspension. The amount of cytochrome P-458 in the
larvae reared on the standard meridic diet estimated
from the P-450 peak alone was 0.096 nanomoles of
cytochrome P-458/mg protein (SD = 8.61, n = 3). As the
peak obtained at 420 nm (which represents the
inactivated form of the cytbchrome, and is present to
some extent in all reported preparations)was not
negligible; a theoretical total amount of the enzyme
present in the suspension was estimated from a
calculation of the amounts given by the P-456 and the P-
429 peaks (Guengeriéh; 1982). It was ©€.114 nanomoles

cytochrome p-450 / mg piotein {(sD = 8.62, n = 3).
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FIGURE

1l : DIFFERENCE SPECTRUM OF A CO DITHIONITE-
REDUCED CYTOCHROME P-45¢ FROM THE MICROSOMAL
FRACTION OF THE MIDGUT OF O. NUBILALIS.

{see section 2.3.2 for methodology)

The peak at 450 nm and 420 nm represent
respectively the acﬁive and inactive forms of the

cytochrome,
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3.2

3.2

In vitro activity of the aldrin epoxidase.
.1 Dieldrin formation in contreols (Fig. 12).

A typical chromatogram of the aldrin and dieldrin
extracts in petroleum ether (PE) of the microsomal
suspension in control groups showed the excellent
separation of product (dieldrin) and precursor (aldrin)
(Fig., 12)., Within a pH range of 7.0 to 8.0 the enzyme
activity remained at its maximum and the general bell
shape of the curve was maintained (data not shown).
Dieldrin formation increased in a linear pattern with

respect to time in the range examined (5 to 20 min).

The mean value of aldrin epoxidase activity per gut in

controls was @.96 nanomoles dieldrin / min / gut (SD =
0.92, n = 8), and the specific activity {activity
expressed per mg of microsomal protein) was 9.1l
nanomoles dieldrin formed / min / mg of protein (SD =

.08, n = 8).

71
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FIGURE 12 : GAS CHROMATOGRAM OF A MICROSOMAL FRACTION

FROM THE MIDGUT OF Q.NUBILALIS LARVAE.

(See Fig. 10 for experimental conditioné)
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3.2.2 Influence of allelochemicals on in vitro aldrin ep.xidase

activity (Fig. 13, 14 and 15).

Percent activities in Fig. 13, 14 and 15 are based
on the amount of dieldrin produced /min / mg protein of

controls from the same tissue preparation.

Piperonyl butoxide (PIP) inhibited almost totally

the MFO activity of 0. nubilalis in vitro with

concentratioﬂs ranging from 10 -3 M to 160 -6 M (Fig.
13). This result established the similarity of the MFO
response in the present assay conditions with data found

in the litterature.

The five lignans tested affected the activity of
the aldrin epoxidase in various ways (Fig. 14):
dillapiol (DIL) clearly decreased the activity of the
epoxidase by 506% or more at all the concentrations
assayed (Fig. 14). Suprisingly, sesamolin ({SES) was
only a moderate inhibitor at low concentrations‘but was
a good inhibitor at higher concentrations (58%
inhibition at 1¢ -4 M ; Fig. 14). Diasesartemin (DIA)
was also 'a moderate inhibitor (20% to 39% inhibition;

Fig. 14), except at the highest concentration assayed
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FIGURE 13 : IN-VITRC ACTIVITY OF ALDRIN EPOXIDASE IN

THE MIDGUT MICRCSOMAL FRACTION OF 0.
NUBILALIS: Effect of the synthetic MDP compound
piperonyl butoxide (PIP).

The reaction medium contained ten ul of the
allelochemical (in ethanol}, one ml of the microsomal
suspension (0.5mg protein), and 16ug of aldrin. It
was performed in a shaking bath at 3@ C, pH 7.6,
during 15 minutes under aerobic condition. The
reaction was stopped with acetone.

Mean activity in controls (no
allelochémical but ten ul of ethanol) was 0.1l
nanomoles of‘dieldrin formed/min/mg of microsomal

protein. Bars represent the standard deviation
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FIGURE 14 :

IN-VITRO ACTIVITY OF THE ALDRIN EPOXIDASE IN
THE MIDGUT MICROSOMAL FRACTION OF O.

NUBILALIS: Effect of the five lignans useil in the

present séudy, dillapiol (DIL), diasesartemin

(DIA), cubebin: (CUB), epiyangambin (EPI) and

sesamolin (SES).

(See. Fig. 13 for assay conditions)
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PIGURE 15 : IN-VITRO ACTIVITY OF THE ALDRIN EPOXIDASE IN
THE MIDGUT MICROSOMAL FRACTION OF 0.
NUBILALIS: Effect of two model allelochemicals
from the Asteraceae, the polyacetylene,
phenylheptatriyne (PHT) and the sesquiterpene
lactone, tenulin (TEN).

(See Fig. 13 for assay conditions)
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(70% inhibition at 1¢ -3 M). Cubebin (CUB) also was an inhibitor
only at a high concentration of 1¢ -3 M;

Fig. 14). Epiyangambin (EPI} had no significant effect at
any of the concentrations assayed (Fig. 14). 1I-50

values (concentration of the allelochemical inducing 50%
inhibition of the enzyme activity, in vitro in the
present case), were calculated from probit curves (log

[%2 inhibition / % of control) vérsus log concentration

of allelochemical), using values between 20% and 80% of
controls (Table 5). DIL appeared to be the most

potent inhibitor of the MFOs from the ECB, with an I-50
value of 2 x 1¢ -7 M, followed by DIA , CUB and SES in

decreasing order.

Effects of the polyacetylene phenylheptatriyne
(PHT), and the sesquiterpene lactone tenulin (TEN) were
minimal (20% inhibition with PHT at 1¢ -5 to 186 -3 M).
However TEN increased the activity of the

epoxidase at the lowest concentrations (Fig. 15).

3.3 Effect of allelochemicals in vivo on the activity of

the aldrin epoxidase (Fig. 16).

Phenobarbital (PHE) was used as a standard inducer,

to test the response of the MFOs in_the present system,
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FIGURE 16 : EFFECT OF ALLELOCHEMICALS FROM THE ASTERACEAE

ON THE IN-VIVO ACTIVITY OF THE ALDRIN EPOXIDASE OF

O. NUBILALIS.

Allelochemicals were incorporated to the diet
of third instar larvae during 4 days prior to the
assay. Concentrations of the allelochemicals in the
diet were: |

- Control=CTR : solvent only
- Dillapiol=DIL : 100 u/g
- Tenulin=TEN : 1ade ug/g
DIL + TEN : 160 + 1000 ug/g respectively
- Phenylheptatriyne=PHT : 106 ug/g
- PhenobafbitalﬂPHE : lé@ ug/g
- Piperonyl butoxide=PIP : 1006 ug/g.

(See‘Fig 13 for assay conditions)
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Four days feeding on PHE increased MFO activity by
almost ten fold. Inhibition by piperonyl butoxide
(PIP), a standard inhibitor, was not great (0.1l8ng
dieldrin / gut / min. = 86% of control). All three
types of allelochemicals were in vivo inducers of the
MFO activity to varying extents. The smallest effect
was observéd with the associétion DIL+TEN (8.24ng
dieldrin / gut / min. = 114 % of control), while the
increases of activity with the lignan DIL, the
polyacetylene PHT and the sesquiterpene lactone TEN were
as follows: DIL @.36 ng dieldrin / gut / min = 178% of
control; PHT ©.44 = 200%; and TEN ©.46 = 220% ).
However, data should be interpreted with caution since
limited amount of phytochemicals permitted only one
trial. Furthermore, the amount of food ingested during

the experiment was no: measured.

3.4 Effect of allelochemicals on growth and development

Acute toxicity was expressed by the cumulative mortality
inducéd by the allelochemicals (Fig. 17). Mortality was
recorded in the neonates (l17a) throughout the larval
development (1l7b) and in the pupal and adult stages
(17c) . The two trials are plotted separately for

clarity and data from both trials are given below. -
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FIGURE 17 : CUMULATIVE MORTALITY IN O. NUBILALIS EXPOSED TO
SINGLE, DOUBLE, OR TRIPLE ALLELOCHEMICALS FROM THE

ASTERACEAE.

Mortality was assessed at day 10 after
hatching (A), at the end of the larval stage (B)

and at the end of the pupal stage (C).

(See Fig 16 for concentration of the

allelochemicals in the diet)
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In all treatments, mortality was maximal in the
neonates, as seen at day 8 (Fig. l7a). During larval
development (Fig. 17b) and the pupal and adult stages
(Fig. 17c), toxicity was generally less pronounced.
However, in all groups containing DIL, mortality
remained high throughout the life cycle. DIL alone was
the most toxic treatement with, respectively in trial I
and 11, 86-85% of the larvae dying before reaching the
pupal stage, as compared to 12-26% in the control
groups. Subsequent increase of mortality was observed
in pupae, resulting in 92-95% of the insects failing to
successfully reach the adult stage., The mortality
curve for the double asscciations including DIL fell
slightly beneath the curve of DIL alone, with a
cumulative mortality at the end of development being 89-
87% and 73-71% respectively with DIL+TEN and DIL+PHT.
Surprisingly, the triple association was not always the
most toxic of these DIL treatments, and resulted in a
final cumulative mortality of 70-85%. Treatments with
PHT, TEN or PHT+TEN, were slightly detrimental to O.
nubilalis development. Although cumulative mortality
differed between the two trials, probably because of ﬁhe
different times in the year at which the experiments
were performed, total mortality remained low in Fhesé

three last groups.
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Chronic toxity was evaluated by the weight gains
and developmental times. Results are shown in Table 6,
7 and 8, and in Fig. 18a to 18d.

At the larval stage, in both trials, there was a
reduction in the growth rate when DIL was present in the
diet (Table 6 and 7). &s a result, weights were
significantly lower (P = .85, Tukey's multiple range
test) than weights of both controls and otherwise
treated groups, in groups treated with DIL, DIL+TEN,
DIL+TEN+ PHT, and sometimes DIL+PHT. PHT and TEN alone
slightly reduced weight gains during the larval stage
when compared to controls, although this was not
significant at P = 6.85. The double treatment PHT+TEN
usually had a more important growth reducing effect than
each compound alone, but here again, data are not
significantly different from either control or single
treatment except in a few instances (day 8 - triél I
different from TEN, day 17 - trial I different from CTL,

day 22 -trial II different from single treatments).

At the pupal and adult stages, the effect was
reversed. Allelochemical treated groups, including
single double and triple treatments, often reached a
higher weight, although data were not significantly

different at p = .05 (table 6 and 7).
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FIGURE 18a TO 184 :
LARVAL GROWTH CURVES FOR O. NUBILALIS FED WITH
SINGLE, DOUBLE, OR TRIPLE ASSOCIATIONS OF
ALLELOCHEMICALS FROM THE ASTERACEAE.
(Weights are expressed as % of control. Bars
represent the range of the mean value of the 2
separate trials - Trial I and Trial II - of 3@
individuals per group).

Data are from Table 6 and 7.

18 - A : Dillapiol and tenulin: DIL and TEN

18 - B Dillapiol and Phenylheptatriyne:

DIL and PHT
18 = C : PHT AND TEN

18 = D : PHT, DIL AND TEN

(See Fig. 16 for concentrations of the

allelochemicals in the diet)
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Since females reached a higher weight than males
and the difference was significant in all groups (T-
test, P = 08.85), growth parameters at the pupal and
adult stages were analysed separately by sex (Table 8).
However, this did not yield significant differences in
weights (Tukey's multiple range test, P = #.,65) when the
effect of one type of treatment was compared to the
next. The time to reach pupation (Table 8) was however
significantly affected (Kruskal-wWallis test followed by
T test, P= #.05) ) by treatments containing DIL, alone
or in associations (a mean of 28.6 days for DIL and 36.5
7days for DIL+TEN after hatching is significantly
different from CRTs-A: 26.3 days; 29.4 aays for
PHT+DIL+TEN is significantly different from 25.8 days
for CRTs-B). A similar trend of 2-5 days -delay to reach
adult emergence was observed in groups containing DIL

and 1-2 days delay in those with PHT or TEN {(Table 8).

In order to compare the effect of a single
allelochemical to that of a combination of
allelochemicals in the diet, weight gain curves in
larvae were expressed as % of their control (using data
from tables 6 and 7), and plotted on 4 different graphs,
where the bars stand for the range of the means of 2

trials (Fig. 18a to 1l8d).
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The double treatment DIL+TEN (Fig. 18a} reduced
growth approximately twice as much as each compound
alone, With PHT and TEN, the same effect was observed
although growth reduction appeared at the end of the
developmenﬁ only (Fig. 18c). PHT+DIL had an effect
similar to DIL alone during the course of larval
development (Fig. 18b). It is possible that the
stimulating effect of PHT alone on growth (probably
phagostimulatory), antagonized DIL's growth inhibiting

effect particularly in the early stages.

When the three allelochemicals were combined in the
diet, the resulting growth inhibition was more important
than that induced by any single t:éatment (Fig. 184),
although this was not always significant (Table 6 and 7).
However, a double treatment with DIL+TEN (Fig. 18a) was
more detrimental to the larvae especially in the early
stages than the triple treatment ( Fig. 184}. The
stimulating, or at least neutral, effect 6f both PHT and
TEN up to the third instar (day 18 - 13) acted in a way
opposite to the inhibitory effect of DIL alone. It
resulted in weight gains higher with DIL+PHT+TEN than
with DIL alone (Fig. in). A similar effect was noted
with DIL+TEN (Fig. 18a), and was also observed to a
lesser extent with DIL+PHT (Fig. 18b), when compared to

DIL alone,
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4, DISCUSSION

The results of the present study showed that, in
vitro, the lignan DIL was a strong inhibitor of MFOs in

O. nubilalis. However, no synergism occurred in vivo

between DIL and either the polyacetylene or the
sesquiterpene lactone, suggesting that 0. nubilalis
responded to even short time inhibition of MFOs by induction of

higher levels of activity.

The results also indicated that in vitro inhibition
of detoxification enzymes by a compound does not
necessarily lead to synergism of insecticide by this
compound. It is suggested that an adapted herbivore
such as 0. nubilalis can circumvent the plant's chemical

defenses involving MFO inhibition.

In the present system, the lignan DIL also acted as
an allelochemical in its own right, with a noticeable
‘toxicity to the ECB. The results suggest that

characterization of lignans as synergists is simplistic.
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4,1 In vitro variations of MFO levels and activity in

o]

nubilalis

The cytochrome P-458 dependent MFOs from O.
nubilalis are comparable to those of other insect
species in their ability to produce characteristic
difference spectra which, in other organisms, have been
demonstrated to be associated with carbon monoxide
adducts. In addition, MFO levels in the gut of O.
nubilalis (section 3.1), are consistent with the data
reported in the literature for other lepidopteran
species with similar feeding habits. For example, it
was @.133 and 0.180 nanomoles/ mg protein respectively
in the last larval instar of the tomato budworm,

Heliothis zea and the southern armyworm, Spodoptera

eridania (Neal, 1987; Murray, 1987). Iyengar (1988} also
reported a similar level of cytochrome P-458 in 0.

nubilalis (8.313 nanomoles/mg protein).

The mean activity of ©.449 nanomoles of dieldrin
formed /min /mg protein (SD= @.28, n=7); obtained with
the sensitive and reproduéible test for MFO activity,
namely the epoxidétion of aldrin into dieldrin (Wolf et

'al., 1979}, was very close to the value of @.35
nanomoles /min /mg protéin reported by Krieger et al.

(1971). williamson and Schechter (1979), using
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premolting larvae and individuals in diapause (i.e. non
feeding stages) of O. nubilalis, reported an activity in
the gut epoxidase‘eight times smaller than in the
present study. In several Lepidoptera species, there is
indeed a close relationship between feeding and MFO
activities, within a larval stage and from one instar to
the next (Brattsten, 1986). Recently in H. zea (Neal,
1987), the MFO titre was reported to drop from @.133 to
@.090 nanomoles /mg protein of cytochrome P-450, from
the third to the fourth day of the last instar, while

feeding is reduced as part of the pre-molting process.

The MFO system from the ECB is sensitive to a
variety of lignans from the Asteraceae. In vitro
screening revealed that four of them, DIL, DIA, CUB,
and SES, mono or double methylenedioxyphenyl compéunds
(MDPs) , were inhibitors of the microsomal epoxidase of
O. nubilalis to various degrees, Current évidence
indicates that inhibition by MDP derivatives, in mammals
as well as in insects, results from the formation of a
MDP - cytochrome P-450 complex (Testa & Jenner, 1981).
The formation of such a complex may have occurred with
some of the lignans used in;this study (DIL, DIA, CUB
and_SES), as suggested by low levels of enzyme available

for the substrate, aldrin (section 3.2.2). The
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formation of cytochrome P-450 complexes could have been
detected directly by a Soret peak at 455 mm and a type
III difference spectrum of the dithionite reduced
microsomal suspension (Kulkarni & Hodgson, 1976}.
However, this experiment was not performed in the
present study, since emphasis was placed on inhibition

of an MFO mediated conversion of a substrate.

I-50 values {Table 5), indicate that inhibition
occurs with low concentrations of DIL (I-58 = 2 x 10-7),
but that larger concentrations of DIA, CUB and SES are
needed to obtain a similar inhibition of the epoxidase.
When compared to the synthetic insecticide synergist
PIP, whose mode of action is known to involve the
formation of a MDP - cytochrome P-45¢ complex, the
four lignans were less potent inhibitors of the ECB
epoxidase. However, I-50 values of the lignans of the
present study are comparable to those of some groups of
insecticide synergists, as well as in vitro inhibitors
of the aldrin epoxidase. For instance, 6-butyl-1l,2,3~-
benzothiadiazole had an I1-50 of 4.9 x 1¢ -7 M, and 6-
methoxy-1,2,3-benzothiadiazole an I-5¢ of 6,5 x 19 -5 M
using the gut enzyme preparation of the 6th larval

instar of S. eridania (Gil & Wilkinson, 1977).
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The only non-MDP lignan of this study, EPI, was an
in vitro inhibitor of the epoxidase only at high
concentrations. However, the MDP ring is not the cnly
structure in lignans that is known to inhibit enzyme
activities., EPI contains a biepoxyfuran ring, a
structure that appears important in the biological
activity of other lignans such as syringaresinol ,
pinoresinol, or dehydrocaffeic acid dilactone, all
inhibitors of cAMP phosphodiesterase {MacRae & Towers,
1984). The cytochrome P-4580 complex, however, does not
appear to be very sensitive to the biepoxyfuran

structure in the present experiments.

The insensitivity of the MFO preparation to PHT is
~surprising since a broad range of monoacetylenes,
including phenylacetylenes, have been shown to destroy
thé'prosthetic heéme of the cytochrome P-45¢ by
alkylation in a self catalysed reaction in vitro
(Ortitz de Montellano and Correira, 1983), which
probably explains their use as synergists of pesticides
{Casida, 1970). At the concentrations of the present
assays, however, no_destructioa was observed. Rather an
enhancement of the activity occurred with the lowest
concentration of PHT. Possible reasons for the lack of
the previously described activity are that triacetylenes

act differently from umonoacetylénes, or that ECB MFOs
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are insensitive to this type of inhibitor. Such an
adaptation would be a distinct advantage to a
polyphagous insect such as the ECB which feeds on many

acetylene producing plants.

In other systems, the mode of action of TEN, in
vitro as well as in vivo (Hall et al., 1977; Arnason et
al., 1987), probably involves the formation of covalent
complexes with sulfhydryl groups of proteins through
electrophilic type addition at the site of the
cyclopentenone ring . The moderately low inhibition by
TEN may be due to alkylation of S-H groups present in

the microsomal preparation.

4.2 1In vivo variations of MFO activity with allelochemicals

In 4 day feeding trials (section 3.3), all
allelochemicals tested alone induced MFO activity to
various extents. This is in apparent contradiction to
the in vitro results. However, it is now clearly
éstablished‘that the in vivo effects of MDP compounds
and some other syﬁergists are biphasic. The initial
inhibition subsequent to the formation of MDP -

cytochrome P-45@ stable adducts, is often followed by .an
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induction of the titer of MFOs, in liver microsomes
{(Fisher et al., 1981), as well as in insects (Yu &
Terriere, 1974; Thongsinthusac & Krieger, 1974). Thus,
the initial inhibition of the MFO activity observed with
DIL added to the ECB microsomes in vitro, appears to be
masked by the induction of the enzyme during the 4 day
feeding period. Although de novo synthesis is probably
involved, this remains to be demonstrated in the present
system. Moreover, the effectiveness of the
monooxygenase may be improved, possibly through
induction of specific cytochrome P-454. Increased

enzyme effectiveness was observed in Musca domestica

with several substrates, including aldrin, where the
amount of cytochrome P-458 in pesticide resistant
strains was 3 times that of susceptible strains, but the
epoxidase activity was 30 times higher (Agosin, 1985).
While inhibition of MFOs is one defense strategy
available to plants in the Asteraceae, successful
herbivores such as the ECB can overcome these defenses

by induction of MFOs.

The association of DIL and TEN in the diet of g;
nubilalis had apparently little effect on the gut MFO
activity. This is unexpected in view of the induction

observed with each of the allelochemicals separately.



197

However, the consistency of these results will appear in

the subsequent discussion of life cycle studies (section

4.3.1).

4,3 1Influence of allelochemicals on the life cycle of 0.

nubilalis

One of the guestions raised in this study was
whether DIL inhibition, and possibly secondary induction
of MFO activity, affected the overall tolerance of 0.

nubilalis to the other allelochemicals.

This study confirms the toxicity of PHT and TEN to
insects but is the first report of DIL toxicity to
insects. Although we have information on the mode of
action of PHT and TEN (Arnason et al., 1983 and 1987),
which explains the mortality observed in the present
study by these compounds, we have little information on
the mode of action of DIL. However, MFO patterns of |
inhibition and induction shown in this study may bring
some light on the mechanisms of toxicity of this

allelochemical.
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4.3.1 Acute and chronic toxicities.

Both acute and chronic effects are important to
insect development and they were especially evident ECB
with DIL. Acute toxicity of allelochemicals is most
often evaluated in terms of induced mortality. However,
impairment of growth , a prolonged development period,
or a carry-over effect on imaginal stages, all signs of
chronic toxicity, may have drastic long term
conseguences for insect herbivores. Increased duration
of the sensitive larval stages can increase exposure to
predators and parasitoids ( Pryce et al., 1980), or may
cause failure to reach the appropriate life stage before

the onset of adverse climatic conditions.

All treated groups of neonate larvae exhibited high
mottality. In effect, highest sensitivity to
xenobiotics in early larval instars of lepidoptera is
common (Brattsten, 1979; Yu, 1983; Ahmad, 1986). For
instance, in two strains of ECB, the LC-50
{concentration inducing 50% mortality in a population),
for ingested carbaryl was 10 times smaller in 3rd than
in 5th instar larvae (Kuhr & Davis, 1975). . PHT ,‘

several other polyactylenes and TEN also induced highest



mortality in early stages of the ECB (Champagne, 1984;
Arnason et al., 1987). Susceptibility to xenobiotics
correlates well with low MFO activity in several insect
species (review in Hodgson, 1985), and the lack of MFO
activity is a well known fact in fetal and newborn
mammals or birds (Testa & Jenner, 198l1). Although data
for neonate insect larvae are lacking, hatching and
young insect larvae most likely also lack the enzymatic
machinery necessary to detoxify certain compounds. MFO
specific activity was in fact lowest in second instar

gypsy moth , Lymantria dispar (Ahmad, 1986), the

earliest measurement, as compared to later instars.
From these data and previously reported ones mainly on
the southern army worm, S. eridania (Krieger &
Wilkinson, 1969), and the Japanese beetle, Popilia
japonica (Ahmad, 1983), feeding appears to trigger, or
at least to increase, the MFO activity throughout the
insect developing stages, so that activity in hatching
larvae, before feeding begins, should be minimal, and

result in a high toxicity of ingested xenobiotics.

Furthermore, feeding on MFO inducers would:affect
>
2,
the overall survival of the larvae. In fact, in groups
fed with TEN and PHT, both important inducers of MFOs

{section 3.3), mortality was similar to that of control

169
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groups (section 3.4). Previous studies showed that PHT
had both an important photodynamic action together with
a low 'dark' toxicity in several insect species,
including the ECB (Arnason et al., 198l; Champagne ,
1986), and this study confirms the low 'dark' toxicity
of this compound at the level of 160 ug/g in the diet.
Similarly, the adverse effects of TEN on insects include
growth reduction, longer developmental periods and
reduced pupal and adult weights (Arnason et al., 1987),
which are signs of chronic toxicity . In the case of
the ECB, chronic toxicity rather than acute toxicity of
PHT and TEN at the levels used in this study, may have
limited the negative effects observed in early and at

later instars, as it allowed time for MFO induction.

In contrast, the high mortality observed
throughout the insect's life cycle in the four groups
containing DIL may result from the inherent éoxicity of
the compound itself , combiped with the minimal
induction of MFOs observed with DIL, DIL fed larvae had
the highest mortality of all groups, but when either TEN
or PHT , or both together were added, mortality
decreased. It is possible that MFO induction by PHT and
TEN had favored the rapid elimination of DIL ingested

together with these allelochemicals; and partially
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prevented DIL toxicity. Such an induction by PHT and
TEN acts as an antagonist of the inhibition of the MFOs
by DIL. Similarly, reduction of acute toxicity of the
insecticides carbaryl and diazinon was observed when

larvae of Heliothis virescens and H. zea  were fed

on plants containing secondary substances with MFO
inducing capacity, such as certain monoterpenes in
peppermint leaves or 2-tridecanone in tomato leaves

{Riskallah et al., 1986).

DIL also had a negative effect on growth and.
development time of the ECB larvae (section 3.5).
Growth inhibiting activity of lignans on insects has
been documented in only one case: kubosin and sesamin,

both from Magnolia kobus inhibited 'growth in silkworm

~larvae, Bombyx mori (Kamikado et al., 1975). The role

played by feeding deterrency or decreased utilization of
food in the chronic toxicity with DIL remains unknown.
Although no feeding deterrency was observed in a
preliminary study wﬁere DIL was incorporated into the
meridic diet and fed to third and fourth instar larvae,
further studies on antifeedant action need to be
performed using fresh leaf material treated with the
allelochemical. In fact, feeding inhibition may remain

hidden due to the obstruction of the pores of the
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chemosensory papillae by the meridic diet. This

phenomenon was first reported in Manduca sexta

(Schoonhoven, 1967) and was also observed in ECB larvae
with azadirachtin, a well known antifeedant, that lost
this activity when incorporated in an artificial diet

({Arnason et al., 1985b).

In contrast to what was observed for mortality,
TEN, when added to DIL, further inhibits growth in the
ECB. The individual negative effect of TEN as well as
that of several other sesquiterpene lactones on insect
herbivores includes growth inhibition and lengthened
development time (Picman, 1986; Arnason et al., 1987),
and a potentiation effect between DIL and TEN occurred
while double stress was applied to the insect.
Conversely, PHT at levels similar to those used in the
present study, was reported to haﬁe a phagostimulant

effect on young larvae of Euxoa messoria (Champagne,

1984). Such an effect on the ECB, may have partially
antagonized the growth inhibiting acpivity of DIL,
resulting in a growth curve with PHT+DIL slightly above
that of DIL alone. The role of DIL in these

associations of allelochemicals is not constant. In the

red flour beetle;ﬁmnibolium castaneum, DIL as well as

some of its ester derivatives was reported to synergize
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the activity of pyrethrins and N-methylcarbamates
(Mukherjee et al., 1979). The activity of DIL observed
in the present study could perhaps be compared to that

of closely related compounds, safrole and iso-safrole,
differring from DIL by two methoxy groups in place of the
two hydrogens in the phenol ring. These MDP lignans were
also inhibitors of MFOs in mammals and insects (Marcus
et al., 1987; Wilkinson et al., 1984), while in rats,
they altered cholesterol levels and were
hepatocarcinegenic (Hagan et al,, 1965). The mechanism
of toxicity was believed to involve metabolic and
pharmacokinetic factors as much as intrinsic inhibitory

activities (Testa & Jenner, 1981).

Growth inhibition results suggested that each of
the alleiochemicals in the present system contributed to
the toxity of the mixture, featuring a simultaneous
attack at different or similar targets in the insect,
rather than one non toxic compound synergizing the

activity of the others.

Both an additive stress and true synergism have
been described in the interaction between plant
allelochemicals. For instance, the insecticidal amides

pellitorine and piperine, or also pipercide and
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guineensine, all present in the black pepper, Piper
nigrum, had a substantially increased toxicity to the

Adzuki bean weevils, Callosobruchus chinensis, when

administered in pairs rather than individually (Miyakado
et al., 1983). Also, several furanocoumarins from the

seeds of the parsnip, Pastinaca sativa, exerted

synergistic activity on the corn earworm, H. zea,
through both a photoedynamic action (xanthotoxin,
bergapten) and via a probably completely different non-
‘photodynamic mechanism (isopimpinellin, imperatirin)
(Berenbaum, 1984). In addition, multiple attack may
result from the action of chemicals synthesized by
plants through unrelated biosynthetic pathways, as in
the system assayed in the present study. The parsnip,

Pasticana sativa, contains among other allelochemicals

furanocoumarins and large amounts of the MDP lignan
myristicin, which acts as an even hore potent syneigist
of the furanocoumarin xanthotoxin than piperonyl
butoxide (Berehbaum and Neal, 1985), probably through
the impairment of the detoxification processes of H.
zea. The lack of synergism in this study as compared
to other studies presented above, appears to be related

to the insect response in inducing MFOs.
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4.3.2 General conclusions: Adaptability of insects

plant allelochemicals.

Plant systems to circumvent insect resistaance
mechanisms through the synthesis of MDP compounds,
inhibitors of the detoxification enzymes in insects,
represent a sophisticated and a potentially very
successful defense strategy. In fact, the MDP compounds
studied did inhibit MFO activity in vitro and
potentially could facilitate the activity of already
existing defense chemicals. The presence of such a
system in plants could be very effective towards non

adapted insect species.

However, the ECB appears well adapted. This
species is commonly exposed to at least 2 MFO
inhibitors, DIA in Artemisia spp. and DIL in Erigeron
Spp., in addition to several polyacetylenes and
sesquiterpene lactones., Selection may have favoured the
individuals capable of MFO induction with these
compounds, a situation paralleling the selection of
strains with high MFO levels in resistance to
pesticides. Other studies with the ECB also showed high
adaptative capacities of this particular insect to plant

allelochemicals. Avoidance of polyacetylene
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phototoxicity through concealed feeding and spinning of
large amounts of silk (Champagne, 1984), together with
a fast clearance of the allelochemical (Iyengar, 1988),
may be preadaptations of the ECB to a group of
allelochemicals abundant in its host plant. These
specific types of enzymatic, metabolic or behavioural
adaptations contribute to the success of the ECB as a

pest.

4.4. Future work

A few questions need to be addressed with regard to

the activity of lignans against phytophagous insects:

Firstly, can synergism between the same
allelochemicals occur in insects probably unadapted to
MDP lignans, such as in the Solanaceae specialist Manduca

sexta?

Secondly, the physiological and molecular basis of
lignan activity in the insect, should be further
inyestigated. What are the primary or the most
sensitive sites in insects, and how is it distributed
in the body? What physiological processes other than

MFO are altered?
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Thirdly, the role of MFOs in insect adaptation
appears important., How does induction and inhibition
occur in the ECB? Does it also exist to a similar
extent in other insect species? Is it specific to
certain allelochemicals? Knowledge on these enzymatic
activities could help to further evaluate the mechanisms

of plant defenses.

In view of the potential use of selected lignans as
insecticide synergists, investigations on how these
inhibitors affect the third trophic level should be
carried out. The question of whether MFO inhibitors are
passed on to the parasitoid, or metabolized first by the
insect, appears important to optimize natural control

mechanisms in an integrated pest managdement strategy.



REFERENCES

Agosin, M. 1985. Role of microsomal oxidations
in insecticide degradation. In
"Comprehensive insect physioclogy, biochemistry
and pharmacoclogy" GA Kerkut and LI Gilbert
(eds.). Pergamon Press, London. Vol 11, pp
647-712.

Ahmad, S. 1982. Role of mixed-function
oxidases in insect herbivory. Proc. 5th. Int.
Symp.Insect-plant Relationships. PUDOC Ed.
Wageningen.

Ahmad, S. 1983. Mixed-function oxidase
activity in a generalist herbivore in
relation to its biclogy, food plant, and
feeding history. Ecology 6(2): 235-243.,

Ahmad, S. 1986. Enzymatic adaptations of
herbivorous insects and mites to
phytochemicals. J. Chem. BEcol. 12{2): 533-560.

Ahmad, S, LB Brattsten, CA Mullin and SJ Yu.
1986. Enzymes involved in metabolism of
plant allelochemicals. In "Molecular
aspects of Insect-plant associations", LB
Brattsten and S Ahmad (Eds}, Plenum Press, New
York. pp 73-127,

i
Arnason, T, CK Wat, K Downum, GHN Towers and J Lam.
19806. Photosensitization of E. coli by
phenylheptatriyne from Bidens pilosa L.

Can. J. Microbiol. 26:698-785.

' T

Arnason, T, T Swain, CK Wat, EA Graham, S
Partington, GHN Towers and J Lam. 198l.
Mosquito larvicidal activity of
polyacetylenes from species in the Asteraceae,
Biochem. Syst. Ecol. 9(1l): 63-68.

t

118



119

Arnason, JT, GHN Towers, BJR Philogéne and JDH
Lambert. 1983. The role of natural
photosensitizers in plant resistance to
insects. In "Plant resistance to insects". PA

Hedin (ed.). ACS Symposium Series 2068, pp
139-151.

Arnason, JT, BJR Philogéne, F Duval, D MacLachlan, AK
Picman, GHN Towers and F Balza. 1985a.
Effect of sesquiterpene lactones on development of
Aedes atropalpus and relation to partition
coefficient. J. Nat. Prod. 48B(4): 581-584.

Arnason, JT, BJR Philogéne, N Donskov, M Hudon, C
Mcbougall, G Fortier, P Morand, D Gardner, J
Lambert, C Morris and C Nozzolillo. 1985hb.
Antifeedant and insecticidal properties of
azadirachtin to the Buropean corn borer, Ostrinia
nubilalis, Entomol, exp. appl. 38: 29-34.

Arnason JT, M Isman, BJR Philogéne and TG Waddell.
1987. Mode of action of the sesquiterpene
tenulin from Helenium amarum (Asteraceae)
against herbivorous insects. J. Nat. Prod.
5@(4): 690-695.

Axelson M, S Sjovall, BE Gustafsson and KDR
Setchel. 1982. 0Origin of lignans in mammals
and identification of a precursor from plants,
Nature 298 (5875): 659-668,

Badheka, LP, BR Prabhu and NB Mulchandani. 1987.

Lignans from Piper cubeba. Phytochemistry 26(7):
2033-2836.

Batterbee, JE, RS Burden, L Crombie and DA
Whiting. 1969. Chemistry and synthesis of the
lignan (-)-cubebin. J. Chem Soc. (C): 2470-2477.

Berenbaum, MR. 1984, Brementown revisited:
Interactions among allelochemicals in plants.
in "Chemically mediated interactions between
plants and other organisms". GA Cooper-Driver, T



12¢

Swain and BEE Conn {(eds.). Recent Adv.
Phytochem. 19, Plenum Press, New York.
pp 139-169.

Berenbaum, M.R. 1986. Target site insensitivity in
Insect-Plant interactions. In Molecular
aspects of Insect-plant associations,
Brattsten L. & Ahmad S. Ed. Plenum Press, New
York., p 257-267.

Berenbaum, M. and Neal, J.J. 1985, Synergism
between myristicin and xanthotoxin, a
naturally occurring plant toxicant. J.Chem.
Ecol. 11(19): 1349-1358.

Bernhard , HO, and K Thiele. 1978. 1Isolierung von
l-allyl-2,3-dimethoxy-4,5-methylenedioxy-benzol
{=dill-apiol) aus Heckeria umbellata (l.) Kunth
(Piperacerae). Helv. Chem. Acta b6l(6): 2273-2274.

Beroza M. 1954. Determination of sesamin,
sesamolin and sesamol. Anal. Chem. 26(7): 1173-1176.

Blum, MS. 1955. Colorimetric determination of
small quantities of methylenedioxyphenyl-
containing pyrethrum synergists., J. Agr. Food
Chem. 3(2): 122-124.

Bohlmann, F, C Zdero and‘U Fass. 1973. Ueber die
Inhaltsstoffe von Artemisia fragrans wWilld.
Chem. Ber., 106: 2904-2909,

Bohlman, F, C Zdero, RM King and H Robinson.
198¢, Seven guaianolides from the tribe
Vernonieae. Phytochem. 19: 2669-2673.

Bonnemaison, L. 1978, Effets de l'obscurité et
de la lumidre sur la diapause d' Ostrinia
nubilalis Hbn., (Lep., Pyralididae). J. Ang. Ent.
86: 57-67.



121

Bourque, G, JT Arnason, C Madhosingh and W Orr.
1985. The photosensitization of the plant
pathogen Fusarium culmorum by
phenylheptatriyne from Bidens pilosa. Can. J.
Bot. 63: 899-982.

Bowers,W.S. 1968. Juvenile hormone activity of

natural and synthetic synergists. Sclence
161l: 895-897.

Bowers, WS. 1981, How antijuvenile hormones work.
Amer, Zool. 21:737-742,

Brattsten, LB. 197%. Biochemical defense
mechanisms in herbivores against plant
allelochemicals. in "Herbivores: their
interaction with secondary plant metabolites."
Academic Press Inc. New York. Chap. 5 p. 199-27@.

Brattsten, LB. 1983, Cytochrome P-450 involvement
in the interactions between plant terpenes and
insect herbivores. in "plant resistance to
insects" P Hedin (ed.) ACS symp. 208, pp 273-295.

Brattsten, LB. 1986. Fate of ingested plant
allelochemicals in herbivorous insects. in
"Molecular aspects of Insect-plant.
associations", Brattsten L. & Ahmad S. Ed. Plenum
Press, New York., pp 211-256.

Brooks, GT. 1976. Penetration and distribution
of insecticides. in ‘'Insecticide biochemistry and
physiology'., p 3-608. CF Wilkinson {ed.) Plenum
Press, New York. pp768.

Budowski P. 1964. Recen£ research on sesamin,
sesamolin and related compounds. J. Amer. Oil
Chem. Soc. 41:280-285.

Burden RS and L Crombie. 1969a. Amides of
vegetable origin: part XIl. A new series of alka-
2,4-dienocic tyramine-amides from Anacyclus
pyrethrum D.C. (Compositae}. J. Chem.



122

Soc. (C), 2477-2481.

Burden RS, L Crombie and DA Whiting. 1969b.
The extractives of Heliopsis scabra: constitution
of two new lignans. J.Chem. Soc. {C):693-7081.

Caffrey DS and LH Worthley. 1927. A progress
report on the investigation of the European
corn borer. USDA dept. bull. 1476: 155 pp.

Capdevila, J, S. Ahmad and M Agosin. 1975.
Soluble cytochrome P-45@ from housefly
microsomes. Partial purification and
characterization of two hemoprotein forms. J.
Biol. Chem. 250: 1048-1064.

Capitaine, H and E Souheiran. 1839. ©Notiz ueber
das Cubebin. Ann, Chem,., und Pharm. 31:196~-192,

Casida, J.E. 1978. Mixed-funtion oxidase
involvement in the biochemistry of insecticide
synergists. J. Agr. Food Chem. 18(5): 753=-772.

Champagne, DE. 1984, Allelochemical effects of
naturally occurring polyacetylenes and
thiophenes from the Asteraceae on phytophagous
insects. University of Ottawa. MSc thesis.

Champagne, DE, JT Arnason, BJR Philogéne, P Morand
and J Lam. 1986. Light-mediated
allelochemical effects of naturally occurring
polyacetylenes and thiophenes from Asteraceae on
herbivorous insects. J. Chem. Ecol. 12(4): 835-
858.

Chao, MKC. 1978. in 'Analytical profiles of drug
substances' vol. 7. K Florey (ed). Academic Press,
New York. pp 359-399,

Darwin, C. 1859. The origin of species. Harward
Facsimile 1lst Edition, 1964.



123

Davidson, RH and WF Lyon. 1979. Insect pests of
farm, garden and orchard. 7th ed. J Wiley and
Sons, New York. 596 pp.

Dethier, VG. 1937. Gustation and olfaction in
Lepidopterous larvae, Biol, Bull. 72:7-23.

Doskotch, R.W. and El-Feraly, F.S. 1969.
Isolation and characterization of (=)-sesamin
and cyclopyrethrosin from Pyrethrum
flowers. Can. J. Chem., 47: 1139-1142,

Dowd, PF, CM Smith and TC Sparks. 1983.
Detoxification of plant toxins by insects.
Insect. Biochem. 13(5): 453-468,

Duffey, SS. 1980. Sequestration of plant natural
products by insects. Ann. Rev. Entomol. 25:
447-477.

BEhrlich PR and PH Raven. 1964, Butterflies and

plants: a case of coevolution. Evolution 18:
586-688.

BEllis-Pratt, G. 1983. The mode of action of pro-
allantocidins. in "Natural products for
innovative pest management" DL Whitehead and
WS Bowers (ed). Pergamon Press , New York. pp.
323-355.

Ershoff, BH. 1971. Effect of diet on fish oil
toxicity in the rat. J. Nutr. 60: 45-53.

Fisher, GJ, H Fukushima and JL Gaylor. 1981.
Isolation, purification and properties of a
unique form of cytochrome P-458 in microsomes
of isosafrole-treated rats., J. Biol. Chem.
256: 4388-4394,

Fraenkel, G. 1959. The raison d'étre of secondary
plant substances, Science 129: 146-170.



124

Fraga, BM. 1986. Natural sesquiterpenoids. Nat.
Prod. Rep. 3(3): 279-296.

Frazier, J.L. 1986, The perception of plant
allelochemicals that inhibit feeding. In
'Molecular aspects of insect-plant
associations'. L Brattsten & 5 Ahmad (ed.) Plenum
Press, New York. p 1-33.

German, V.F. 1971. 1Isolation and characterization
of cytotoxic principles from Hyptis verticillata
Jacq. J. Pharm. Sci. 66(4): 649-650.

Gershenzon, J, MA Duffy, F Karp and R Croteau.
1987. Mechanized techniques for the selective
extraction of enzymes from plant epidermal
glands. Aanal. Biochem., 15: 159-164.

Gil, DL and CF Wilkinson. 1977. Structure- activity
relationship of 1,2,3- benzothiadiazole
insecticide synergists as inhibitors of
microsomal oxidation. Pest Biochem. Physiol.
7: 183-193. :

Gonzalez, AG, A Galindo, H Masilla and A
Gutierrez. 19Bl. Structure of maritimin, a
sesquiterpene lactone from Artemisia gallica.
Phytochem. 20: 2367-2369.

Gould, F and E Hodgson. 1988. Mixed function
oxidase and glutathione transferase activity
in last instar Heliothis virescens larvae.
Pest. Biochem. Physiol. 13: 34-4¢.

Greger, H. 198l. Sesamin-type lignans as
chemical markers within Artemisia. Biochem.
System. Ecol. 9(2/3): 165-169.

Greger, H. 1982. New chemical markers within
Artemisia (Compositae-Anthemideae). in
"aromatic plants: Basic and applied aspects.



125

Margaris N, Koedam A and Vckou D (eds). Martinus
Nijhoff Pub. The Hague. p 153-163.

Greger, H and O Hofer., 1980. New unsymmetrically
substituted tetrahydrofurofuran lignans from
Artemisia absinthium. Tetrahedron 36: 3551-
3558.

Guengerich, FP, 1982. Microsomal enzymes
involved in toxicology analyses and
separation. in ' Principles and methods of
toxicology'. AW Hayes (ed.) Raven Press, New
York., pp 609-634,

Gunderson CA, LB Brattsten and JT Fleming. 1986.
Microsomal oxidase and glutathione transferase
as factors influencing the effects of pugelone
in scuthern and fall armyworm larvae. Pest
Biochem. Physiol. 26: 238-249,

Guthrie, WD. 1971. Resistance of maize to second-
brood European corn borers. Proceedings 26th
Ann., corn and sorghum research conference.
Amer. Seed Ass. Public. 26: 165-179.

Haensel R., Schultz ah. and Leuchert C. 1964. Das
Lignanglykosid Arctiin als chemotaxonomisches
Merkmal in der Familie der Compositae. 2.
Naturf., 19b: 727-734. '

Haensel R., Schultz J. and Pelter A, 1972.
Structure of Silybin. J. C. S. Chem. Commun.
1972: 195-196,

Hagan, EC, PM Jenner, WI Jones, OG Fitzugh, EL
Long, JG Brouwer and WK Webb. 1965. Toxic
properties of compounds related to safrole. Toxicol.
appl. Pharmacol. 7: 18-24.

Hall IH, K-H Lee, EC Mar, and CO Starnes. 1977.
Antitumor agents 21: A proposed mechanism for
inhibition of cancer growth by tenulin and
helenalin and related cyclopentenones., J. Med.:



126
Chem. 26(3): 333-337.

Harborne, JB, VH Heywood and CA Willims. 1969.
Distribution of myristicin in seeds of the
Unmbelliferae. Phytochem, 8: 1729-1732,

Hargraves, JA. JW Mansfield, DT Coxon and KR
Price. 1976. Wyerone epoxide as a phytoalexin
in Vicia faba and its metabolism by
Botrytis cinerea and B. fabae in vitro.
Phytochem. 15: 1119-1121.

Haslam, E. 1986. Secondary metabolism, fact and
fiction, Nat. Prod. Reports 3(3): 217-249,

Haworth, R. D, 1936. Organic chemistry: natural
resins. Ann. Rep. Progr. Chem. 33: 266-279.

Hearon WM, and WS MacGregor. 1955. The naturally
occurring lignans. Chem. Rev. 55: 957-1668,

degnauver, R. 1977. The Chemistry of the
Compositae. In 'The biology and chemistry
of the Compositae'. VH Heywood, JB Harborne
. and BL Turner {(eds.). Vol I, p 283-336.

Hertz, W and RP Sharma. 1975. Complete :
streochemistry of tenulin. Carbon-13 nuclear
magnetic resonance spectra of tenulin derivatives.
J. Org. Chem., 4@: 2557-2559,

Hodgson, BE. 1928, The host plants of the N
European corn borer in New England. Tech.

Hodgson, E. 1985. Microsomal mono-oxygenases. In
'Comprehensive Insect Physiology, Biochemistry
and Pharmacology'. Kerkut & Gilbert (ed.).
Pergamon Press. Vol 11, pp 226-311,



127

Hsiao, TH. 1985. Feeding behaviour, in
'Comprehensive Insect Physiology, Biochemistry
and Pharmacology". Kerkut & Gilbert (ed).
Pergamon Press. Vol. 9, chap 16@.

Isman MB, and E Rodriguez. 1983, Larval growth
inhibitors from species of Parthenium
(Asteraceae). Phytochem. 22(12): 2709-2713.

Ivie, GW, DL Bull, RC Beier, NW Pryor and EH
Qertli. 1983. Metabolic detoxification:
Mechanism of insect resistance to plant
psoralens. Science 221: 374-376.

Iyengar, S. 1988. Toxicokinetics and metabolism
of alpha-tertienyl in Manduca sexta, Heliothis
virescens and Ostrinia nubilalis. University
of Ottawa. PhD Thesis,

Jakupovic, J, ¥ Jia, C Zdero, U Warning, F Bohlman
and SB Jones. 1987. Germacranclids from
Elephantopus species. Phytochem. 26(5):

Janzen, DH. 1969. Coevolution. Science 164, 415.

Janzen, DH; 1973. Community structure of
secondary compounds in nature. Pure Appl.
Chem. 34: 529-538.

Jones, WA, M Beroza and ED Becker. 1962,
Isolation and structure of sesangolin, a
constituent of Sesamum angolense {(Welw) .
J. Org. Chem, 27: 3232-3235.

Jones, SB Jr, W Burnett, NC Coile, TJ Mabry and MF
Betkowski. 1979. Sesquiterpene lactones of
Veronica: influence of glaucolide-A on the growth

~rate and survival of Lepidopterous larvae. -
Oecologia 39: 71-77.



128

Kamikado, T, CF Chang, S Murakoshi, A Sakurai
and § Tamura. 1875. Isolation and structure
elucidation of growth inhibitors on silkworm
larvae from Magnolia kobus D.C. Agric. Biol.
Chem. 39(4): 833-836.

Karrer, W. 1958. in 'Konstitution und Vorkommen
der organischen Pflanzenstoffe'. Birkhaueser
(ed). Basel. pp 101.

Kier, L. B, DB Fitzgerald and § Burgett. 1963.
Isolation of podophyllotoxin from Callitrus
drummondii. J. Pharm. Sci. 52(5): 502.

Kisiel, W. 19886, Lignans from Helichrysum
bracteatum. Planta Med. 38 (3): 285-287.

Koch, H. 1975. Einfluss von Silymarin auf Keimung
und embryonales Wachstum von Gartenkresse
(Lepidium sativum). Experientia 31: 281-~283,

Krieger, RI and CF Wilkinson. 1969, Microsomal
mixed-function oxidase in insects: I.
Localisation and properties of an enzyme
system effecting aldrin epoxidation in larvae of
the southern armyworm, Prodemia eridania.
Biochem. Pharmacol. 18: 14@3-1415.

Krieger, RI, PP Feeny and CF Wilkinson. 1971.
Detoxication enzymes in the guts of
caterpillars: an evolutionary answer to plant
defence. Science 172: 579-58l. s

Kruskal, WH and WA Wallis. 1952, Use of ranks in
one-criterion analysis of variance. J. Amer.
Statist. Assoc., 47: 583-621. :

Kuhr, RJ and AC Davis. 1975. Toxicity and
metabolism of carbaryl in the European corn
borer. Pest. Biochem. Physiol. 5: 330-337.



129

Kulkarni AP, and E Hodgson., 1976 Spectral
characterization of microsomal cytochrome P-
450 from the midgut of the tobacco hornworm,
Manduca sexta (J). Insect. Biochem. 6: 385-390.

Lai, A, M Tin-Wa, BES Mika, GJ Persinos and NR
Farnsworth. 1973. Phytochemical investigation of
Virola peruviana, a new hallucinogenic plant. J.
Pharm. Sci. 62(9): 1561-1563

Lee, K-H, DC Anuforo, ES Huang and L Piantadosi.
1972. Angustibalin, a new cytotoxic
lactone from Balduinia angustifolia (Pursh}
Robins, J. Pharm. Sci. 6l: 626-628,

Lee, K-H, IH Hall, BE-C Mar, CO Starnes, SA
ElGebaly, TG Waddell, RI Hadgraft, CG Ruffner
and I Weidner., 1977. Sesquiterpene antitumor
agents: inhibitors of cellular metabolism.
Science 196: 533-536.

Lindner M.W. 1948, Die Fruechte der Kletten.
Pharm. Zentralhalle 87: 65-74.

Loder, JW, A Moorhouse and GB Russell. 1969,
Tumour inhibitory plants. Amides of Piper
novae-hollandiae (Piperaceae). Aust. J. Chem.
22: 1531-1538. :

Lowry, OH, NJ Rosebrough, AL Farr and RJ Randall.
1951, Protein measurement with Folin-phenol
reagent, J. Biol. Chem., 193: 255-275.

Lucas RA, S Sovinski, RJ Kiesel, L Dortman and HB
MacPhillamy. 1964. A new sesquiterpene lactone
with analgesic activity from Helenium amarum H.
Rock. J. Org. Chem. 29: 1549-1554.

Mabry, T.J. and A. Ulubelen. 1988. Chemistry and
utilization of phenylpropanoids including
flavonoids, coumarins, and lignans. J. Agric.
Food Chem. 28:2, 1B9-195.



13@

MacEachern AM, 1987. Synthesis and photochemistry
of the phototoxin alpha-terthienyl and related
compounds., University of Ottawa. MSc Thesis.

MacLachlan, D, T Arnason, BJR Philogéne, D.
Champagne. 1982. Antifeedant activity of the
polyacetylene phenylheptatriyne (PHT), from
the Asteraceae to Buxoa messoria (Lepdiptora:
Noctuidae). Experiencia 38: 1061-1662.

MacRae, WD and N Towers. 1984, Biological
activities of lignans. Phytochem. 23: 1l-12.

Marcus, CB, M Murray, K Hetnarski and CF
Wilkinson. 1987. Methylenedioxyphenyl
complexes with microsomal cytochrome P-450:
in-vivo complex formation in rat liver and in
midgut tissues of the southern armyworm
Spodoptera eridania., Pest, Biochem, Physiol.
28: 14¢-147. B

Metcalf, RL. 1967. Mode of action of insecticide
synergists. Ann. Rev. Entomol. 12: 229-256.

Miyakado, M, I Nakayama, N Ohno and H Yoshilka.
1983, Structure, chemistry and actions Gf the
Piperaceae amides: new insecticidal
constituents isolated from the pepper plant. in
'Natural products for innovative pest
management'., D Whitehead and W Bowers (eds).
Pergamon Press Oxford. pp 369-381.

Morris, CE. 1984, Electrophysiological effects of
chlorinergic agents in the central nervous
system of a nicotine-resistant insect, the
tobacco hornworm, Manduca sexta. J. Exp.
Zool., 229:361-374,

Mukerjee, SK, VS Saxena and SS Tomar. 1979, New
methylenedioxyphenyl synergists for pyrethrins.
J. Agric. Food Chem. 27(6): 12€9-12l1.

Mullin, C.A. 1986. Adaptative divergence of



131

chewing and sucking arthropods to plant
allelochemicals. in 'Molecular aspects of
Insect-Plant associations'. L Brattsten & S Ahmad
{ed) . Plenum Press, New York. pp 175-196.

Murray, M. 1987. Mechanisms of the inhibition of
cytochrome P-450 mediated drug oxidation by
therapeutic agents. Drug Metab. Rev. 18(l):
55-8]-.

Neal, JJ. 1987. Metabolic cost of mixed function
oxidase induction in Heliothis zea. Entomol.
Exp. appl. 43: 175-179.

Newman, AA. 1962. The occurrence, genesis and
chemistry of the phenolic methylenedioxy ring
in nature. Part 2. Chem. Prod. April 1962.

Nishibe §., Sakushima A., Hisada S. and Inagaki I.
1972. Tracheloside from the seeds of Carthamus
tinctorius. Phytochem. 11l: 2629.

Oliveto, E.P,, . 1972. Norhydroguaiaretic. acid, a
naturally occurring antioxidant. Chem. and Ind.
677-679.

Omura, T and R Sato. 1964, The carbon monoxide
binding pigment of liver microsomes. J. Biol.
Chem. 239: 2370-2378.

Ortitz de Montellano, PR and MA Correira. 1983.
Suicidal destruction of cytochrome P-450
during oxidative drug metabolism. Ann. Rev.
Pharmacol. Toxicol, 23: 481-503.

Palter R, Lundin RE and Haddon WF. 1972. A
cathartic lignan glycoside isolata2d from
Carthamus tinctorius. Phytochemistry
11:2871-2874,

,‘Pathak, K, V Paud and RN Khanna. 1987.
Sesquiterpene lactones from Artemisia maritima.




132

Phytochem. 26(7): 21@3-2184.

Picman AK. 1986. Biological activities of
sesquiterpene lactones. Rev article 7.
Biochem. Syst. Ecol. 14(3): 255-281l.

Picman AK, RH Elliot and GHN Towers. 1981.
Cardiac inhibiting properties of the sesquiterpene
lactone parthenin in the migratory grasshopper,
Melanoplus sanguinipes. Can. J. Zool. 59: 285-
292,

Picman AK and J Picman. 1984. Effect of selected
pseudoguaianolids on survival of the flour beetle
Tribolium confusum. Biochem. Syst. Ecol. 12(1):
89-93.

Philogéne, BJR, JT Arnason, CW Berg, F Duval, D

Champagne, RG Taylor, L Leitch and P Morand
1985. Synthesis and evaluation of the
naturally occurring phototoxin, alpha-terthienyl
as a control agent for larvae of Aedes
intrudens, Aedes atropalpus (Diptera:
Culicidae) and Simulium verecundum (Diptera:

_ Simulidae). J. Econ., Entomol. .78: 121-126,

S
l

Pryce, PW, CE Bouton, P Gross BA McPheron JN
Thompson and AE Weiss, 1980, Interactions
among three trophic levels: Influence of
plants on interactions between insect herbivores
and natural enemies. Ann. Rev. Ecol. Syst. 1ll:
41-65, :

Rao CBS. 1978. Chemistry of Lignans. Andhra University
Press. Waltair, Visakhapatnam 530 003.
Andhra University, India.

Rhoades, DF and RG Cates. 1976. A general theory
of plant anti-herbivore chemistry. Rec. Adv.
Phytochem. 10: 168-213.



133

Riskallah, MR, WC Dauterman and E Hodgson. 1986.
Host-plant induction of microsomal
mecnooxygenase activity in relation te diazinon
metabolism and toxicity in larvae of the tobacco
budworm Heliothis virescens F. Pest Biochem.
Physiol, 25: 233-247.

Rothschild, M and JA Edgar. 1978. Pyrrolozidine
alkaloids from Senecio vulgaris sequestered and
stored by Danaus plexippus. J. Zool. 186: 347-349.

Russell, GB, P Singh and PG Fenemore. 1976,
Insect-control chemicals from Plants III.
Toxic Lignans from Libocedrus bidwillii.
Aust. J. Biol. Sci. 29: 99-163.

Saxena, VS, SS Tomar, ML Maheshwari and SK
Mukherjee., 1978. New methylenedioxyphenyl
synergists for carbamates evaluated against
Tribolium castaneum {Herbst). J.Ent. Res. 2(l):
55«59, ‘

~ Seaman, FC. 1982. Sesquiterpene lactones as
taxonomic characters in the Asteraceae. The
Botanical Review, 48(2): 121-595.

Shinoda J. and Kawagoye M, 1929, Ueber die
Bestandteile des Arctium lappa (L). J. Pharm.
Soc. Japan 49: 565-575.

Schoonhoven, LM. '1967. Loss of host plant
specificity by Manduca sexta after rearing on an
artificial diet. Ent Exp. Appl. 10: 276-272,

Soerensen J. and Soerensen N.,A. 1969,
Investigation of Erigeron spp. from the
Australian mountains and Tasmania. Aust. J. Chem.

22: 751-7680.



134

Swain, T. 1977. Secondary compounds as protective
agents. Ann. Rev. Plant Physiol. 28: 279-561,

Tedders, WL, CE Yonce and CR Gentry. 1981, Feeding by
the ECB, Ostrinia nubilalis on peach trees.
J. GA Entomol. Soc. 1l6: 64-67.

Testa, B and P Jenner. 198l. 1Inhibitors of
cytochrome P-450s and their mechanism of
action. Drug Metab. Rev. 12(1): 1-117.

Thongsinthusak, T and R Krieger. 1974.
Inhibitory and inductive effects of piperonyl
butoxide on dihydroisodrin hydroxylation in-
vivo and in-vitro in black cutworm (Agrostis
ypsilon) larvae. ULife Sci. 1l4: 2131-2141.

Towers, GHN. 1980. Photosensitizers from plants
and their photodynamic action. Progress in
Phytochemistry 6: 183-202,.

Towers, GHN and C-K Wat. 1979. Phenylpropancid
metabolism., J. Med. Plant Res. 37(2): 97-114.

Tukey, JW. 1949, Comparing individual means in
the analysis of variance. Biometrics 5: 99-
104,

Uhlenbroek, JH and JD Bijloo. 1958, 1Investigation
on nematicides I. Isolation and structure of
a nematicidal principle occurring in Tagetes
roots. Revue des Travaux chimiques des Pays
Bas, 77:1104-1169.

Van Beek, TA, and AE DeGroot. 1986, Terpenoid

' antifeedants, part 1. An overview of
terpenoid antifeedants of natural origin.
Recl. Trav. Chim. Pays-Bas, 165(12): 513-527.

Ay

s

Vanhaelen M and Vanhaelen-Fastre R. 1975.
‘Lactonic lignans from Cnicus benedictus.
Phytochemistry, 14: 2789.




o

135

Wada, K and K Munakata. 1978. Parabenzolactone, a
new piperolignanolide isolated from
Parabenzoin trilobum Nakai. Tetrahedron
Letters 23: 2017-2019.

Waddell, TG, CB Osborne, R Collison, MJ Levine and
MC Cross. 1983. Erigerol, a new labdane diterpene from
Erigeron philadelphicus. J. 0Org. Chem, 48: 4450-4453,

Wagner, H, O Seligman, L Hoerhammer, M Seitz and
J Sonnenbichler. 1971. 2Zur Struktur von
Silychristin, einem zweiten Silymarin-isomeren aus
Silybum marianum. Tetrahedron Lett. 22: 1895-1899.

Wahlberg 1., Karlsson K. and Enzell C.R. 1972.
Non-volatile constituents of Deertongque leaf.
Acta Chem, Scand. 26: 1383-1388,

Wat, CK, RK Biswas, EA Graham, L Bohm, GHN Towers
and ER Waygood. 1979, UV-mediated cytotoxic
activity of phenylheptatriyne from Bidens
pilosa L. Llyodia 42: 163-11l.

Wat, CK, SK Prasad, EA Graham, S Partington, T
Arnason, GHN Towers and J Lam. 1981,
Photosensitization of invertebrates by natural
polyactylenes. Biochem., System. Ecol. 9(1): 59-62.

Weinges K, R Mueller, P Kloss and H Jaggy. 1970.
Isolierung und Konstitutionsaufklaerung eines
optish aktiven Dehydro-diconiferylalkohols
aus den Samen der Mariendistel, Silybum
marianum Liebigs Ann. Chem. 736: 170-172.

Weires, RW and Staub RW. 1982, European corn
borer infestation on newly planted apple
trees. Environ. Entomol. 11l: 645-647.

Weiss, SG, M Tin-Wa, BE Perdue and NF Farnsworth.

' 1975. Potential anticancer agents II: Antitumor
and cytotoxic lignans from Linum album
{Linaceae). J. Pharm. Sci. 64(l): 95-98.




136

Wilkinson, CF, M Murray and CB Marcus. 1984,
Interactions of methylenedioxyphenyl compounds
with cytochrome P-450 and effects on microsomal
oxidation. Rev. Biochem., Toxicol. 6: 27-32.

Williamson, RL and MS Schechter. 197@.
Microsomal epoxidation of aldrin in
lepidopterous larvae. Biocchem. Pharmacol.
19:; 1719-1727.

Willson, HR. 1980. European corn borer, Ostrinia
nubilalis (Lepidoptera: Pyralideae) on wheat.
Can. Ent.l1l12: 861-863.

Wolf, T, E Deml and H Wanders. 1979. Aldrin
epoxidation, a highly sensitive indicator
specific for cytochrome P-450 dependent
monooxygenase activities. Drug Metab. Dispos.
7(5): 3@1-305.

Wrang , PA and J Lam., 1975, Polyacetylenes of
Chrysanthemum leucanthemum. Phytochem. 14:
1827-1035.

Yakhontova, LD and PN Kibal'chich. 1971. on
Arctium leiospermum (in Russian). Khim. Prir.
Soedin., 299-2340. ‘

Yu, SJ., 1987, Microsomal oxidation of
allelochemicals in generalist (Spodoptera
frugiperda) and semispecialist (Anticarsia
gemmatalis) insects. J. Chem, Ecol, 13(3): 423-
436, -

Yu, SJ and LC Terriere. 1974. Bimodal effect of
methylenedioxyphenyl compounds on detoxifiying
enzymes in the housefly. Pest. Biochem.
Physiol, 4: 16d-169.

Yu, SJ, RE Berry and LC Terriere. 1979. Host
plant stimulation of detoxifying enzymes in a
phytophagous insect. Pest. Biochem. Physiol.
12: 288-284. ' ‘



137
APPENDIX: A

Composition of the semi-defined diet of Ostrinia

nubilalis. (Adapted from Guthrie, 1971).

INGREDIENTS WEIGHT (qg)
Distilled water 70.00 ml
Agar 1.56 g
Dry mix (prepared in advance) 9.80 g
Methyl-p-hydroxybenzoate @.49 ml
Propionic acid @.46 ml
Formaldehyde 0.04 ml
Fulmidil B g.064 g
Corn cob grits 2.26 g
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* Dry mix composition:

wheat germ (defatted) 27.7
dextrose (anhydrous) 21.3
casein 23.4

cholesterol (USP, Bioserv) 1
salt mix W (Wesson, Bioserv) 7.
Vanderzant-Adkisson vitamin mix 4.
ascorbic acid (USP, Bioserv) 6.
aureomycin (14,.1%) 1,
sorbic acid (Bioserv) 3.
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