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Foreword 
The ACS SYMPOSIUM SERIES was founded in 1974 to provide a 
medium for publishing symposia quickly in book form. The 
format of the Series parallels that of the continuing ADVANCES 
IN CHEMISTRY SERIES except that, in order to save time, the 
papers are not typeset
by the authors in camera-ready  Paper
the supervision of the Editors with the assistance of the Series 
Advisory Board and are selected to maintain the integrity of the 
symposia; however, verbatim reproductions of previously pub
lished papers are not accepted. Both reviews and reports of 
research are acceptable, because symposia may embrace both 
types of presentation. 
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Preface 

I L A N T - D E R I V E D S U B S T A N C E S have been used as botanical pesticides 
since ancient times. They were largely abandoned during the era of 
synthetic pesticides, but now the study of natural pesticides contributes 
novel approaches in control strategies for pests. 

Botanical pesticides are plant natural products that belong to the 
group of so-called secondary metabolites, which includes thousands of 
alkaloids, terpenoids, phenolics d mino  secondar  chemicals  Thes
substances have no know
basic aspects of plant physiology; however, their biological activity with 
insects, nematodes, and phytopathogenic fungi, among other organisms, 
is well-documented in the recent explosion of literature in chemical 
ecology. Selective pressure exerted by plant pests has probably 
contributed to the evolution of natural protective agents designed to 
disrupt pest physiology. Apparently, almost every plant species has 
developed a unique chemical complex (hat protects it from pests. Thus, 
the plant kingdom offers us a diverse group of complex chemical 
structures and almost every imaginable biological activity. 

The discovery rate for new insecticides from synthetic sources has 
declined in recent years. Furthermore, synthetic insecticides that share a 
neurotoxic mode of action can lead to the development of cross 
resistance in plants. Fortunately, we can find many new alternatives 
within the large group of natural substances. In addition, many botanical 
pesticides have the advantage of providing novel modes of action that 
reduce the risk of cross resistance. Naturally occurring mixtures of 
substances provide a multifactoral selective pressure that slows the 
development of resistance in pests. More important, researchers in this 
area have discovered subtle but effective mechanisms of pest control, 
such as the behavior-modifying antifeedants, repellents, and oviposition 
deterrents. 

The symposium on which this book is based brought together 
specialists from Africa and Asia, Europe and North America. Among the 
chapters in this volume are historical, ethnobotanical reports about the 
use of plants by native North Americans and accounts of traditional use 
of plants by African and Asian farmers. Martin Jacobson, who has the 
longest association of the authors with the field, describes the modern 
history of botanicals and surveys the range of species investigated in 

ix 
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recent years. Among the new botanical pesticides examined in this 
volume are acetogenins of the Annonaceae, agarofurans of the 
Celastraceae, and limonoids of the Me/iaceoe. The authors deal with the 
metabolism and toxicity of acetylchromenes in insects, electro
physiological bases of antifeedant action of nonprotein amino acids, and 
the repellent action of eugenol to stored grain pests. 

Several chapters focus on the botanical pesticide, neem, which is 
close to registration and has potent antifeedant and molt-inhibiting 
properties and can move systemically in plants. Neem is used worldwide 
and has a preliminary registration in the United States. Authors evaluate 
its mode of action and performance under field conditions. The novel 
phototoxic thiophenes, which arc exceptional larvicides of the malaria 
mosquito, are described. Pipericides are the subject of a chapter about 
synthetic approaches to developing highly active insecticides from a 
promising lead. Transgeni
explored. 
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Chapter 1 

Botanical Pesticides 
Past, Present, and Future 

Martin Jacobson1 

1131 University Boulevard West

Until the Second World War, the only botanical pesticides used in 
the Western Hemisphere were pyrethrum, rotenone, nicotine, 
sabadilla, and quassin. Rotenone is presently used only on a limited 
number of crops due to its high toxicity to fish, and natural 
pyrethrum from chrysanthemum flowers is employed mainly as a 
rapid knockdown agent for crawling and flying insects affecting 
man and animals. Nicotine, sabadilla, and quassin are seldom used 
as pesticides today. Based on my 44 years of personal research 
experience with several thousand plants of many families as 
pesticides,it is my opinion that the most promising botanicals for 
use at the present time and in the future are species of the families 
Meliaceae, Rutaceae, Asteraceae, Malvaceae, Labiatae, and 
Canellaceae; their research and applicability are reviewed. 

From early Roman times to the mid-20th century, only pyrethrum, rotenone, 
nicotine, sabadilla and quassin were widely used as insect repellents and toxicants 
in the Western Hemisphere. The discovery of DDT, initially believed to be the 
universal synthetic panacea from insect attack, proved after prolonged use to be 
disastrous. Rachel Carson's "Silent Spring" in 1962 signalled DDT's practical 
elimination due to its extreme persistence, toxicity, bioaccumulation, and tendency 
to cause malignancy. This led to a frantic search for "safer" synthetics, 
culminating in the chlorinated hydrocarbons (aldrin, dieldrin, chlordane, and 
heptachlor). These compounds also proved to be unduly toxic, ecologically 
disastrous, or induced insect resistance, and their use has either been severely 
restricted or banned by the Environmental Protection Agency (EPA). In the search 
for safer alternatives, attention has once again turned to botanicals. 

Rotenone is presently used only on a limited number of crops due to its 
high toxicity to fish, natural pyrethrum from chrysanthemum flowers is employed 
mainly as a rapid knockdown agent for crawling and flying insects affecting man 
and animals, and nicotine, sabadilla and quassin are rarely used today. 

The most promising botanicals for use at the present time and in the future 
are species of the families Meliaceae, Rutaceae, Asteraceae, Annonaceae, 
Labiatae, and Canellaceae. 

Retired from U.S. Department of Agriculture. 

0097-6156/89/0387-0001$06.00/0 
* 1989 American Chemical Society 
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2 INSECTICIDES OF PLANT ORIGIN 

M E L I A C E A E 

The neem tree, Azadirachta indica A. Juss (synonym Melia azadirachta A . Juss), 
also known commonly as "nim" or "margosa." is a sub-tropical tree native to the 
arid areas of Asia and Africa. It is presently being cultivated in a number of 
Central American and South American countries as well. Extracts of various parts 
of the tree, but especially of the seeds, have been shown to possess feeding 
deterrency, repellency, toxicity, and growth disruptive properties to numerous 
species and stages of insects of many orders, and this has earned for the tree its 
reputation as the "wonder tree". A comprehensive review of the entomological 
properties of neem has been published (l). 

A host of tetranortriterpenoids have been isolated and identified from 
various parts of the tree, but the major entomologically active component is 
azadirachtin, whose highly complicated structure was first reported by Zanno (2) 
and Nakanishi (3) and most recently revised from the stereochemical standpoint 
(4,5). Isomeric azadirachtin
et al (7,8). 

Azadirachtin is effective as a feeding deterrent, repellent, toxicant, sterilant, 
and growth disruptant for insects at dosages as low as 0.1 ppm. Homemade 
formulations of neem seeds have been used by farmers in the developing countries 
for many years and are receiving even greater use today. Although the molecular 
complexity of azadirachtin probably precludes its synthesis in the near future, both 
crude and partially purified extracts can be used for pest control and have been 
shown to be safe for man and animals (Jacobson, M . ; Ed., The Neem Tree, CRC 
Press, Boca Raton, Florida, in press). 

A commercial patent (9) has been issued describing the neem seed 
formulation known as "Margosan-O" for use on nonfood crops and in nurseries, as 
approved by EPA, and the improved preparation and marketing of neem 
formulations in the United States seems to be assured. 

The Chinaberry tree, Melia azedarach L. , is frequently mistaken in the 
literature for the neem tree. Although it occurs in much the same areas of the 
world, its seeds contain several of the limonoids (10,11) common to neem seeds 
except azadirachtin (10) and its extracts are insecticidally active (Larson, R.O., 
personal communication), chinaberry does not have a bright future as a pesticide 
due to its extreme toxicity to warm-blooded animals. 

Cedrela Odorata L. , Spanish cedar. Ethanol extracts of the leaves roots, root 
bark, or twigs of this tree are reported to prevent feeding by adult striped cucumber 
beedes, Acalymma vittatum (Fabricius) in the greenhouse. Also effective in this 
regard are extracts of the twigs, leaves, or roots of Ç. Toona Roxb. ex Rottl. & 
Willd, the root bark of Carapa guianensis Aubl., and the leaves of Trichilia hispida 
(Reed, D.K., personal communication). 

Trichilia roka L . Limonoids (trichilins A-F) in the root bark are known to be 
antifeedants for larvae of Spodoptera eridania (Cramer)(southern army worm), and 
adult Epilachna varivestis Mulsant (Mexican bean beetle) (12). The limonoid 
sendanin, isolated from the fruits (13), is a potent growth inhibitor for Heliothis 
virescens Fabricius (tobacco budworm), Spodoptera frugiperda (J.E. Smith)(fall 
army worm), and H . zea (Boddie)(corn earworm)(14). 

Trichilia hispida Penning. Limonoids (hispidins A-C) were isolated from this 
species (15-16). 

Carapa procera DC. Three tetranortriterpenoids, designated "carapolides A , B, and 
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1. JACOBSON Botanical Pesticides: Past, Present, and Future 3 

C," were isolated from the seeds (17), and "carapolides D, E , and F" were isolated 
from the seeds of C. grandiflora Sprague (18). 

Guarea cedrata L . Three tetranortriterpenoids have been isolated from the bark of 
this tree (19). 

Swietenia macrophylla King 
S. mahagoni DC,mahagony. The tetranortriterpenoids swietenine and swietenolide 
have been isolated from the seeds of these species (20,21). 2-Hydroxyswietenine 
has also been obtained from mahagony seeds (22,23). 

Toona ciliata Roemer, synonym Cedrela toona Roxb. ex Rottl. & Willd. Although 
Spanish cedar, Cedrela odorata, is heavily attacked in Central America by larvae of 
the moth Hipsipyla grandella Zeller, the Australian variety, C. toona var. australis, 
is highly resistant to attack by this pest (24-27). 

Kraus et al. (28,29) isolate
β-secotetranortriterpenoids,
"6-acetoxytoonacilin", respectively, that showed strong antifeeding and 
insecticidal activity against H . grandella and the Mexican bean beetle. These 
compounds, as well as two additional tetranortriterpenoids, were subsequently 
isolated from the bark of the tree and their structures were determined (28). 

Toona sureni (Blume) Merrill. Kypke (30) isolated, from the bark and leaves of 
this tree, toonacillin and a new triterpenoid designated "surenolactone". This 
proved to be the first tetranortriterpenoid-A/B-dilactone found in a meliaceous 
plant. 

Melia dubia Cav., synonym M . compositae Willd. Two new triterpenoids have 
recently been isolated from the leaves and seeds of this species. They have been 
named "compositin" (1,7-ditiglylvilasinin) and "compositolide" (31,32). However, 
the biological activity of these compounds has not yet been reported. 

Melia volkensii Guerke. Mwangi (12) reported that an aqueous extract of the fruit 
kernels of this tree from East Africa showed antifeedant activity against nymphs 
and adults of Schistocerca granaria (Forsk.)(desert locust) when incorporated into 
the diet. The isolation and structure determination of a new limonoid, "volkensin" 
and the previously known salannin have very recently been reported and proved to 
be deterrent to larvae of the fall armyworm (Rajab, M.S., personal 
communication). 

R U T A C E A E 

Arnason et al. (33) evaluated six limonoids from the families Rutaceae and 
Meliaceae as feeding deterrents for the European corn borer, Ostrinia Nubilalis 
Hubner, following incorporation into the diet at 50 ppm. The order of activity was 
gedunin > bussein > entandrophragmin > nomilin > cedrelone > anthothecol. 

Limonin, a limonoid isolated from several citrus species of the family 
Rutaceae (especially orange and grapefruit) was ten-fold less active than nomilin, 
obacunone, and azadirachtin as a feeding deterrent for Heliothis zea (34). Nomilin 
was almost as active as azadirachtin. A l l of these limonoids were at least ten-fold 
more active against fall armyworm larvae than against H . Zea. Azadirachtin was 
the most active (35). 
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4 INSECTICIDES OF PLANT ORIGIN 

An excellent review covering the isolation of citrus limonoids by 
preparative high performance liquid chromatography (HPLC) is that by Rouseff 
(36). 

Limonoids such as methyl deacetylnomilinate and methyl isolimonate were 
isolated from Citrus reticulata Blanco var. austera (37) and C aurantium L . (38), 
respectively. 

Limonoids from Citrus paradisi Macfadyen (19) prevents feeding by 
Spodoptera litura and nomilin prevents feeding by S. frugiperda and trichoplusia ni 
Hubner (cabbage looper) (39). Limonin is also an effective antifeedant for 
Leptinotarsa decemlineata (Say)(Colorado potato beetle)(40) but not against 
Spodoptera exempta (Walker)(beet armyworm), Maruca testularis (Geyer)(bean 
podborer), or Eldana saccharina L . (41). 

Citrus oils have proved to be toxic and deterrent to several species of stored 
product insects such as Callosobruchus maculatus (Fabricius)(cowpea weevil) and 
Sitophilus oryzae (Linnaeus) (rice weevil)(42-44). 

Tecleanin, a possibl
tetranortriterpenoids have bee
Engl. (45). 

A number of terpene hydrocarbons, especially limonene, isolated from the 
leaves of Orixa iaponica Thunb. and Clausena anisata (Willd.) Oliv. root bark deter 
feeding by Spodoptera litura and are toxic to Callosobruchus phasecoli Gyll. (bean 
weevil)(46-48). 

Zanthophylline, an alkaloid isolated from the stems and branches of 
Zanthophyllum monophyllum L. , deterred feeding by Hemileuca oliviae Cockerell 
(range caterpillar, Melanoplus sanguinipes (Fabricius)(migratory grasshopper), 
Hvpera postica (Gyllenhal)(alfalfa weevil) and Schizaphis graminum 
(Rondani)(greenbug)(49). Three 9-acridone alkaloids isolated from Teclea 
trichocarpa Eng. bark have been shown to deter feeding by the beet armyworm 
(50). The alkaloid N-methylflindersine and several benz(C)-phenanthridine 
alkaloids obtained from the East African root bark of Fagara chalybea Engl, and F. 
holstii F. deterred feeding by beet armyworm and the Mexican bean beetle (51). 
Five indoloquinazoline alkaloids isolated from the ripe fruits of Evodia rutaecarpa 
Hook f. & Thorns, inhibited the growth of Bombyx mori (Linnaeus)(silkworm) 
larvae (52). 

Herculin, a pungent isobutylamide (N-isobutyl-2,8-dodecadienarnide), was 
isolated from the bark of southern prickly ash, Zanthoxylum clava-herculis L. , and 
shown to be as toxic as the pyrethrins to Musca domestica (Linnaeus)(house fly), 
mosquito larvae, and ticks, and ovicidal to Pediculus humanus humanus Linnaeus 
(body louse)(53). However, the compound is quite unstable owing to its 
unsaturation. A number of related unsaturated isobutylamides isolated from plants 
of the family Asteraceae show the same type of activity and rapid knockdown of 
flying insects (54). 

ASTERACEAE 

Sesquiterpene lactones isolated from a number of species of this family have 
proved to be excellent feeding deterrents for pest insects. 

The germacranolides, schkuhrin-I and schkuhrin-II, isolated from the whole 
plant of Schkuhria pinnata (Lam.) O. Kuntze, exhibit antifeedant activity against 
the beet armyworm and the Mexican bean beetle, antibacterial activity against 
some Gram-positive organisms, and cytotoxicity (carcinostats) (55). 

The sesquiterpene lactone, alantolactone, isolated from Inula helenium L. , 
significantly reduces feeding and survival of Tribolium confusum Jacquelin du 
Val. (confused flour beetle) (56). 
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1. JACOBSON Botanical Pesticides: Past, Present, and Future 5 

Isoalantolactone deters feeding by Sitophilus granarium (Linnaeus)(granary 
weevil), confused flour beetle, and Trogoderma granarium Everts (khapra 
beede)(57). Sesquiterpene lactones such as bisabolangelone and related 
compounds also affect these species (58) and the beet armyworm (59,60). 

In 1978, Maradufu et al. (61) isolated the simple ketone, 5-ocimenone, 
from the leaves of the Mexican marigold, Tagetes minuta L. , which is responsible 
for the repellency of the plant oil to adult Anopheles mosquitoes and for its toxicity 
to the mosquito larvae (62). The oil also possesses juvenilizing properties against 
Dysdercus koenigii F. (63). 

Achillea millefolium L . is the source of N-(2-methylpropyl)-E2, 
E4-decadienamide, a strong larvicide for Aedes mosquitoes (64), and Arnason et 
al. (65) have reported on a number of mosquito larvicidal acetylenes obtained from 
plants of the Asteraceae. 

In a survey of the effect of ethereal extracts of plants from many families, 
Jacobson et al. (66,67) were able to demonstrate that die roots of the American 
coneflower, Echinacea angustifoli
mosquito larvae and house flie
the yellow mealworm, Tenebrio molitor Linnaeus, and the large milkweed bug, 
Onchopeltus fasciatus (Dallas). Echinacein, the toxic component, was identified as 
N-isobutyl-(E,Z,E,E)-2,6,8,10-dodecatetraenamide (68). Juvenilization is due to 
"echinolone," identified as 4,10-dimethyl-10-hydroxy-(E)-4,ll-dodecadien-2-one 
(69). 

Extremely high juvenilizing activity on several species of insects has been 
shown by 6,7-ctimethoxy-2,2-dimethylchromene ("precocene ΙΓ), isolated from the 
bedding plant, Ageratum houstonianum Mi l l . (70-73). 
A N N O N A C E A E 

Ethereal extracts of the twigs of Annona senegalensis Pers. are highly toxic to the 
large milkweed bug (67), and ethanolic extracts of the fruit of the custard apple, A . 
reticulata L. , A . glabra L. , and A . purpurea L . fruit exert a severe juvenilizing 
effect on the striped cucumber beetle adults, Diabrotica sp. (Reed, D.K., 
unpublished results). One or several of the kaurane and 16-kaurene diterpenes 
isolated from the stem bark of these species (74) may be responsible for the 
activity. 

Numerous alkaloids have been reported from several species of Annona. 
One of these, liriodenine, isolated from A. glabra stem bark, is an active tumor 
(KB) inhibitor (75), as are four other alkaloids obtained from the stems and leaves 
of A. purpurea (76). Annonelliptine, an isoquinoline alkaloid isolated from A. 
elliptica R.E. Fries, is also suspected to be involved in this activity (77). 

M A L V A C E A E 

It was long thought that gossypol, present in cotton varieties, Gossypium hirsutum 
L. , resistant to the bollworm, Spodoptera littoralis (Boisd.), was the major or even 
sole component responsible for the resistance (Stipanovic, R.D., personal 
communication). It is now known that, in addition to gossypol, "other related 
terpenoids, condensed tannins....and certain monomelic flavonoids" also provide 
resistance to the tobacco budworm, the corn earworm, and the pink bollworm, 
Pectinophora gossypiella (Saunders) (78). The resistance of the Rose-of-Sharon 
(Hibiscus syriacus L.) to feeding by the boll weevil, Anthonomus grandis 
Boheman, is known to be directly connected with a mixture of unsaturated fatty 
acids and their methyl esters (79). However, the value of high gossypol content in 
cotton strains for suppressing the bollworm and the spiny bollworm, Earias 
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6 INSECTICIDES OF PLANT ORIGIN 

insulana (Boisd.), was demonstrated in unsprayed fields in Israel (80). In addition, 
synergistic and antagonistic interactions of gossypol with some organic phosphorus 
insecticides were demonstrated in the bollworm by topical application (81). 

Interestingly, gossypol is presently under study in several parts of the world 
as an antifertility agent for the human male and is now being used for this purpose 
in China. Large scale clinical trials show that this compound, taken orally in pill 
form by male animals and humans, is safe, effective, inexpensive, and reversible in 
its effects (inhibiting sperm production) (82). 

L A B I A T A E 

The leaf oil of sweet basil, Ocimum basilicum L. , contains clerodanes known as 
"juvocimene-Γ and Mjuvocimene-II" which have a juvenilizing effect on the 
milkweed bug, Oncopeltus fasciatus (Dallas), when applied topically (83,84). The 
oil is also a powerful larvicide for Culex mosquitoes; this action is probably also 
due to the juvocimenes, although th f linalool d l sesquiterpene
may play a significant role

Following the disclosure, , g
juvenilizing effects of Ajuga reptans L . and A. remota Benth. on the Mexican bean 
beetle (86) and the two-spotted spider mite, Tetranychus urticae Koch (87), the 
presence of numerous clerodane diterpenes was reported in A. reptans (88), A . 
chamaepitvs (L.) Schreb. (89), A . nipponensis Maîdno (90,91), A. iva (L.) Schreb. 
(92), and A. pseudovia Robell. & Cast, ex DC (93). These extracts also prevent 
feeding by the bollworm and by Pieris brassicae L . (94-96) and cause 
juvenilization of the beet armyworm (97). The components mainly responsible for 
the biological activity are isomeric ajugarins which have been synthesized 
(98-103). 

C A N E L L A C E A E 

A series of sesquiterpenoid dialdehydes (warburganals, polygodial, muzigadial) 
isolated from East African trees of the genera Warburgia and Polygonum have 
been shown to be powerful feeding deterrents against larvae of the beet armyworm, 
bollworm (Heliothis armigera L.)., and H . virescens (104-108), as well as adult 
striped cucumber beetles (Reed, D.K., unpublished results). Warburganal also 
possesses antiyeast and antifungal activity (109). Procedures for synthesizing 
polygodial (110-112), warburganal (113,114), and muzigadial (115) are available. 

CONCLUSION 

It is clear that, in my opinion, many plants of the families Meliaceae, Rutaceae, 
Asteraceae, Malvaceae, Labiatae, and Canellaceae are capable of being used as 
pesticides if certain conditions can be met. With the exception of neem, which has 
been shown to be safe, easily grown or available in large quantities, and is already 
in use as a pesticide in the developing countries (besides being approved for use on 
nonfood crops and in nurseries in the United States)(116), other genera and species 
of these families must meet the following criteria before they can be used 
commercially: (1) safe for plant and animal life, (2) biodegradable 
(environmentally safe), (3) ready availability of the plant or capability for 
cultivation, (4) determination of isolation procedures for the active component or 
components (or of formulation of extracts prepared from plant parts) or (5) 
establishment of synthetic procedures for the active components. (117). 
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Chapter 2 

North American Ethnobotanicals as Sources 
of Novel Plant-Based Insecticides 

May R. Berenbaum 

Department of Entomology, University of Illinois, Urbana, IL 61801—3795 

In search for natura
properties to supplant or replace synthetic organic 
pesticides, the native North American flora has been 
largely overlooked. Compelling operational reasons for 
considering North American native plants as sources for 
insect control chemicals include accessibility and 
preadaptation of these plants for cultivation in North 
America. One potential and currently unexploited index 
to biological activity among the 20,000 species native 
to North America is the ethnobotanical literature of 
Native Americans. A compilation of native North 
American plants described in ethnobotanical accounts as 
anthelmintic (toxic to "worms"), encompassing 
publications spanning 1596 to 1980, is presented. 
Preliminary screenings of extracts of several of 
purportedly anthelmintic native plants against Aedes 
aegypti revealed insecticidal activity that in some 
cases corresponded to the presence of known active 
principles and in other cases may represent the presence 
of as-yet uncharacterized but potentially useful 
insecticidal compounds. 

"When the plan t s , who were f r i e n d l y to man, heard what had been done 
by the animals, they determined to defeat t h e i r e v i l designs....(The) 
p l a n t s , every one of which has i t s use i f we only knew i t , f u r n i s h 
the antidote to counteract the e v i l wrought by the revengeful 
animals." 
From the Sacred Formulas of the Cherokees, c i t e d i n Whitebread, 1934. 

There are few a t t r a c t i v e a l t e r n a t i v e s to syn t h e t i c organic i n s e c t i 
cides f o r c o n t r o l l i n g i n s e c t pests; however, the use of i n c r e a s i n g l y 
higher concentrations of e x i s t i n g i n s e c t i c i d e s poses a s u b s t a n t i a l 
r i s k to the environment i n the form of biomagnification and t o x i c i t y 
to nontarget organisms and the use of a l t e r n a t i v e s t r u c t u r a l types 
i s often rendered i n e f f e c t i v e by cross or multi p l e r e s i s t a n c e . 
While only 60 a g r i c u l t u r a l pests were known to manifest r e s i s t a n c e 
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to at l e a s t one type of i n s e c t i c i d e i n 1961, over twenty years 
l a t e r , more than 250 species were known to manifest resistance i n 
one form or another (1)· Moreover, regulatory requirements and 
manufacturing cos t s , due at l e a s t i n part to f l u c t u a t i o n s i n 
petrochemical s u p p l i e s , have become so unpredictable that i n many 
cases production and marketing of new p e s t i c i d e s i s economically 
u n f e a s i b l e f o r the producer and a p p l i c a t i o n u n j u s t i f i a b l e f o r the 
farmer, based on crop markets and commodity p r i c e s . While 19 major 
p e s t i c i d e s were introduced i n the period from 1961 to 1970, only 8 
were introduced i n the decade from 1971 to 1980 and only 3 i n the 
f i r s t h a l f of the period from 1981 to 1990 ( 2 ) . The rate of 
i n t r o d u c t i o n of new p e s t i c i d e s i s expected to continue to diminish 
unless major innovations are introduced i n t o development program. 

One area of i n v e s t i g a t i o n that i s not so much an innovation as 
i t i s a return to an old approach with new technology i s the 
c h a r a c t e r i z a t i o n of secondar
produce an enormous v a r i e t
f u n c t i o n i n fundamental p h y s i o l o g i c a  processes
these secondary chemicals (or a l l e l o c h e m i c a l s ) are thought to be 
important i n mediating i n t e r a c t i o n s between plants and t h e i r b i o t i c 
environment. Inasmuch as i n s e c t s are very much a part of the b i o t i c 
environment of most angiosperm p l a n t s , they have no doubt been 
i n f l u e n t i a l i n the e v o l u t i o n of many of these chemicals. That 
i n s e c t s are i n turn influenced by plant chemicals i s evidenced by 
the s u c c e s s f u l i s o l a t i o n , c h a r a c t e r i z a t i o n , and development of such 
a l l e l o c h e m i c a l s as n i c o t i n e , p y r e t h r i n s , and rotenoids as commercial 
i n s e c t i c i d e s ( 3 ) . Even the synthetic organic carbamates are 
s t r u c t u r a l l y derived from a n a t u r a l l y occurring i n s e c t i c i d a l 
carbamate, physostigmine, produced by Physostigma venenosa (4). 

The current resurgence of i n t e r e s t i n plant-derived 
i n s e c t i c i d e s has focussed on t r o p i c a l f l o r a s . There has long 
p r e v a i l e d an assumption, i m p l i c i t or e x p l i c i t , that t r o p i c a l f l o r a s 
are more promising from the point of view of discovering and 
developing new i n s e c t i c i d e s (e.g., p. 227, Ref. 3). I t i s 
undeniably true that plant taxonomic, and undoubtedly phytochemical, 
d i v e r s i t y i s higher i n t r o p i c a l f l o r a s ; however the assumptions that 
phytochemical constituents are accordingly more t o x i c , due presum
ably to more intense s e l e c t i o n pressure from inse c t herbivores, 
or, more importantly, that these compounds are more appropriate 
f o r commercial development, do not n e c e s s a r i l y follow l o g i c a l l y . 
Attempts to quantify ecogeographic patterns i n plant defense have 
met with l e s s than resounding success (e.g., 5-7). Taxonomic 
d i v e r s i t y i s a r e l a t i v e term. Even though i t i s l e s s speciose, 
the North American f l o r a has been l a r g e l y ignored phytochem-
i c a l l y , despite the f a c t that some of the most spectacular 
advances i n chemical pest c o n t r o l are a t t r i b u t a b l e to North 
American species (e.g., n i c o t i n e from tobacco). There are 
compelling operational reasons for a c l o s e r i n s p e c t i o n of the 
native North American f l o r a as w e l l . Among other things, 
b i o l o g i c a l l y a c t i v e plants from North America are preadapted f o r 
c u l t i v a t i o n i n North America; they are l e s s l i k e l y to acquire 
serious new pest problems than are plants grown outside t h e i r 
area of i n d i g e n e i t y ; and there i s l e s s r i s k of g e o p o l i t i c a l 
disturbance c u t t i n g o f f s u p p l i e s , as has h i s t o r i c a l l y been the 

In Insecticides of Plant Origin; Arnason, J., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1989. 



2. BERENBAUM North American Ethnobotanicals 13 

case (e.g., pyrethrum during World War I I — s e e Ref. 3). Even 
though temperate f l o r a s are considerably l e s s speciose than are 
t r o p i c a l f l o r a s , i n North America i n v e s t i g a t o r s must s t i l l 
contend with over 20,000 species as p o t e n t i a l sources of 
b i o l o g i c a l l y a c t i v e chemical c o n s t i t u e n t s . Mass screenings are 
fraught with o p e r a t i o n a l problems; a c t i v i t y may depend on plant 
part, manner and time of c o l l e c t i o n , the choice of bioassay 
species, and the solvents used f o r e x t r a c t i o n . Even demonstrably 
t o x i c species may escape detection i n a mass screening. In 
a d d i t i o n , plant populations are chemically v a r i a b l e and 
inadequate sampling of a species over i t s range may create an 
i l l u s i o n of i n a c t i v i t y . 

I n t e r p r e t i n g the North American Ethnobotanical L i t e r a t u r e . 

One p o t e n t i a l (and c u r r e n t l
of mass screening i s to
region of i n t e r e s t — i n t h i s case, the ethnobotany of Native 
Americans. Folk medicines have t r a d i t i o n a l l y provided i n s i g h t s i n t o 
promising sources for b i o l o g i c a l l y a c t i v e m a t e r i a l s , p a r t i c u l a r l y 
medicines, worldwide. Despite the presence of considerable 
documentation, Native American l i t e r a t u r e has not been s c r u t i n i z e d 
c a r e f u l l y to date. Investigators i n t e r e s t e d i n the use of plant 
e x t r a c t i v e s or powders f o r crop p r o t e c t i o n are l i k e l y to be 
disappointed, since so many Native American cultures were not 
sedentary a g r i c u l t u r a l i s t s . However, considerable use was made of 
plant materials f o r p r o t e c t i o n against e c t o p a r a s i t e s ; Secoy and 
Smith (8) c i t e almost 50 species used to repel or k i l l f l e a s , f l i e s , 
l i c e , or wound maggots. 

One other p o t e n t i a l source f o r information to be used to 
i d e n t i f y i n s e c t i c i d a l plants i s to consider those species used as 
anthelmintics or vermicides. Although various i l l s have been 
ascribed to "worms" i n a very loose taxonomic sense (9), the 
majority are recognizably cestodes, nematodes, or p o s s i b l y dipterans 
(as i n i n t e s t i n a l m y i a s i s ) . Undoubtedly, a s i g n i f i c a n t number of 
purportedly anthelmintic plants lack any pharmacological a c t i v i t y 
and may have been used as medicines due to imagined resemblances 
between various plant parts and the worms themselves. However, the 
number of plants said to be anthelmintic i s f a r from a random sample 
of the North American f l o r a . In a compilation of North American 
ethnobotanical l i t e r a t u r e , Moerman (10) reported only 35 out of 1288 
species to be anthelmintic. In contrast, 133 species are s p e c i f i c 
a l l y described as c a t h a r t i c s (an a c t i v i t y p o t e n t i a l l y e a s i l y confused 
with anthelmintic a c t i v i t y ) ; 577 were described l e s s d e f i n i t i v e l y 
as "dermatological a i d s . " 

Appendix ι presents a compilation of native North American 
plants described i n ethnobotanical accounts as anthelmintic. This 
compilation represents information contained i n over 30 herbals, 
pharmacopoeias, and j o u r n a l a r t i c l e s covering the period from 1596 
to 1980. For older references, plants named i n fewer than three 
sources were not included i n the l i s t , due to d i f f i c u l t i e s i n 
e s t a b l i s h i n g both plant i d e n t i t y and disease d i a g n o s i s . Although 
several species of ferns and even algae appear i n several r e f e r 
ences, only spermatophytes are included i n t h i s compilation. A 
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t o t a l of 56 species i n 45 f a m i l i e s were found; r a r e l y was a 
family represented by more than one or two species or a genus by 
more than one s p e c i e s . 

Screening purportedly anthelmintic plants o f f e r s several 
advantages i n winnowing through the North American f l o r a . F i r s t , 
most b i o l o g i c a l l y a c t i v e plant constituents target basic physio
l o g i c a l processes and as such are l i k e l y to show considerable 
a c t i v i t y across invertebrate taxa. In f a c t , the anthelmintic 
properties of Nicotiana tabacum were recognized before i t s 
i n s e c t i c i d a l p r o p e r t i e s . In 1596, Nicolas Monardes, a Spanish 
p h y s i c i a n and explorer, published the f i r s t account of tobacco i n 
his book, " J o y f u l l Newes out of the New Founde Worlde," and i n 
his account stated that, "...of a l l Kinds of (worms), i t k i l l e t h 
and e x p e l l e t h them marvellously; the seething of the hearbe made 
in t o a Syrope d e l i c a t e l y being taken i n very l i t t l e q u a n t i t i e and 
the juyce thereof put o
vermifuges are almost i n v a r i a b l
notwithstanding) and thu
to be represented without s u f f i c i e n t warning i n terms of 
administration or dosage (e.g., decoctions of Nicotiana attenuata 
are to be "taken s p a r i n g l y , " — R e f . 1 0 — consistent with the acute 
t o x i c i t y of the presumed a c t i v e constituent n i c o t i n e ) . F i n a l l y , 
i n the event that a c t i v i t y i s present, the method of preparation 
can provide information as to which solvents w i l l be optimal 
(e.g., e x t r a c t i o n i n hot vs cold water, a l c o h o l , i n g e s t i o n of dry 
powder, e t c . ) . 

Bioassays of Anthelmintic Plants f o r I n s e c t i c i d a l A c t i v i t y . 

In a preliminary f e a s i b i l i t y study, I obtained samples from 15 
species of native North American plants; 12 species were 
s p e c i f i c a l l y described as anthelmintic and three species were 
c o n f a m i l i a l s without any h i s t o r y of use as anthelmintics ( i n 
order to t e s t f o r e f f e c t s of bioassay procedures). These species 
were selected as a subset of s u i t a b l e t e s t plants due to t h e i r 
a v a i l a b i l i t y . Since i n the majority of cases anthelmintic 
preparations are decoctions, that i s , extracts prepared i n 
b o i l i n g water, a l l plant material was extracted f o r 2 h i n 50 ml 
d i s t i l l e d water at 100*C. D i f f e r e n t amounts of plant material 
were used to c o n t r o l f o r the d i f f e r e n c e s i n r e l a t i v e dry weights 
of plant p a r t s . For seeds, 0.5 g was used; f o r roots, 1.0 g was 
used; and f o r leaves, 2.0 g was used. The i n s e c t species used 
for bioassay was Aedes aegypti ( R o c k e f e l l e r s t r a i n ) (Diptera: 
C u l i c i d a e ) . Two r e p l i c a t e s of ten neonate larvae were each 
placed i n 20 ml of the plant extract f o r each species; larvae 
were provided ad l i b i t u m with Tetramin®fish food ground with sand 
and maintained at 25°C with a 16:8 l i g h t : d a r k photoperiod. 
Simultaneous d i s t i l l e d water c o n t r o l s were run with a l l 
treatments. S u r v i v a l and development were monitored d a i l y . The 
proportions e c l o s i n g as adults were compared to d i s t i l l e d water 
co n t r o l s by G-test and developmental times were compared by 
Student t - t e s t . 

Of the 15 species tested, f i v e proved acutely t o x i c — c o m p l e t e 
m o r t a l i t y ensued wit h i n f i v e days (Table l a ) . Often, f i r s t i n s t a r 
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Table l a . Plant extracts acutely t o x i c to mosquito 
larvae (means ± S.E.) 

Plant species Plant part 5-day s u r v i v a l ( % ) 

Angelica atropurpurea seed 0.0 + 0 
Podophyllum peltatum root 0.0 + 0 
Sanguinaria canadensis root 0.0 + 0 
Silene v i r g i n i c a root 0.0 + 0 
Tephrosia v i r g i n i a n a seed 0.0 + 0 

Table l b . Plant extract
larvae (means ± S.E.) 

Plant species Plant part % emerging Days to emergence 

Amorpha canescens seed 10 + 0 a 15.5 + 0.5 b 

Asclepias incarnata seed 65 + 5 12.4 + U 9 h Cicuta maculata seed 80 + 0 16.1 + 0.3 b 

Euphorbia c o r o l l a t a seed 15 + 5 a 12.0 + 0.6 
Eupatorium seed 40 + 10 a 16.0 + 0.0 b 

perfoliatum 
Monarda f i s t u l o s a seed 30 + 30 a 11.0 + 1.2 
Robinia pseudoacacia l e a f 15 + 5 a 13.7 + °* 3h Verbena hastata seed 65 + 5 12.6 + 0.8 b 

D i s t i l l e d water 85 + 5 8.2 + 1.0 

a S i g n i f i c a n t l y d i f f e r e n t from c o n t r o l (p < .05, G - t e s t ) . 

S i g n i f i c a n t l y d i f f e r e n t from c o n t r o l (p < .05, t - t e s t ) . 

Table I c . Plant extracts without e f f e c t s on mosquito 
larvae (means ± S.E.) 

Plant species Plant part % emerging Days to emergence 

Asarum canadense root 9 5 + 5 8.8 + 0.4 
Betula sp. l e a f 95 ± 5 10.8 ± 0.4 
D i s t i l l e d water 85 ± 5 8.2 ± 1.0 
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larvae died w i t h i n 24 hours. Of the remaining e x t r a c t s , seven 
caused a s i g n i f i c a n t reduction i n s u r v i v a l or increase i n 
development time (Table l b ) . Of the three plant species not known 
to be anthelmintic, only one, Robinia pseudoacacia, s i g n i f i c a n t l y 
a f f e c t e d s u r v i v a l (Table I c ) ; Asarum canadense and Bedula sp. d i d 
not d i f f e r s i g n i f i c a n t l y from c o n t r o l s . 

This assay i d e n t i f i e d plants i n which highly a c t i v e p r i n c i p l e s 
are already known. The two legumes Tephrosia v i r g i n i c a and Amorpha 
canescens produce rotenoids (3, 8, 13). Angelica atropurpurea 
contains furanocoumarins (14), plant chemicals already demonstrated 
to be t o x i c to mosquito larvae (15, 16). The e s s e n t i a l o i l of 
Monarda f i s t u l o s a , a mint, contains thymol (17), a h i g h l y a c t i v e 
a s c a r i c i d e (and the drug of choice f o r decades i n treatment of 
hookworm). That t h i s rapid and simple screening y i e l d e d several 
species with known e f f i c a c i o u s chemistry i n d i c a t e s that other a c t i v e 
plant e x t r a c t s (e.g., fro
a c t i v e chemical c o n s t i t u e n t s
known chemical constituent  plant
(e.g., thymol from Monarda f i s t u l o s a , podophyllotoxin from 
Podophyllum peltatum) were administered to Aedes aegypti neonate 
larvae as described p r e v i o u s l y . The a c t i v i t y of several of these 
chemicals (Table II) was s u f f i c i e n t l y high to i n d i c a t e that 
commercial use may be economically f e a s i b l e and competitive with 
s y n t h e t i c organic i n s e c t i c i d e s (15). 

P o t e n t i a l Chemicals f o r I n v e s t i g a t i o n . 

Searching f o r phytochemical s i m i l a r i t i e s i n such a diverse 
assortment of plant taxa i s an ent e r p r i s e almost doomed to f a i l u r e . 
Among other things, there i s no reason to suppose that plant taxa 
have converged on s i m i l a r biochemical defense mechanisms. Indeed, 
of those plant species f o r which b i o l o g i c a l l y a c t i v e materials have 
been i s o l a t e d , there i s l i t t l e commonality. Nonetheless, there may 
be p o s s i b l e biochemical l i n k s among these disparate f a m i l i e s . In 
p a r t i c u l a r , a s t r i k i n g number of purportedly anthelmintic plants are 
known to produce (or are c o n f a m i l i a l with species known to produce) 
lignans (Table I I I ) . Lignans are phenylpropanoid dimers generally 
l i n k e d by the c e n t r a l carbons of t h e i r 3-carbon side chains, 
although i n the case of neolignans other types of linkage can form 
(18). Lignans possess an extraordinary v a r i e t y of b i o l o g i c a l 
p r o p e r t i e s , i n c l u d i n g a n t i m i t o t i c , antitumor, and a n t i v i r a l 
a c t i v i t y , i n h i b i t i o n of mitochondrial e l e c t r o n transport and energy 
t r a n s f e r , i n h i b i t i o n of cAMP photsphodiesterase a c t i v i t y , and 
cardiovascular d i s r u p t i o n . Lignans have not been examined 
ex t e n s i v e l y , however, f o r i n s e c t i c i d a l a c t i v i t y . Only a handful of 
studies (19, 20, 21, 22, 23) have been published, documenting 
feeding and growth i n h i b i t i o n i n several taxa. Several studies have 
implicated nordihydroguaiaretic a c i d as a re s i s t a n c e f a c t o r against 
i n s e c t damage i n Larrea (C. Wisdom, personal communication). 
Podophyllotoxin, a l i g n a n produced by the anthelmintic and 
l a r v i c i d a l plant Podophyllum peltatum, e f f e c t e d complete t o x i c i t y to 
Aedes aegypti i n bioassays at concentrations of 5 ppm (Table I I ) . In 
view of t h i s e f f i c a c y , analogues (of podophyllotoxin) and other 
lignans may we l l be worth examining more c l o s e l y f o r t h e i r p o t e n t i a l 
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use as i n s e c t i c i d e s . Although two arylnaphthalene d e r i v a t i v e s have 
been reported to be p i s c i c i d a l (at l e v e l s equivalent to rotenone) 
(18), there i s l i t t l e a p r i o r i evidence that these compounds pose a 
s u b s t a n t i a l threat to nontarget organisms. Extensive t e s t i n g , of 
course, remains to be done. Candidate compounds include sesamin and 
i t s d e r i v a t i v e s from Artemisia (24), or wormwood, species of which 
are recognized worldwide f o r anthelmintic properties (25); a s a r i n i n , 
from A r i s t o l o c h i a ; s y r i n g a r e s i n o l and l i r i o r e s i n o l from 
Liriodendron; a r c t i i n from the i n s e c t i c i d a l Eupatorium; and alpha 
and beta p e l t a t i n from Podophyllum (17). 

Even i f lignans prove to be i n s e c t i c i d a l to mosquito larvae or 
other bioassay i n s e c t species, they may not n e c e s s a r i l y be 
responsible f o r the observed i n s e c t i c i d a l e f f e c t s of the plants that 
produce them. A more appropriate way to i d e n t i f y a c t i v e agents i s 
to undertake a s e r i e s of f r a c t i o n a t i o n and p u r i f i c a t i o n steps, 
t r a c i n g a c t i v i t y i n variou
p u r i f i c a t i o n i s problematica
combination may be responsible f o r the o v e r a l l i n s e c t i c i d a l e f f i c a c y 
of the p l a n t s . That such may be the case i s suggested by the f a c t 
that many of the lignans i n these plants contain 
methylenedioxyphenyl (MDP) s u b s t i t u e n t s ; compounds of t h i s s t r u c t u r e 
are known to i n t e r f e r e with ins e c t d e t o x i c a t i o n v i a cytochrome P450 
monooxygenases (26, 27, 28). Since cytochrome P450 monoxygenases 
are responsible f o r a wide v a r i e t y of d e t o x i f i c a t i o n r e a c t i o n s , 
these lignans may serve not only as toxins, by, f o r example, 
i n t e r f e r i n g with cytochrome P450 mediate hormone metabolism (22), 
but a l s o as s y n e r g i s t s f o r co-occurring toxins. Indeed, another 
s t r i k i n g c h a r a c t e r i s t i c of the plant species i n Appendix 1 i s the 
abundance of MDP-containing a l l e l o c h e m i c a l s i n the genera to which 
they belong (Table i v ) ; these compounds include b e n z y l i s o q u i n o l i n e 
a l k a l o i d s , a r i s t o l o c h i c acids, and simple phenylpropanoids. The 
cytochrome P450 i n h i b i t i n g a b i l i t y of several of these and r e l a t e d 
groups has been documented (ben z y l i s o q u i n o l i n e a l k a l o i d s - 2 9 ; simple 
phenylpropanoids-27, amides-30; protopine a l k a l o i d s and 
dibenzylbutyrolactones-31. 

Chinese h e r b a l i s t s have long recognized the value of mixtures 
as c u r a t i v e s ; p r e s c r i p t i o n s , f o r example, often include "monarch" 
(ju n ) , " h i s subject" (chen), " a s s i s t a n t " (zuo), and "messenger" 
( s h i ) ingredients (32). P u r i f i c a t i o n of s i n g l e a c t i v e components, 
the usual goal i n screening s t u d i e s , may y i e l d a l e s s than optimal 
product, p a r t i c u l a r l y i f MDP-mediated i n h i b i t i o n of d e t o x i f i c a t i o n 
i s i n v o l v e d . Plant extracts may be more e f f i c a c i o u s than p u r i f i e d 
d e r i v a t i v e s due to s y n e r g i s t i c or p o t e n t i a t i n g i n t e r a c t i o n s among 
plant constituents—compounds, for example, which f a c i l i t a t e 
penetration or d e l i v e r y of the t o x i n to the target s i t e working i n 
combination with others that, as MDP-containing compounds, i n t e r f e r e 
with the a b i l i t y of an organism to d e t o x i f y or excrete a p r i n c i p a l 
t o x i n . According to Vogel (33), "While Indians sometimes compounded 
simples, they seldom used more than two or three i n g r e d i e n t s " — i t 
may well be that combining d i f f e r e n t plants increases the 
opportunities f o r a n t a g o n i s t i c , rather than s y n e r g i s t i c , i n t e r a c t i o n 
among plant c o n s t i t u e n t s . Co-occurring synergists may be 
s t r u c t u r a l l y optimized f o r i n t r a s p e c i f i c phytochemistry (27). 
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Table I I . T o x i c i t y of a c t i v e constituents of l a r v i c i d a l or 
anthelmintic plants to mosquito larvae (means + S.E.) 

Compound Concentration 3-day__survival (%) 

A r i s t o l o c h i c a c i d 1 ppm 0.0 ± 0.0 
Podophyllotoxin 5 ppm 0.0 ± 0.0 
Thymol 10 ppm 0.0 ± 0.0 

Table I I I . North American plant f a m i l i e s reported to contain 
lignans ( l i g n a n information from MacRae and Towers 1984) 

A r i s t o l o c h i a c e a e * Myrtaceae 
Anacardiaceae* Oleaceae 
Apocynaceae* Phytolaccaceae 
Betulaceae* Polygalaceae 
Berberidaceae* Rosaceae* 
Bignoniaceae* Rutaceae* 
Compositae (Asteraceae)* Salicaceae* 
Convoivulaceae Saururaceae 
Cucurbitaceae* Schisandraceae 
Ericaceae Scrophulariaceae* 
Euphorbiaceae* Simaroubaceae 
Fagaceae* Solanaceae* 
Lauraceae* Styracaceae 
Leguminosae (Fabaceae)* Ulmaceae* 
Linaceae Urticaceae 
Loranthaceae Umbelliferae (Apiaceae)* 
Magnoliaceae* Verbenaceae* 

*Families with anthelmintic plants 

Table IV. Purported anthelmintic genera with 
methylenedioxyphenyl substituents (from 17 and 34) 

Angelica Eupatorium 
A r i s t o l o c h i a Populus 
Artemisia Podophyllum 
Cirsium Sanguinaria 
Liriodendron 

Sanguinaria 

The Cherokee Indians believed that human i l l s r e s u l t from a 
compact on the part of a l l the animals who f e l t themselves i n j u r e d 
by humans—from the bears and deer who were hunted f o r food down to 
the i n s e c t s and smaller animals, "trodden upon without mercy, out of 
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pure carelessness or contempt" (9) . According to the legend, 
p l a n t s , with no grudges to bear, agreed to f u r n i s h remedies f o r some 
of the i l l s to which humans would be subjected. I t i s indeed true 
that humans, through carelessness or contempt, have exacted enormous 
inadvertent m o r t a l i t y upon nontarget organisms through i n e f f e c t i v e 
or i n a t t e n t i v e use of syn t h e t i c organic i n s e c t i c i d e s ; i t may be 
pos s i b l e that plants can provide the wherewithal to a l l e v i a t e the 
m o r t a l i t y i n the form of s p e c i f i c biodegradable a l t e r n a t i v e s to 
syn t h e t i c organic i n s e c t i c i d e s . 

Appendix I — N a t i v e North American plants that are purportedly 
anthelmintic (order of plant f a m i l i e s according to 35) 

Pinaceae 
Abies f r a s e r i 

Cupressaceae 
Juniperus v i r g i n i a n a . J . osteosperma 
•Thuja o c c i d e n t a l i s 

Typhaceae " 
Typha spp. 

Araceae 
Symplocarpus f o e d i t u s 

L i l i a c e a e " 
A l e t r i s f a r i n o s a 
Chamaelirium luteum 

Salicaceae ' 
Populus tremuloides 
S a l i x sppT 

Myricaceae 
Myrica c e r l f e r a 

Juglandaceae"" 
Juglans cinerea 

Betulaceae " 
Corjrlus rostrata, C. cornuta 

uimaceae • 
Ulmus rubra 

Moraceae 
Morus rubra 

A r i s t o l o c h i a c e a e 
A r i s t o l o c i a s e r pentaria 

Chenopodiaceae 
N y c t a f f S f ^ ^brosioides var, , a n t h e l m i n t i c u p _ 

M i r a b i l i s nyctaginea 
Caryophyllaceae""^ 

S j-lene v i r g i n i c a 
Berberidaceae 

Podophyllum peltatum 
Magnoliaceae " — 

Liriodendron t u l i p j f e r a 
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Annonaceae 
Asimina t r i l o b a 

Lauraceae 
Lindera benzoin 

Papaveraceae 
Sanguinaria canadensis 

Saxifragaceae 
Ribes americanum 

Rosaceae 
Prunus americana, P. s e r o t i n a 

Leguminosae 
Amorpha canescens 
Tephrosia v i r g i n i a n a 

Rutaceae 
Ptelea t r i f o l i a t a 

Ebenaceae 
Diospyros v i r g i n i a n

Euphorbiaceae 
Euphorbia c o r o l l a t a 

Anacardiaceae 
Rhus typhina 

A q u i f o l i a c e a e 
I l e x v e r t i c i l l a t u s 

Aceraceae 
Acer spicatum 

Nyssaceae 
Nyssa s y l v a t i c a 

Umbelliferae 
Angelica atropurpurea 
Eryngium aquaticum 

Loganiaceae 
S p i g e l i a marilandica 

Gentianaceae 
Sabatia angularis 

Apocynaceae 
Apocynum cannabinum 

Asclepiadaceae 
Asclepias incarnata 

Verbenaceae 
Verbena hastata 

Labiatae 
Monarda f i s t u l o s a 

Solanaceae 
Nicotiana tabacum, N. attenuata 

C a p r i f o l i a c e a e 
Lonicera d i o i c a 

Valerianaceae 
Valeriana c i l i a t a 

Scrophulariaceae 
Chelone glabra 

Bignoniaceae 
Catalpa bignonioides 

Cucurbitaceae 
Cucurbita pepo 
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Campanulaceae 
L o b e l i a c a r d i n a l i s 

Compositae 
Cirsium pulchellum 
Eupatorium perforatum 

Chronological Bibliography to Appendix I 

N. Monardes, J o y f u l l News Out of the New Founde Worlde, London, 
1596, "Englished by J . Frampton." 

M. Cu t l e r , An Account of Some of the Vegetable Productions N a t u r a l l y 
Growing i n t h i s Part of America (New England), P h i l a d e l p h i a : 
P h i l o s o p h i c a l Society, 1785. 

J . D. Schoepf, Materic Medica Americana Potissimum regni 
V e g e t a b i l i s , Erlangae

S. Stearns, An American Herba
and Thomas, 1801. 

W. Meyrick, The New Family Herbal, Birmingham, 1802. 
B. S. Barton, C o l l e c t i o n s f o r an Essay Towards a Materia Medica of 

the United States, P h i l a d e l p h i a , 1804. 
P. Smith, The Indian Doctor's Dispensatory, C i n c i n n a t i : Browne and 

Looker, 1812. 
S. Henry, American Family Herbal, New York, 1814. 
W. Barton, Vegetable Materia Medica of the United States, 

P h i l a d e l p h i a : Carey and Sons, 1817. 
T. Green, U n i v e r s a l Herbal, containing an account of a l l the known 

plants i n the world, London: Caxton Press, 1824. 
J . Bigelow, American Medical Botany, Boston: H i l l i a r d and M e l c a l f , 

1817-20. 
P. Bowker, The Indian Vegetable Family I n s t r u c t o r , Boston: 1836. 
P. Good, The Family F l o r a and Materia Medica Botanica, 

Elizabethtown, 1845. 
R. G r i f f i t h , Medical Botany, P h i l a d e l p h i a : Lea and Blanchard, 1847. 
A. Clapp, A Synopsis or Systematic Catalogue of the Medicinal Plants 

of the United States, P h i l a d e l p h i a : T. K. and P. G. C o l l i n s , 
1852. 

W. Darlington, American Weeds and Useful Plants, New York: A. 0. 
Moore, 1859. 

0. Brown, The Complete H e r b a l i s t , Jersey C i t y , 1865. 
L. Johnson, A Manual of the Medical Botany of North America, New 

York: William Wood and Co., 1884. 
C. Millspaugh, American Medicinal P l a n t s , P h i l a d e l p h i a : Boericke 

and T a f e l , 1887. 
W. Fernie, Herbal Simples, B r i s t o l : John Wright and Co., 1895. 
A. Henkel, Weeds Used i n Medicine, Farmers' B u l l e t i n 188, USDA, 

Washington: USDA, 1906. 
W. Stockberger, The Drug Known as Pink Root, B u l l e t i n 100, 

Washington: USDA, 1906. 
A. Henkel, American Root Drugs, B u l l e t i n 107, Washington: USDA, 

1907. 
A. Henkel, American Medicinal Flowers, F r u i t s , and Seeds, B u l l e t i n 

26, Washington: USDA, 1913. 

In Insecticides of Plant Origin; Arnason, J., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1989. 



22 INSECTICIDES OF PLANT ORIGIN 

E. Stuhr, Manual of P a c i f i c Coast Drug Plant s , Lancaster: Science 
Press P r i n t i n g Co., 1933. 

M. Grieve, A Modern Herbal, New York: Hafner Publishing Co., 1967 
( O r i g i n a l l y published i n 1931). 

L. C u r t i n , Healing Herbs of the Upper Rio Grande, Laboratory of 
Anthropology, Santa Fe, 1947. 

E. Steinmetz, Materia Medica V e g e t a b i l i s , Amsterdam, 1954. 
A. Krochmal, A Guide to the Medicinal Plants of Appalachia, USDA 

Forest Service Research Paper NE-138, 1969. 
V. S c u l l y , A Tresury of American Indian Herbs, New York: Crown 

Publishers, Inc., 1970. 
M. Weiner, Earth Food-Earth Medicine, New York: MacMillan Co., 1972. 
A. Krochmal, Guide to the Medicinal Plants of the United States, New 

York, 1973. 
D. Moerman, 1977. American Medical Ethnobotany: A Reference 

D i c t i o n a r y . NY: Garlan
Angier, Β., 1978. F i e l d

(PA): Stackpole Books. 

Herbals without dates: 

R. Brook, A New Family Herbal, Huddersfield, 
M. Robinson, The New Family Herbal, London: W. Nicholson and Son, 

In plant i d e n t i f i c a t i o n and i n determining nonmenclature, the 
f o l l o w i n g were consulted: 

M. Fernald, Gray's Manual of Botany, 8th ed., New York: American 
Book Co., 1950. 

H. Kelsey and W. Dayton, ed., Standardized Plant Names, Harrisburg: 
J . Horace MacFarland, 1942. 

G. Lawrence, Taxonomy of Vascular Plants, New York: The MacMillan 
Co., 1951. 

Kartesz, J.T. and R. Kartesz, 1980. A synonymized c h e c k l i s t of the 
vascular f l o r a of the United States, Canada and Greenland. 
Chapel H i l l : U n i v e r s i t y of North C a r o l i n a Press. 

Acknowledgments : 

I thank A. Zangerl f o r assistance with s t a t i s t i c s and unflagging 
i n t e r e s t , R. Novak f o r eggs of Aedes aegypti, and J . P a r r i s h f o r 
assistance i n obtaining plant m a t e r i a l . This research was supported 
i n part by N.S.F. BSR83-1407. 

Literature Cited: 

1. Georghiou, G. and R.B. Mellon, 1983. Pesticide resistance in 
time and space. Pages 1-46 in G.P. Georghiou and T. Saito, 
eds. Pest Resistance to Pesticides. NY: Plenum Pub. 

2. Ku, H.S., 1987. Potential industrial applications of 
allelochemicals and their problems. A.C.S. Symp. Ser. 330: 
449-454. 

3. Jacobson, M. and D.G. Crosby, 1971. Naturally Occurring 
Insecticides. NY: Marcel Dekker Inc. 

In Insecticides of Plant Origin; Arnason, J., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1989. 



2. BERENBAUM North American Ethnobotanicals 23 

4. Balandrin, M., J. Klocke, E. S. Wurtele, and W. H. Bollinger, 
1985. Natural plant chemicals: sources of industrial and 
medicinal materials. Science 228: 1154-1160. 

5. Levin, D., 1976. Alkaloid-bearing plants; an ecogeographic 
perspective. Am. Nat. 110: 261-284. 

6. Levin, D., and B. York, 1978. The toxicity of plant alkaloids: 
an ecogeographic perspective. Biochem. Syst. Ecol. 6: 61-76. 

7. Moody, S., 1976. Latitude, continental drift and the 
percentage of alkaloid-bearing plants in floras. Am. Nat. 110: 
965-968. 

8. Secoy, D.M. and A. E. Smith, 1983. Use of plants in control of 
agricultural and domestic pests. Econ. Bot. 37: 28-57. 

9. Whitebread, C., 1934. The Indian medical exhibit of the 
Division of Medicine in the United States National Museum. 
Proc. U.S.N.M. 67 (10): 1-26. 

10. Moerman, D., 1977.
Dictionary. NY: Garlan

11. Berenbaum, M.R., 1988. Allelochemicals in insect-microbe-plant 
interactions: agents provacateurs in the coevolutionary arms 
race. Pages 97-123 in Novel Aspects of Insect-Plant 
Interactions (P. Barbosa and D. Letourneau, eds.). NY: J. 
Wiley and Sons. 

12. Monardes, N., 1596. Joyfull Newes out of the New-Founde 
Worlde. London, "Englished by J . Frampton." 

13. Jacobson, Μ., 1982. Plants, insects and man—their 
interrelationships. Econ. Bot. 36: 346-354. 

14. Berenbaum, Μ., 1981. Furanocoumarin distribution and insect 
herbivory in the Umbelliferae: plant chemistry and community 
structure. Ecol. 62: 1254-1266. 

15. Wat, C.-K., S.K. Prasad, E.A. Graham, S. Partington, T. 
Arnason, and G.H.N. Towers, 1981. Photosensitization of 
invertebrates by natural polyacetylenes. Biochem. Syst. Ecol. 
9: 59-62. 

16. Kagan, J., P. Szczepanski, V. Bindokas, W. Wulff, and J . S. 
McCallum, 1986. Delayed phototoxic effects of 8-
methoxypsoralen, khellin, and sphondin in Aedes aegypti. J . 
Chem. Ecol. 12: 899-914. 

17. Hegnauer, R., 1969-1973. Chemotaxonomie der Pflanzen. Basel: 
Birkhauser Verlag. 

18. MacRae, W.D. and G.H.N. Towers, 1984. Biological activities of 
lignans. Phytochem. 23: 1207-1220. 

19. Russel, G.B., P.Singh, and P. Fenmore, 1976. Insect-control 
chhemicals from plants III. Toxic lignans from Libocedrus 
bidwilli. Aust. J . Biol. Sci. 29: 99-103. 

20. Kamikado, T., C.F. Chang, S. Murakoshi, A. Sakurai, and S. 
Tamura, 1975. Agric. Biol. Chem. 39: 833-. 

21. Isogai, Α., S. Murakoshi, A. Suzuki, and S. Tamura, 1973. 
Structures of new dimeric phenylpropanoids from Myristica 
fragrats Houtt. Agric. Biol. Chem. 37: 1479-1486. 

22. Bowers, W., 1968. Juvenile hormone: activity of natural and 
synthetic synergists. Science 161: 895-97. 

23. Wada, K. and K. Munakata, 1970. (-) Parabenzlactone, a new 
piperolignanolide isolated from Parabenzoin trilobum Nakai. 
Tetrahedron Let. 23: 2017-2019. 

In Insecticides of Plant Origin; Arnason, J., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1989. 



24 INSECTICIDES OF PLANT ORIGIN 

24. Gregor, H., 1979. Polyacetylene und Sesamine als chemische 
Merkmale in der Artemisia absinthium Gruppe. Planta Medica 35: 
84-91. 

25. Berenbaum, Μ., 1975. Anthelmintic plants in American botanic 
medicine. Yale Scientific (Summer 1975): 9-16. 

26. Berenbaum, Μ., 1985. Brementown revisited: allelochemical 
interactions in plants. Rec. Adv. Phytochem. 19: 139-169. 

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

28. Berenbaum, M. and J. Neal, 1987. Allelochemical interactions 
in crop plants. A.C.S. Symp. Ser. 330: 416-430. 

29. Dalvi, R., 1985. Sanguinarine: its potential as a liver toxic 
alkaloid present in the seeds of Argemone mexicana. Experientia 
41: 77-78. 

30. Miyakado, Μ., I. Nakayama
Structure chemistry
insecticidae constituentsd isolated from the pepper plant. In 
Natural Products for Innovative Pest Management, D.L. 
Whitehead, ed. NY: Pergamon Press, pp. 369-382. 

31. Neal, J., 1987. Ecological aspects of insect detoxication 
enzymes and their interaction with plant allelochemicals. 
Doctoral dissertation, University of Illinois at Urbana-
Champaign. 

32. Ren-Sheng, X., Z. Quiao-Zhen, and X. Yu-Yuan, 1985. Recent 
advances in studies on Chinese medicinal herbs with 
physiological activity. J . Ethnopharmacol. 14: 223-253. 

33. Vogel, V. J., 1970. American Indian Medicine. Norman: 
University of Oklahoma Press. 

34. Newman, Α.Α., 1962. The occurrence, genesis and chemistry of 
the phenolic methylene-dioxy ring in nature. Chem. Prod. 1962 
(March): 115-118, 161-171. 

35. Lawrence, G.H.M., 1951. Taxonomy of vascular plants. NY: The 
MacMillan Company. 

RECEIVED November 18, 1988 

In Insecticides of Plant Origin; Arnason, J., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1989. 



Chapter 3 

Search for New Pesticides from Higher 
Plants 

A. Alkofahi1,4, J. K. Rupprecht1, J. E. Anderson1, J. L. McLaughlin1, K. L. 
Mikolajczak2, and Bernard A. Scott3 
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Pest control methods of the near future w i l l 
include potent, more selective, and bio-degradable 
pesticides discovered as the natural protectants of 
higher plants. A number of botanical pesticides 
(pyrethrins, rotenoids, nicotine, the natural 
isobutylamides, quassia, sabadilla, hellebore, and 
ryania) are enjoying expanding commercial uses. 
Some chemical companies are developing additional 
plant extracts from the Meliaceae and Rutaceae 
containing potent limonoids such as azadirachtin. 
Our laboratories have been involved in pesticidal 
screening programs of higher plant extracts and 
have already screened several hundred plant species 
against a battery of indicator pests. Lists of 
promising leads have been tabulated, and 
bioactivity-directed fractionations, using brine 
shrimp lethality as a simple in-house bioassay, are 
in progress. Our first product is asimicin, a 
novel acetogenin (polyketide) from the bark of the 
paw paw tree, Asimina triloba (Annonaceae); this 
group of very potent compounds now offers a host 
of chemical and biological challenges for further 
research and commercial exploitation. 

The demand for pesticidal and herbicidal compounds to control animal 
and plant pests and weeds has created an agro-chemical business in 
the U.S. which totals over $15 b i l l i o n annually. These synthetic 
wonders have facilitated astonishing gains in agricultural 
production, but these same compounds, in some cases, 
4Current address: Faculty of Pharmacy, Jordan University of Science and Technology, Irbid, 

Jordan 
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have posed serious problems to health and environmental safety. 
Newer, more selective, and biodegradable compounds must replace 
these generally toxic and persistent chemicals of the present and 
the immediate past. Never pest control methods w i l l include: a) 
use of natural predators, parasites, and pathogens; b) breeding 
resistant varieties of crop species; c) pest sterilization 
techniques; d) use of mating and feeding attractants in combination 
with traps; e) development of interfering hormones; f) improved 
methods for grain storage; and g) discovery and development of 
better, more specific, and biodegradable, pesticides (1,2). 

The expanding use of synthetic pyrethroids, which are based on 
natural prototypes from chrysanthemum flowers, is a good example of 
the desired approach to better pesticides Q) ; these compounds are 
more specific for k i l l i n g insects and exhibit few negative effects 
on plants, livestock, or humans; in addition, there is often less 
resistance developed to these compounds in the target insects  A 
number of additional botanica
the natural isobutylamides
ryania) are enjoying expanding commercial uses (4), and a number of 
chemical companies are evaluating (and in some cases developing) 
extracts from plants of the Meliaceae and Rutaceae containing 
insecticidal limonoids such as azadirachtin (J>,£) · 

To protect themselves from being eaten, plants have, in 
effect, been waging biochemical warfare for thousands of years 
against insects and herbivores Q.â). Perhaps many plant species 
which failed to develop such protective "secondary metabolites" 
were consumed and made extinct; thus, the potential for finding 
pesticides in higher plants should be high. The job of the 
phytochemist is to detect, isolate, and identify these compounds. 
Martin Jacobson has spent much of his research career encouraging 
an expansion of research in this area (1,4,7,8). The prospect of 
discovery and exploitation of these novel higher plant metabolites, 
useful as pesticides or pesticide prototypes, seems excellent and 
is especially timely. For the past several years, our laboratories 
have been involved in dedicated programs of bioactivity-directed 
screening and fractionation of higher plant extracts to yield such 
agents. 

SCREENING HIGHER PLANTS FOR PESTICIDES 

The single, most important, factor in the search for new bioactive 
substances is the convenience and r e l i a b i l i t y of the bioassay 
systems. Screening bioassays must be inexpensive and rapid, have 
broad application to numerous target organisms, be reproducible and 
s t a t i s t i c a l l y valid, and require very l i t t l e of the test substance. 
No single pest model meets a l l of these requirements, and a battery 
of indicator organisms from various taxa i s , undoubtedly, the best 
approach to screening. However, financial constraints usually 
force the choice of one or only a few. 

EUROPEAN CORN BORER BIOASSAY AND THEVETIA THEVETIOIDES 

About ten years ago at the Peoria USDA laboratory, a plant 
screening program for pesticides was Initiated using 7-day-old 
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larvae of the European com borer, Ostrinia nub Hal is (£) . This 
insect was chosen because of i t s economic importance to agriculture 
in the midwest. Seeds of several dozen plant species, from the 
extensive USDA seed collection in Peoria, were extracted in a 
Soxhlet sequentially with hexane and ethanol, and the extract 
residues were incorporated into the corn borer diet. Mortalities 
were determined, generally after nine days. This screen revealed 
several species which seemed worthy of fractionation ( 1 0 ) . 

One of the most promising leads was the ethanol extract of the 
defatted seeds of Thevetia Chevetioides (HBK) K. Schum. 
(Apocynaceae). Large-scale extraction and fractionation of seeds 
from Mexico was laboriously monitored with the corn borer bioassay. 
Percent mortalities were determined for partitioned fractions and 
for pools of similar combined fractions from large chromatography 
columns. The active pools were rechromatographed and tested with 
the corn borer bioassa
components were crystallized
and physical (mp, tic) methods  compound
as n e r i i f o l i n and 2 *-acetylneriifolin, cardioactive glycosides, 
previously known in other species of the Apocynaceae ( H ) . 

Neriifolin (corn borer L D 5 0 3 0 ppm in the diet) was ca. six 
times as active as 2 '-acetylneriifolin (LD^Q 1 9 2 ppm) and showed 
excellent dose response curves with larval mortality. Under such 
test conditions, carbofuran, a popular commercial insecticide for 
corn borers, has an L D 5 0 of 1 -2 ppm. Further testing of ne r i i f o l i n 
showed potent insecticidal activities against the codling moth 
(Cydia pomonella), striped cucumber beetle (Acalymma vittatum), and 
the Japanese beetle (Popilla japonica). The two compounds were 
also significantly active in the 9 K B (human nasopharyngeal 
carcinoma) cytotoxicity assay (neriifolin E D C Q 2 . 2 χ 1 0 mcg/ml 
and 2 '-acetylneriifolin E D C Q 3 . 3 χ 1 0 mcg/ml) ( H ) . In mammals, 
these glycosides are cardiotoxic and are quite potent ( L D 5 0 in 
cats, 0 . 1 9 6 mg/kg and 0 . 1 4 7 mg/kg, respectively); extrapolation to 
a 7 0 kg human would put the fatal dose at about 1 0 - 1 4 mg; as a 
comparison the fatal dose of hydrogen cyanide for humans is 5 0 - 1 0 0 
mg. However, in human poisoning with cardiac glycosides, as found 
i i n red sq u i l l , emesis should prevent f a t a l i t i e s after oral 
ingestion. In our study, cardiac glycosides were proven to be very 
potent as natural insecticides, and this protective effect likely 
explains the widespread distribution of these glycosides in several 
plant families. 

Ο 

Ο* 
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A U.S. patent application vas subsequently f i l e d to claim the 
use of these agents in the control of insect pests (12), but the 
resulting publication ( H ) preceded the f i l i n g date of the patent 
application by a fev days over one year, and the patent vas 
disallowed. Nonetheless, ve remained convinced that these 
procedures could vork to yield nev natural pesticides. Hovever, a 
reviev of the project suggested a major need for improvement. The 
corn borer bioassay vas too labor-intensive and i t rapidly depleted 
our extracts. 

ERIPE SHRItt? PIQASSAY 
To f a c i l i t a t e continued research for such useful bioactive 
materials from higher plants, a convenient general bioassay vas 
needed. Specific bioassays
inhibition, etc., often
not detected, or are ignored g process
real need for reliable, general bioassays which can detect the 
broad spectrum of bioactivities present in higher plant extracts 
and, yet, can be employed by natural product chemists, in house, at 
lov cost, using a minimum amount of test materials, to permit 
phytochemical screening and to guide fractionation. 

Since most active plant principles are toxic at elevated 
doses, our approach has been to develop a general bioassay that 
simply screens for lethality in the simplest of macroscopic 
zoologie systems. Once the active plant species have been 
detected, a battery of more expensive and specialized bioassays 
could then suggest the best candidates for large scale 
fractionation. Our premise here has been that toxicology is simply 
pharmacology at a higher dose, or pharmacology is simply toxicology 
at a lover dose. Thus, a general bioassay for lethality might lead 
to new useful pharmacologic agents. However, i f the agents prove 
to be persistently toxic, with narrow therapeutic indexes, and 
useless as drugs, we might then promote them as pesticides. 

After considering several possible organisms, we chose brine 
shrimp (Artemia salina), a tiny crustacean, as our general bioassay 
tool (13). The eggs of brine shrimp are readily available at low 
cost in pet shops as a food for tropical f i s h . The eggs remain 
viable for years, especially i f refrigerated, in the dry state. 
Upon being placed in a "brine solution, the eggs hatch within 48 
hours and swim toward a light source, providing large numbers of 
larvae (nauplii). Compounds and extracts are tested i n i t i a l l y at 
concentrations of 1 0 , 1 0 0 , and 1 0 0 0 ppm after being placed in vials 
containing 5 ml of bTine and ten shrimp in each of three 
replicates. Survivors are counted after 24 hours, and the 
percentage of deaths at each dose is recorded. Intermediate 
dosages can be tested once the effective dosage range is 
determined. These data can then be used, in a simple program on an 
IBM personal computer, to estimate L C 5 0 values and 95% confidence 
iintervals. The L C ^ Q values, thus, give us a single value for the 
comparison of potencies among various extracts. These procedures 
are summarized in Table I (14). 
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Table I. Materials and Procedures for Brine Shrimp 
Lethality Bioassay 

A. Materials 
1.ArtemLa salina Leach (brine shrimp eggs from store) 
2.Sea salt (from fish store) 
3.Small tank with perforated dividing dam to grow shrimp, 

cover, and lamp to attract shrimp. 
4.Syringes; 5 ml, 0.5 ml, 100 mcl, and 10 mcl. 
5.2 dram vials (9 per sample + 1 control) 

B. Procedures 
1. Make sea water according to directions on box (ca. 38 g 

sea salt per l i t e r of water), f i l t e r . 
2. Put sea water i

of the divided tank, cove
attract shrimp through perforation

3. Allow 2 days for the shrimp to hatch and mature. 
4. Prepare vials for testing; for each fraction, test 

i n i t i a l l y at 1000, 100, and 10 mcg/ml; prepare 3 vials at each 
concentration for a total of 9 vials; weigh 20 mg of sample and add 
2 ml of solvent (20 mg/2 ml); from this solution transfer 500, 50, 
or 5 mcl to vials corresponding to 1000, 100, or 10 mcg/ml, 
respectively. Evaporate solvent under nitrogen and then put under 
high vacuum for about 30 min; volatile solvents w i l l evaporate over 
night. Alternatively, materials may be dissolved in DMSO, and up 
to 50 mcl may be added/5 ml brine before DMSO toxicity affects the 
results. 

5. After 2 days (when the shrimp larvae are ready), add 5 ml 
sea water to each v i a l and count 10 shrimp per v i a l (30 shrimp per 
dilution). 

6.24 hours later count and record the number of survivors. 
7. Analyze data with Finney computer program to determine L C ^ Q 

values and 95% confidence intervals. A copy of this program for 
IBM PC's is available from Dr. McLaughlin. 

8. Additional dilutions at less than 10 mcl/ml may be needed 
for potent materials; intermediate concentrations can be prepared 
and tested to narrow the confidence intervals. 

Since 1982, the brine shrimp bioassay, combined with specific 
antitumor bioassays, has led us to several i n vivo active plant 
antitumor agents (15. 16 inter alios). In addition, we have used 
this system in the screening and fractionation of pesticidal plant 
extracts as described below. It has become the "work horse" 
bioassay of our laboratory. Each Investigator performs his/her own 
brine shrimp tests and quickly (24 hours) has the results. The 
results are quantitative and quite reproducible within the 95% 
confidence limits. Our contention i s that toxicity to this simple 
crustacean is a convenient indicator of toxicity to invertebrate 
economic pests. 
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Plants and Extracts Involved in Screening 

Our Department of Medicinal Chemistry and Pharmacognosy at Purdue 
has an established and continuing interest in the chemistry of 
bioactive natural products. In recent years, we have focused 
primarily on antitumor compounds isolated and characterized from 
higher plants through the support of grants and contracts from the 
National Cancer Institute (NCI). In our warehouse now are varying 
quantities (0.5 - several kg) of over 2000 species of interesting 
higher plants. These, hereafter referred to as "warehouse plants" 
(Table II), for the most part, do not represent random collections 
but have folkloric or poisonous histories, were lethal to mice in 
the NCI antitumor screen, were cytotoxic, or have other reasons for 
us to suspect that they may possess interesting biological 
activities. This collection represents thousands of dollars 
already spent in acquisition, shipping, botanical authentication, 
drying, milling, and storage
plant species were on
(McCloud Collection) and through a collaborative project with King 
Saud University in Riyadh, Saudi Arabia (Table II). A continuing 
flow of new plant materials is maintained through several 
international collaborators (Iran, China, India, Sri Lanka, 
Thailand, Panama, Jordan, Venezuela, Brazil). 

Screening of a l l these plant extracts was initiated in a 
previous contract (1985-86) between E l i L i l l y (Greenfield) and 
Purdue University. Approximately five new warehouse plant species 
per week were extracted, partitioned and screened. Screening data 
was obtained on extracts of 739 species. The extracts represent 
the three different sets of plant materials as summarized in Table 
II. 

Extracts of the warehouse plants and a few of the most active 
extracts of the Saudi plants were partitioned through Scheme 1 to 
provide extracts F001-F006. Samples of approximately 100 mg of 
each i n i t i a l extract or partitioned fraction were submitted, 
through weekly mailings at ca. 30/week, to Greenfield. At L i l l y , 
tests are conducted in seven indicator organisms (mosquito larvae, 
blowfly larvae, Caenorhabditis elegans or Halmonchus contortus, 
corn rootworm, two-spotted spider mite, southern army worm, and 
melon aphid). The extracts of the active McCloud plants were also 
assayed for brine shrimp lethality in our laboratory. Corn 
rootworm activity, at 300 ppm, was d i f f i c u l t to detect, and 
southern army worm (SAW), at even 5000 ppm, was resistant to a l l 
but a few species. The free-living nematode, C. elegans, gave too 
many positives in the f i r s t year, and in the second year was 
replaced by H. contortus which is more selective. 

Results of extraction and partitioning (Scheme 1) of 
Chrysanthemum flowers (containing pyrethrins) and Lonchocarpus 
roots (containing rotenone), as controls, demonstrated the 
effectiveness of these procedures at detecting such desirable 
activities and in enriching the pesticidal materials. As a further 
control, extracts of Warburgîa salutaris (W. ugandensis) 
(Canellaceae), screened as positive in the pesticidal assays and, 
by activity-directed fractionation monitoring with brine shrimp, 
yielded the expected drimane sesquiterpenes, warburganal and 
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Plant : 
genus 

Identification No.: 

species family 

dried powdered plant material 

(100 g) 
95% EtOH 

95% EtOH solubles 
( g) 

F001 

saved g for testing; 
partition between CHCI3/H2O (1:1) 

water solubles 
( g) 

any insoluble 
interface ( g) 

CHCI3 solubles 
( g) 

F002 F004 F003 

saved g for 
testing; partition 
between hexane/90% 
aq. MeOH (1:1) 

90% MeOH solubles 
( g) 

hexane solubles 
( g) 

F005 F006 

Submitted fractions ( 
testing; Date 

) to for 

Scheme 1 . Standard Flow Sheet of Extraction and I n i t i a l 
Partitioning to Provide Screening Extracts for Bioassays 
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Table II. Sources of Plant Materials Screened 

A. Warehouse Collection: (EtOH extracts a l l partitioned to give 
F001-F006, see Scheme 1) 359 species (98 families) 

B. Saudi Collection: (EtOH or CHClo extracts; a few actives 
partitioned to give F001-F006), 136 species (43 families) 

C. McCloud Collection: (CH2Cl2 extracts; none partitioned), (from 
NCI) 244 total species: 92 actives (46 families) and 152 inactives 
(56 families) 

muzigadial (1Z, 18) which are known to exhibit potent insect 
antifeedant (19-21) and molluscicida

The pesticidal screening results were tabulated on computers 
both at Greenfield and in our laboratory at Purdue. The computer 
programs permit tabulation of extracts and species active against 
specific pests or against various combination of pests. Choosing 
those with the broadest spectrum of activities, we selected twenty 
target plant species for large-scale, bioactivity-directed, 
fractionation. A literature search shows that, aside from our 
work, no previous bioactivity-directed research has been performed 
on these target species. One of the target species, the common paw 
paw, Asimina triloba, Annonaceae, has been a subject of our 
fractionation efforts for the past five years. This work has now 
been successful; the bioassay-directed fractionation has not been 
published previously, and w i l l be discussed below. Proprietary 
interests prevent us from disclosing additional target species and 
the screening results. 

THE PAW PAW PROJECT 

Isolation Procedure 

Extraction of Plant Material. Bark of Asimina triloba (paw paw), 
collected at the Purdue Horticulture Farm, was dried and ground in 
a Wiley mill to 2 mm. The ground bark (3.990 kg) was extracted by 
exhaustive percolation with 185 1 of 95% ethanol. The ethanol 
solubles were vacuum evaporated to a syrupy residue which was 
labeled Fraction F017. Fraction F017 was partitioned between 
QUC^/I^O (1:1), and the water solubles were taken to dryness and 
labeled F018. The C ^ C ^ solubles were recovered as a syrupy 
residue using a solvent evaporator. This residue was labeled 
Fraction F019, and a 223 g sample of F019 was then partitioned 
between hexane and 90% aqueous methanol. The methanol solubles 
were thereafter vacuum evaporated to a thickened syrup (41 g) and 
labeled as Fraction F020. The recovered hexane solubles 
constituted Fraction F021. The results of the brine shrimp 
bioassay on the fractions are reported in Table III. 
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Table III. Assay of Partition Fractions from Ethanolic Extract 
of the Bark of Asimina triloba 

Fraction No. Brine shrimp L C ^ Q (ppm) 

017 (ethanol extract) 7.56 
018 (H20 solubles) >1000 
019 (CH2C12 solubles) 1.67 
020 (aqueous methanol solubles) 0.04 
021 (hexane solubles) 715 
asimicin 0.03 

Chromatography of Fractio
most toxic partition fractio
(Table III), was adsorbed on celite (150 g) and applied to a s i l i c a 
column (4.0 kg) packed in benzene/EtOAc (80:20). The column was 
eluted with 10-liter aliquots of 20%, 50% EtOAc/benzene, 100% 
EtOAc, 2%, 5%, 20%, 50% MeOH/EtOAc, and finally, 100% MeOH, and 
fractions were dried and weighed. 

A TLC plate was run, in hexane/EtOAc (20:80), on every f i f t h 
column fraction and sprayed with 0.5% tetrazolium blue in MeOH:5N 
NaOH (1:1). From the appearance after TLC, pools of similar 
compounds were made and the pools assayed with brine shrimp. The 
results are reported in Table IV. 

C-18 Column Chromatography of Fraction AT 49. The most active 
fraction in the brine shrimp assay, AT 42, (Table IV) was consumed 
in development of a satisfactory separation method. The next most 
active and comparable fraction, AT 49, was subjected to C-18 column 
chromatography; AT 49 (1.924 g) was adsorbed on celite (8 g), 
applied to the top of a column of C-18 s i l i c a (60 g), and 
chromatographed and assayed for brine shrimp lethality as shown in 
Table V. 

Chromatotron Separation of Fraction AT 49-5. Separation of the 
most abundant active fraction AT 49-5, which was active in the 
brine shrimp assay, from the above C-18 column separation of AT 49 
(Table V) was carried out as follows. A 4 mm s i l i c a chromatotron 
rotor was loaded with 586.3 mg of AT 49-5 and eluted with 
CHCl3/MeOH/H20 (5:2:2); this resulted in 25 fractions which were 
then pooled on the basis of their similarities upon TLC analysis 
(Table VI). 

Purification of Fraction AT 49-5-2. A white waxy substance 
(m.p. 68x-69x C) precipitated from an Et 20 solution at AT 49-5-2 
upon the addition of hexane. The precipitate was collected, 
assayed in five different TLC systems, and visualized with Na 2Cr 20 7 

in 40% H2S0^. Each of the TLC analyses showed only a single spot 
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Table IV. Toxicity of Column Chromatography Fractions from F020 
(39.5 g) (see Table III) to Brine Shrimp 

Brine shrimp 
Pool No. Fractions pooled Weight (g) LC 5 0 (mcg/ml) 

AT 5 1-5 2.71 >200 
AT 10 6-10 1.52 >200 
AT 15 11-15 0.64 >200 
AT 22 16-22 0.35 >200 
AT 25 23-25 0.33 >200 
AT 32 26-32 2.70 >200 
AT 36 33-36 2.04 0.15 
AT 42 37-42 2.31 0.07 
AT 49 43-4
AT 55 50-5
AT 58 56-58 0.66 1.07 
AT 67 59-67 1.59 0.33 
AT 71 68-71 0.45 0.49 
AT 74 72-74 2.46 0.52 
AT 80 75-80 2.86 0.37 
AT 88 81-88 0.47 0.52 
AT 93 89-93 0.38 0.46 
AT 98 94-98 2.59 >200 
AT 121 99-121 6.12 >200 

Table V. Toxicity of Column Chromatography Fractions from 
AT 49 (1.924 g) (see Table IV) to Brine Shrimp 

Brine Shrimp 
Solvent Weight (mg) Fraction No. LC 5 0 (mcg/ml) 

50% MeOH (100 ml) 36. 6 AT 49-1 0. 30 
60% MeOH (100 ml) 30. 8 AT 49-2 6. 28 
70% MeOH (100 ml) 28. .9 AT 49-3 4. ,92 
80% MeOH (100 ml) 49, .2 AT 49-4 0, 37 
90% MeOH (100 ml) 832 .3 AT 49-5 0. .36 
MeOH (100 ml) 433 .5 AT 49-6 0. .36 
MeOH (100 ml) 363 .8 AT 49-7 1 .00 
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Table VI. Chromatotron Separation of AT 49-5 (see Table V) 

Pool No. Fractions Weight (mg) 

AT 49-5-1 1-6 25. .9 
AT 49-5-2 7-13 342. .1 
AT 49-5-3 14-16 136, .7 
AT 49-5-4 17-20 58 .3 
AT 49-5-5 21-25 20 .4 

indicating homogeneity. The collected compound, labeled AT-II 
(81.35 mg), was then subjected t  structural analyses  including
high resolution FAB ms,
decouplings, and C nm
was assigned the structure indicated. The structural elucidation 
of asimicin, without stereochemistry, has been published (21); 
however, i t has eight chiral centers. We have recently defined the 
stereochemistry at Cjc ^ ^ 20 23 24 a s t n / t / t h / t / t h by comparing 
H nmr values of the 'triace'tat'e with a series of reference 

acetylated bis-tetrahydrofurans (24). The configuration at C^ and 
Cog is suggested to be S and R, respectively, by cd and comparison 
with ro l l i n i a s t a t i n (Hui, Y.-H.; Rupprecht, J.K.; Anderson, J.E.; 
Liu, Y.-M.; Smith, D.L.; C.-j. Chang; McLaughlin, J.L. J. Nat. 
Prod.. submitted for publication). 

BIOASSAYS OF PAW PAW FRACTIONS AND ASIMICIN 

Fractions F017, F020, AT 36, and AT 49 from the fractionation of 
AsLminia triloba bark extract were bioassayed at various levels of 
test material with several common agronomic pests. 

The southern armyworm {Spodoptera eridania) bioassay was 
conducted by f i r s t applying an aqueous solution of 5000 ppm test 
material to leaves of a squash plant and allowing the leaves to 
dry. The leaves were then removed from the plant and placed in 
petri dishes with the armyworm larvae. The percent mortality was 
computed from the number of dead larvae after 3 days. 

The effectiveness of the test fractions against the two 
spotted spider mite (Tetranychus urticae), an arthropod, and the 
melon aphid (Aphis gossypii) was determined by spraying infested 
leaves of squash plants with aqueous solutions containing 4000 ppm 
test material and observing the percent mortality after 24 hrs. 

The assay with yellow fever mosquito larvae, Aedes aegypti, 
involved suspending the larvae in an aqueous solution of the test 
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material, at concentrations of 1000 ppm and less, and determining 
the percent mortality after 24 hrs. 

For assaying with the southern com rootworm, Diabrotica 
undecimpunctata, s o i l samples treated with 300 ppm of test material 
were placed in conical paper cups having a small opening at the 
lower apical end. Larvae emerging from the opening were evaluated 
for percent mortality after 3 days. 

In the corn leafhopper (Dalbulus maidis) assay, f i l t e r paper 
in the bottom of a petri dish was wetted with the test solution and 
allowed to dry. Thereafter, the leafhoppers and a measured amount 
of food were introduced to the dish, and the percent mortality was 
determined after 24 hrs. 

The comparative results of the screening of Fractions F017, 
F020, AT 36, and AT 49 (see Tables III and IV) against the 
aforementioned test organisms are reported in Table VII. 
Significant activities were detected against melon aphid and 
mosquito larvae, some activit
spider mites and corn
against southern armyworm and corn rootworm. 

Fractions F017, F018, F019, and F020, from the fractionation 
of Asimina triloba bark extract (see Table III) were bioassayed 
with mosquito larvae, southern corn rootworm, southern armyworm, 
two spotted spider mite, and melon aphid. Generally, brine shrimp 
lethality paralleled the insecticidal activities. In addition, 
these fractions were assayed with blowfly larvae (Colliphora 
vicina) and the nematode (Caenorhabditis elegans). 

The blowfly larvae assay was conducted by dipping a gauze 
dental wick into bovine serum containing 1% (w/v) test material. 
The larvae were thereafter introduced to the wick and evaluated for 
percent mortality after 24 hrs. 

The nematode (C. elegans) bioassay was conducted by suspending 
the worms in a 0.1% (w/v) aqueous solution of the test material and 
determining the percent mortality after 3 days. 

The results of this bioassay series are reported in Table 
VIII. 

The activities of Fractions F020, AT 49, and purified asimicin 
were compared to the commercial pesticides pyrethrum (57%) and 
rotenone (97%) in assays with the Mexican bean beetle (Epilachna 
varivestis), the melon aphid, mosquito larvae, the nematode C. 
elegans, and blowfly larvae. 

The Mexican bean beetle assay was conducted by spraying the 
material onto the bean leaves, allowing the leaves to dry, and then 
introducing the third-instar beetles to the leaves in an enclosed 
chamber. After 72 hrs., the percent mortality was determined. The 
assays on the remaining systems were conducted as previously 
described. The results are reported in Table IX. 

Asimicin isolated from the seeds of Asimina triloba was 
assayed by two separate methods against the striped cucumber beetle 
(Acalymma vittatum) as described below. 

Two-Choice Leaf Disc Bioassavs. Appropriate quantities of the test 
material were suspended in acetone, diluted with water containing 
0.01% of Tween 20 to a sample concentration of 0.5% (w/v), and then 
the suspension was emulsified with a Brinkman Polytron 
homogenizer. The 0.1% solutions were derived by dilution of the 
0.5% mixture. Leaf discs (2.0 cm diameter) cut from BURPEE HYBRID 
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cantaloupe leaves were dipped in either the sample homogenate or a 
corresponding homogenate containing no sample (control discs), air 
dried, and then two of each type of disc were arranged alternately 
around 93 mm diameter χ 73 mm deep polyethylene dishes. Five newly 
emerged female striped cucumber beetles, after being starved for 24 
hrs, were introduced into each chamber, and the chambers were 
covered with muslin; these covers were kept moist during the f i r s t 
6 hrs of the bioassay by misting them periodically with water. 
Tests were conducted in two replicates under ambient greenhouse 
conditions. Observations were made at 3, 6, and 22 hrs to estimate 
visually the amount of leaf tissue consumed and to check for 
deaths. 

Data are presented (Table X) as a consumption index, which is 
defined as percentage of treated discs consumed χ 100/(percentage 
of control discs consumed+percentage of treated discs consumed). A 
value of 50 indicates
consumed in equal amounts
less is considered highly  bioassays

No-Choice Leaf Disc Bioassav. For the no-choice feeding study, 
homogenate samples preparation (0.5% w/v solutions only), leaf disc 
(1.5 cm diameter) treatment and drying, and insect preparation were 
as described for the two-choice bioassay. Single treated discs 
were placed in individual 2-dram glass vials, and one beetle was 
introduced into each v i a l . Water was provided by a soaked 0.5 cm 
length of dental wick, and the vials were stoppered with cotton 
plugs. The bioassays were conducted in 10 replicates under ambient 
greenhouse conditions; leaf consumption and mortality data were 
taken daily for 3 days. Data are presented as percent of leaf 
discs consumed. 

The results of the two-choice and no-choice leaf disc 
bioassays are reported in Tables X and XI. 

COMMERCIAL POTENTIAL 

The chemical synthesis of asimicin would be d i f f i c u l t (there are 
256 isomers); thus, a crude extract of the plant material, likely 
the bark of Annonaceous trees, might furnish an economical source 
of such acetogenins as pesticides. F020 from the paw paw bark is 
the most potent of the crude extracts (Tables III, VII, VIII, and 
IX) ; a fraction similar to F020 could be readily prepared from the 
dried, bioactive, bark of a number of Annonaceous trees. The 
extracts could be standardized by a bioassay, such as brine shrimp 
lethality, to provide a consistent product. Chemically F020 from 
paw paw contains asimicin plus at least five additional acetogenins 
three of which have been isolated and remain to be chemically 
characterized. We have bioassayed bark extracts of numerous 
Annonaceae species and find similar activity in many members of 
this family. TLC suggests that acetogenins are commonly present in 
the active species. 

In a preliminary f i e l d test, F020 was suspended in 0.5 or 1% 
(5,000 or 10,000 ppm) aqueous solutions using 2 or 3% Tween 80 as 
the suspending agent. The solutions were sprayed onto rows of 
green bush beans (blue lake variety) which were experiencing a 
natural infestation with bean leaf beetles (Cerotoma trifurcata). 
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Table VII. Assay of Paw paw (Asimina triloba) Fractions for 
Toxicity to Agronomic Pests 

% Mortality 

Concentration Southern Two spotted Melon Mosquito 
Fraction (ppm) armyworm spider mite aphid larvae 

F017 

F020 

AT 36 

AT 49 

200 
20 
12 

200 
20 
12 

200 
100 
20 
12 

200 
100 
20 
12 

10 

10 

0 

30 

90 

50 

100 

100 

100 

% Mortality 

Southern 
Concentration corn Corn 

Fraction (ppm) rootworm leafhopper 

F017 200 _ a 
20 — — 12 0 — F020 200 — — 20 — — 12 0 — AT 36 200 — — 100 — 10 
20 — — 
12 0 — AT 49 200 — 100 — 0 
20 — — 
12 0 - - -

a " " indicates not tested. 
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Table VIII. Toxicity Assay of Paw paw (Asimina triloba) 
Fractions (Table III) with Representative Agronomic Pests 

% Mortality 

Mosquito larva
1000 100 1  elegans

Fraction ppm ppm ppm ppm 1% 1% 300 ppm 

F017 100 90 0 0 0 100 
F018 50 0 0 0 0 0 
F019 100 100 70 0 100 100 
F020 100 100 100 80 100 100 

% Mortality 

Southern Two spotted Melon 
armyworm spider mite aphid 

Fraction 5000 ppm 5000 ppm 5000 ppm 

F017 0 30 0 
F018 0 0 0 
F019 0 40 20 
F020 0 60 50 
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Table IX. Comparative Activities of Paw paw (Asimina triloba) 
Fractions, Asimicin, and Standard Insecticides 

% Mortality 0 

Mexican Melon Mosquito Blowfl] 
Treatment Rate bean beetle aphid larvae Nematode larvae 
material ppm 72 hr 24 hr 24 hr 72 hr 24 hr 

F020 5000 100 80 . . . . . . . . . 
(Table III) 1000 100 0 1Ό© 100 100 

500 10
100 
10 — — 80 100 0 
1 — — 10 0 — AT 49 5000 100 90 — (Table IV) 1000 100 0 100 100 100 

500 100 0 — — — 100 100 0 100 100 0 
10 — 100 100 -
1 — 50 100 — Asimicin 1000 — — — 100 

(purified) 500 100 100 — — — 100 100 20 100 100 0 
50 100 0 — — — 10 70 0 100 100 0 
1 0 0 100 0 
0. 1 Ό 100 — Pyrethrum 500 100 100 — — — (57% pure) 100 100 100 100 0 100 
50 100 100 — — — 10 0 20 100 0 0 

Rotenone 1000 — — — 100 
(97% pure) 500 — 0 — — — 100 — — 100 0 — 10 — — 50 — — 1 — — 0 — — 

a " — " indicates not tested. 
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After three applications, within a period of 10 days, there was no 
visible damage to the new leaves of the test row and i t was several 
inches higher than the control row. The activity seems to remain 
stable in sunlight. Mechanism of action and toxicology studies 
remain to be completed. 

A U.S. patent has been granted to us covering the use of these 
Annonaceous acetogenins in pest control (2£) · A divisional patent 
on the composition of matter of asimicin is pending. We hope to 

Table X. Striped Cucumber Beetle Two-Choice Assay for Asimicin 

Consumption index 

Asimicin 
concentration, % 3 hr 6 hr 22 hr 

0.1 25 20 14 
0.5 0 0 0 

aValue of 50 means that equal amounts of treated and control discs 
were consumed. Value of 0 means that none of the treated disc was 
consumed. 

Table XI. Striped Cucumber Beetle No-Choice Assay for Asimicin 

Treatment 

Leaf consumed, % Mortality, % 

Treatment 1 day 2 days 3 days 1 day 2 days 3 days 

Asimicin 0 0 0 40 50 50 
(0.5%) 
Control 31 59 74 0 0 0 

license this discovery as an " a l l natural" garden pesticide. While 
our patent was being processed, another U.S. patent (26) was issued 
to the Bayer Co. in Germany; their patent protects the insecticidal 
use of an unknown substance, called "annonin", isolated from Annona 
squamosa (Annonaceae). 

CONCLUSIONS 

The screening of higher plants for novel pesticides detects 
interesting active leads. The activity-directed fractionation of 
seeds of Thevetia thevethioides (Apocynaceae), using European corn 
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borers, led us to two known cardiac glycosides, n e r i i f o l i n and 2'-
acetylneriifolin. The activity-directed fractionation of seeds and 
bark of Asimina triloba (Annonaceae) (paw paw) led us to a mixture 
of potent novel acetogenins of which asimicin has been 
characterized. These acetogenins are common to a large number of 
Annonaceae. Commercial development of the Annonaceous extracts as 
a garden pesticide seems feasible provided that the materials prove 
safe. In addition to being pesticidal, we have determined that 
asimicin has additional biological effects which may be worthy of 
further study. The fractionation of target plant species in other 
families should provide more of such new compounds for practical 
exploitation. 
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Chapter 4 

Toxicity and Fate of Acetylchromenes in Pest 
Insects 

Murray B. Isman 

Department of Plant Science
British Columbi

Acetylchromenes (benzopyrans), major natural constituents of 
the desert sunflower Encelia, are toxic to a wide range of 
insects via residue contact. Bioassayed on glass surfaces, the 
predominant compound, encecalin, has LC50s of 1.4 and 11.8 

μg/cm2 against the variegated cutworm (Noctuidae), and the 
migratory grasshopper (Acrididae), respectively. 
Structure-activity relations indicate that chromene derivatives 
possessing free hydroxyl groups or saturated heterocycles are 
significantly less toxic than encecalin. Acetylchromenes 
applied topically to adult grasshoppers are rapidly absorbed 
from the cuticle, and both metabolites and parent chromenes 
appear in the excreta within two hours of application. 
However, only 20-40% of the applied dose is excreted, and the 
remainder cannot be recovered by extraction of the insect. 
Simple metabolites result from oxidation of the geminal methyl 
groups or reduction of the ketone. Subsequent bioassays of 
these metabolites, either by residue contact or topical 
application, indicate that they are significantly less toxic than 
their parent acetylchromenes. Benzofurans, closely related 
constituents of Encelia and other desert plants, are non-toxic to 
insects. However, benzofurans antagonize the toxicity of 
encecalin in three species of insects tested to date. The 
benzofuran euparin did not interfere with the antihormonal 
action of precocene III in the milkweed bug. Encecalin 
exhibits substantial antifeedant activity against several 
species of noctuid caterpillars. 

It is well accepted that natural products from plants may constitute new 
sources of pest control materials or prototypes for such materials, and to that 
end there is a current worldwide effort aimed at screening hitherto 
unexamined plant species for bioactivity towards pest insects (1-2). In 
particular, tropical plants have proven to be a rich source of bioactive 
chemicals. Plants from arid and semi-arid regions have also been singled out 
as having a high potential for the discovery of natural insecticides and 
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antifeedants (3), but to date, little emphasis has been placed on investigations 
of the phytochemistry and bioactivity of desert plants (4). 

One group of plants native to the New World deserts which possess 
insecticidal constituents are desert sunflowers of the genus Encelia 
(Asteraceae). A l l of the twenty or so taxa in this genus elaborate as major 
constituents benzopyrans (chromenes) and benzofurans (5). The present 
paper will review the bioactivity of these natural products in both pest and 
non-pest insects. 

Natural Products from Encelia 

Most species of Encelia elaborate three major acetylchromenes 
(6-acetyl-2,2-dimethyl-benzopyrans) (Figure 1: compounds 1,4 and 5), two 
benzofurans (compounds 12,13) and stereoisomers of an unusual dimer 
(compound 11) which represents a condensation of encecalin (compound 1) 
and euparin (compound 13)
respectively (5). These constituent
plant (6), and there is wide intra- and inter-specific variability in their 
concentrations (5, and P. Proksch, unpublished data). Encecalin 
concentrations can reach 150 μπιοΐ/g dry weight (approximately 3.5% dwt) in 
E. farinosa (5) and can constitute over 90% of the total chromenes/ 
benzofurans, for example inis. palmeri (P. Proksch, unpublished data). As 
these compounds occur exclusively in resin ducts, the greatest concentrations 
within plants are found in the stems and foliage compared to the floral parts 
and roots (7). Encelia species tend not to be attacked by insect herbivores in 
their natural habitat, but notable exceptions are the specialist leaf beetle 
Tnrhabda geminata (Chrysomelidae) (8), and the generalist grasshopper 
Cibolacns parviceps (Acrididae)(R. Chapman, pers. comm.). 

Bioactivity of Chromenes and Benzofurans 

Attention to chromenes amongst entomologists was first generated over a 
decade ago by the discovery that the precocenes, 7-methoxy-chromenes 
(Figure 1, compound 9) isolated from the ornamental plant Ageratum 
houstonianum, induce precocious molting in the milkweed bug, Oncopeltus 
fasciatus (Hemiptera), by a specific cytotoxic action on the corpora allata, the 
glands which synthesize juvenile hormone (9,10). However, the precocenes 
are not representative of the thirty or so more widely distributed 
naturally-occurring chromenes, which are characterized by the acetyl 
substitution at position 7 (e.g. encecalin). Because the structure of encecalin 
differs from that of precocene II only at the 7 position, it was tested several 
years ago for anti-juvenile hormone activity, but found to be lacking any 
activity in this regard (11, and W.S. Bowers, pers. comm.). 

Antifeedant Effects. Encecalin, added to artificial media at concentrations of 
15 /xmol/g fwt, completely deterred neonate bollworms (Heliothis zea, 
Noctuidae) to starvation (12). A similar effect was seen with neonate loopers 
(Plusia gamma) at 3 jLtmol/g fwt; at 18 jLimol/g fwt the feeding of fourth instar 
loopers was reduced by 65% relative to controls (13). A similar study using 
the variegated cutworm, Peridroma saucia, another noctuid pest, produced 
85% mortality of neonates when placed on media spiked with encecalin at 3 
/xmol/g fwt (13). This last result provided the impetus to determine if 
mortality resulted from starvation or a more direct insecticidal action. 
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CHROMENES BENZOFURANS 

0 0 0 

11 

Figure 1. Chemical structures of the chromenes (1-10) and benzofurans 
(12-16) bioassayed against the variegated cutworm and the migratory 
grasshopper. Reproduced with permission from Ref. 15. Copyright 1987, 
Dr W. Junk Publishers. 
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Crude extracts of Encelia species were bioassayed for antifeedant 
properties against fifth instar P. saucia by adding methanolic extracts from 
four species to cabbage leaf discs at natural concentrations in a choice test. 
Disc area consumed was estimated by eye using a semi-quantitative scale 
wherein a score of 1 = 0-25% consumption, 2 = 26-50% and so on. There 
were ten larvae per replicate and the experiment was replicated four times. 
The results (Table I) indicate a strong correlation (r = 0.87) between 
inhibition of feeding and encecalin content of the crude plant extracts. 

Table I. Feeding Response of 5th Instar Variegated Cutworms 
to Methanolic Extracts of Encelia Species Coated Onto 

Cabbage Leaf Discs 

Species (mg/g dwt) 2 hr 6 hr 

Solvent C O N T R O L 0.0 2.1a 2.4 a 
E. actoni 0.1 1.7 ab 2.2 ab 
E. farinosa (Sonora) 0.7 1.6 ab 2.6 a 
Kfarinosa (Mohave) 5.3 1.2 b 1.6 be 
Rpalmeri 8.5 1.1b 1.4 c 

Means within a column followed by the same letter are not significantly 
different (p = .05, Fisher's L S D test); n= 10, with four replicates. 

a Visually estimated as follows: 1 = 0-25% consumed; 2=26-50%; 3 = 51-75%; 
4=76-100% 

Contact Toxicity. To assess the direct contact insecticidal action of chromenes 
and benzofurans, pure compounds were dissolved in a volatile carrier solvent 
and coated onto the inner surfaces of 20 mL glass vials. After the carrier had 
evaporated, neonate test insects were placed in the vials with food and survival 
assessed at 24-48 hr (13-14). This method demonstrated unambiguously that 
encecalin was lethal to neonate variegated cutworms with an L C of 0.22 
/miol/vial which is equivalent to 1.15 Mg/cm (15). A dose of 1.0 jamol placed 
in the cap rather than coated onto the walls of the vial did not give rise to 
significant mortality, strongly indicating that toxicity resulted from direct 
contact rather than volatile action (75). Using neonate migratory 
grasshoppers (Melanoplus sanguinipes, Acrididae), the same bioassay yielded 
an L C for encecalin of 1.5 /zmol/vial (14). However, neonate hoppers weigh 
approximately fifty times more than neonate cutworms, suggesting that the 
former insect is much more susceptible to this compound. In contrast, 
concentrations of encecalin exceeding 20 Mg/cm were required to kil l neonate 
milkweed bugs (11). 

Structure-Activity Relations. Using the above-mentioned bioassay, a series of 
seven naturally occurring and four synthetic chromenes were assessed for 
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toxicity to neonate cutworms, as well as five benzofurans (25). None of the 
benzofurans proved to be significantly toxic at the initial screening 
concentration of 1.0 /zmol/vial (approximately 5 £tg/cm ). Of the chromenes 
tested, the most potent was the allatocidin, precocene II. Analogues 
possessing free hydroxyl groups (compounds 3,4 and 7) were significantly less 
active, as were dihydro analogues where the heterocycle was saturated 
(compounds 2,6 and 10). It is noteworthy that the unsaturation in the 
heterocycle is essential for the anti-hormonal action of the precocenes, and 
appears to be important in the insecticidal action of the precocenes and 
acetylchromenes. In addition to the lethal action of the acetylchromenes, 
surviving larvae in a residue contact bioassay utilizing 2-day-old larvae grew 
significantly more poorly over 8 days following a brief (24 hr) exposure to 
residues of encecalin or its demethoxy analogue, indicating sublethal toxicity 
(75). 

Of particular interest with respect to structure-activity relations is the 
observation that the demethyl analogu f encecali  (Figur d ) 
is significantly less active (vi
species of insects representing  (Tabl  II)  Althoug
demethylencecalin possesses a free hydroxyl group, it is less polar than 
encecalin owing to internal hydrogen bonding of the hydroxyl with the keto 
oxygen (16). As the consistent difference in toxicity of the two structurally 
similar compounds might reflect differential pharmacokinetics of the 
compounds, this hypothesis became the subject of an investigation which is 
reviewed in the next section. 

Table II. Toxicity of Encecalin and Demethylencecalin 
to Insects: L Q n via Residue Contact 

Insect E n c e c a l i n ( l ) Demethylencecalin(2) Reference 

Oncopeltus fasciatus 
(Hemiptera: Lygaeidae) 

9 
20 Mg/cm 

9 
>80 /ig/cm 11 

Culex pipiens 
(Diptera: Culicidae) 

3.0 ppm 6.4 ppm 16 

Peridroma soucia 
(Lepidoptera: Noctuidae) 

9 
1.3 /zg/cm 

2 
>4.5 Mg/cm 

15 

Melanoplus sanguinipes 12/ig/cm 2 >22 Mg/cm 2 17 
(Orthoptera: Acrididae) 

Numbers in parentheses refer to structures in Figure 2. 

The residue contact L C for demethylencecalin has been impractical to 
establish for neonate grasshoppers because large quantities of this scarce 
chemical are required to coat the glass vials. To precisely assess the 
toxicities of encecalin and its demethyl and demethoxy analogues to the 
migratory grasshopper, these compounds were topically applied to neonate 
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hoppers using 0.5 /zL of acetone as the carrier. Mortality was assessed 48 hr 
post-treatment; hoppers were fed fresh wheat blades and held at 27°C. 
Direct topical application of encecalin and demethoxyencecalin yielded 
highly linear dose-responses (Figure 2). Although results are variable from 
replicate to replicate, relationships were linear within every replicate, and 
pooling of the replicates indicates that the two compounds are equitoxic 
with L D s of approximately 66 nmol/insect (15,13 /zg respectively). 
Surprisingly, via topical application demethylencecalin was found to be more 
toxic than the other two acetylchromenes (Figure 2). Several replicates 
indicated that the dose-response for demethylencecalin is non-linear; 
interpolation of the curvilinear response suggests an L D of approximately 38 
nmol/insect. 5 

It is presently unclear as to why this last result runs contrary to the 
result for the residue-contact bioassay utilizing the same test species and 
other species as indicated in Table II, but it is noteworthy that 
demethylencecalin is much
acetylchromenes. A t room
whereas encecalin and its demethoxy analogue are oils. Thus a 
residue-contact bioassay would favor uptake of residues of the latter two 
compounds. However, topical application of encecalin and its demethyl 
analogue to third instar milkweed bugs indicated that encecalin is 
significantly more toxic (16), a result confirmed in my laboratory (unpublished 
data), and in agreement with the differential toxicity summarized in Table II. 

Metabolism and Fate of Acetylchromenes 

The pharmacokinetic and metabolic fates of the major Encelia 
acetylchromenes were investigated in adult migratory grasshoppers following 
topical administration. Both encecalin and demethylencecalin are rapidly 
absorbed from the cuticle; in both cases approximately 55% of the applied 
dose was absorbed in the first 2 hours posttreatment, with over 95% 
absorbed after 24 hours (Figure 3; shows results for encecalin only) (27). 
Similarly, when pure encecalin was applied topically to fifth instar variegated 
cutworms, 75% of the applied dose was absorbed at 2 hours, and no residual 
encecalin could be recovered from the cuticle after 24 hours (unpublished 
data). 

Encecalin, demethylencecalin, and their respective major metabolites 
(quantified by high performance liquid chromatography) appear in the frass 
within 2 hours of treatment. Maximal excretion of both parent chromenes 
and metabolites from 4-8 hours posttreatment, and there is minimal excretion 
beyond 12 hours (Figure 3; shows results for encecalin only) (27). The 
timecourse for excretion in the cutworm is similar except that maximal 
excretion occurs between 2 and 4 hours posttreatment. 

In the grasshopper, quantification of excreted chromenes and 
metabolites from several groups of treated insects indicates that only 20-40% 
of the applied dose is excreted (Table III), almost all of which is excreted 
with 24 hours of administration. In the case of encecalin and 
demethoxyencecalin, more than 80% of that which is excreted is in the form 
of metabolites, whereas for demethylencecalin two-thirds of the excreted 
dose is as the parent compound. In the cutworm, only 15% of the applied 
dose of encecalin was excreted in the frass. This occurred exclusively as the 
parent compound; there was no evidence of metabolites as seen in the 
grasshopper excreta. 
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Dose, nmol 

Figure 2. Dose-response relationships for the major Encelia 
acetylchromenes to Melanoplus neonates via topical application. 
Encecalin (•); demethoxyencecalin®; demethylencecalin®. For 
encecalin and demethoxyencecalin, each point represents 8 groups with 5 
insects per group (n=40); for demethylencecalin, each point represents 
24-40 groups (n= 120-200). For the first two named compounds, lines 
fitted by linear regression. For demethylencecalin, line fitted by eye. 
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Figure 3. Pharmacokinetics of encecalin φ and its major metabolite Q in 
the adult migratory grasshopper. Encecalin recovered (Ë) in external 
rinse; not differences in scale for unabsorbed and excreted chromenes. 
Data for excreted chromenes are cumulative. Inset: results from a 
continuously sampled cohort. Reproduced with permission from Ref. 17. 
Copyright 1987, Alan R. Liss, Inc. 
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Table III. Excretion of Acetylchromenes by the Migratory Grasshopper 24 
Hours After Topical Application 

Treatment^ 
% o f AD a % o f ED a as parent 

Treatment^ mean + SD mean + SD 

Demethoxyencecalin(5) 5 19.2 ± 8 . 5 13.5 ± 2 . 6 

Encecalin(l) 8 30.3 ± 7 . 8 18.3 ± 11.0 

Demethylencecalin(4) 8 40.4 ± 8.4 66.1 ± 5 . 5 

A D = applied dose (60
metabolites). 

1 Numbers in parentheses refer to structures in Figure 2. 
η = no. of treated groups with four insects per group. 
Reproduced with permission from Ref. 17. Copyright 1987, Alan R. Liss, 
Inc. 

The migratory grasshopper excretes simple metabolites of the 
acetylchromenes; there is no evidence for conjugated metabolites as has 
been reported for precocene II in this insect (18). Following treatment with 
demethylencecalin a single metabolite was found, the result of hydroxylation 
of one of the gem-methyl groups (Figure 4: compound 4a). 
Demethoxyencecalin gave rise to three metabolites, the most prominent 
being the 2-hydroxymethyl derivative (compound 5a) of the parent. This 
compound also occurs as a natural product in the plant Ageratina altissima, 
and is produced as a metabolite of demethoxyencecalin when the 
acetylchromene is applied to liquid cell suspension cultures of this plant (P. 
Proksch, unpublished data). Encecalin gave rise to seven metabolites (Figure 
5), but as in the case for the other two acetylchromenes the predominant 
metabolite is the 2-hydroxymethyl derivative (compound la). Two of the 
metabolites of encecalin are chromans (the heterocycle is saturated); 
chromans have not previously been reported as natural metabolites of 
chromenes (e.g. precocenes) from insects. 

A different pathway of metabolism in both encecalin and 
demethoxyencecalin arises from reduction of the ketone to an alcohol 
(compounds If and 5b). Encecalin is also demethylated by the insect. These 
metabolites can be further hydroxylated on one of the gem-methyl groups 
(compounds le, lg, 5c). As the predominant metabolites of all three of the 
major acetylchromenes are the 2-hydroxymethyl derivatives, and the 
secondary metabolites can serve as substrates for this reaction, it appears that 
aliphatic hydroxylation of the gem-methyl groups is the major mode of 
metabolism of these compounds in this insect. 

It is interesting to note that diols, major metabolites of precocenes 
reported from several insect species (19), were absent in our preparations. 
This was true not only for the acetylchromenes, but also in the case of 
precocene II when applied to grasshoppers. 
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A 

5b 5c 

Figure 4. Metabolic fate of demethylencecalin (A) and 
demethoxyencecalin (B) in the migratory grasshopper. Reproduced with 
permission from Ref. 17. Copyright 1987, Alan R. Liss, Inc. 

Figure 5. Metabolic fate of encecalin in the migratory grasshopper. 
Reproduced with permission from Ref. 17. Copyright 1987, Alan R. Liss, 
Inc. 
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What is the fate of the remaining 60-80% of the applied 
acetylchromene dose which is not excreted? No additional chromenes or 
metabolites could be recovered from the grasshoppers by extraction of 
carcass homogenates either before or after hydrolysis. This suggests that 
the parent chromenes alkylate macromolecules in the insect, becoming 
irreversibly bound. Provided that radiolabeled acetylchromenes can be 
prepared (in progress), it should be possible to establish the ultimate fate of 
the acetylchromenes in the grasshopper and other insects. Such findings 
should shed some light on the mechanism-of-action of these compounds, 
particularly as the mechanism may be unrelated to the allatocidal action of 
the precocenes. 

Toxicity of Metabolites. Hydroxylation of acetylchromenes as a major mode 
of metabolism by the grasshopper is advantageous in two ways. 
Acetylchromenes possessing free hydroxyl groups (with the exception of 
demethylencecalin) are mor  pola  tha  thei  chromenes d
presumably more amenabl
insect. In addition to enhancing , hydroxylatio  appear
constitute a detoxicative process. Purified metabolites of encecalin and 
demethoxyencecalin are significantly less toxic to neonate grasshoppers via 
topical application as seen in Table IV. At a dose of 100 nmol/insect, the 
2-hydroxymethyl derivative of demethoxyencecalin is essentially non-toxic, as 
is the 11-hydroxy derivative of encecalin. The 11-hydroxy derivative of 
demethoxyencecalin is only slightly active at this relatively high dose. 
These data permit one to speculate that the relative susceptibility of an 
insect to the toxic action of acetylchromenes may be a function of the 
relative ability of that insect to convert the toxic parent compound to 
non-toxic, hydroxylated metabolites. 

Table IV. Toxicity of Chromene Metabolites Topically Applied to Neonate 
Migratory Grasshoppers 

Compound 3 
Dose 
(nmol) n b 

% S u r v i v a l (48 hr) 
mean + SE 

Demethoxyencecalin(DMX;5) 100 16 6.3 ± 3 . 4 

2 ' - O H - D M X (5a) 100 8 95.0 ± 3 . 3 

11-OH-DMX (5b) 100 8 65.0 ± 9 . 8 

Encecalin (1) 100 16 12.0 ± 3 . 6 

11-OH-encecalin (If) 100 8 90.0 ± 3 . 8 

C O N T R O L 50 95.6 ± 1.4 

? numbers in parentheses refer to structures in Figures 4 and 5 
no. of vials with 5 insects per vial 
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Interactions Between Benzofurans and Chromenes 

For many years, studies of insect-plant chemical interactions often consisted 
of the isolation of a purified plant natural product, which, when 
incorporated into an artificial medium resulted in a behavioral or 
physiological response from the test insect. It is now well recognized that 
many natural products which are biologically-active against insects when 
isolated from the natural context fail to elicit the expected response in planta 
(e.g. 20). In contrast, some crude plant extracts have considerable bioactivity, 
but yield isolated compounds which lack activity, although activity is 
restored or enhanced when the pure components are subsequently mixed 
and offered as a blend (21). In the latter case, bioactivity depends on the 
synergistic action of the natural products. Certain plant natural products 
have long been known to synergize the toxicity of synthetic insecticides(22), 
and recently synergistic effects of co-occurring allelochemicals have been 
demonstrated (23-24). 

As the benzofurans (especiall
consistently co-occur with the acetylchromenes in Encelia species, but the 
former compounds have little bioactivity themselves, their potential 
influence on the toxicity of chromenes was investigated. Neonate migratory 
grasshoppers were treated topically with 90 nmol of encecalin alone, or an 
equimolar mixture of encecalin with one of four benzofurans or the 
encecalin/euparin dimer . Surprisingly, all of the benzofurans antagonized 
the toxicity of encecalin in this bioassay (Table V) . Although euparin 
(compound 13) was among the least active in this regard, it still enhanced 
survival by 50% relative to insects treated with encecalin alone. Euparin itself 
was completely inactive (95% survival). Compound 15, an angelate 
benzofuran ester from Enceliopsis argophylla (a close relative of 
Encelia)(25), increased survival four-fold, as did the dimer (from Encelia). 

Table V . Antagonism of Encecalin Toxicity in Neonate Migratory 
Grasshoppers by Benzofurans Following Topical Application 

% S u r v i v a l (48 hr) 
Compound(s) a 

Dose 
(nmol) n b - mean ± SE 

C O N T R O L 50 95.6 + 1.4 
Euparin (13) 90 8 95.0 + 3.3 
Encecalin ( E N Q ( l ) 90 40 20.5 ± 3 . 6 

E N C + euparin 90 + 90 40 31.5 ± 3 . 8 

E N C + compound 12 90 + 90 24 56.0 ± 5 . 2 

E N C + compound 14 90 + 90 24 29.2 ± 4.3 

E N C + compound 15 90 + 90 24 79.2 ± 4 . 3 

E N C + compound 11 90 + 90 8 75.0 ± 9 . 1 

? Numbers for compounds refer to structures in Figure 2 
no. of vials with 5 insects per vial 
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These results were corroborated by a further experiment in which 
encecalin, euparin, and an equimolar mixture of the two compounds were 
applied topically to third instar milkweed bugs (Table VI). In this case, 
euparin enhanced survival three-fold. 

Preliminary experiments utilizing the residue-contact bioassay method 
with neonate variegated cutworms or migratory grasshoppers indicated that 
euparin was capable of antagonizing the insecticidal action of precocene II. 
Thus, a final experiment was conducted to determine if euparin could 
antagonize the allatocidal (anti-hormonal) effect of precocene III, a synthetic 
analogue of the natural precocenes, in the milkweed bug, a species sensitive 
to the precocenes. Euparin had no influence on the effect of precocene III 
(Table VI). 

Table VI . Influence of the Benzofuran, Euparin, on the Biological 
Activity of Encecali

Compound (Dose per i n s e c t ) η % S u r v i v a l % A d u l t o i d s 

C O N T R O L 40 100 0 

Euparin (50 nmol) 40 95 0 

Precocene III (20 nmol) 50 92 100 

Encecalin (50 nmol) 40 17 0 

Encecalin + Euparin (50 + 50) 40 55 0 

Precocene + Euparin (20 + 20) 50 96 100 

The antagonism of encecalin toxicity by the benzofurans raises interesting 
questions concerning the role of these putative insecticides/antifeedants in 
the natural context. A n investigation is underway to assess the relationships 
between acetylchromene/benzofuran concentrations and cutworm feeding, 
growth and survival utilizing foliar extracts from a range of Encelia species. 
From the practical point of view, however, the benzofurans may be a most 
useful tool in the ongoing investigation of the mechanism-of-action of the 
insecticidal acetylchromenes. 

Practical Considerations and Prospects 

Do the Encelia acetylchromenes have potential as commercial insecticides? 
The answer would appear to be no. These natural products, while exhibiting 
interesting insecticidal action, are significantly less efficacious (by two or more 
orders of magnitude) than other botanical insecticides in use or under 
development (e.g. azadirachtin). Encecalin is also quite susceptible to 
degradation in sunlight. However, these are properties which could 
conceivably be altered by synthesis of analogues with enhanced bioactivity and 
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stability. It is noteworthy, however, that efforts to do just that with the 
precocenes have met with little success (26-27). Development of commercial 
products based on the precocenes was dealt a considerable blow with the 
discovery that these compounds are potent hepatotoxins in the rat, via the 
same mechanism which accounts for the allatocidal effect in insects (28). 

A t present, the toxicity of the acetylchromenes to vertebrates is unknown, 
but it may well be that the insecticidal action results from a general cytotoxic 
effect, which could preclude development. On the other hand, knowledge 
obtained from the investigations described in the present review may find 
practical application in the development of other pest control materials 
targeted at the pests used herein. 
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Chapter 5 

Nonprotein Amino Acid Feeding Deterrents 
from Calliandra 

John T. Romeo

1Department of Biology, University of South Florida, Tampa, FL 33620 
2Royal Botanic Gardens, Kew, Richmond, Surrey TW9 3AB, England 

Several nonprotein imino acids and sulphur amino 
acids are found in seeds, leaves and sap of 
Calliandra, a tropical Mimosoid legume. 
Concentrations may reach 3% dry weight. Individual 
imino acids exhibit modest insecticidal activity 
against some lepidopterans, affecting all stages of 
the life cycle. Varying degrees of mortality are 
seen in Spodoptera and Heliothis species, and 
delayed growth and decreased fecundity are also 
common. S-(β-carboxyethyl)-cysteine and cis-4-
hydroxypipecolic acid are deterrent to feeding 
by these insects. In aphids, combinations of imino 
and sulphur amino acids, which mimic those found in 
the plants, are deterrent to feeding, and they also 
reduce survival and fecundity. Electrophysiological, 
behavioral, and nutritional studies have not yet 
clarified the mode of action of these compounds. 

The t r o p i c a l Mimosoid legume genus C a l l i a n d r a c o n s i s t s of some 200 
species confined mostly to the New World. The plants range from 
woody shrubs to medium s i z e t r e e s , and have not yet been ex p l o i t e d 
on a large s c a l e . In Indonesia, however, the r a p i d l y growing C. 
calothyrsus i s widely c u l t i v a t e d f o r firewood. It i s recommended as 
a supplementary plant i n v i l l a g e s and r u r a l areas f o r use as f u e l 
and fodder so that n a t u r a l f o r e s t s can be spared d e s t r u c t i o n . 
Foliage contains up to 22 percent p r o t e i n and c a t t l e and goats 
consume i t f r e e l y . Bees use i t s nectar f o r producing honey (1). 
While as yet untested, other species are l i k e l y to prove u s e f u l i n 
the humid t r o p i c s , and C a l l i a n d r a has been designated as one of 
eight p o t e n t i a l l y e x p l o i t a b l e t r o p i c a l plant groups needing f u r t h e r 
s c i e n t i f i c i n v e s t i g a t i o n (2). 
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Nonprotein Amino Acid Chemistry of C a l l i a n d r a 

The f o l i a g e of C a l l i a n d r a i s known to contain an array of rare 
nonprotein imino acids (amino acids containing a h e t e r o c y c l i c 
nitrogen ring) which are l a r g e l y confined to legumes. The compounds 
are d e r i v a t i v e s of p i p e c o l i c a c i d , the higher homologue of p r o l i n e , 
and include an acetylamino, four monohydroxy, and four dihydroxy 
d e r i v a t i v e s (Figure 1). 

D i s t r i b u t i o n patterns are species s p e c i f i c and u s u a l l y the 
monohydroxy precursors are found together with one or two dihydroxy 
compounds (3). In C a l l i a n d r a , p i p e c o l i c acid i s synthesized from 
l y s i n e and the imino r i n g i s subsequently hydroxylated to form the 
mono and dihydroxy d e r i v a t i v e s (4). There i s some metabolic 
i n t e r c o n v e r s i o n of imino compounds w i t h i n a given p l a n t , but 
i n d i v i d u a l concentrations remain remarkably stable and u s u a l l y range 
between 0.1-0.5% dry weigh
s i m i l a r concentration i

Seeds a l s o contain  group  nonprotei  sulphu
acids derived from c y s t e i n e . The major sulphur compound i s S-(B 
-carboxyethyl)-cysteine (S-CEC) which often accounts f o r up to 3% of 
the t o t a l plant dry weight (Figure 1). Lesser amounts of S-(3 
-carboxyisopropyl)-cysteine, d j e n k o l i c a c i d and N-acetyldjenkolic 
a c i d are a l s o present. The sulphur amino acids are metabolized upon 
germination but p e r s i s t i n newly emerged leaves and sap f o r ten 
weeks or more (5). In Zapcteca, a r e l a t e d genus endemic to Mexico 
and formerly part of C a l l i a n d r a , the sulphur amino acids are 
metabolized to v o l a t i l e compounds which are exuded from the roots. 

Objectives of Research 

Because C a l l i a n d r a i s a t r o p i c a l legume with p o t e n t i a l f o r economic 
e x p l o i t a t i o n , because i t i s unusual i n synthesizing two d i f f e r e n t 
groups of rare nonprotein amino a c i d s , and because, r e l a t i v e to 
associated p l a n t s , many species s u f f e r minimal i n s e c t prédation, i t 
has been the focus of research i n the laboratory of the senior 
author f o r s e v e r a l years. Using a v a r i e t y of techniques and 
bioassays, experiments have been conducted to assess what e c o l o g i c a l 
s i g n i f i c a n c e the amino acids have as feeding deterrents and 
p o t e n t i a l i n s e c t i c i d a l agents. 

Feeding Experiments - Lepidopterans 

C a l l i a n d r a l e a f powder incorporated i n t o a r t i f i c i a l pinto bean based 
agar d i e t s at 2.5, 5, and 10% l e v e l s and fed to Spodoptera 
frugiperda ( f a l l armyworm) produces a v a r i e t y of e f f e c t s on a l l 
parts of the i n s e c t l i f e c y c l e ( 6 ) . S i g n i f i c a n t m o r t a l i t y occurs i n 
the l a r v a l stage. Of these i n s e c t s which survive, the l a r v a l 
weights are reduced and there i s a delay i n pupation of several 
days. Pupal and emerging adult weights are a l s o reduced as i s the 
percentage of adult moths emerging. There are no apparent malformed 
larvae or pupae. To some extent older larvae are able to make up 
e a r l y weight l o s s . 

The nonprotein amino acids of C a l l i a n d r a are moderately t o x i c 
i n s i m i l a r feeding t e s t s . When an aqueous extract of leaves, from 
which a l l compounds other than the amino acids have been removed, i s 
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Pipecolic acid; =
Çis-4-Hydroxypipecolic acid; R  = OH, R  = R  = R  = H 
Trans-4-Hydroxypipecolic acid; R 2 = OH, = R 3 = R̂, « H 
Çis-5-Hydroxypipecolic acid; R 3 = OH, R̂  = R̂  = R̂  = H 
Trans-5-Hydroxypipecolic acid; R̂  = OH, R̂  = R 2 = R̂  = H 
Trans-Trans-4,5-Dihydroxypipecolic acid; R 2 • R 3 = OH, I 
Trans-Cis-4,5-Dihydroxypipecolic acid; - - OH, Rj 
Cis-Cis -4 ,5-Dihydroxypipecolic acid; R 1 = R 3 = OH, R 2 - 1 

Cis-Trans-4,5-Dihydroxypipecolic acid; R̂  = R^ = OH, R 2 

Acetylaminopipecolic acid; R 2 - NHCOCĤ , R̂  = R̂  = R̂  = H 

S-(β-Carboxyethyl)-cysteine 

H O O C - C H 2 - C H 2 - S - C H 2 - j : H - C O O H 

N H 2 

Figure 1. Pipecolic Acid Derivatives 
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incorporated i n t o agar based d i e t at 100% plant equivalency, the 
growth of Spodoptera frugiperda i s reduced by 20% (7). 
Incorporating i n d i v i d u a l amino acids i n t o the d i e t produces e f f e c t s 
s i m i l a r to those of extracts from ground leaves, however, the 
r e s u l t s are v a r i a b l e and one cannot p r e d i c t a p r i o r i which compound 
i s l i k e l y to be most t o x i c (Table I ) . At l e v e l s at which they e x i s t 
i n p lants (0.1-0.5%) the r e l a t i v e l y common trans-5-hydroxypipecolic 
a c i d i s more t o x i c to S^ frugiperda than e i t h e r the rare 
trans-trans-4,5,dihydroxypipecolic a c i d or acetylaminopipecolic 
a c i d . The l a t t e r compounds e x h i b i t t o x i c i t y only at higher l e v e l s of 
1 to 2.5%. The t o x i c i t y of trans-cis-4,5 dihydroxypipecolic a c i d i s 
expressed at 0.5%, the upper l e v e l of i t s concentration i n p l a n t s . 

In other experiments using f i r s t stadium larvae of Spodoptera 
l i t t o r a l i s , H e l i o t h i s virescens and H e l i o t h i s armigera, i n d i v i d u a l 
imino compounds and S-CEC were incorporated at 0.5% i n t o bean based 
d i e t s to look f o r m o r t a l i t
l i t t o r a l i s were more susceptibl
H e l i o t h i s . Three imino  sulphu
e f f e c t i v e . S-CEC was the only amino a c i d to cause s i g n i f i c a n t 
m o r t a l i t y to armigera. 

The e f f e c t of imino acids on the feeding behavior of f i n a l 
stadium larvae of l i t t o r a l i s , H. v i r e s c e n s , and armigera was 
assessed by presenting the compounds i n combination with the 
phagostimulant sucrose on glass f i b e r d i s c s . Larvae, 24-48 hours 
i n t o the f i n a l stadium, were deprived of food f o r 4 hours and placed 
i n d i v i d u a l l y i n P e t r i dishes containing a c o n t r o l and treatment 
d i s c . Each d i s c contained sucrose at a concentration of 0.01% w/w. 
The treatment d i s c s were treated a d d i t i o n a l l y with the te s t s o l u t i o n 
at 100 ppm. Discs were weighed at the beginning and termination of 
the experiment. The bioassay was terminated when 50% of any one 
d i s c was eaten (usually a f t e r 8-12 hours). An Antifeedant Index 
f(C-T)/(C+T)%], where C i s weight of c o n t r o l and Τ of treatment 
d i s c , was c a l c u l a t e d on the amounts eaten. Values i n t h i s Index 
range from +100, a potent antifeedant, to -100 a phagostimulant. 
Table I I I shows that of the compounds tested only c i s - 4 -
hydroxypipecolic a c i d (C4) and S-CEC s i g n i f i c a n t l y decreased 
feeding, and d i d so i n a l l three species. The other compounds were 
e i t h e r i n a c t i v e ( i . e . CT) or a c t u a l l y had some phagostimulant 
a c t i v i t y ( i . e . C5 and CC) . 

The behavior of Sj_ l i t t o r a l i s was studied i n more d e t a i l during 
the f i r s t 2 hours of exposure to the d i s c s by using a Video camera 
and measuring the fol l o w i n g parameters: time to contact of the 
treatment d i s c , duration of t h i s contact, and amount of time spent 
feeding on the treatment and c o n t r o l d i s c s . S-CEC was the only 
compound to s i g n i f i c a n t l y decrease the amount of time spent feeding 
during the i n i t i a l period of the antifeedant assay. Insects spent 
40% of the time on c o n t r o l d i s c s vs 11% on treatment d i s c s . The 
antifeedant a c t i v i t y of t h i s compound was maintained during the r e s t 
of the assay and t h i s could have been a f a c t o r c o n t r i b u t i n g to 
m o r t a l i t y i n the developmental experiments (Table I I ) . In contrast, 
many of the imino compounds (C4, C5, T4, and CC) a c t u a l l y 
stimulated feeding during the f i r s t two hours. In the case of C4, 
however, t h i s s t i m u l a t i o n was l a t e r reversed as shown by the 
Antifeedant Index. By the end of the experiment, s i g n i f i c a n t l y more 
of the c o n t r o l than treatment d i s c was consumed (Table I I I ) . 
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Table I. R e l a t i v e T o x i c i t i e s of Nonprotein Imino Acids 
To Freshly Hatched Spodoptera frugiperda 

(Adapted from Romeo, 1984) 

Compound Concentration M o r t a l i t y Growth I n h i b i t i o n 
T5 0.1% 60%* Yes 
TC 0.5% 30%* Yes 
TC 1.0% 60%* Yes 
ΑΑΡ 1.0% 55%* Yes 
TT 1.0% 10%* Yes 
TT 2.5% 100%* 

η = 20; T5 = trans-5-hydroxypipecoli
4,5-dihydroxypipecoli  acetylaminopipecoli
TT = trans-trans-4,5-dihydroxypipecolic a c i d . 

* S i g n i f i c a n t l y d i f f e r e n t from c o n t r o l (Tukey's t e s t , ρ < 0.05). 

Table I I . Percent M o r t a l i t y of F i r s t Stadium Larvae of 
Spodoptera and H e l i o t h i s Exposed to 0.5% 

Concentrations of Amino Acids 

Compound S. l i t t o r a l i s H. virescens H. armigera 
C4 34* 14 16 
C5 34* 10 6 
T5 37* 24 21 
CC 12 10 6 
TC 15 12 10 
TT 0 0 0 
S-CEC 39* 21 30* 

η = 20; C4 = cis-4-hydroxypipecolic a c i d ; C5 = cis-5-hydroxy-
p i p e c o l i c a c i d ; T5 = trans-5-hydroxypipecolic a c i d ; CC = c i s -
cis-4,5-dihydroxypipecolic a c i d ; TC = trans_-cis-4,5-dihydroxy
p i p e c o l i c a c i d ; TT = trans-trans-4,5-dihydroxypipecolic a c i d ; 
S-CEC = S-(3-carboxyethyl)-cysteine. 

* = s i g n i f i c a n t l y d i f f e r e n t from c o n t r o l (Tukey's t e s t f o r 
unequal sample s i z e s , ρ < 0.05) 
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Feeding Experiments - Aphids 

The modest and varying e f f e c t s observed thus f a r on behavior, growth 
and m o r t a l i t y do not suggest these amino acids have p o t e n t i a l as 
i n s e c t i c i d e s against lepidopterans. A study done with aphids (Aphis 
fabae), however, provided some i n t e r e s t i n g f i n d i n g s . We used a 
bioassay i n which both i n d i v i d u a l amino acids and combinations were 
administered by allowing second l e a f stage bean seedlings of 
Phaseolus v u l g a r i s (from which the leaves and cotyledons were 
removed and the top portions of the stems cut o f f at the l e v e l of 
the cotyledons) to absorb them from t e s t s o l u t i o n s . A f t e r 24 hours 
of e q u i l i b r a t i o n , aphids were confined on these plants by p l a c i n g a 
f i l t e r paper cone around the stem. Their behavior was observed f o r 
two hours and m o r t a l i t y and fecundity were measured a f t e r 5 and 10 
days. The bioassay has the advantages that compounds are d e l i v e r e d 
i n a n a t u r a l way and th  experimen  b  continued f o
r e l a t i v e l y long time. Aphi
number of probes, productio
and movements o f f the plant to the c o n f i n i n g f i l t e r paper cone. 
Some of the r e s u l t s are shown i n Tables IV & V. 

No i n d i v i d u a l compound or 2-way combination s i g n i f i c a n t l y 
a f f e c t e d feeding behavior. As s o l u t i o n s more c l o s e l y approximated 
the a c t u a l combinations of amino acids encountered i n C a l l i a n d r a 
p l a n t s , however, deterrency became apparent. Dose dependent curves 
were seen c o n s i s t e n t l y when the sulphur amino a c i d (S-CEC) was 
present together with one of the dihydroxypipecolic ac i d isomers 
(Table IV). 

A f t e r 5 days exposure, cis-trans-4,5-dihydroxypipecolic a c i d 
(CT) was the only i n d i v i d u a l amino a c i d to s i g n i f i c a n t l y decrease 
the number of aphids on the p l a n t s . However, a l l the three and four 
way combinations, which contained both imino and the sulphur amino 
a c i d d i d so (Table V). 

Solutions were removed a f t e r f i v e days and replaced with water 
fo r the f i n a l f i v e days. At the end of the ten day period, the 
numbers of aphids were recounted. Toxic e f f e c t s i n t e n s i f i e d during 
t h i s time, and delayed e f f e c t s of some i n d i v i d u a l amino acids became 
apparent. For example, trans-trans-4,5-dihydroxypipecolic a c i d 
(TT), a compound which had l i t t l e e f f e c t a f t e r 5 days, was 
s i g n i f i c a n t l y t o x i c a f t e r 10. Since we were able to detect the 
administered amine acids i n the aphids at the conclusion of the 
experiment, i t would seem we are measuring t o x i c rather than 
s t a r v a t i o n e f f e c t s . 

Mode of A c t i o n 

A search f o r the mechanism of a c t i v i t y of these compounds has proved 
e l u s i v e . Ingested nonprotein imino acids are not incorporated i n t o 
p r oteins to produce s k e l e t a l abnormalities i n a way analogous to 
canavanine, the nonprotein homologue of arginine (8). Some other 
mechanism must be involved. In a s e r i e s of experiments with 
Spodoptera frugiperda (7) various n u t r i t i o n a l i n d i c e s were 
c a l c u l a t e d according to Waldbaur (9). We found that C a l l i a n d r a 
l e a f m a t e r i a l , the t o t a l amino a c i d f r a c t i o n , and some of the 
i n d i v i d u a l imino acids depressed ECD ( e f f i c i e n c y of conversion of 
digested food) and ECI ( e f f i c i e n c y of conversion of ingested food) 
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Table I I I . Antifeedant Index [(C-T)/(C+T)%] mean (sem) 

65 

Compound S. l i t t o r a l i s H. virescens H. armigera 
C4 52.9 (4.25)* 38.2 (12.6)* 41.5 (14.4)* 
C5 -41.9 (21.6) -12.7 ( 5.6) -13.4 (12.6) 
CC -29.5 (15.4) -21.5 ( 4.6) -13.8 (15.7) 
T4 13.6 (15.6) 
T5 21.6 ( 5.6) 
TT -15.6 (25.6) - 2.5 (12.6) - 8.4 (13.0) 
TC -15.6 (26.6) -21.4 (21.6) - 6.9 (21.6) 
CT 8.1 (12.4) 8.6 (21.6) 13.6 (12.9) 
S-CEC 51.4 (15.9)* 37.8 (12.6)* 35.6 (12.3)* 

C4 = cis-4-hydroxypipecolic a c i d ; C5 = cis-5-hydroxypipecolic 
a c i d ; CC = c i s - c i s - 4 , 5 - d i h y d r o x y p i p e c o l i c a c i d ; T4 = trans-4-
hydroxypipecolic a c i d ; T
trans-trans-4,5-dihydroxypipecoli
dihydroxypipecolic a c i d ; S-CEC = S-(3-carboxyethyl)-cysteine. 

Concentration 100 ppm, η = 15-20 

* S i g n i f i c a n t a c t i v i t y , ρ < 0.05 Wilcoxen matched p a i r s t e s t . 

Table IV. Deterrence A c t i v i t y of Nonprotein Amino Acids to 
Aphid Feeding (Expressed as Percent Decrease 

of Controls) 

Compound Cone. (M) ίο" 5 ΙΟ"* 
C5 2.7 18.9 
CT 19.4 5.6 
PIP 8.3 0// 
S-CEC 10.2 20.5 

C5 + CT 14.7 8.8 
C5 + PIP 5.9 11.7 

C5 + CT + PIP 0# 3.2 
C5 + CT + S-SEC 19.3 32.2* 
PIP + CT + S-CEC 22.5* 35.4* 

C5 + CT + PIP + S-CEC 38.5* 48.7* 

C5 = cis-5-hydroxypipecolic a c i d ; CT = cis-trans-4,5-dihydroxy-
p i p e c o l i c a c i d ; PIP - p i p e c o l i c a c i d ; S-CEC - S-(3-carboxyethyl)-
cy s t e i n e ; 

* S i g n i f i c a n t l y d i f f e r e n t from c o n t r o l (Mann-Whitney t e s t , one 
t a i l e d , ρ < 0.025). 

// Number of aphids feeding was greater than c o n t r o l . 
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(Table VI). RCR ( r e l a t i v e consumption rate) and AD (approximate 
d i g e s t i b i l i t y ) were a f f e c t e d by the l e a f m a t e r i a l but not by the 
amino a c i d s . Thus the compounds behave l i k e p h y s i o l o g i c a l toxins 
and apparently are taken up from the gut into the hemolymph where 
they adversely a f f e c t metabolism. 

The s i m i l a r i t y of the imino compounds to polyhydroxy a l k a l o i d s , 
which are known to act as sugar competitors and i n h i b i t a v a r i e t y of 
glycosidase enzymes i n i n s e c t s (1G), l e d us to t e s t these compounds 
against a number of enzymes. No a c t i v i t y of any of the mono or 
dihydroxy compounds was found (Fellows and Romeo, unpublished data). 
A trihydroxy p i p e c o l i c a c i d r e c e n t l y i s o l a t e d from seeds of another 
legume, Baphia racemosa, however, while having no e f f e c t on alpha 
and beta-glucosidase or mannosidase, i s a s p e c i f i c i n h i b i t o r of 
human l i v e r beta-D-glucuronidase and iduronidase (Π-). The recent 
d e t e c t i o n of a probable isomer of t r i h y d r o x y p i p e c o l i c a c i d i n leaves 
of several C a l l i a n d r a species i s of i n t e r e s t i n t h i s regard (Swain 
and Morton, personal communication)

In an attempt to c h a r a c t e r i z
deterrent e f f e c t on the larvae of S^ l i t t o r a l i s , c o r r e l a t i o n s were 
made between the r e s u l t s of e l e c t r o p h y s i o l o g i c a l recordings from 
taste s e n s i l l a and the r e s u l t s of feeding behavior s t u d i e s . 
Compounds were d i s s o l v e d i n sodium c h l o r i d e e l e c t r o l y t e (0.05M) to 
give concentrations of lOOOppm, lOOppm and lOppm. The m a x i l l a r y 
s t y l o c o n i c s e n s i l l a of f i n a l stadium larvae of Spodoptera l i t t o r a l i s 
were stimulated with these s o l u t i o n s using a standard t i p - r e c o r d i n g 
technique (12). To allow comparison of the e f f e c t of a range of 
compounds on a s i n g l e l a r v a , the l a t e r a l and medial s t y l o c o n i c 
s e n s i l l a of each l a r v a were stimulated f o r 1 second s e q u e n t i a l l y 
with 4-6 compounds, each at three concentrations with three 
r e p l i c a t i o n s per concentration. Successive stimulations of any one 
sensilium were separated by 2-3 minutes. The e l e c t r o l y t e , sodium 
c h l o r i d e , was used as a c o n t r o l and was a p p l i e d p e r i o d i c a l l y to make 
sure the preparation was not malfunctioning. The s o l u t i o n s can 
stimulate 0 to 4 of the 4 cheroosensitive neurones i n each of the 
s e n s i l l a . The l e v e l of s t i m u l a t i o n i s measured by counting the 
number of a c t i o n p o t e n t i a l s e l i c i t e d from the sensillum i n the f i r s t 
second of s t i m u l a t i o n . 

The r e s u l t s of these assays allow us to attempt to c o r r e l a t e 
neural input with the r e s u l t i n g behavioral output. The neural input 
can be c o r r e l a t e d with short term behavior, the duration of the 
f i r s t meal on the treatment d i s c , or with the longer term behavioral 
responses, the amount of time spent feeding on the treatment d i s c 
within the f i r s t two hours or the value of the Antifeedant Index. 
In previous studies neural input from the m a x i l l a r y s t y l o c o n i c 
s e n s i l l a has c o r r e l a t e d s i g n i f i c a n t l y with feeding behavior 
(13,14,15). Although the imino and sulphur amino acids stimulate 1-2 
neurons i n both the medial and l a t e r a l m a x i l l a r y s t y l o c o n i c 
s e n s i l l a , t h i s response does not c o r r e l a t e with e i t h e r the duration 
of the f i r s t contact with the treatment d i s c , time spent feeding on 
the treatment d i s c i n the f i r s t two hours, or the Antifeedant Index. 
This suggests that these s e n s i l l a are not responsible f o r any neural 
input that might be associated with the antifeedant a c t i v i t y 
recorded with C4 and S-CEC. What we do not know, however, i s i f 
these compounds i n t e r a c t with sucrose present on the d i s c s used i n 
the behavior assay. Interactions between allelochemics and sucrose 
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Table V. T o x i c i t y of Nonprotein Amino Acids to Aphids 
(Expressed as Percent Decrease i n Number 
A l i v e A f t e r 5 days Compared to Controls) 

Compound Cone. (M) l ( f 5 ΙΟ"* 
C5 0# 19.8 
CT 19.3 30.2* 
PIP 5.3 5.3 
S-CEC 21.3 22.9 

C5 + CT 16.3 9.5 
C5 + PIP 3.4 14.6 

C5 + CT + PIP 38.3* 37.6* 
C5 + CT + S-CEC 
PIP + C5 + S-CEC 
PIP + CT + S-CEC 60.1* 60.1* 

C5 + CT + PIP + S-CEC 68.8* 82.4* 

Compound abbreviations - same as Table IV. 

* S i g n i f i c a n t l y d i f f e r e n t from c o n t r o l (Mann-Whitney t e s t , one 
t a i l e d , ρ < 0.025). 

# Number of aphids was greater than c o n t r o l . 

Table VI. E f f e c t of C a l l i a n d r a l e a f m a t e r i a l and amino 
acids on n u t r i t i o n a l physiology of Spodoptera 

frugiperda (Adapted from Shea, 1987) 

Treatment ECI AD ECD 
Control .23 .48 .54 
2.5% C. haematocephala .14* .40* .36* 

Control .27 .45 .66 
Amino Acids (100% Plant Equivalency) .27 .49 .57* 
0.1% TT .23* .49 .52* 
0.1% C5 .26 .45 .59 
0.5% T5 .25 .49 .53* 

ECI = e f f i c i e n c y of conversion of ingested food; AD = approximate 
d i g e s t i b i l i t y ; ECD = e f f i c i e n c y of conversion of digested food. 
TT = trans-trans-4,5-dihydroxypipecolic a c i d ; C5 = c i s - 5 -
hydroxypipecolic a c i d ; T5 = trans-5-hydroxypipecolic a c i d . 

* S i g n i f i c a n t l y d i f f e r e n t from c o n t r o l (ANOVA and Tukey fs t e s t 
f o r unequal sample s i z e , ρ < 0.05) 
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have r e s u l t e d i n a decrease i n the f i r i n g rate of both the maxi l l a r y 
s t y l o c o n i c s e n s i l l a , when compared to the response obtained from 
e i t h e r the allelochemic or sucrose ap p l i e d separately (1^,14). In 
such cases, the decrease i n neural input has been c o r r e l a t e d with an 
increase i n antifeedant a c t i v i t y . This remains to be inv e s t i g a t e d 
i n t h i s case. 

Conclusion 

The r e s u l t s of our aphid experiments emphasize the importance of 
looking at combinations of compounds when running bioassays to t e s t 
f o r deterrent or t o x i c e f f e c t s . C l e a r l y with both the imino and 
sulphur amine acids we are looking at i n d i v i d u a l compounds of 
marginal i n s e c t i c i d a l a c t i v i t y . In concert, however, they are shown 
to be considerably more e f f e c t i v e . While such synergism i s 
c e r t a i n l y not a new ide
to give i t renewed a t t e n t i o
There are probably many such arrays of e f f e c t i v e deterrents 
heretofore dismissed as unimportant. 
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Chapter 6 

Recent Advances in Research 
on Botanical Insecticides in China 

Shin-Foon Chiu 

Laboratory of Insect Toxicology, South China Agricultural University, 
Guangzhou, China 

Research in Chin
has concentrated on species including 
Azadirachta indica, Melia spp., Trypterygium 
spp. and Tephrosia vogelii possessing insect 
growth regulating properties. These are active 
against the Lychee stinkbug, Tessaratoma 
papilosa and cabbageworm, P ier i s rapae. 
Tephrosia extracts were especially active and 
when applied to cabbageworm larvae caused 
pupal deformities. Substantial differences in 
the concentration of insecticidal principles 
was found in Chinese ecotypes of Melia spp.. 
New potent i n s e c t i c i d a l phytochemicals 
containing an agarofuran nucleus have been 
identified from species of Celastraceae. The 
advantages of pest control systems using 
botanical pesticides is discussed with 
reference to the problem of resistance and 
non-target insects. 

During the l a s t two decades, problems of rapidly 
i n c r e a s i n g c o s t s of modern s y n t h e t i c organic 
insecticides, pest resistance to insecticides, pest 
resurgence and detrimental e f f e c t s on non-target 
organisms and environmental quality, a l l dictate the 
need for effective, economical, and safe insecticides. 
The search f o r environmentally sound methods for 
controlling insect pests has been carried out i n our 
laboratory for more than ten years (1,2). In th i s paper 
some highlights of recent investigations i n China are 
presented, including experiments with plants possessing 
insect growth regulating properties, studies on ecotypes 
of the china-berry tree, Melia sp., studies on the 
b i o a c t i v e p r i n c i p l e s of the Celastraceae, and 
experiments on the application of botanicals as a new 
approach to overcome insecticide resistance. 
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Experiments with Plants Possessing Insect Growth 
Regulating (IGR) Properties 

With the aim of f i n d i n g b o t a n i c a l i n s e c t i c i d e s 
possessing IGR p r o p e r t i e s , laboratory and f i e l d 
experiments have been carried out with three species of 
the Meliaceae: Azadirachta indica (neem), Melia 
toosendan, and M. azedarach, and several species from 
other families including Trypterygium w i l l o r d i i , T. 
hypoglaucum, and Tephrosia v o g e l i i which were used 
against several a g r i c u l t u r a l insect pests. 

Topical application of neem seed o i l to the 
prothorax of nymphs of the lychee stink bug (Tessaratoma 
papulosa) showed that the o i l i s a strong ecdysis and 
growth i n h i b i t o r (Table I ) . The treated nymphs 
exhibited reduced growt
c u t i c l e . Microscopi
that the structure was malformed. Death occurred i n 
succeeding instars. 

Table I. The growth i n h i b i t i n g properties of neem o i l 
i n nymphs of lychee stink bug * 
Treatment Instar No.of Dead Nymphs Mortality 
(ul/insect) Treated /instar (%) 

2nd 3rd 4th 5th 

0.005 2 1 18 2 0 70.0 
control 2 1 1 2 1 16.6 

0.25 3 4 16 5 86.0 
control 3 2 0 0 6.6 

0.5 4 9 14 92.0 
control 4 1 0 4.0 

* A t o t a l of 30 nymphs was used i n each treatment. The 
neem o i l (purified) was kindly supplied by Dr. H. 
Rembold, Max-Planck Institute, FRG. Its azadirachtin 
content was 400 ug/ml. 

Pure, 1 - cinnamoyl - 3 - f e r u l o y l - 11-
hydroxymeliacarpin was isolated from seed kernels of 
Melia azedarach (supplied by Dr. W. Kraus). Topical 
application (50 ug/ml i n acetone, 1 ul/insect) to t h i r d -
instar nymphs of the lychee stink bug caused 23.3% of 
the nymphs to become deformed, with an only p a r t i a l l y 
developed prothorax and abnormal antennae. The whole 
process of molting was also inhibited. 

Topical application of 20% (w/v) neem o i l (2 
u l / l a r v a ) to f i f t h - i n s t a r larvae of the imported 
cabbageworm (Pieris rapae) markedly inhibited t h e i r 
growth and a l l died after pupation. Neem-seed kernel 
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extract (AZT-VR-K, supplied by Dr. H. Schmutterer) was 
also found to be very b i o l o g i c a l l y active. Spraying 
with a 0.3% (w/v) solution of the extract proved to be 
effective for as long as 21 days under f i e l d conditions. 
Laboratory bioassays showed that an acetone extract of 
the leaves of Tephrosia v o g e l i i was a very potent growth 
i n h i b i t o r of the imported cabbageworm. Topical 
application of a 0.5% (w/v) extract (2 ul/larva) caused 
89% of the larvae to f a i l to pupate normally (Figure 1) 
and the treated population gradually to die out. In the 
Philippines, i t was found that the leaves of t h i s 
legume contain 5% rotenone. 

With the diamondback moth, a 10% acetone extract of 
the leaves of Tephrosia v o g e l i i showed a remarkable 
growth i n h i b i t i n g effect on fourth instar larvae - 86% 
of the larvae were malforme
the treated leaves fo

Plants offer a large number of novel chemical 
compounds with b i o l o g i c a l a c t i v i t y and China i s a very 
r i c h source of plant materials possessing IGR 
properties. In crop protection, the potential for the 
u t i l i z a t i o n of plants as insect growth regulators 
appears much more promising than t h e i r use as 
antifeedants. Research i s now underway to formulate 
enriched products from plants with high levels of IGR 
a c t i v i t i e s , for p r a c t i c a l application i n the f i e l d . The 
chemistry and mechanisms of toxic action i n insects of 
these plant products are also being studied. A further 
advantage of these IGR Plant products i s t h e i r apparent 
lack of t o x i c i t y to non-target insects. 

Studies on Ecotypes of Melia azedarach and M. toosendan. 

For the p r a c t i c a l u t i l i z a t i o n of plants as a source of 
insecticides, i f the plant i s distributed over a wide 
geographical area, i t i s important to investigate the 
ecotypes of the plant. A few papers have been published 
on the ecotypes of neem tree by Schmutterer and 
associates, as well as research workers i n India, with 
p a r t i c u l a r reference to azadirachtin content (see 
Proceedings of the 2nd and 3rd International Neem 
Conferences). The china-berry trees, M. azedarach and 
M. toosendan, are widely distributed i n China in regions 
south of the Yellow River. During the l a s t few years, 
investigations have been carried out on the toxic 
components and i n s e c t i c i d a l properties of these two 
species collected from different locations. Their 
content of toosendanin was analyzed by means of HPLC. 
Aqueous extracts were prepared from a i r - d r i e d sanples of 
bark, f r u i t , and leaves. The extracts, after removal of 
f a t s with petroleum ether, were partitioned with 
chloroform. The chloroform layers were further p u r i f i e d 
by column chromatography. The chloroform layers and 
p u r i f i e d fractions were then analyzed by HPLC. Results 
showed that the content of toosendanin i n the bark of Μ· 
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azedarach and i n bark of M. toosendan v a r i e s 
geographically. The bark of M. azedarach growing i n 
Yanhe, Guizhou Province (south-western China), and i n 
Xixiang, Shanxi Province (north-western China) contains 
the highest amounts of toosendanin, 5.16 mg/g and 4.710 
mg/g, respectively, whereas bark from Lechang, Guangdong 
Province (south China), contains only 1.26 mg/g. In M. 
toosendan, samples of the bark from northern and north
western China-Zhengzhou, Henan Province, and Yibin, 
Sichuan province, contain the highest amount, 4.22 mg/g 
and 3.03 mg/g, respectively. Samples from central and 
southern China, Hangzhou, Zhejiang Province and Lechang, 
Guangdong Province, provide low yields of toosendanin, 
0.57 mg/g and 0.61 mg/g, respectively. However, the 
i n s e c t i c i d a l potency of the plant, as shown by t o x i c i t y 
to the larvae of th  imported cabbageworm  found
be not d i r e c t l y c o r r e l a t e
toosendanin. 

Toosendanin was mainly found i n the bark of china
berry (3). None or very l i t t l e was found i n the leaves 
and f r u i t , but these plant materials also showed some 
t o x i c i t y to the larvae. Some extracts and crude 
products from the extracts of the bark showed stronger 
b i o a c t i v i t y than pure toosendanin (compared on the basis 
of the same amount of toosendanin). This indicates that 
besides toosendanin, the extracts and crude products may 
contain other bioactive substances with synergistic 
ef f e c t s . I t i s interesting to note that the f r u i t s of 
M. azedarach from the southern most part of China, 
Sanya, Hainan Island Province, possess f a i r l y high 
t o x i c i t y to insects, although the content of toosendanin 
in the bark i s quite low. A 1% chloroform extract of 
the f r u i t s from Sanya and Haikou, Hainan Province, 
showed very high feeding repellence was f i f t h instar 
larvae of Spodoptera l i t u r a i n a non-choice test. 
Mortalities of 90.6% and 96.8%, compared with 37.9%, 
were obtained when f i f t h instar larvae of imported 
cabbageworm were treated with a 1% chloroform extract of 
f r u i t s of M. azedarach r from Sanya and Haikou, Hainan 
Province, or Zhengzhou, central China, respectively. 

From the above preliminary results of our studies 
on samples of Melia collected from different regions, i t 
can be concluded that there are d i s t i n c t ecotypes i n 
China, which vary i n both the nature and quantity of 
t h e i r i n s e c t i c i d a l constituents, Genotype, climatic 
conditions, and s o i l type a l l may play a role i n the 
evolution of the ecotypes. More detailed studies on 
ecotypes w i l l be of great value i n the u t i l i z a t i o n of 
i n s e c t i c i d a l plants for insect control. 

Studies on Bioactive Principle from the Celastraceae 

Plants of the Celastraceae are moderately well 
distributed i n t r o p i c a l and temperate regions of the 
world. In China there are 12 genera, composed of 183 
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species, of t h i s family. They are trees, shrubs and 
climbers. There are about 30 Celastrus species widely 
distributed i n the central and northwestern regions of 
china. The root bark of Chinese bittersweet, Celastrus 
angulatus Maxim, and Ç. qlaucophyllus Rehd. et Wils have 
been used by farmers to control insect pests of 
vegetables for many years (4). It has also been 
reported that the root bark powder (and i t s ethanol 
extract) of C. angulatus was effe c t i v e as an antifeedant 
with the adults and nymphs of Locusta migratoria 
manilensis P and the larvae of P i e r i s rapae. They also 
i n h i b i t the reproduction of the maize weevil (Sitophilus 
zeamais) and act as an antifeedant and stomach poison, 
producing a narcotic effect. An ethyl ether extract 
incorporated i n r i c e at 2.6 mg/g caused complete 
i n h i b i t i o n of reproductio
i s f a i r l y stable to sunligh

Recently a detailed study has been conducted on the 
bioactive principles of the root barks of Celastrus 
angulatus and Ç. qlaucophyllus r in the Department of 
Phytochemistry, Kunming Institute of Botany, Yunnan 
Province. Altogether seven sesquiterpene alkaloids and 
four sesquiterpene esters have been isolated and 
indentified. Representative compounds are maytansine, 
t r i p t o l i d e , maytoline and evonine. A l l these compounds 
contain a common mother nucleus - agarofuran (6)(Figure 
2). 

Nine samples from t h i s group of compounds have been 
bioassayed i n our laboratory and some of them were found 
to be effective against the imported cabbageworm and the 
A s i a t i c corn borer (Ostrinia furnacalis) as antifeedants 
and stomach poisons. A new sesquiterpene, "celangalin", 
supposed to be the most active compound of the root bark 
of Ç. angulatus r was recently isolated (5). 

It i s interesting to note that the emulsified seed 
o i l fromÇ. angulatus was reported to be a safe and 
effective insecticide for cucumber beetles and other 
insect pests of vegetable crops (7). Thus both the root 
bark and seed o i l of Chinese bittersweet may serve as 
potential botanical insecticides. 

Regarding the types of toxic symptoms and the modes 
of action of t h i s class of natural products, i t seems 
that they are closely related to the active principles 
in the root bark of thunder-god-vine (Trypterygium 
w i l f o r d i i ) and the yellow azalea (Rhododendron molle). 
A l l these botanical insecticides possess antifeedant and 
stomach poison effects. They probably act on the 
c e n t r a l nervous system but not on cholinesterase 
a c t i v i t y . The treated insects undergo narcosis, revive 
b r i e f l y , then die. 
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Figure 1. The effect of to p i c a l application of an 
acetone extract of Tephrosia v o g e l i i on the growth 
and development of P i e r i s rapae L. Applications were 
made to the l a r v a l stage at rates equivalent to 2.5 
ug dry weight leaves/insect ( l e f t ) , 25 (middle) or 
100 (ri g h t ) . 

Ο 

Dihydro-p-agarofuran New compound from Celastrus angulatus 

Figure 2. Compounds from the Celastraceae. 
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Experiments on the Application of Plant Products and 
Mixtures of Botanical and Conventional Insecticides - A 
New Approach to Solve the Problem of Insecticide 
Resistance. 
In chemical control of insect pests, insecticide 
resistance i s a very serious problem. In our studies on 
botanicals, attempts have been made to solve t h i s 
problem. One way i s to make good formulations that 
control resistant strains of insects and also delay the 
occurrence of resistance in susceptible populations. 

Results of laboratory and f i e l d experiments with 
mixtures of toosendanin, ethanolic extract of the root 
bark of Trypterygium w i l f o r d i i f and chlorpyrifos, showed 
marked synergistic effects in controlling the imported 
cabbageworm. It was
insecticides such a
rapid toxic action on the cabbageworm, those that 
survive the treatment feed and develop normally, with 
pupal weight similar to that of the untreated larvae. 
With botanical insecticides, however, either applied 
alone or i n a mixture with other insecticides, the 
percentage of pupation of the larvae which survived the 
treatments was s i g n i f i c a n t l y decreased and the weight of 
the pupae was found to be less than that of the 
untreated controls. 

For example, after treatment of f i f t h instar larvae 
of the imported cabbageworm with 50 ug/g crude wilforine 
the average weight of the pupae of the surviving 
individuals was 116. mg, as compared to an average 
weight of 162. mg of the pupae of the untreated larvae. 
Emergence of adults from the treated larvae was 62.5%, 
as compared to 93.62% for the untreated controls. The 
results of treatment of fourth instar larvae of the 
cabbageworm with a mixture of 300 ppm toosendanin and 
0.5% ethanol extract of the root bark of Trypterygium 
showed that after eight days, the percentage of pupation 
was decreased to 0.00-7.69% as compared to the control 
value of 91.2%; the average weight of the pupae was 
115.0 mg as compared to 183.4 for controls. The 
efficacy of control of the r i c e g a l l midge (Orseolia 
oryzae) was greatly increased by spraying with a mixture 
of a 0.5% solution of china-berry seed o i l with 167 
ug/ml diazinon, as compared to spraying with 500 ug/ml 
diazinon alone. 

Because of the fact that plant derived insecticides 
contain a number of compounds possessing bioactive 
properties, insects have d i f f i c u l t y i n adapting to them, 
and are not exposed to the same selection pressure as 
with conventional insecticides. Hence the use of 
botanical may avoid or delay the development of insect 
resistance. The mixing of conventional insecticides, 
such as organophosphates and carbamates, at low 
concentrations with botanicals can serve to increase the 
acute t o x i c i t y of the treatment, k i l l i n g the insects 
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more quickly. Furthermore, plant products are usually 
f a i r l y selective in action; many of them have low 
t o x i c i t y to the natural enemies of insect pests. F i e l d 
t r i a l s conducted in Guangdong i n 1984 showed that a 
spray of 0.5% china-berry seed o i l showed l i t t l e 
t o x i c i t y to the predaceous mite, Amblyseius newsami 
(Erans), and other species of Amblyseius. By keeping 
the population density of i t s predator at a functional 
l e v e l , the damage caused by the c i t r u s red mite 
(Panonychus c i t r i McG.) might be kept below the economic 
threshold, and i t i s quite possible that the serious 
problem of r e s i s t a n c e to organic and inorganic 
insecticides may be thus a l l e v i a t e d . 

Our discovery of the decreases in pupal weight, 
percentage of emergence and egg-laying capacity of 
imported cabbagewor
botanical insecticides
treated with conventional organo-phosphorous compounds, 
may have far-reaching affects on the formation of 
resistant strains. There may be a genetic reason why 
resistant strains do not develop following treatment 
with natural products. I t has been demonstrated that 
diamondback moth larvae did not develop resistance after 
treatment with neem ex t r a c t s (AZT-VR-K) for 35 
generations, whereas with deltamethrin resistance of the 
larvae b u i l t up within 20-35 generations. More 
research on the application of natural products for 
solving the resistance problem should be undertaken and 
could be very rewarding. 

Plants o f f e r a r i c h source of compounds possessing 
insect growth i n h i b i t i n g properties. Besides neem, 
china-berry, Tephrosia v o g e l i i , and other plant products 
mentioned i n t h i s paper, the potential of using 
phytoecdysones as IGRs must not be overlooked. I t has 
been reported that there are more than 1000 species of 
plants containing these bioactive substances. In 
agriculture IGRs generally are compatible with the 
agroecosystem and may play an important role i n 
intergrated management programs. Recently i t was found 
t h a t D e r r i s e x t r a c t , a time-honored b o t a n i c a l 
insecticide, also possesses IGR a c t i v i t y . Derris and 
rotenone-containing products possess many outstanding 
properties, one of which i s t h e i r low persistance. 
Renewed effo r t s in studying t h i s group of plants i s 
needed. 

Conclusions 

Application of botanical insecticides has never given 
r i s e to the problem of resistance in a g r i c u l t u r a l insect 
pests. This may have biochemical, genetic and 
ecological implications. The rational application of 
these natural products either alone or i n admixture with 
other insecticides may lead to new strategies for the 
prevention of the insecticide resistance problem. 
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For some plants of wide d i s t r i b u t i o n such as neem 
and china-berry, investigation of thei r ecotypes should 
be based on an analysis of thei r main bioactive 
constituents as well as their b i o l o g i c a l properties. 
Both are essential. A detailed knowledge of the 
ecotypes would help us to evaluate the biosynthesis of 
the toxic components under dif f e r e n t climatic conditions 
and to supply information on how to f u l l y u t i l i z e the 
raw material l o c a l l y available for insect control. 

In China there i s a very r i c h f l o r a and farmers 
have been using plant products as pesticides for more 
than one hundred years (8), but studies on plants 
possessing i n s e c t i c i d a l properties have been exploited 
only to a limited extent. 

The bioactive principles and i n s e c t i c i d a l action of 
Celastrus angulatus
Celastraceae i s an
research on new compounds from plants as insect control 
agents i n China. However, international cooperation and 
coordination i s very important i n the implementation of 
research i n th i s f i e l d . There i s a need for multi-
d i s c i p l i n a r y international team efforts to build up and 
complement the valuable research currently underway at 
various i n s t i t u t i o n s i n dif f e r e n t countries. 
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Chapter 7 

Antipest Secondary Metabolites from African 
Plants 

Ahmed Hassanali and Wilber Lwande 

International Centre of Insec

African plants used in folk medicine and in traditional 
pest management practices continue to yield interesting 
and potentially useful research leads. The leaves of the 
wild shrub Ocimum suave and the flower buds (cloves) of 
Eugenia aromatica are traditionally used as effective 
stored grain protectants. Eugenol, a common constituent 
of the two, is repellant to the maize weevil, Sitophilus 
zeamais. The medicinal plants, Spilanthes mauritiana and 
Plumbago zeylanica contain insecticidal isobutyl amides 
and the naphthoquinone, plumbagin, respectively and may 
have potential in small-scale mosquito control programmes. 
Hildecarpin, a pterocarpan from Tephrosia hildebrandtii is 
an antifeedant against the legume pod borer, Maruca 
testulalis, and the rotenoids tephrosin and rotenone are 
very potent antifeedants against a number of lepidopteran 
larvae. Comparison of the antifeedant activities of 
citrus limonoids and some of their modifications against 
the spotted stalk borer, Chilo partellus suggest that the 
units associated with antifeedant activity are spread out 
in the limonoid skeleton. 

P l a n t products have played an important r o l e i n t r a d i t i o n a l medicine 
and i n p r o t e c t i o n against pests i n A f r i c a . Chemical i n v e s t i g a t i o n s 
of the p l a n t s i n v o l v e d have of t e n l e d to the i s o l a t i o n of 
s t r u c t u r a l l y and/or b i o l o g i c a l l y i n t e r e s t i n g compounds. Our current 
concerns at ICIPE incl u d e (a) p l a n t s which may be used i n crude form 
f o r s m a l l - s c a l e p r o t e c t i o n of stored g r a i n ; (b) i n s e c t i c i d a l p l a n t s 
which may have p o t e n t i a l i n s m a l l - s c a l e mosquito c o n t r o l ; (c) 
fla v o n o i d s from Tephrosia Pers. species (Leguminosae) f o r p o s s i b l e 
use i n crop p r o t e c t i o n ; and (d) t e t r a n o r t r i t e r p e n e s from l o c a l 
Meliaceae, Rutaceae and Simaroubaceae species and t h e i r s y n t h e t i c 
m o d i f i c a t i o n s i n the hope of i d e n t i f y i n g new sources of potent 
i n s e c t - a c t i v e limonoids. The present overview h i g h l i g h t s major 
accomplishments todate i n these s t u d i e s . 
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P l a n t s used i n P r o t e c t i n g Stored Products 

Pl a n t m a t e r i a l s and minerals have f o r long been i n use as 
t r a d i t i o n a l p r o t e c t a n t s of stored products (1). In Eastern A f r i c a , 
communities i n d i f f e r e n t l o c a t i o n s appear to have evolved t h e i r own 
g r a i n p r o t e c t i o n s t r a t e g i e s based on the s p e c i f i c s i t u a t i o n s i n 
t h e i r areas and the f l o r a a v a i l a b l e around them. Unfortunately, 
these p r a c t i c e s remain l a r g e l y undocumented and the s c i e n t i f i c 
r a t i o n a l e f o r t h e i r continued use u n t i l recent times has remained, 
by and l a r g e , u n i n v e s t i g a t e d . 

At ICIPE, N a i r o b i , Kenya, we have s t a r t e d a modest survey of 
the p l a n t s used i n the p r o t e c t i o n of stored g r a i n s , a simple 
e v a l u a t i o n of t h e i r e f f i c a c i e s and chemical i n v e s t i g a t i o n s of t h e i r 
secondary components with the o b j e c t i v e of i d e n t i f y i n g the a c t i v e 
compounds. 

Our e v a l u a t i o n assa
v i a l s (3" χ 3/4") to whic
zeamais (10 males and 10 females) and powdered t e s t m a t e r i a l (1, 2.5 
and 5%). These are then compared v i s u a l l y with c o n t r o l s f o r 8 
weeks. 

In our f i r s t round of e v a l u a t i o n , two plant m a t e r i a l s appeared 
to show p r o t e c t i v e p r o p e r t i e s : the leaves of the w i l d shrub Ocimum 
suave (Labiatae) and the flower buds (cloves) of Eugenia aromatica 
(Zangibaraceae). The two are used m e d i c i n a l l y f o r stomach t r o u b l e s 
and coughs, and as i n s e c t r e p e l l a n t s ( p a r t i c u l a r l y against 
mosquitoes) and g r a i n protectants (2,3). 

Gas chromatographic and mass spectrometric examination of the 
e s s e n t i a l o i l of 0. suave ( F i g . 1) showed that i n a d d i t i o n to mono 
and sesquiterpenes i t contained eugenol (I) which has been known to 
be the p r i n c i p a l v o l a t i l e component of the o i l of cloves ( 4 ) . A gas 
chromatogram of o i l of cloves of E. aromatica i s shown i n F i g . 2 f o r 
comparison. A l i t e r a t u r e search f o r b i o l o g i c a l a c t i v i t i e s of 
eugenol, however, revealed that the phenylpropanoid phenol had not 
been p r e v i o u s l y reported as an allomone of any i n s e c t . On the 
contrary , eugenol has been reported to be a component of an 
a t t r a c t a n t blend f o r the Japanese b e e t l e , P o p i l l i a japonica (5), and 
the pure compound has been demonstrated to be an a t t r a c t a n t f o r the 
housefly (6). Our observations with 5. zeamais w e e v i l s , however, 
suggested that these might be r e p e l l e d by t h i s phenolic secondary 
metabolite, and i t became imperative to demonstrate t h i s i n a 
q u a n t i t a t i v e l y unequivocal f a s h i o n . For t h i s purpose, a number of 
Y-shaped olfactometer designs were constructed and t e s t e d . F i g . 3 
i l l u s t r a t e s the one which gave the best r e s u l t s . Comparison of the 
behaviour of the maize weevils toward d i f f e r e n t doses of eugenol and 
DEET (Ν,Ν-diethyltoluamide), a potent and w e l l s t u d i e d s y n t h e t i c 
i n s e c t r e p e l l a n t , c l e a r l y demonstrated the r e p e l l a n t property of 
eugenol toward t h i s i n s e c t ( F i g . 4 ) . Eugenol was found to be 
s i g n i f i c a n t l y more r e p e l l a n t than i t s isomer isoeugenol ( I I ) . 
S u r p r i s i n g l y , o l f a c t o m e t r i c t e s t s with the o i l of 0. suave and the 
o i l minus eugenol suggested that both the terpenoid and the phenolic 
f r a c t i o n s c o n t r i b u t e d to the r e p e l l a n t a c t i v i t y of the e s s e n t i a l 
o i l . The r e l a t i v e importance of the terpenoid components w i l l 
become c l e a r once t h e i r i d e n t i f i c a t i o n and assays on authentic 
samples are completed. In view of i t s milder (and some say more 
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Figure 1. Gas chromatogram of Ocimum suave o i l . Column: 15m 
c r o s s l i n k e d methyl s i l i c o n e c a p i l l a r y column; temperature 
programme: 50°C (5 min) to 270°C at 50/min. 
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Figure 2. Gas chromatogram of o i l of c l o v e s . Column: 15m 
cr o s s l i n k e d methyl s i l i c o n e c a p i l l a r y column; temperature 
programme: 50°C (5 min) to 270°C at 50/min. 
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pleasant) odour than cloves and the f a c t that i t i s found t h r i v i n g 
under varying growth c o n d i t i o n s , 0. suave (and other Ocimum species) 
i s now our major focus f o r e v a l u a t i o n as a s m a l l - s c a l e protectant of 
s t o r e d products i n r u r a l homes. 

I n s e c t i c i d a l P l a n t s with P o t e n t i a l f o r Mosquito C o n t r o l 

The breeding h a b i t s of some of the more important mosquito species 
i n t r o p i c a l A f r i c a may provide a means f o r s m a l l - s c a l e c o n t r o l 
s t r a t e g i e s based on i n s e c t i c i d a l p l a n t s grown by r u r a l communities 
themselves. Anopheles gambia, the most important vector of m a l a r i a , 
Culex quinquefasciatus, the vector of B a n c r o f t i a n f i l a r i a s i s and 
Aedes aegypti, the vector of yellow f e v e r , a l l breed i n small 
c o l l e c t i o n s of water such as temporary r a i n puddles, man-made 
co n t a i n e r s , d r a i n s , and so on (7) where the p o s s i b i l i t y e x i s t s of 
considerably reducing th
p e r i o d i c treatment with

Two p l a n t s i n v e s t i g a t e d r e c e n t l y at the ICIPE, and species 
r e l a t e d to these p l a n t s , may provide candidates f o r such an approach 
to mosquito c o n t r o l . The f i r s t i s Spilanthes mauritiana 
(Compositae), a medicinal p l a n t used t r a d i t i o n a l l y f o r mouth 
i n f e c t i o n s , stomach-ache, diarrhoea and tooth-ache (8). A 
methanolic e x t r a c t of the wet vegetative a e r i a l p a r ts of the p l a n t 
gave, a f t e r repeated chromatographic separations, a l a r v i c i d e which 
was i d e n t i f i e d as dodeca-(E,E,E,Z)-2,4,8,10-tetraene N-isobutylamide 
( I I I ) (9). The amide caused 100% m o r t a l i t y of t h i r d i n s t a r l a r v a e 
of Aedes aegypti at 10-5mg/ml (9). The chloroform e x t r a c t of the 
flower heads of the plant gave eight a d d i t i o n a l amides (IV-XI) which 
are shown i n F i g . 5 (10). The i n s e c t i c i d a l p r o p e r t i e s of 
s u b s t i t u t e d amides of unsaturated f a t t y acids have been recognized 
f o r many years (11), and r e c e n t l y they have been a subject f o r more 
systematic s t r u c t u r e - a c t i v i t y s t u d i e s (12). Although t h e i r 
i n s t a b i l i t y has been a major obstacle against commercialization, 
t h i s a t t r i b u t e may be of s p e c i a l advantage f o r s m a l l - s c a l e use 
w i t h i n r u r a l human h a b i t a t s . 

The second medicinal plant we have examined f o r mosquito 
l a r v i c i d a l components i s Plumbago zeylanica (Plumbiginaceae) used 
e x t e r n a l l y f o r s k i n d i s o r d e r s and i n t e r n a l l y f o r hookworm (13). The 
major a c t i v e l a r v i c i d a l compound was found to be plumbagin (XII) 
which was obtained pure from the roots of the p l a n t i n 0.15% y i e l d . 
Plumbagin has p r e v i o u s l y been shown to be an antifeedant f o r the 
A f r i c a n armyworm Spodoptera exempta (14), and an ecdysis i n h i b i t o r 
f o r a number of l e p i d o p t e r a n l a r v a e (15). Naphthoquinones as a 
group have been the subject of i n t e n s i v e mechanistic s t u d i e s as 
feeding d e t e r r e n t s of i n s e c t s (16-19). However, there has been no 
previous reports of t h e i r t o x i c e f f e c t s against mosquito l a r v a e . We 
have measured the l a r v i c i d a l e f f e c t s of a number of a v a i l a b l e 
s t r u c t u r a l v a r i a n t s of plumbagin i n c l u d i n g juglone ( X I I I ) , 2-methyl-
1,4-naphthoquinone (XIV), 1,4-naphthoquinone (XV),.2,3-epoxy-l,4-
naphthoquinone (XVI), 2-hydroxy-l,4-naphthoquinone (XVII), 1,4-
benzoquinone (XVIII) and 1,2-naphthoquinone (XIX). Table I gives 
LC30 values of the quinones. The high a c t i v i t y of the parent 1,4-
naphthoquinone (XV) r e l a t i v e to the 1,2-analogue (XIX) and 1,4-
benzoquinone ( X V I I I ) , shows that the a c t i v i t y i s l a r g e l y a s s o c i a t e d 
with the 1,4-naphthoquinone nucleus. 
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Table I . LCso f o r various quinones against 3rd 
i n s t a r Aedes aegypti l a r v a e * 

Compound LCso ( H M/20ml) 
Plumbagin 0.60 + 0. 05 
Juglone 0.70 + 0. ,05 
2-Methyl-l,4-naphthoquinone 1.15 + 0. .04 
1,4-*Naphthoquinone 1.82 + 0. ,05 
2,3-Epoxy-l,4-naphthoquinone 2.20 + 0. .05 
2-Hydroxy-l,4-naphthoquinone 13.1 + 0. .2 
1,4-Benzoquinone 16 + 1 
1,2-Naphthocruinone 17 + 1 
* Results obtained from 9 r e p l i c a t e s of 20 l a r v a e at each of 5-6 

concentrations i n the range 0-4 pM/20ml f o r the top four 
compounds, and 0-16 μΜ/20πι1 f o r the bottom four compounds. 

S u b s t i t u t i o n of the 2 - p o s i t i o n of t h i s nucleus, however, appears to 
lead to reduced a c t i v i t y with the OH s u b s t i t u e n t causing a 
s i g n i f i c a n t l y l a r g e drop. Whether t h i s drop i s associated with a l l 
the s u b s t i t u e n t s i n t h i s p o s i t i o n i r r e s p e c t i v e of t h e i r e l e c t r o n i c 
e f f e c t s , or s p e c i f i c a l l y , w i t h electron-donating +M groups w i l l 
become c l e a r when other s u b s t i t u t e d naphthoquinones are assayed. 
Naphthoquinones occur widely i n t r o p i c a l p l a n t s (20) and assays of a 
broader range of n a t u r a l l y - o c c u r r i n g s t r u c t u r a l v a r i a n t s may lead to 
the i d e n t i f i c a t i o n of r e a d i l y grown p l a n t s s u i t a b l e f o r s m a l l - s c a l e 
mosquito c o n t r o l programmes. 

Studies on Some Tephrosia Species 

Tephrosia Pers. i s a l a r g e genus of p e r e n n i a l and woody herbs (over 
300) that are d i s t r i b u t e d i n the t r o p i c a l and s u b - t r o p i c a l regions 
of the world (21-22). E x t r a c t s of a number of Tephrosia species 
have been used m e d i c i n a l l y to t r e a t a range of ailments, i n pest 
c o n t r o l as i n s e c t i c i d e s and r a t poisons, and as f i s h poisons 
(22,23,24). The i n s e c t i c i d a l and t o x i c e f f e c t s of e x t r a c t s of some 
Tephrosia species have been shown to be due to the presence of 
rotenoids (24,25,26). However, the m a j o r i t y of Tephrosia species 
that have been i n v e s t i g a t e d contain n o n - i n s e c t i c i d a l prenylated 
f l a v o n o i d s (27) which have not been screened f o r other b i o l o g i c a l 
a c t i v i t i e s . In Eastern and Southern A f r i c a , Γ. vogelii Hook f . , T. 
densiflora Hook f. and T. Candida (Roxb.) DC have been c u l t i v a t e d , 
i n a l i m i t e d way, by peasant farmers f o r use i n crop p r o t e c t i o n 
(21,24) but, s u r p r i s i n g l y , these p r a c t i c e s have not developed i n t o a 
s i g n i f i c a n t commercial a c t i v i t y . Our i n t e r e s t i n Tephrosia spp. i s 
twofold: (a) to screen f o r rotenoid-bearing species with the 
purpose of generating a sound information base f o r t h e i r more 
widespread use and f o r the growth of an agrochemical i n d u s t r y ; and 
(b) to i s o l a t e and c h a r a c t e r i z e novel compounds that may be present 
and to assay these f o r a n t i - i n s e c t e f f e c t s . 

Species i n v e s t i g a t e d todate i n c l u d e T. hildebrandtii Vatke and 
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T. elata D e f l e r s (28,31). A number of f l a v o n o i d s i n c l u d i n g some 
s t r u c t u r a l l y novel compounds have been i s o l a t e d and c h a r a c t e r i z e d . 
The a n t i - i n s e c t a c t i v i t i e s of two sets of compounds are of s p e c i a l 
i n t e r e s t . F i r s t , the pterocarpan h i l d e c a r p i n (XX) showed r e l a t i v e l y 
high antifeedant a c t i v i t y to the larvae of the legume pod-borer 
Maruca testulalis (Table I I ) , an important pest which l i m i t s 
production of the cowpea crop i n the t r o p i c s (32). 
I t bears c l o s e s t r u c t u r a l resemblance to the pterocarpan 
ph y t o a l e x i n s , medicarpin (XXI), p h a s e o l l i n (XXII) and p h e s e o l l i d i n 
( X X I I I ) , i s o l a t e d from cowpea pl a n t s when i n f e c t e d with micro
organisms (33,35). I f these phytoalexins a l s o demostrate high 
antifeedant a c t i v i t i e s against M. testulalis, then they might 
c o n s t i t u t e an i n t e r e s t i n g b a s i s f o r r e s i s t a n c e i n d u c t i o n i n the 
pl a n t against t h i s i n s e c t (28,36). Secondly, rotenoids l i k e 
t e p h r o s i n (XXIV) and rotenone (XXV) are very potent antifeedants 
against l e p i d o p t e r a n A f r i c a
Eldana saccharina and M.
choice bioassays using d i s c s derived from host leaves (31). Indeed, 
i n our assays the a c t i v i t i e s of tep h r o s i n against 5. exempta and E. 
saccharina, and that of rotenone against the l a t t e r are unmatched 
even by a z a d i r a c h t i n and other limonoids. Rotenoids have p r e v i o u s l y 
been evaluated l a r g e l y as i n s e c t t o x i c a n t s and doses used have been 
those required to cause high l e v e l s of m o r t a l i t y on target pests. 
However, i n view of the present f i n d i n g s , a r e - e v a l u a t i o n of 
d i f f e r e n t members of t h i s group of a n t i - i n s e c t n a t u r a l products and 
the manner of t h e i r use i s c l e a r l y warranted. 

Table I I . The Feeding I n h i b i t o r y a c t i v i t y of H i l d e c a r p i n 
against M. testulalis Larvae 

Dose Batch Control Treated Deterrence** 
( μα/disc) Number* (C) (T) (D) % 
'100 1 11.86 1.97 83.4) 

2 29.19 2.07 92.9) 85.8 + 6 
3 61.58 11.69 81.0) 

10 4 28.27 13.62 51.8) 
) 51.9 + 0 

5 52.91 25.41 52.0) 
* For each batch, 20 la r v a e of the t e s t i n s e c t were used. Two 

la r v a e were allowed to feed on a p a i r of t r e a t e d d i s c (T) and 
c o n t r o l d i s c (C). The r e s u l t of each batch i s based on a 
summation of 10 such feeding assays. **Defined as (1 - T/C) χ 
100. (Reproduced with permission from Ref. 28. Copyright 1985 
Pergamon P r e s s ) . 
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Table I I I . Antifeedant a c t i v i t i e s of some rotenoids 
against some A f r i c a n i n s e c t pests 

Compound Spodoptera Eldana Maruca 
μσ/disc exempt a saccharina testulalis 

Tephrosin 
94 + 6(3) 100 * 94 + 6(3) 

10 89 + 8(5) 86 + 5(3) 
1 89 + 5(5) 72 + 7(3) 

Rotenone 
97 + 2(4) 100 58 + 18(3)* 89 + 2(4) 97 + 2(4) 

10 82 + 7(3) 92 + 5(3) 86 + 8(4) 
1 52 + 4(3) 81 + 11(3) 45 + 11(3) 

* Evidence of t o x i c a t i o n , l i t h a r g y , r e g u r g i t a t i o n and much reduced 
d i s c r i m i n a t i o n betwee
with permission from Ref
P r e s s ) . 

Limonoids and t h e i r Analogues 

Recent i s o l a t i o n of novel a n t i - i n s e c t t e t r a n o r t r i t e r p e n e s belonging 
to the genera other than Melia, such as Trichilia (37.) a l*d Turreae 
(Rajab, M. et a l . , Phytochemistry, i n press) and to f a m i l i e s other 
than Meliaceae such as Simaroubaceae (38,39,40), a t t e s t to the 
existence of r i c h , yet undiscovered sources of t h i s c l a s s of 
compounds i n A f r i c a n p l a n t s belonging to s e v e r a l f a m i l i e s and 
genera. The major o b j e c t i v e s of our research on limonoids are to 
i d e n t i f y limonoid-bearing p l a n t s that t h r i v e i n d i f f e r e n t A f r i c a n 
environments and to e l u c i d a t e the s t r u c t u r a l requirements f o r the 
antifeedant and growth-disruptive e f f e c t s by s t r u c t u r e - a c t i v i t y 
s t u d i e s of the n a t u r a l limonoids and t h e i r s y n t h e t i c m o d i f i c a t i o n s 
against the A f r i c a n crop pests. 

The present work, which has invo l v e d the study of antifeedant 
a c t i v i t i e s of c i t r u s limonoids and t h e i r s y n t h e t i c m o d i f i c a t i o n s , 
has been c a r r i e d out i n c o l l a b o r a t i o n with Professor Michael Bentley 
and h i s co-workers at the U n i v e r i s t y of Maine, U.S.A. Two d i f f e r e n t 
i n s e c t s were chosen f o r the study, Colorado potato b e e t l e , 
Leptinotarsa decemlineata and the stem-borer, Chilo partellus* 
R e s u l t s on L. decemlineata have been reported elsewhere (Bentley, 
M.D. et. a l . , Entomol. Exp. Appl., i n press) and here we s h a l l 
h i g h l i g h t our f i n d i n g s on C. partellus. 

The limonoids t e s t e d i n c l u d e limonin (XXVI) deoxyepilimonol 
(XXVII), e p i l i m o n y l acetate (XXVIII), obacunone (XXIX), n o m i l i n 
(XXX), limonin diosphenol (XXXI), deoxylimonin (XXXII), e p i l i m o n o l 
(XXXIII), deoxytetrahydrolimonin (XXXIV) and hexahydrolimoninic a c i d 
(XXXV). Each of these compounds was assayed at three doses against 
f i f t h i n s t a r C. p a r t e l l u s l a r v a e i n a choice arena of t r e a t e d and 
untreated d i s c s of maize l e a f , s i m i l a r to that reported e a r l i e r 
(41.). The r e s u l t s are summarised i n F i g . 6. The most noteworthy 
fe a t u r e of these r e s u l t s i s that none of the s t r u c t u r a l a l t e r a t i o n s 
represented by the d i f f e r e n t limonoids lead to a t o t a l l o s s of 
antifeedant a c t i v i t y . This i s i n contrast to r e s u l t s obtained f o r 
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Figure 6. Antifeedant a c t i v i t y of modified limonoids against 
C h i l o p a r t e l l u s l a r v a e . 
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the Colorado potato b e e t l e where the presence of the unsaturated 
furan moiety appears to be c r u c i a l f o r s i g n i f i c a n t antifeedant 
a c t i v i t y of the limonoid. Nevertheless, a point of s i m i l a r i t y 
between the two i n s e c t s i s that the furan group i s a l s o an important 
requirement f o r high antifeedant a c t i v i t y against C. partellus. 
Thus deoxytetrahydrolimonin (XXXIV) i s s i g n i f i c a n t l y l e s s a c t i v e at 
20 χ 10- 8mole/disc than deoxylimonin (XXXII), and hexahydrolimoninic 
a c i d (XXXV) i s the l e a s t a c t i v e i n the s e r i e s at a l l the three doses 
t e s t e d . Several other d i f f e r e n c e s between the feeding responses of 
the two i n s e c t s emerge from the two sets of data. S i g n i f i c a n t l y 
higher a c t i v i t i e s of obacunone (XXIX) r e l a t i v e to those of li m o n i n 
(XXVI) at the two lower doses, and n o m i l i n (XXX) at a l l the three 
doses, c l e a r l y demonstrate the r o l e of r i n g A i n i n t e r a c t i o n w i t h 
the receptor molecule i n C. partellus. In assays with the Colorado 
potato b e e t l e , however, m o d i f i c a t i o n of r i n g A of limonin produced 
no s i g n i f i c a n t change i
compound suggesting no
molecule. The epoxy group g  importan  hig y 
against the Colorado potato b e e t l e . On the other hand, i t s removal 
produces no s i g n i f i c a n t change i n a c t i v i t y against C. partellus. A 
summation of the data on the Colorado potato beetle suggests that 
the s t r u c t u r a l u n i t s a s s o c i a t e d with antifeedant a c t i v i t y are 
l a r g e l y l o c a l i s e d i n r i n g D and the furan group. In C. p a r t e l l u s 
these appear to be spread out i n the limonoid s k e l e t o n , an inference 
which was a l s o a r r i v e d at i n an e a r l i e r study with two other 
l e p i d o p t e r a n A f r i c a n pests E. saccharina and M. testulalis (42). 
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Chapter 8 

Insecticidal Activity of Phytochemicals and 
Extracts of the Meliaceae 
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Limonoids, characteristic natural products of the Meliaceae, 
Rutaceae, and other Rutales, have marked biological activity 
against a variety of insects. In particular, the well-known 
compound azadirachtin is under development as a possible 
commercial insecticide owing to its potent antifeedant and 
growth-regulating properties. This compound inhibits the 
feeding, growth and survival of the variegated cutworm, 
Peridroma saucia, with an EC50 and LC50 of 0.36 and 2.7 ppm in 
diet, respectively. In contrast, azadiracntin has no antifeedant 
activity against nymphs of the migratory grasshopper, 
Melanoplus sanguinipes, but does inhibit molting in a 
dose-dependant manner with an oral ED50 of 11.3 μg/g insect fwt. 
The ED50 via intrahemocoelic injection is 3.2 μg/g, indicating 
that the gut poses a physical or physiological barrier to 
azadiracntin bioavailability. The lesser toxicity via the oral route 
may be largely due to local metabolism, as the oral toxicity can be 
synergized by piperonyl butoxide, an inhibitor of mixed-function 
oxidases. The topical ED50 is 4.5 μg/g insect, indicating that 
azadirachtin is well absorbed through the integument. 
Azadirachtin toxicity in this insect does not involve inhibition of 
sterol reductases or sterol transport. Of nine other limonoids 
tested, only cedrelone, anthothecol, and bussein inhibit larval 
growth of P. saucia, and only cedrelone inhibits the molting of 
the milkweed bug, Oncopeltus fasciatus. Foliar extracts of species 
in the subfamily Melioideae are on average more insecticidal 
than extracts from the Swietenioideae; some deserve further 
attention as sources of insecticidal phytochemicals. 

In recent years much effort has been devoted to the search for alternatives 
to the current arsenal of pest-control chemicals. Plant-derived extracts and 
phytochemicals, which once formed the basis of pest-control technology, 
are again being scrutinized for potentially useful products or as models for 
new classes of synthetic insecticides (1, 2). Amongst the most promising of 
the natural products investigated to date are the limonoids, characteristic 
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secondary metabolites in the Rutales, particularly the families Meliaceae and 
Rutaceae (3, 4). 

The best known of the limonoids is azadirachtin (Figure i ) , a 
constituent of the leaves and fruits of the neem tree, Azadirachta indica A . 
Juss., and the closely related chinaberry, Melia azediracht (5). Azadirachtin 
was first identified as a feeding deterrent for the desert locust, Schistocerca 
gregaria (6), and has subsequently been reported to have antifeedant activity 
against nearly two hundred species of insects (Jacobson, this volume). Other 
limonoids also have antifeedant activity at higher concentrations (3, 7-13). In 
addition to its antifeedant action, in many insects azadirachtin disrupts the 
growth and metamorphosis of insects by interfering with the production of 
/i-ecdysone and juvenile hormone by an as yet unknown mechanism (14-20). 
The extremely low mammalian toxicity of this compound (21-23), and its 
purported systemic action in a variety of important crop plants including corn 
(24) and rice (25), are further factors favoring the development of 
azadirachtin as a commercia

We have investigated
phytophagous insects of importanc  agriculture,  migratory 
grasshopper, Melanoplus sanguinipes Fab. (Orthoptera: Acrididae), and the 
variegated cutworm, Peridroma saucia (Hubner) (Lepidoptera: Noctuidae). 
Both are highly polyphagous herbivores but neither encounter limonoids in 
their natural host range. The antifeedant, growth inhibiting, and molt 
inhibiting activity of nine other limonoids from various Meliaceae, Rutaceae, 
and Simaroubaceae were assayed against P. saucia and the milkweed bug, 
Oncopeltus fasciatus (Hemiptera: Lygaeidae). Foliar extracts from twenty 
species of Meliaceae were assayed for inhibition of growth and toxicity 
against P. saucia. 

Azadirachtin Toxicity to Peridroma saucia 

Azadirachtin exhibits a remarkable degree of biological activity when fed in 
artificial diet to P. saucia larvae (26). When neonate larvae were reared for a 
seven-day period on diet spiked with azadirachtin, the concentration 
required to reduce growth by 50% relative to the controls (EC ) was found 
to be 0.5 nmol/g diet fresh weight (fwt) (0.36 ppm), and the Le ; was 3.8 
nmol/g diet (2.7 ppm) (Figured). Antifeedant effects of azadirachtin were 
investigated using a two-choice bioassay: 5 cm diameter petri dishes were 
marked off in quadrants, and control or azadirachtin treated (0.15, 0.5, or 1.5 
nmol/g fwt) diet cubes were placed in quadrants. Ten neonate or 6-day-old 
(second instar) P. saucia were released in the center of each dish, which 
were put in an opaque box to eliminate phototactic effects. The numbers of 
larvae on each diet cube and/or in each quadrant were then counted after 24 
hours. Azadirachtin concentrations of 0.5 nmol/g diet fwt or higher 
significantly deterred feeding by neonates (Table I). This sensitivity is 
apparently lost as the larvae develop, as six-day old larvae showed no 
significant response to azadirachtin concentrations as high as 1.5 nmol/g fwt. 

The influence of azadirachtin on growth, consumption, and dietary 
utilization (27) were examined in third instar larvae. The relative growth 
rate (RGR) was decreased by almost 50% with 1.5 nmol/g fwt azadirachtin, 
whereas no significant effect was seen at 0.5 and 0.15 nmol/g fwt (Table II). 
This decrease was largely due to a decrease in the relative consumption rate 
(RCR) and secondarily to a decrease in the efficiency with which ingested 
(ECI) and digested (ECD) food is converted to insect biomass. These effects 
parallel those seen with other lepidopterans including the European corn 
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Figure 1. Structures of limonoids discussed in the text. 

borer, Ostnnia nubilalis (2S),the tobacco budworm, Heliothis virescens (29), 
and the cabbage webworm, Crocidolomia binotalis (30). The observed 
increase in the approximate digestibility (AD) may be due to a slower passag 
of the food through the gut, as has been suggested in the case of Locusta 
migratoria (31). 
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Figure 2. Effect of azadirachtin on Peridroma saucia growth and 
survivorship over a seven day assay. 
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Table I. Effect of azadirachtin on diet choice by neonate and 6-day-old 
Peridroma saucia. Asterisks indicate a significant difference 

between control and treated diet (Χ , ρ < .05) 

A z a d i r a c h t i n Percentage o f l a r v a e on c o n t r o l 
(C) or t r e a t e d (T) d i e t at 24 hr. 

nmol/g fwt neonate 6 day o l d 
C Τ C Τ 

0 4
0.15 
0.5 — — 
1.5 89 11* 47 53 

Table II. Effect of azadirachtin on dietary utilization by third 
instar P. saucia. Values given are the mean + 1 standard deviation 

Dose RGR RCR AD ECI ECD 
nmol/g fwt (mg/mg/d) (mg/mg/d) (%) (%) (%) 

Co n t r o l 0.27+.03 1.12+.03 50.4+ 3.0 27.6+ 6.9 54.8+18.0 
0.15 0.25+.01 1.03+.03 40.4+ 2.6 23.7+ 4.3 58.7+15.4 
0.5 0.22+.05 0.51+.03 51.0+14.0 25.1+11.9 49.2+22.0 
1.5 0.14+.09 0.44+.02 57.5+ 6.1 12.3+ 8.2 21.4+18.5 

R G R is the Relative Growth Rate, R C R is the Relative Consumption Rate, 
A D is the Approximate Digestibility, ECI is the Efficiency of Conversion of 
Ingested diet, and E C D is the Efficiency of Conversion of Digested diet. A l l 
values were calculated according to Reese and Beck (1976). 

In Insecticides of Plant Origin; Arnason, J., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1989. 



100 INSECTICIDES OF PLANT ORIGIN 

Azadirachtin Effects on Melanoplus sanguinipes 

Amongst the few insects reported to be resistant to the effects of 
azadirachtin are the new world grasshoppers, including the migratory 
grasshopper Melanoplus sanguinipes (32). Indeed we found that fifth instar 
nymphs of this species would readily consume cabbage leaf discs treated with 
up to 500 ppm azadirachtin in a single feeding bout, confirming the lack of 
chemosensory-based antifeedant effects against this insect. However, 
nymphs fed azadirachtin subsequently failed to molt or molted to severely 
deformed adults. This prompted us to examine the dose-response of 
orally-administered azadirachtin (33). The effects observed were divided 
into four categories to allow quantitation (Figure 3). A t doses of up to 8 /zg/g 
insect fwt, most individuals were able to molt successfully (Category I), 
although at the higher doses molting was delayed by 3 or 4 days compared 
to the controls (all of which molted on day 8 or 9 of the instar). Only a small 
percentage of the treated nymph  molted  adult  with deformed wing
(Category II). A t 10 /zg/g
deformed adults with crumple  wing , , 
deformed tarsi as well (Category II). These individuals were very slow in 
completing the molt, and probably began to sclerotize new cuticle before 
ecdysis was complete. At this dose some nymphs did molt normally 
(Category I); a small number died in a failed molt attempt (Category III). A n 
abrupt transition in effects was seen between 10 and 13 Mg/g insect. At the 
lower dose, 90% of the nymphs were able to complete the molt (categories I 
and II combined), but at 13 /zg/g all of the nymphs died without completing 
the molt. At 15 and particularly at 25 /zg/g some nymphs never initiated a 
molt attempt (Category IV); in some cases such nymphs lived for over 60 
days. These results parallel those obtained with Locusta (15, 34), 
Oncopeltus (17), and some other insects (35-37). 

As M. sanguinipes nymphs will readily consume physiologically active 
doses of azadirachtin, we were able to compare the toxicity of this compound 
following oral, topical, and intrahemocoelic administration, and so evaluate 
the significance of the gut and integument as barriers to bioavailability 
(Figure 4). Azadirachtin is similar in toxicity when administered topically or 
by injection ( E D = 4.5 and 3.2 /zg/g insect fwt respectively; E D is the 
effective dose required to inhibit molting in 50% or the population over the 
length of the instar) suggesting that the integument does not limit 
bioavailability. Azadirachtin is however about three times less toxic when 
administered orally (LD = 11.3 /zg/g insect fwt), so the gut limits its 
bioavailability to putative target sites within the insect. That this barrier is 
due to oxidative metabolism is suggested by the observation that oral toxicity 
is increased twofold by coadministration of 500 /zg of piperonyl butoxide, a 
specific inhibitor of the mixed function oxidase system (Figure 4). The 
results of these experiments suggest that doses of up to 8 /zg/g might be 
excluded from reaching the hemolymph by oxidative metabolism, but at 
higher doses sufficient intact azadirachtin is absorbed from the gut to affect 
molting. 

In addition to molt disruption, azadirachtin decreases the growth rate of 
M. sanguinipes nymphs, largely by decreasing the consumption of food 
(RCR) (Table III). This is of interest as our earlier experiments established 
that M. sanguinipes showed no antifeedant response to azadirachtin within a 
single feeding bout; the decreased R C R may then be due to direct toxic 
effects on the gut or neural inhibition of feeding rather than to peripheral 
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100 H 

Cont ro l 3 5 8 10 13 15 2 5 

Dose ^g/g Insect f.w.) 

Figure 3. Effect of orally administered azadirachtin on molting of fifth 
instar Melanoplus sanguinepes nymphs. Response categories are no 
effect (I), crumpled wings or tarsi (II), died in a failed molt (III), and 
died without molting (IV). 

0 5 1 0 1 5 2 0 

Dose (ug/g Insect fwt) 

Figure 4. Comparison of azadirachtin effects on M sanguinipes molting 
following application orally, orally with 500 ug piperonyl butoxide 
(PBO), topically, and by injection. In this figure category I and II 
respones are pooled to give survivorship curves. 
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chemosensory responses. As noted earlier in the case of P. saucia, the 
increased A D may be due to the increased tenure of the food bolus as it 
passes through the alimentary canal. Both the decreased R C R and 
increased A D are consistent with a decrease in the rate of gut peristalsis, as 
demonstrated by Mordue et al (31). 

This suggests that reports of the antifeedant activity of azadirachtin on 
various insects must be interpreted with caution if the assay used is conducted 
for a period of time longer than that of a single feeding bout. On the other 
hand electrophysiological experiments and choice tests do show that some 
insects have an obvious chemosensory based response to azadirachtin (38, 
39). Azadirachtin also decreases the ECI and E C D in M sanguinipes, 
indicating that the treated individuals are under metabolic stress prior to the 
initiation of molting. 

Table III. Effect of azadirachti  dietar  utilizatio  b  fifth insta
Melanoplus sanguinipes.

Dose Mg/g 
i n s e c t 

RGR 
(mg/mg/d) 

RCR 
(mg/mg/d) 

AD 
(%) 

ECI 
(%) 

ECD 
(%) 

Con t r o l 
10 Mg/g 
15 M9/9 

0.24+.04 
0.14+.03 
0.13+.04 

0.83+.20 
0.58+.30 
0.53+.09 

50.1+13.4 
56.4+16.9 
60.2+09.9 

29.3+ 9.1 
36.8+23.0 
26 2+ 8.0 

70.4+42.6 
55.0+19.8 
44.8+15.7 

R G R is the Relative Growth Rate, R C R is the Relative Consumption Rate, 
A D is the Approximate Digestibility, ECI is the Efficiency of Conversion of 
Ingested diet, and E C D is the Efficiency of Conversion of Digested diet. A l l 
values were calculated according to Reese and Beck (1976). 

Several studies have established that azadirachtin inhibits molting by 
interfering with the production of ecdysteroids prior to apolysis. However, 
the precise mechanism by which this occurs is unknown. Azadirachtin does 
not block the ability of prothoracic glands in vitro to produce ecdysone or 
respond to prothoracicotrophic hormone (40, 41), and does not compete 
with ecdysone for receptor binding sites (42). It has been suggested that 
azadirachtin's effect may involve targets within the gut, disrupting some 
process necessary to trigger the molting processes (34). We noted the 
similarity of toxicology of azadirachtin and the azasterols; both classes of 
compounds produce growth and molt inhibition, and chemosterilization at 
dgses in t j^ l -10 ppm range (43). The azasterols are known to inhibit the 
Δ and Δ ' sterol reductase enzymes, and so block the conversion of 
sitosterol to cholesterol, resulting in the accumulation of the metabolic 
intermediate desmosterol (43, 44). Azasterol toxicity can be completely 
reversed by supplementing the insect's diet with cholesterol. We were 
unable to reverse azadirachtin toxicity by supplementing the diet with 1,000 
ppm cholesterol, suggesting that the sterol reductases are not a target for 
azadirachtin. 
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The possibility that azadirachtin interferes with the transport of sterols 
through the hemolymph was also examined, Azadirachtin-treated and 
control fifth instar M. sanguinipes were fed 4C-0-sitosterol, after which 10 μ\ 
hemolymph samples were taken at hourly intervals for 12 hours. Radiolabel 
appeared in the hemolymph of both treatment groups 4 hours after feeding. 
In the controls the amount of radioactivity detected peaked at 9-10 hours 
after feeding and subsequently declined rapidly, whereas in the azadirachtin 
treated group radioactivity increased more gradually and did not peak within 
the 12 hour duration of the experiment. As radiolabeled sterol appeared in 
the hemolymph in both groups azadirachtin does not appear to block the 
action of the carrier lipoproteins involved in sterol transport. 

Comparative Toxicity Studies 

We have assayed nine other limonoids for feeding and growth inhibition 
against P. saucia, and for moltin
species particularly sensitiv
anthothecol are two relatively simple limonoids with a wide distribution in 
the Meliaceae; they differ only in that anthothecol has an acetate 
sustitution at the C l l position of the C ring. Both compounds display 
similar growth inhibiting properties against P. saucia larvae at 0.5 μπιοΐ/g diet 
fwt (Table IV). However only cedrelone has molt inhibiting activity when 
topically applied to O. fasciatus nymphs (Figure 5). The symptoms produced 
are similar to those caused by azadirachtin, but the E D (50% molt 
inhibition) is about 20 jLtg/nymph compared to 0.02 /zg/nymph for 
azadirachtin. Cedrelone also inhibits molting in the noctuid Heliothis zea 
(3). The substituent at the C l l position affects the biological activity, as 
anthothecol had no molting inhibitory effect at doses up to 50 Mg/nymph. 

Table IV. Effect of limonoids (at 0.5 μοΐ/g diet fwt) on neonate P. saucia 
growth and diet choice. Asterisks indicate values which differ significantly 
from the control (Duncan's Multiple Range test, ρ <. .05 for growth data; 

Χ , ρ <_ .05 for diet choice) 

Compound Growth Percentage o f l a r v a e on 
(% o f C o n t r o l ) 
(mean ± S.D.) 

Control (C) or Trea t e d (T) d i e t 
C Τ 

Cedrelone 
Anthothecol 
H a r r i s o n i n 
Obacunone 
Nomilin 
Gedunin 
Pedonin 
Entandrophragmin 
Bussein 

10.8 
12.9 
89.2 

110.8 
118.3 
96.8 

133.3 
96.8 
64.5 

+ 
± 
+ 
+ 
± 
+ 
± 
+ 
+ 

3.2* 
7.5* 

22.6 
11.8 
18.3 
23.7 
8.6* 

18.3 
19.5* 

57 
57 
80 
61 
63 
43 
63 
66 
67 

43 
43 
20* 
39 
37 
57 
37 
34 
33 
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100 

0 1 0 2 0 3 0 4 0 5 0 

Dose (ug/nymph) 

Figure 5. Effect of topically applied cedrelone on the molting of 
Oncopeltus fasciatus nymphs. Response categories are no effect (I), 
crumpled wings or tarsi (II), died in a failed molt (III), and died without 
molting (IV). 
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Many limonoids of the Rutaceae and Simaroubaceae, and some from 
the Meliaceae, possess a characteristic D ring structure involving formation 
of a lactone and epoxidation at the 14,15 position (D-seco limonoids) (46). 
We compared the activities of four such compounds: harrisonin, from 
Harrisonia abyssica, obacunone and nomilin, characteristic Rutaceous 
limonoids, and gedunin, a compound which occurs in many species of 
Meliaceae. None of the compounds inhibited O. fasciatus molting or 
reproduction at doses up to 50 ^g/nymph. Harrisonin showed antifeedant 
activity against neonate P. saucia at 0.5 /zmol/g diet fwt, but the larvae were 
apparently able to compensate for this subsequently as this compound did not 
inhibit growth at the end of a seven-day trial. The other three compounds 
showed no activity against P. saucia. These results contrast with the 
reported activity of citrus limonoids against other species of Noctuidae (4), 
but previous studies with harrisonin and other limonoids indicate that the 
response may vary widely between even closely related species (3, 8). A 
related compound, pedoni
ring, was stimulatory to P.

Many Meliaceous limonoids, including azadirachtin, have undergone 
extensive oxidation and rearrangement; indeed this is a characteristic 
evolutionary pattern within the family (47). We tested two such compounds, 
entandrophragmin and bussein. Neither compound inhibited Oncopeltus 
molting at 50 ^g/nymph. Both showed weak antifeedant activity against P. 
saucia neonates, but only bussein at 0.5 /miol/g diet fwt resulted in significant 
growth inhibition. 

These results do not point to common structural features necessary for 
insecticidal or antifeedant activity. The differential activity of cedrelone and 
anthothecol may be due to the slight difference in polarity produced by the 
extra acetate function, but cedrelone and azadirachtin, the only two 
compounds to produce molt inhibition in our assays, differ widely in polarity. 
Our results compare with the earlier surveys of Kubo and Klocke (3) and 
Arnason et al (7) who also found cedrelone and anthothecol to have insect 
growth inhibiting activity. The exceptional activity of azadirachtin in 
relation to the other limonoids is emphasized in all of these studies. 

Plant Extract Screening 

We have assayed extracts of a variety of species of Meliaceae for feeding 
deterrency and growth inhibition against P. saucia (Table V) (48). 
Methanolic extracts of foliage were incorporated into an artificial diet to 
achieve concentrations of 25,50, 75, and 100% of natural leaf concentration, 
and larvae were allowed to feed for seven days before weight gain and 
survival were assessed. In general, species of the Melioideae produced more 
toxic extracts than species of the Swietenioideae, which is somewhat 
surprising as the latter is considered to be the more evolutionarily advanced 
subfamily based on morphology (49). The production of insecticidal extracts 
does not follow well-defined taxonomic lines, and is more likely to be related 
to ecological conditions idiosyncratic to particular species.. Extracts of some 
species, including Aglaia odorata and Turreae holstii, are almost as active as 
those of Azadirachta indica. The phytochemistry of these species has been 
investigated and will be reported elsewhere. 
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Table V . Bioactivity of meliaceous leaf extracts on neonate P. saucia. 
Values given are the concentration (as % of natural leaf concentration) 

of the total M e O H extract administered in artificial diet required to 
reduce growth (EC ) or survivorship (LC ) by 50% relative to 

the control, over a seven day assay 

ECso LCso 

Family Meliaceae 

Subfamily Melioideae 

Tribe 1. Turreeae 
Turreae holstii 2.

Tribe 2. Melieae 
Melia azediracht 2.5 5.0 
Melia toosenden 2.5 5.0 
Azadirachta indica 2.5 5.0 

Tribe 4. Trichilieae 
Trichilia hirta 12.5 >100 
Lepidotrichilia volkensii 12.5 >100 
Ekebergia capensis 43.0 >100 
Cipadessa baccifera 44.0 > 100 

Tribe 5. Aglaieae 
Aglaia odorata 1.7 15.0 
Aglaia odoratissima 11.0 75.0 
Aglaia argentia 27.0 > 10 0 
Aphanamixus grandifolia >100 >100 

Tribe 6. Guareeae 
Guarea glabra 62.0 >100 

Subfamily Swietenioideae 

Tribe 1. Cedreleae 
Cedrela odorata 67.0 >100 
Cedrela serrata 27.0 >100 
Toona ciliata australis 12.0 > 10 0 

Tribe 2. Swietenieae 
Khaya senegalensis 35.0 75.0 
Chuckrassia tabulons 12.5 > 100 
Swietenia humilis 23.0 > 100 
Swietenia mahogani 17.0 > 10 0 
Swietenia candollei 20.0 80.0 

In Insecticides of Plant Origin; Arnason, J., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1989. 



8. CHAMPAGNE ET AL. Phytochemicals and Extracts of the Meliaceae 107 

Acknowledgments 

Dr. A . Hassanali, ICIPE, Nairobi, Dr. I. Kubo, University of California, and 
Dr. J.T. Arnason, University of Ottawa, provided samples of limonoids for 
bioassay. Dr. K .R . Downum, Florida International University, and Mr. T. 
Flynn, Pacific Tropical Gardens, Hawaii, provided leaf samples. This work 
was supported by N S E R C operating grants to M . B . Isman (A2729) and 
G .H .N . Towers (A2143). 

Literature Cited 

1. Balandrin, M.F., J.A. Klocke, E.S. Wurtele, and W.H. Bollinger 1985. 
Science 228:1154-1160. 

2. Hedin, P.A. 1982. J. Agric. Food Chem. 30:201-215. 
3. Kubo, I., and J. A. Klocke 1986. In Natural Resistance of Plants to 

Pests. (Ed. by M.B. Gree d P.A  Hedin)  206-219  America
Chemical Society Symposiu

4. Klocke, J.A., and I. Kub  exp  appl
5. Morgan, E.D. 1982. In Natural Pesticides from the Neem Tree 

(Azadirachta indica A. Juss). Proc. 1st Int. Neem Conf. (Rottach-Egern, 
1980), (Ed. by H. Schmutterrer, K.R.S. Ascher, and H. Rembold), pp. 
43-52. German Agency for Technical Cooperation, Eschborn, 
Germany. 

6. Butterworth, J.H., and E.D. Morgan 1971. J. Insect Physiol. 
17:969-977. 

7. Arnason, J.T., B.J.R. Philogene, N. Donskov, and I. Kubo 1987. 
Entomol. exp. appl. 43:221-226. 

8. Hassanali, Α., M.D. Bently, E.N. Ole Sitayo, P.E.W. Njoroge, and M . 
Yatagai 1986. Insect Sci. Applic. 7:495-499. 

9. Hassanali, Α., M.D. Bentley, A.M.Z. Slawin, D.J. Williams, R.N. 
Shephard, and A.W. Chapya 1987. Phytochemistry 26:573-575. 

10. Lidert, Z., D.A. Taylor, and M. Thirugnanam 1985. J. Nat. Prod. 
48:843-845. 

11. Koul, O. 1983. Z. Ang. Ent. 95:166-171. 
12. Kraus, W., W. Grimminger, and G. Sawitzki 1978. Agnew. Chem. Int. 

Ed. Engl. 17:452-453. 
13. Nakatani, M., M . Okamoto, T. Iwashita, K. Mizukawa, H. Naoki, and T. 

Hase 1984. Heterocycles 22:2335-2340. 
14. Sieber, K.-P, and H. Rembold 1983. J. Insect Physiol. 29:523-527. 
15. Mordue, A.J., K.A. Evans, and M. Charlett 1986. Comp. Biochem. 
           Physiol. 85C:297-301.
 16. Schluter, U., H.J. Bidmon, and S. Grewe 1985. J. Insect Physiol. 

31:773-777. 
 17. Redfern, R.E., Τ.J. Kelly, A.B. Borkovec, and D.K. Hayes 1982. Pest. 

Biochem. Physiol. 18:351-356. 
 18. Dorn, Α., J.M. Rademacher, and E. Sehn 1986. J. Insect Physiol. 

32:231-238. 
 19. Rembold, Η., H. Forster, Ch. Czoppelt, P.J. Rao, and K.P. Sieber 1984. 

In Natural Pesticides from the Neem Tree (Azadirachta indica A. Juss) 
and Other Tropical Plants. Proc. 2nd Int. Neem Conf. 
(Rauischholzhausen, 1983), (Ed. by H. Schmutterer, and K.R.S. 
Ascher), pp. 163-179. German Agency for Technical Cooperation, 
Eschborn, Germany. 

In Insecticides of Plant Origin; Arnason, J., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1989. 



108 INSECTICIDES OF PLANT ORIGIN 

20. Koul, Ο., K. Amanai, and T. Ohtaki 1987. J. Insect Physiol. 
33:103-108. 

21. Schmutterrer, H . 1988. J. Insect Physiol. 34:713-719. 
22. Jacobson, M . 1986. In Natural Resistance of Plants to Pests. (Ed. by 

M.B. Green and P.A. Hedin), pp. 220-232. American Chemical Society, 
Symposium Series Volume 296, Washington, D.C. 

23. Okpanyi, S.N. and G.C. Ezeukwu 1981. Planta Med. 41:34-39. 
24. Arnason, J.T. 1988 personal communication. 
25. Saxena, R.C., H.D. Justo, and P.B. Epino 1983. In Natural Pesticides 

from the Neem Tree (Azadirachta indica A. Juss) and Other Tropical 
Plants. Proc. 2nd Int. Neem Conf. (Rauischholzhausen, 1983), (Ed. by 
H. Schmutterer, and K.R.S. Ascher), pp. 163-179. German Agency for 
Technical Cooperation, Eschborn, Germany. 

26. Champagne, D.E., M.B. Isman, and G.H.N. Towers, in prep. 
27. Reese, J.C. and S.D. Beck 1976. Ann. Ent. Soc. Amer. 69:59-67. 
28. Arnason, J.T., B.J.R. Philogene

P. Morand, D. Gardner
Entomol. exp. appl. 38:29-34. 

29. Barnby, M.A. and J.A. Klocke 1987. J. Insect Physiol. 33:69-75. 
30. Fagoonee, I. 1984. In Natural Pesticides from the Neem Tree 

(Azadirachta indica A. Juss) and Other Tropical Plants. Proc. 2nd Int. 
Neem Conf. (Rauischholzhausen, 1983), (Ed. by H. Schmutterer, and 
K.R.S. Ascher), pp. 211-224. German Agency for Technical 
Cooperation, Eschborn, Germany. 

31. Mordue, A.J., P.K. Cottee, and K.A. Evans 1985. Physiol. Entomol. 
10:431-437. 

32. Mulkern, and Mongolkiti 1975. Acrida 4:95 
33. Champagne, D.E., M.B. Isman, and G.H.N. Towers, in prep. 
34. Mordue, A.J. and K.A. Evans 1987. In Insects-Plants, pp 43-48, 

Labeyrie, V., Fabres, G., Lachaise, D., Eds. Junk, Dordrecht, 
Netherlands. 

35. Koul, O. 1984. Zeitschrift Ange. Entomol. 98:221-223. 
36. Ladd, T.L.Jr., Warthen, J.D.Jr., and M.G. Klein 1984. J. Econ. 

Entomol. 77:903-905. 
37. Gaaboub, I.A., and D.K. Hayes 1984. Environ. Entomol. 13:1639-1643. 
38. Schoonhoven, L .M. 1982. In Pesticides from the Neem Tree 

(Azadirachta indica A. Juss). Proc. 1st Int. Neem Conf. 
(Rottach-Ergen, 1980), (Ed. by H. Schmutterer, K.R.S. Ascher, and H. 
Rembold), pp. 105-108. German Agency for Technical Cooperation, 
Eschborn, Germany. 

39. Simmonds, M.S.J., and W.M. Blaney 1984. In Natural Pesticides from 
the Neem Tree (Azadirachta indica A. Juss) and Other Tropical 
Plants. Proc. 2nd Int. Neem Conf. (Rauischholzhausen, 1983), (Ed. by 
H. Schmutterer, and K.R.S. Ascher), pp. 163-179. German Agency for 
Technical Cooperation, Eschborn, Germany. 

40. Koul, Ο., K. Amanai, and T. Ohtaki 1987. J. Insect Physiol. 
33:103-108. 

41. Pener, M.P., D.B. Roundtree, S.T. Bishoff, and L.I. Gilbert, 1988. In 
Endocrinological Frontiers in Physiological Insect Ecology. (Ed. by F. 
Senhal, A. Zabza and D.L. Denlinger), pp. 41-54. Wroclaw Technical 
University Press, Wroclaw, Poland. 

43. Svoboda, J.A. and W.E. Robbins 1971. Lipids 6:113-119. 
44. Svoboda, J.A. and W.E. Robbins 1967. Science 156:1637-1638. 
45. Champagne, D.E., M.B. Isman, and G.H.N. Towers, in prep. 

In Insecticides of Plant Origin; Arnason, J., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1989. 



8. CHAMPAGNE ET AL. Phytochemicals and Extracts of the Meliaceae 109 

46. Dreyer, D.L. 1983. In Chemistry and Chemical Taxonomy of the 
Rutales. P.G. Waterman and M.F. Grundon, Eds. pg. 215-246. 
Academic Press, London. 

47. Das, M.F., G.F.D. Silva, O.R. Gottlieb, and D.L. Dreyer 1984. 
Biochem. System. Ecol. 12:299-310. 

48. Champagne, D.E., M.B. Isman, and G.H.N. Towers, in prep. 
49. Pennington, T.D., and B.T. Styles 1975. Blumea 22:419-540. 

RECEIVED November 18,1988 

In Insecticides of Plant Origin; Arnason, J., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1989. 



Chapter 9 

Insecticides from Neem 

R. C. Saxena 

Entomology Department  International Rice Research Institute  P.O  Box 

Derivatives of neem (Azadirachta indica A. 
Juss) have traditionally been used by 
farmers in Asia and Africa to ward off 
insect pests of household, agricultural, and 
medical importance. Unlike ordinary 
insecticides based on single active 
ingredients, neem derivatives comprise a 
complex array of novel compounds which have 
diverse behavioral and physiological effects 
on insects. Repellency, feeding and 
oviposition deterrence, growth and 
reproduction inhibition, and other effects 
have been attributed to neem compounds -
azadirachtin, salannin, meliantriol, etc. 
that occur mainly in the seed. However, the 
complexity of chemical structure of these 
compounds precludes their synthesis on a 
practical scale. Therefore, the use of 
simple formulations of neem derivatives such 
as leaf or kernel powder or extracts needs 
to be popularized. Their being safe to non-
target organisms, including humans, make them 
ideal insecticides. Several azadirachtin-
rich formulations have already been commer
cialized for use on nonfood and food crops. 

I n s e c t i c i d e s a r e needed t o c o n t r o l a t l e a s t h a l f o f t h e 
i n s e c t p r o b l e m s a f f e c t i n g a g r i c u l t u r e and p u b l i c h e a l t h 
(J_) . C r o p l o s s e s would s o a r and f o o d p r i c e s w i l l 
e s c a l a t e i f i n s e c t i c i d e s were to be banned (.2). C r o p 
l o s s e s would be o f even h i g h e r m a g n i t u d e i n d e v e l o p i n g 
c o u n t r i e s where a l t e r n a t i v e c r o p p r o t e c t i o n m easures 
a r e s t i l l b e i n g s t r e n g t h e n e d ( _3 ) . 

S i n c e t h e a d v e n t o f DDT, most i n s e c t i c i d e s t h a t 
have been d e v e l o p e d a r e s y n t h e t i c , n o n s e l e c t i v e , and 
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9. SAXENA Insecticides from Neem 1 1 1 

t o x i c c h e m i c a l s . A l t h o u g h t h e y have e f f e c t i v e l y 
c o n t r o l l e d some p e s t s p e c i e s , t h e i r e x t e n s i v e and 
sometimes i n d i s c r i m i n a t e use has l e d t o s e r i o u s s o c i a l 
and e n v i r o n m e n t a l r e p e r c u s s i o n s . The p o i s o n i n g o f 
l i v e s t o c k , f i s h , w i l d l i f e , and o t h e r b e n e f i c i a l 
o r g a n i s m s has been l i n k e d w i t h i n c r e a s e d i n s e c t i c i d e 
u s e . T h e r e has a l s o been a d i s t u r b i n g i n c r e a s e i n 
human p o i s o n i n g , p a r t i c u l a r l y i n d e v e l o p i n g c o u n t r i e s 
where s a f e h a n d l i n g and a p p l i c a t i o n o f i n s e c t i c i d e s i s 
not a l w a y s f e a s i b l e due t o s e v e r a l s o c i o e c o n o m i c 
f a c t o r s . P e s t r e s u r g e n c e , a s s o c i a t e d w i t h i n s e c t i c i d a l 
d e s t r u c t i o n o f n a t u r a l e n e m i e s , and the w i d e s p r e a d 
d e v e l o p m e n t o f i n s e c t i c i d e r e s i s t a n c e i n p e s t s have 
w a r r a n t e d h i g h e r d o s e s o r more p o w e r f u l i n s e c t i c i d e s , 
e n d i n g i n an i n s e c t i c i d e t r e a d m i l l . T h a t i s not o n l y 
u n e c o n o m i c a l , i t a l s
C l e a r l y , new i n s e c t i c i d e
d i f f e r e n t s t a n d a r d s . They must be p e s t - s ρ e c i f i c , 
n o n t o x i c t o humans and b e n e f i c i a l o r g a n i s m s , 
b i o d e g r a d a b l e , l e s s p r o n e t o i n s e c t r e s i s t a n c e and 
r e s u r g e n c e , and l e s s e x p e n s i v e . 

In t h e l a s t two d e c a d e s , i n t e r e s t has i n c r e a s e d i n 
the p o t e n t i a l and p o s s i b l e use o f new b i o a c t i v e 
p r o d u c t s and n a t u r a l i n s e c t i c i d e s , w h i c h a r e l e s s 
l i k e l y t o c a u s e e c o l o g i c a l damage. T h e s e a l t e r n a t i v e 
i n s e c t c o n t r o l a g e n t s i n c l u d e b o t a n i c a l i n s e c t i c i d e s , 
m i c r o b i a l i n s e c t i c i d e s , i n s e c t m e t a b o l i c d i s r u p t o r s and 
i n h i b i t o r s , pheromones, and o t h e r m o d i f i e r s o f i n s e c t 
b e h a v i o r . I n s e c t g rowth r e g u l a t o r s ( I G R s ) , such as 
j u v e n i l e hormones ( J H ) and J H - a n a l o g s , were h-eralded as 
" t h i r d - g e n e r a t i o n p e s t i c i d e s " ( 4 ) , w h i l e J H - a n t a -
g o n i s t s , s u c h as p r e c o c e n e s , were c o n s i d e r e d as 
" f o u r t h - g e n e r a t i o n i n s e c t i c i d e s " (_5) . However, t h e 
p r a c t i c a l i t y o f pheromones and IGRs has been l i m i t e d 
b e c a u s e o f t h e i r h i g h c o s t s and a p p a r e n t s e l e c t i v i t y o f 
c e r t a i n s p e c i e s . The c o n t r o l p o t e n t i a l o f o t h e r 
b i o a c t i v e c a n d i d a t e s , s u c h as i n s e c t n e u r o p r ο t e i n s and 
p e p t i d e s (6,_7) and a n t a g o n i s t s o f i n s e c t i n t r a c e l l u l a r 
s y m b i o t e s ( 8 ) i s b e i n g i n v e s t i g a t e d . 

P l a n t s v i r t u a l l y a r e the r i c h e s t s o u r c e o f 
b i o a c t i v e o r g a n i c c h e m i c a l s on e a r t h . A l t h o u g h o n l y 
a b o u t 10,000 s e c o n d a r y p l a n t m e t a b o l i t e s have been 
c h e m i c a l l y i d e n t i f i e d , t h e t o t a l number o f p l a n t 
c h e m i c a l s may e x c e e d 400,000 (j?) . They a r e a v a s t 
c o r n u c o p i a o f d e f e n s e c h e m i c a l s , c o m p r i s i n g r e p e l l e n t s , 
f e e d i n g and o v i p o s i t i o n d e t e r r e n t s , g rowth i n h i b i t o r s , 
s t e r i l a n t s , t o x i c a n t s , e t c . Many o f t h e o l d e s t and 
most common i n s e c t i c i d e s , such as n i c o t i n e , p y r e t h r i n s , 
and r o t e n o n e , were d e r i v e d from p l a n t s . The c h e m i c a l 
or i n s e c t i c i d e a p p r o a c h had i t s b e g i n n i n g s i n t h e use 
of b o t a n i c a l m a t e r i a l s . T h i s p a p e r r e v i e w s the 
p o t e n t i a l o f neem, A z a d i r a c h t a fHcjj A. J u s s ( F a m i l y 
M e l i a c e a e ) , as a s o u r c e o f n a t u r a l i n s e c t i c i d e s . 
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Ml g t ?m Γ. Ie. ,a. 1 _.? eT s £ f ç t *· y g 
The neem t r e e o r margosa i s i n d i g e n o u s t o I n d i a ( 1 0 ) , 
I t i s now w i d e s p r e a d i n many A s i a n and A f r i c a n 
c o u n t r i e s and i s a l s o grown i n A u s t r a l i a , F i j i , Papua 
New G u i n e a , t h e P h i l i p p i n e s , M a u r i t i u s , s e v e r a l 
c o u n t r i e s i n C e n t r a l and S o u t h A m e r i c a , t h e C a r i b b e a n , 
P u e r t o R i c o , and t h e V i r g i n I s l a n d s . I t s u s e s have 
been w e l l known i n I n d i a and a r e m e n t i o n e d i n t h e 
e a r l i e s t S a n s k r i t m e d i c a l w r i t i n g s . A l m o s t e v e r y 
p a r t o f t h e t r e e i s b i t t e r but t h e seed k e r n e l i s most 
b i t t e r . C e n t u r i e s b e f o r e s y n t h e t i c i n s e c t i c i d e s became 
a v a i l a b l e , f a r m e r s i n I n d i a p r o t e c t e d c r o p s w i t h 
n a t u r a l r e p e l l e n t s f o u n d i n neem f r u i t s and l e a v e s 
(J_.2 ) . Even now d r i e d neem l e a v e s a r e mixed w i t h g r a i n 
i n I n d i a n h o u s e h o l d
s t o r a g e p e s t s . L i k e w i s e
p r o t e c t i n g w o o l l e n c l o t h e s from i n s e c t damage i s not 
uncommon. Neem c a k e , a b u l k y r e s i d u e o f neem seeds 
a f t e r o i l e x t r a c t i o n , was a p p l i e d t o r i c e f i e l d s t o 
p r o t e c t t h e c r o p a g a i n s t i n s e c t p e s t s as e a r l y as 1 9 3 2 
i n I n d i a ( J _ 3 ) · Neem a p p l i c a t i o n r e n d e r e d t h e paddy 
b i t t e r , t h u s d i s c o u r a g i n g p e s t a t t a c k . The cake was 
a l s o r e p o r t e d t o s e r v e as a manure and as a p r e v e n t i v e 
measure a g a i n s t w h i t e a n t s . 

P r a d h a n e t a l . ( _^4 ) d i s c o v e r e d t h e a n t i f e e d a n t 
a c t i v i t y o f neem s e e d s a g a i n s t l o c u s t s . L a v i e e t 
a l . 0 _ 5 ) i d e n t i f i e d m e l i a n t r i o l as a l o c u s t phago-
r e p e l l e n t from neem. A y e a r l a t e r , B u t t e r w o r t h and 
Morgan (1^6) i s o l a t e d a z a d i r a c h t i n , t h e most p o t e n t and 
c h e m i c a l l y t h e most i m p o r t a n t a n t i f e e d a n t p r i n c i p a l 
f r om neem s e e d s . But even a f t e r such a l o n g h i s t o r y o f 
neem's p e s t c o n t r o l p o t e n t i a l , i t s use d e c l i n e d . T h i s 
p a r a d o x c a n be a t t r i b u t e d t o t h e r e s e a r c h e r s ' p r e 
d i l e c t i o n f o r i n s e c t i c i d e s h a v i n g a d i s t i n c t i v e 
t o x i c i t y as e p i t o m i z e d by DDT and a whole a r r a y o f 
b r o a d s p e c t r u m , s y n t h e t i c i n s e c t i c i d e s . O n l y r e c e n t l y 
have t h e p o t e n t i a l s o f b e h a v i o r a l and p h y s i o l o g i c a l 
a b e r r a t i o n s been r e c o g n i z e d . They a r e h i g h l y d e s i r a b l e 
i n i n t e g r a t e d p e s t management programs as t h e y m i n i m i z e 
t h e r i s k o f e x p o s i n g t h e p e s t s ' n a t u r a l e nemies t o 
p o i s o n e d f o o d o r s t a r v a t i o n . W i t h i n t h e l a s t d e c a d e , 
neem has come u n d e r c l o s e s c r u t i n y o f s c i e n t i s t s a r o u n d 
th e w o r l d as the most p r o m i s i n g s o u r c e o f n a t u r a l 
i n s e c t i c i d e s (J_2~2!0) . S i n c e 1 9 8 0 , e i g h t n a t i o n a l and 
i n t e r n a t i o n a l c o n f e r e n c e s have been h e l d i n West 
Germany, I n d i a , t h e P h i l i p p i n e s , K e n y a , and A u s t r a l i a 
t o r e v i e w neem's p e s t c o n t r o l p o t e n t i a l . 

The c h e m i s t r y o f neem compounds has b e e i r e v i e w e d by 
J a c o b s o n ( 2 1 - 2 3 ) , K r a u s e t a l . ( 2 4 , 2 , _ 5 ) > and Morgan 
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( 2j>) . The a c t i v e p r i n c i p a l s o r t h e " b i t t e r s " have been 
i d e n t i f i e d as l i m o n o i d s , a g r o u p o f s t e r e o c h e m i c a 1 1 y 
homogeneous t e t r a n o r t r i t e r p e n o i d s . The most i m p o r t a n t 
a c t i v e p r i n c i p a l i s a z a d i r a c h t i n , a l t h o u g h more tha n 25 
d i f f e r e n t compounds have been i s o l a t e d i n c l u d i n g b e t a -
s i t o s t e r o l , f a t t y a c i d s , and f l a v o n o i d s . At l e a s t 9 
compounds p o s s e s s i n s e c t g r o w t h r e g u l a t i n g a c t i v i t y . 
B e s i d e s a z a d i r a c h t i n , m e l i a n t r i o l (_1_5) and s a l a n n i n 
( 2 7 ) a r e a l s o a c t i v e f e e d i n g d e t e r r e n t s . A new 
l i m o n o i d , d e a c e t y 1 - a z a d i r a c h t i n o 1 , i s o l a t e d f r o m f r e s h 
f r u i t s , was as e f f e c t i v e as a z a d i r a c h t i n i n a s s a y s 
a g a i n s t the t o b a c c o budworm H e^_io_t h i. £ XÎl£I££!li ( F. ) 
(2!_3) . A l s o , a n o t h e r a n t i f e e d a n t and g rowth i n h i b i t o r 
c l o s e l y r e l a t e d t o a z a d i r a c h t i n ( d e s i g n a t e d as v e p a o l ) 
and two o t h e r a p p a r e n t l y new compounds ( d e s i g n a t e d as 
i s o v e p a o l and n i m i b i d i n
s eed ( 2JO . R e c e n t l y
i n h i b i t o r ( 7 - d e a c e t y l - 1 7 - h y d r o x y - a z a d i r a d i o n e ) has a l s o 
been i s o l a t e d from neem (29). 

M e l i a n t r i o l and s a l a n n i n have been o b t a i n e d i n 
d i s c r e t e c r y s t a l l i n e f o r m and s t r u c t u r a l l y d e f i n e d , but 
t h e r e has been much i n c o n s i s t e n c y about the c h e m i c a l 
s t r u c t u r e o f a z a d i r a c h t i n s i n c e t i l l r e c e n t l y , i t c o u l d 
be o b t a i n e d o n l y as a w h i t e amorphous powder t h a t m e l t s 
at 1 5 4 - 1 5 8 ° C . B r o u g h t o n et a l . ( 3 0 ) , t h r o u g h X - r a y 
c r y s t a l l o g r a p h y o f a d e t i g 1oy1 a t e d ( t i g l o y 1 = 2 - m e t h y 1-
c r o t o n y l ) d i h y d r o d e r i v a t i v e o f a z a d i r a c h t i n , have now 
c o n c l u s i v e l y p r o p o s e d t h e f o l l o w i n g m o l e c u l a r s t r u c t u r e 
o f a z a d i r a c h t i n ( F i g . l ) : 

F i g . 1. M o l e c u l a r s t r u c t u r e o f a z a d i r a c h t i n (30) 

Neem P r o d u c t s w i t h I n s e c t C o n t r o l P o t e n t i a l 

The c o m p l e x i t y o f neem compounds p r e c l u d e s t h e i r 
s y n t h e t i c p r o d u c t i o n i n t h e n e a r f u t u r e . C o n s e q u e n t l y , 
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most neem d e r i v a t i v e s used o r e v a l u a t e d f o r i n s e c t 
c o n t r o l i n c l u d e d r i e d l e a v e s , s e e d , seed k e r n e l , o i l , 
c a k e , aqueous o r o r g a n i c s o l v e n t e x t r a c t s o f seed 
k e r n e l , s t a n d a r d i z e d " N e e m r i c h " e x t r a c t s , p a r t i a l l y 
p u r i f i e d f r a c t i o n s , a z a d i r a c h t i n - r i c h f o r m u l a t i o n s , 
e t c . 

The t h i c k , v i s c o u s , c r u d e neem o i l has a s t r o n g 
g a r l i c o d o r due t o the p r e s e n c e o f a l a r g e number o f 
s u l f u r m o i e t i e s . I n d i a p r o d u c e s a p p r o x i m a t e l y 83,000 
t o n s o f neem o i l and a b o u t 332,000 t o n s o f neem ca k e 
a n n u a l l y Ο 7.» 21 > 2.1)' T n e m a j o r o u t l e t f o r neem o i l 
i n I n d i a i s the soap i n d u s t r y where i t i s used i n t h e 
m a n u f a c t u r e o f l o w - g r a d e soaps and d e t e r g e n t s . I t i s 
a l s o used as a l u b r i c a n t and as a p a i n t t h i n n e r . 

Neem c a k e i s i n g r e a t demand f o r p e s t c o n t r o l u s e , 
e s p e c i a l l y a g a i n s t p l a n
t i o n s i n K e r a l a , wher
o f neem c a k e i s b e i n g s o l d a n n u a l l y , m o s t l y by 
p e s t i c i d e d e a l e r s (Ahmed, S., E a s t West C e n t e r , 
H o n o l u l u , USA, p e r s o n a l c o m m u n i c a t i o n , 1 9 8 8 . ) . Neem 
ca k e i s a l s o v a l u a b l e as a n i t r i f i c a t i o n i n h i b i t o r and 
i s b e i n g used f o r c o a t i n g or b l e n d i n g w i t h u r e a 
f e r t i l i z e r (32). 

A company i n I n d i a i s m a r k e t i n g two neem-based 
f o r m u l a t i o n s — R e p e l i n and W e l l g r o -- f o r s p r a y i n g i n 
t o b a c c o - g r o w i n g a r e a s o f A n d h r a P r a d e s h t o c h e c k damage 
by cutworms, o t h e r i n s e c t p e s t s , and t o b a c c o m o s a i c 
v i r u s i n t o b a c c o n u r s e r i e s (Subramaniam, T. S., I.T.C., 
L t d . , R a j a h m u n d r y , I n d i a , p e r s o n a l c o m m u n i c a t i o n , 
1987.) Use o f R e p e l i n i s a l s o b e c o m i n g p o p u l a r i n 
c o t t o n - g r o w i n g r e g i o n s i n A n d h r a P r a d e s h (Ahmed, S., 
E a s t West C e n t e r , H o n o l u l u , USA, p e r s o n a l communi
c a t i o n , 1 9 8 8 ) , where c o t t o n damage by t h e c o t t o n 
b o l l w o r m H ^ J ^ c r t h j ^ £ £ ™ Ϊ £ £ £ £ Htibner was e s t i m a t e d at 
US$40 m i l l i o n ( J a y a r a j , S., T a m i l Nadu A g r i c u l t u r a l 
U n i v e r s i t y , C o i m b a t o r e , I n d i a , p e r s o n a l c o m m u n i c a t i o n , 
1988), and where r e p e a t e d a p p l i c a t i o n s o f s y n t h e t i c 
p y r e t h r o i d s l e d t o t h e r e s u r g e n c e o f w h i t e f l i e s . 
A n o t h e r company i s m a r k e t i n g two neem o i l - b a s e d 
f o r m u l a t i o n s — N i m b o s o l and B i o s o l — f o r t h e c o n t r o l 
o f w h i t e f l i e s and l e p i d o p t e r o u s p e s t s ( K a t h e r , Μ. Α., 
Α. V. Thomas & Co., L t d . , M a d r a s , I n d i a , p e r s o n a l 
c o m m u n i c a t i o n , 1988.) R e g i s t r a t i o n has a l s o been 
g r a n t e d i n t h e USA f o r t h e use o f an a z a d i r a c h t i n - r i c h 
f o r m u l a t i o n M a r g o s a n - 0 f o r use on n o n f o o d c r o p s and 
o r n a m e n t a l s O^.) · Use on f o o d c r o p s may a l s o be 
a l l o w e d s h o r t l y as much d a t a on t h e s a f e t y o f neem 
d e r i v a t i v e s t o man and b e n e f i c i a l o r g a n i s m s have been 
g e n e r a t e d . An I n d i a n company has come up w i t h an 
a z a d i r a c h t i n - r i c h g r a n u l a r f o r m u l a t i o n Neemark 
( K h a n d a l , V. S., West C o a s t Herbochem, Bombay, I n d i a , 
p e r s o n a l c o m m u n i c a t i o n , 1988.) Neemark i s recommended 
f o r use ( a t a r a t e o f 18.75 kg/ha) on c o t t o n , paddy, 
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t o b a c c o , g r o u n d n u t , s u g a r c a n e , c h i l i , e g g p l a n t , o t h e r 
common v e g e t a b l e s , h o r t i c u l t u r a l c r o p s , l egumes, and 
fo o d g r a i n s . 

R e s e a r c h e r s at the N a t i o n a l C h e m i c a l L a b o r a t o r y i n 
I n d i a have a d v o c a t e d t h e d e v e l o p m e n t and use o f neem 
e x t r a c t s e n r i c h e d i n p a r t i c u l a t e p r i n c i p a l s o r 
p r o p e r t i e s as opposed t o s i n g l e , a c t i v e i n g r e d i e n t f o r 
i n s e c t c o n t r o l ( 3 ^ ) . T h e s e e x t r a c t s can be p r o d u c e d on 
a c o t t a g e i n d u s t r y l e v e l o r by s m a l l - s c a l e e x t r a c t i o n 
p l a n t s at t h e v i l l a g e l e v e l . A s t a n d a r d i z e d e x t r a c t 
" N e e m r i c h I " has been p r o d u c e d , p r o b a b l y t h e f i r s t o f 
i t s k i n d t o be r e g i s t e r e d f o r u s e . The e x t r a c t i o n 
p r o c e s s r e q u i r e s o n l y a few s t e p s . Two a d d i t i o n a l 
e x t r a c t s " N e e m r i c h I I " and " N e e m r i c h I I I " a r e a l s o 
b e i n g d e v e l o p e d . C o n t r a r y t o the c o n v e n t i o n a l p r a c t i c e 
o f p r o v i d i n g a p r e c i s
a c t i v e i n g r e d i e n t , t h
to be j u d g e d w i t h r e s p e c t t o t h e i r b i o l o g i c a l a c t i v i t y . 
T h i s n e c e s s i t a t e s a c o m p l e t e r e v i s i o n and r e c o n c i 
l i a t i o n o f r e g i s t r a t i o n c o n c e p t s and p o l i c i e s . A l t h o u g h 
i t i s p o s s i b l e t o d e s c r i b e such m i x t u r e s c h e m i c a l l y , 
t h e c o s t w i l l be p r o h i b i t i v e . 

R e c e n t l y , a s i m p l e p r o c e d u r e has been d e v e l o p e d at 
the I n t e r n a t i o n a l R i c e R e s e a r c h I n s t i t u t e t o e x t r a c t 
" b i t t e r s " ( l i m o n o i d s ) from neem seed k e r n e l as a 
c r y s t a l l i n e b r o w n i s h powder (3^6)· The powder, u n l i k e 
neem o i l , i s w a t e r s o l u b l e , r e l a t i v e l y p h o t o s t a b l e , and 
nonphyt ο t o x i c . 

Range οf get S p e c i e s A f f e c t e d 

In s p i t e o f neem's h i g h s e l e c t i v i t y , neem d e r i v a t i v e s 
a f f e c t a wide ra n g e o f i n s e c t p e s t s . J a c o b s o n ( 22 ) 
l i s t e d 123 i n s e c t s p e c i e s b e l o n g i n g t o o r d e r s 
C o l e o p t e r a , D i p t e r a , H e t e r o p t e r a , Homoptera, 
H y m e n o p t e r a , L e p i d o p t e r a , and O r t h o p t e r a , i n a d d i t i o n 
t o 3 m i t e and 5 nematode s p e c i e s . S i n c e t h e n , neem 
d e r i v a t i v e s have been f o u n d t o a f f e c t 75 a d d i t i o n a l 
i n s e c t s p e c i e s b e l o n g i n g t o d i f f e r e n t o r d e r s , and an 
os t r a c o d ( T a b l e I ) . 

2.Â£i£!&iL££i_ËÎiL££££._ ££ίΙ_!ί£Ε££_£ί_Δ££ΐ:££_£ί_ίί££Ξ 

Neem d e r i v a t i v e s have d i v e r s e b e h a v i o r a l and p h y s i o 
l o g i c a l e f f e c t s on i n s e c t s r a n g i n g from r e p e l l e n c y t o 
f e e d i n g d e t e r r e n c e , g r o w t h d i s r u p t i o n , s t e r i l i z i n g 
e f f e c t s , m a t i n g d i s r u p t i o n , o v i p o s i t i o n i n h i b i t i o n , 
e t c . At t i m e s , e l u c i d a t i o n o f t h e p r e c i s e mode o f 
a c t i o n i s d i f f i c u l t b e c a u s e o f the complex a r r a y and 
c o n c e r t e d o r s y n e r g i s t i c e f f e c t s o f neem compounds 
p r e s e n t i n t h e l e a v e s , b a r k , s e e d , o i l , c a k e , o r 
e x t r a c t s . However, the e f f e c t s have been c a t e g o r i z e d 
f o r b e t t e r u n d e r s t a n d i n g . 
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T a b l e I . A d d i t i o n a l s p e c i e s o f a r t h r o p o d s a f f e c t e d by 
neem d e r i v a t i v e s as c i t e d i n s e l e c t e d 

£ a 

r e r e r e n c e s 

S c i e n t i f i c name Common name R e f e r e n c e 

COLEOPTERA 
C a l i o s o b r u c h u s arraJ_L£ ( F a b . ) 
£ΐ£ΐ£2ΐ.?_££ a r m i g e r a 01 iν i e r 
E p i t r i x f u s c u l a C r o t c h 
Madura s i a o b s c u r e H a J a c o b y 
S£E£££££l.Ë£]l£a 

Χΐ^Α™ t i o c t o p u n c t a t a ( F a b . ) 
MyJ_J_oç_e r u s s ρ . 
9.£iLîl£££ k £ £ £ £ £.?_£££ W e i s e 
^£h£m£_t£z^a c a r d i a

DIPTERA 
Agdes t o g o i ( T h e o b a l d ) 
5.£lU£ÎI£££ v i e i n a R.-D. 
C u l e x ££l££££_f££££atus Say 

D a c u ^ £uc_u£bj1_ta_£ C o q u i l l e t 
M e l a n a g r o m y z a ob t u s a ( M a i l . ) 
Mu^ca 2£Ξ1Ε.ϋ1 i c a L . 
0£h .iomja £h a£ e o^ _i ( T r y ο η ) 
Of s e p r i a o r ^ z a e (Wood-Ma son) 
ίΪί£ΙΞΪ£ LÈ.&.LRÊ. ( M e i g e n ) 
P h o r m i a t e r r a e n o v a e R.-D. 

p u l s e b e e t l e Y]_ 
r i c e h i s p a 22 
e g g p l a n t f l e a b e e t l e 22. 
g a l e r u c i d b e e t l e 40 

c o c c i n e l l i d b e e t l e 4J_ 
c o t t o n g r e y w e e v i l 22 
f o l i a r b e e t l e 42: 

m o s q u i t o 44 
b l u e b l o w f l y 42 
s o u t h e r n house 

m o s q u i t o 44 
me 1 on f l y 42 
bean pod f l y 47 
house f l y 42 
bean f l y 4 2 
g a l l midge 22 
b l a c k b l o w f l y 2 1 
b l o w f y 22 

HETEROPTERA 
Δ£££££ΐ£££ΐ.?_ *1*- s 

b ££h u£η a_ ( K i r k . ) 
C alç>£0 r £ £ a n g u££a t u s L e t h , 
t££Î.£££lii£ ££££££.!.££ F · 
2£££l.£££Îl££.a- £££Ι.£ΐ.£Ϊ.£ ^ · 

E a s t A f r i c a n 
c o f f e e bug 22 

sorghum e a r h e a d bug 2S 
r i c e bug 22 
Palawan b l a c k bug 2ÎL 

H0M0PTERA 
Amra s c a d e v a s t a n s ( D i s t a n t ) 
Aj>h££ £ÎL_t£J1£oJ_£ van d e r Goot 
A £ h £ £ gos sγρii G l o v e r 
B em i s i a t a b a c i ( G e n n a d i u s ) 
D i a p h o r i n a c i t r i Kuway 
1.Ξ£££££Ê. !££££.Êllf. ( J a c . ) 
E m £ ο £ £ £ £ Jjr b £ £ a de B e r g . 
ΐ£££2ΐ£ΐ1.§_ Ï.Ë.Ç.LfJLlf. ( J a c . ) 
L £ £ £ £ h £ £ ££Χ££Π1£ ( K a 11 . ) 
îl£l££££Îl2f. ££££]!£££ ( Z e h η t . ) 
M y z u | £ £ £ £ £ £ £ £ ( S u l z e r ) 
Ε 2 £ £ £ ΐ £ £ £ £]ΐ£Ι!ΐ 3Π£Ϊ2ΐΐ. ( F i t c h ) 
Rh C£a_J_o^££h um £ £ m £ h £ £ £ £ ( L . ) 
Τ ο χ ο £ £ £ £ a a u r a n t i i (Β ο y e r ) 

c o t t o n l e a f h o p p e r 
c i t r u s a p h i d 
c o t t o n a p h i d 
s w e e t p o t a t o w h i t e f l y 
c i t r u s p s y l l i d 
c o t ton j a s s i d 
c o t t o n j a s s i d 
e g g p l a n t l e a f h o p p e r 
mus t a r d aph i d 
s u g a r c a n e a p h i d 
g r e e n p e a c h a p h i d 
c o r n l e a f a p h i d 
wat e r l i l y aph i d 
b l a c k c i t r u s a p h i d 

HYMENOPTERA 
A£h aj_i.a J_u£enj5 £ £ o x i m a ( K l u g ) m u s t a r d s aw f l y 

22 
22 
21 
22 
22 
60 
2Z 
60 
21 
62 
22 
62 
64 
59 

65 
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Table I. Continued 
S c i e n t i f i c name Common name R e f e r e n c e 

£ £ £ £ £ £ £H£.lil£ ( L e p e l e t i e r ) b i r c h l e a f m i n e r 6 6 
F o r m i c a £θl_y£_t£na_ F o e r s t e r wood ant 67_ 

LEPIDOPTERA 
Ac h a e a J a n a t a L. c a s t o r s em i I ο ο p e r 22 
Am£££_ta m o o r e i B u t l e r r e d h a i r y c a t e r p i l l a r 69_ 
â £ £ I u i i ££l_e_nar_i£ ( S c h i f f . ) g i a n t l o o p e r 22 
C h i 1 ο ££j__t£l_J_u_f. ( S w i n h o e ) s p o t t e d stem b o r e r 28 
£ £ I £ I I £ £££Î!.£l£ n-Â££ ( S t a i n . ) r i c e moth 2 1 
C r o c i d o l omia hi £ £ £ a l £ £ Z e l . c a b b a g e h e a d c a t e r p i l l a r 22 
E a r l a g _f a b ia_ S t ο 1 1 s p o t t e d bo 1 1 wo rm 7 3 

2££Ϊ1ΣΧ££££ £££j.££ ( F · ) b l u e - b u t t e r f l y JA 
S £ U L £ £ ] I A . ! L £Iîui^£I£ Hubne  c o t t o  b o l l w o r  2 2 
2 £ l l £ i £ £ £ 2 £ ϋ £ (
Ma 1 i a r p h a séparât e
M a r u c a t e s t u l a l i s ( G e y e r ) pod b o r e r 7 7 
O ^ r ^ n i - a ΐΗΣΙ1£££ΐίϋ ( G u e n é e ) A s i a t i c c o r n b o r e r 7 7 
Os t r i n i a ££2il£iifL ( H u b n e r ) E u r o p e a n c o r n b o r e r 22 
P h t h o r i m a e a o p e r c u l e l 1 a ( Z e l l . ) p o t a t o t u b e r moth 22 
£]ΐΧ£ΐ££_Ξ£ΐ£Ε£££££ A i η a l e a f r o l l e r 60 
P h y 1 l o c n i s t i s c i t r e l l a S t a i n , c i t r u s l e a f m i n e r 22 
P i e r i s b r a s s i c a e ( L . ) cabb a g e b u t t e r f l y 80 
P i e r i s r a p a e ( L . ) i m p o r t e d cabbageworm 8J_ 
Sc i r p o p h a g a i n c e r t u l a s ( Wlk.) y e l l o w stem b o r e r 50 
2 £ £ £ 2 l £ £ l £ £ ££££££!££ M a v r t o b a c c o stem b o r e r 6_Q 
2 £ l £ £ £ 2 £ £ l l Î £ B u 11 . n o c t u i d 60 
2 £ £ £ E l £ £ £ ΐ £ Ξ ΐ £ £ ΐ £ Hmps. stem b o r e r 6ÏÏ 
â£££Iui£ £ £ £ £ JLLi£l2££ ( L e f . ) stem b o r e r jTÔ 
2 £ U £ £ £ î £ £ £ 2 U £ £ £ (Wlk.) j u t e h a i r y c a t e r p i l l a r J74 
2 £ £ £ L £ £ l £ £ £ £ £ Î 2 £ £ Î £ (Cram.) s o u t h e r n armyworm 2 2 
S p o d o p t e r a m a u r i t i a 

a c r o n y n c t o i d e s ( B o i s d . ) r i c e armyworm 2 1 
S y l l e p t e d e r o g a t a ( F . ) o k r a l e a f r o l l e r 8 3 

ORTHOPTERA 
Βj_a£_ta o £ £ e n £ a l 2 £ L. o r i e n t a l c o c k r o a c h 8 4 
2 l £ £ l £ l l £ get;manica ( L . ) German c o c k r o a c h 84 
Byr s o t r i a f u m i g a t a G.-M. c o c k r o a c h 8 4 
2££E£ÎL£l££2l££ £ £ £ £ £ £ £ £ £ £ ( S e n . ) c o c k r o a c h 84 
Z.££.l£l£££i.£ £!££££££££ ( L. ) A m e r i c a n c o c k r o a c h 84 
2 £ £ £ l l £ l £ £ ^ Î £ £ l £ £ (*"·) brownbanded c o c k r o a c h 84 
?.££££££££ v a r i e g a t u s L. v a r i e g a t e d g r a s s h o p p e r 82 

THYSANOPTERA 
2££££Ϊ1££ί.££ίΐ.££££ 21ΐ££!Πΐ£ (Bag.) r i c e t h r i p s 22 

OSTRACODA ( C l a s s C r u s t a c e a ) 
2.£££Σ££Χ£ΣΑ.£ ΐ £ £ £ £ £ £ £ Σ £ N e a 1 e o s t r a c o d 22 

a S i n c e J a c o b s o n (2 2) . 
on any g i v e n s p e c i e s , 
b r e v i t y . 

A l t h o u g h t h e r e a r e s e v e r a l r e p o r t s 
o n l y one r e f e r e n c e i s s e l e c t e d f o r 
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R ej> e j_ le n t and A n t i f e e d a n t E f f e c t s . P r a d h a n et a l . ( _l 4 ) 
f i r s t d e m o n s t r a t e d t h a t a 0.001% aqueous s u s p e n s i o n o f 
c r u s h e d neem k e r n e l s p r a y e d on cabbage p l a n t t o t a l l y 
s t o p p e d f e e d i n g by the d e s e r t l o c u s t Sçh£££££££££ 
£ £ £ £ £ £ £ £ F o r s k . on t r e a t e d f o l i a g e . Neem t r e a t m e n t 
a l s o d e t e r r e d the m i g r a t o r y l o c u s t L ^ c u s t a Ι5££££ί_££.ΐ..§_ 
( L . ) but at a c o n c e n t r a t i o n o f 0.01% s u s p e n s i o n . 
C r o p s s p r a y e d w i t h a 0.1% neem seed s u s p e n s i o n at 
300-600 l i t e r s / h a e s c a p e d damage from an i n v a s i o n o f a 
l o c u s t swarm i n D e l h i i n 1962; u n s p r a y e d c r o p s were 
d e v a s t a t e d . K e t k a r ( L 7 ) l i s t e d 95 p u b l i c a t i o n s on 
i n s e c t r e p e l l e n t and a n t i f e e d a n t e f f e c t s o f neem 
d e r i v a t i v e s . L a t e r s t u d i e s on a d d i t i o n a l p e s t s p e c i e s 
have c o n f i r m e d the f e e d i n g i n h i b i t i o n c a u s e d by neem 
d e r i v a t i v e s (2 2). However, i n many o f t h e s e s t u d i e s , 
r e p e l l e n c y was not c l e a r l
d e t e r r e n c e . A c c o r d i n
" r e p e l l e n t " s h o u l d b y
o r i e n t e d l o c o m o t i o n away from the s o u r c e o f s t i m u l u s . 

The r e p e l l e n t and a n t i f e e d a n t e f f e c t s o f neem 
d e r i v a t i v e s on r i c e i n s e c t p e s t s have been s t u d i e d 
i n d e p t h . R i c e p l a n t s s p r a y e d w i t h neem o i l u s i n g an 
u l t r a - l o w volume (ULV) s p r a y a p p l i c a t o r were 
u n a t t r a c t i v e t o the brown p l a n t h o p p e r ΝiJ_££££Y_£_tat. 
i H S U l i ( S t â l ) , the w h i t e b a c k e d p l a n t h o p p e r 2£S.£Î.£.1J.£ 
j u r e i f e r a ( H o r v a t h ) , t h e l e a f f o l d e r Çna£haJ. £ £ £ £ £ £ £ 
m£cl £££j_ £ £ (Guene'e) , t h e e a r - c u t t i n g c a t e r p i l l a r 
My t h imna £ £ £ £ £ £ £ £ ( W l k . ) , and t h e r i c e armyworm 
2.££É£££££ £ maur i t i a a c r o n y n c t o i d e s ( B o i s . ) ( _3J_, 32 , V3 , 
8 9 , 9 0 ) . O n l y 36% o f Ν. l u g e n s f e m a l e s a l i g h t e d on 
p l a n t s s p r a y e d w i t h 3% neem o i l . I n s e c t a r r i v a l 
d e c r e a s e d as t h e c o n c e n t r a t i o n o f o i l i n c r e a s e d . The 
o i l r e p e l l e d Ν . l_££££_s and £ . ! £ £ £ £ _f £ £ £ a d u l t s even 
w i t h o u t c o n t a c t . L i k e w i s e , few f i r s t - i n s t a r l a r v a e o f 
f o l i a g e f e e d e r s s e t t l e d on l e a f c u t s t r e a t e d w i t h neem 
o i l . Neem o i l r e p e l l e d t he g r e e n l e a f h o p p e r 
Ε££ίΐ£££££Α χ. X Â £ £ £ £ £ £ £ ( D i s t a n t ) t o a l e s s e r d e g r e e t h a n 
i t d i d t h e p l a n t h o p p e r s (_5_3) · The s e t t l i n g r e s p o n s e o f 
N. j_£££££ f e m a l e s on r i c e p l a n t s grown i n s o i l 
i n c o r p o r a t e d w i t h u r e a , s u l f u r - c o a t e d u r e a , o r neem 
c a k e - u r e a m i x t u r e d i d not d i f f e r ( )· 

F e e d i n g by f o l i a g e f e e d e r s as w e l l as s u c k i n g 
i n s e c t s was d e t e r r e d on n e e m - t r e a t e d r i c e p l a n t s . In a 
60-min o b s e r v a t i o n , even s t a r v e d Ν. 1_£££££ f e m a l e s 
a v o i d e d a l i g h t i n g on s e e d l i n g s t r e a t e d w i t h 50% o r 100% 
neem o i l f o r 15 t o 20 m i n . They were r e s t l e s s upon 
a l i g h t i n g and s p e n t more tha n 30 min s e a r c h i n g f o r 
f e e d i n g s i t e s (8jO · The f e e d i n g d u r a t i o n d e c r e a s e d by 
0.93 min/h f o r e v e r y 1% i n c r e a s e i n o i l c o n c e n t r a t i o n , 
w h i l e the s e a r c h f o r f e e d i n g s i t e s was i n t e n s i f i e d . 
Food i n t a k e d e c r e a s e d s i g n i f i c a n t l y on p l a n t s s p r a y e d 
w i t h 12% neem o i l , but t h e i n s e c t f e d n o r m a l l y on 
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p l a n t s s p r a y e d w i t h a v e g e t a b l e o i l . F e e d i n g by £ . 
£u£c_£_f JÎ r a and Ν. ν _i £ £ £ £ £ £ £ was a l s o r e d u c e d on 
ne e m - 1 r e a t e d p l a n t s θ 2 > 9 _ 2 ) · 

Phloem f e e d i n g by N. v i r e s c e n s , m o n i t o r e d w i t h an 
e l e c t r o n i c d e v i c e , on r i c e p l a n t s s p r a y e d w i t h neem o i l 
was s i g n i f i c a n t l y l e s s t h a n on a c e t o n e - t r e a t e d p l a n t s 
(9_3) . Phloem f e e d i n g was e r r a t i c on n e e m - t r e a t e d 
p l a n t s w h i l e , p r o b i n g , s a l i v a t i o n , and x y l e m f e e d i n g 
i n c r e a s e d . Phloem f e e d i n g a l s o d e c r e a s e d on p l a n t s 
k e p t i n an a r e n a p e r m e a t e d w i t h neem o i l o d o r (9^h) . 

G i l l & L e w i s (9J.) d e m o n s t r a t e d neem's s y s t e m i c 
a n t i f e e d a n t a c t i o n . Young bean p l a n t s s y s t e m i c a l l y 
t r e a t e d w i t h an aqueous neem k e r n e l s u s p e n s i o n , 
e t h a n o l i c e x t r a c t , o r p u r e a z a d i r a c h t i n at 1000, 100, 
and 10 ppm, r e s p e c t i v e l y , were h a r d l y damaged by 
S c h i s ο c e r c a a d u l t s
a l s o e v i d e n c e d by lo
on r i c e p l a n t s grown i n s o i l i n c o r p o r a t e d w i t h neem 
ca k e (9^1)· ϋ · Χ Α £ £ £ £ £ £ £ i n g e s t e d l e s s from t h e phloem 
and more from t h e x y l e m o f neem c a k e - t r e a t e d p l a n t s 
(96)· The i n c r e a s e d x y l e m f e e d i n g p r o b a b l y s e r v e d t o 
o f f s e t d e s i c c a t i o n r e s u l t i n g from r e p e a t e d p r o b i n g , 
p r o f u s e s a l i v a t i o n , and r e s t l e s s n e s s . 

C o n t a c t w i t h a z a d i r a c h t i n d i s r u p t s f o o d i n t a k e and 
i n c r e a s e s t h e l o c o m o t o r y a c t i v i t y o f i n s e c t s (9^]_) . The 
a n t i f e e d a n t s may e i t h e r s t i m u l a t e t h e i n s e c t s ' 
s p e c i a l i z e d d e t e r r e n t r e c e p t o r s or i n t e r a c t w i t h 
r e c e p t o r s s e n s i t i v e t o p h a g o s t i m u l a n t s (9^8) . The 
r e s u l t i n g d i s t o r t i o n o f normal r e c e p t o r a c t i v i t y may 
i n h i b i t f o o d i n t a k e . 

G r ο w_th_ Γη h i.b it_ i ο η . The gro w t h i n h i b i t o r y e f f e c t s o f 
neem d e r i v a t i v e s a r e much more p r o f o u n d t h a n r e p e l l e n c y 
o r p h a g o d e t e r r e n c y . L e u s c h n e r (^2) r e p o r t e d t h a t 
t o p i c a l a p p l i c a t i o n o f a c r u d e m e t h a n o l i c e x t r a c t o f 
neem l e a v e s at 50 ug t o 4 t h - or 5 t h - i n s t a r nymphs o f 
t h e E a s t A f r i c a n c o f f e e bug An t e s t i ops i s o r b £ £ a_J_ i. £ 
k££ÎL£.£££ ( K i r k . ) c a u s e d m o r p h o g e n e t i c d e f e c t s s i m i l a r 
t o t h o s e p r o d u c e d by n a t u r a l o r s y n t h e t i c h o r m o n a l l y 
a c t i v e s u b s t a n c e s . The t r e a t m e n t o f 4 t h - i n s t a r nymphs 
c a u s e d a b n o r m a l wing c a s e s , s c u t e l l i , and h e m e l y t r a i n 
the s u c c e e d i n g i n s t a r . C rude m e t h a n o l i c e x t r a c t o f 
neem l e a v e s o r s e e d , neem o i l , and p u r i f i e d f r a c t i o n s 
o f seed k e r n e l i n h i b i t e d t h e g r o w t h o f t h e M e x i c a n bean 
b e e 11 e Ε j> jj_££h n a v a r î v e s û s M u l s a n t , t h e C o l o r a d o 
p o t a t o b e e t l e L££_t££ £ _t a _r££ Ε£££ΙΗ2-2:£££££ ( S a y ) , and the 
di a m o n d b a c k moth Ρ 1u t e11 a x y l o s t e l l a ( L . ) ( 99, 100). 

Ruscoe O0J_) r e p o r t e d t h a t g rowth o f P. 
2LXi££jL£i JL£ > t n e cabbage b u t t e r f l y P i e r i s b J_£££ i.£ £ £ 
( L. ) , H. v i r e s c e n ^ , and o f the c o t t o n s t a i n e r D y££Î_£££££ 
£££££:£.£££ S i g n , was a f f e c t e d i f l a r v a e o r nymphs 
c o n t a c t e d a z a d i r a c h t i n - t r e a t e d s u b s t r a t e s o r f e d on 
t r e a t e d f o o d . P. 2££££Ϊ:£ β£ P u P a e were s m a l l and 
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d e f o r m e d . A neem f r a c t i o n or a z a d i r a c h t i n c a u s e d 
met a m o r p h i c d e v i a t i o n s i n l a r v a e o f E. var_i ν £ £ £ is^, t h e 
M e d i t e r r a n e a n f l o u r moth E£h£££_ia kuhn î ]__l_£ Z e l l . , and 
t h e h o n eybee A £ £ £ me 11 i f e r a L., i n d e p e n d e n t o f f e e d i n g 
i n h i b i t i o n ( _10 2 , J_ 0_3 ) . Ε . y ^ r i ^ e _ s t_i £ l a r v a e f e d on 
n e e m - t r e a t e d bean l e a v e s became d i s c o l o r e d , d e v e l o p e d 
b l a c k l e g s , and c o u l d not p u p a t e ( 1 0 4 ) . The d a r k 
a p p e a r a n c e o f t h e l a r v a e was due t o the a c c u m u l a t i o n o f 
m e l a n i n ( H ) ^ ) . L a r v a e o f t h e f a l l armyworm S p o d o p t e r a 
_f£U££££rà_a ( J . E. S m i t h ) , t h e c o r n earworm H £ j _ i o t h £ £ 
£ £ £ ( B o d d i e ) , and the p i n k b o l l w o r m P e c t i n o ^ h o r a 
££££Ζ£Ϊ£ΐΑ.Ε ( S a u n d e r s ) f e d on a zad i r a c h t i n - 1 r e a t ed 
a r t i f i c i a l d i e t a l s o , f a i l e d t o m o l t Ο 06) . 

The g rowth i n h i b i t o r y e f f e c t s o f neem d e r i v a t i v e s 
a r e now r e p o r t e d f o r numerous i n s e c t s p e c i e s . Thus 
nymphs of r i c e l e a f h o p p e r
r i c e bug caged on nee
r i c e p l a n t s and l e p i d o p t e r o u s l a r v a e f e d on t r e a t e d 
l e a v e s s u f f e r e d from e c d y s i a l f a i l u r e s and o t h e r 
d e v e l o p m e n t a l d e f e c t s ( 12,89,90, UT7) . N. l u g e n s 
b i o t y p e s 1, 2, and 3 were e q u a l l y s e n s i t i v e t o neem 
t r e a t m e n t (89^· ^he l e a f h o p p e r s and p l a n t h o p p e r s were 
a l s o s e n s i t i v e t o s y s t e m i c a l l y a p p l i e d a z a d i r a c h t i n or 
e x t r a c t s o f neem seed k e r n e l ( 2 2 » i £ 2 ^ * ^ n e s y s t e m i c 
e f f e c t p e r s i s t e d f o r a b o u t 3 weeks. The s y s t e m i c 
e f f e c t o f c r u d e or m e t h a n o l i c neem e x t r a c t was a l s o 
o b s e r v e d a g a i n s t the l e a f m i n e r L£r^omyZJÎ £££_f 
( B u r g e s s ) by d r e n c h i n g t h e s o i l (7.8,J_09). 

The e f f e c t s o f neem d e r i v a t i v e s on s t o r e d g r a i n 
i n s e c t s have been r e v i e w e d i n d e p t h ( S a x e n a et a l . , In 
1]ΐ£_Μ££!Π_ΐ£££ y J a c o b s o n , M., E d . ; S t a t e - o f - t h e - A r t 
S e r i e s i n P h y t o c h e m i c a l P e s t i c i d e s , V o l . I, CRC, Boca 
R a t o n , i n p r e s s , ) and t h i s t o p i c needs no e l a b o r a t i o n . 
Neem d e r i v a t i v e s such as d r i e d l e a v e s , seed k e r n e l 
powder, c a k e , o i l , and o t h e r s , when mixed w i t h g r a i n s 
i n s t o r a g e , not o n l y p r o t e c t e d them from damage, but 
a l s o c a u s e d i n h i b i t i o n o f i n s e c t g r o w t h and d e v e l o p m e n t 
and a d u l t e mergence. 

Z e b i t z (44) r e p o r t e d g r o w t h i n h i b i t o r y e f f e c t s o f 
neem seed e x t r a c t s and a z a d i r a c h t i n on t h r e e s p e c i e s o f 
m o s q u i t o e s . C o n t i n u o u s e x p o s u r e o f f i r s t i n s t a r l a r v a e 
t o n e e m - t r e a t e d w a t e r d e l a y e d the d e v e l o p m e n t . Most 
l a r v a e d i e d as i n t e r m e d i a t e s d u r i n g i m a g i n a i d e v e l o p 
ment, s i m i l a r t o the e f f e c t o f the JH a n a l o g A l t o s i d . 
The g rowth i n h i b i t o r y e f f e c t was d i s t i n c t i n s e m i - f i e l d 
t r i a l s w i t h C u l e x £ £ £ £ £ £ £ ^. . T o p i c a l a p p l i c a t i o n or 
i n j e c t i o n o f a z a d i r a c h t i n i n t o b l u e b l o w f l y £aJJ_££h£££ 
V £ £ £ £ £ (R.-D.) d e l a y e d p u p a t i o n , and d e c r e a s e d p u p a l 
w e i g h t and a d u l t e mergence. E m e r g i n g f l i e s were s m a l l 
and ma 1 f o r m e d . 

A z a d i r a c h t i n p o s s i b l y i n h i b i t s e c d y s i s by 
d i s r u p t i n g t h e e c d y s t e r o n e t i t r e i n i n s e c t s o r by 
d i s t u r b i n g the n e u r o - e n d o c r i n e s y s t e m , p r o t h o r a c i c o -
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9. SAXENA Insecticides from Neem 121 

t r o p i c hormone, and a l l a t o t r o p i c hormone, w h i c h c o n t r o l 
the t i t r e s o f m o l t i n g hormone and j u v e n i l e hormone, 
r e s p e c t i v e l y Ο_10) . New neem compounds, d e a c e t y l -
a z a d i r a c h t i n o l (23,110) and v e p a o l (28), a l s o i n h i b i t 
ec d ys i s . 

Raguraman et a l . ( T_n_t J__Rj 1c_£_R££ J N e_w£J_., i n p r e s s ) 
r e p o r t e d t h a t neem d e r i v a t i v e s i m p a i r e d t h e d e v e l o p 
ment o f N. l u g e n s nymphs by a c t i n g as a n t a g o n i s t s o f 
the y e a s t - l i k e s y m b i o n t s ( Y L S ) h a r b o r e d by t h e i n s e c t . 
The p o p u l a t i o n o f YLS was s i g n i f i c a n t l y l o w e r i n 
i n d i v i d u a l s t h a t f e d on n e e m - t r e a t e d r i c e p l a n t s t h a n 
on u n t r e a t e d p l a n t s . The d e c r e a s e i n number o f YLS i n 
nymphs e x p o s e d t o neem d e r i v a t i v e s was e i t h e r due t o 
the neem's d i r e c t a n t i b i o t i c e f f e c t on e n d o s y m b i o n t s o r 
to t h e u n f a v o r a b l e e n v i r o n m e n t r e n d e r e d i n the f a t 
b o d i e s w h i c h a r e YL
b r a i n and f a t b o d i e

—î.Ï.Ë-S-L—SL£_.§.££X i. ν ai_££É_5££££fl£££.i££· Neem d e r i v a t i v e s 
do not k i l l i n s e c t s d i r e c t l y , but t h e y e v e n t u a l l y 
succumb t o b e h a v i o r a l and p h y s i o l o g i c a l s t r e s s e s and 
s t a r v a t i o n on t r e a t e d p l a n t s (8j),H_L-L3)» N e v e r t h e l e s s , 
the i n s e c t s ' r e p r o d u c t i v e p h y s i o l o g y i s i n v a r i a b l y 
impa i r ed. 

F e m a l e s o f E. v a r i v e s t i s (100,_M_4) and L. 
É£££mJ__i££a_£a_ (115,116) were s t e r i l i z e d when e x p o s e d t o 
neem com p o n e n t s . P r o d u c t i o n o f eggs i n t r e a t e d f e m a l e s 
and h a t c h a b i l i t y were g r e a t l y r e d u c e d . The c h o r i o n o f 
eggs was p o o r l y formed l e a d i n g t o f u n g a l i n f e c t i o n . 
The s t r u c t u r e o f o v a r i e s o f E. v a r i v e s t i s f e m a l e s was 
a l t e r e d when t h e y f e d on bean p l a n t s s p r a y e d w i t h 1% 
m e t h a n o l i c neem k e r n e l e x t r a c t OJLZ) · C e l l b o u n d a r i e s 
o f t r o p h o c y t e s d i s a p p e a r e d , t h e c y t o p l a s m o f the n u r s e 
c e l l s became v a c u o l i z e d , t h e n u c l e i became p y c n o t i c , 
and the n u r s e t i s s u e became s y n c y t i a l . O v u l a t i o n was 
r a r e , t h e o o c y t e s and the o v a r i e s s h r a n k , and the 
v i t e l l a r i u m and t h e o v i d u c t s were r e s o r b e d . Egg 
p r o d u c t i o n a l s o d e c r e a s e d i n l e a f h o p p e r s and p l a n t 
h o p p e r s caged on r i c e p l a n t s s p r a y e d w i t h 12% neem o i l 
( j>3, 8 9^ ). The e g g - l a y i n g c a p a c i t y o f the queen o f 
Ζ.££ΞΙ£££ ££J_X£££££ F o e r s t e r ant p l u n g e d when f e d on a 
neem o i l - t r e a t e d d i e t ( 6 2 ) . A d m i n i s t r a t i o n o f 
a z a d i r a c h t i n t o 5.Z£É£££££ iS£££iSU: ( ̂ . ) f e m a l e s l e d t o 
t r o p h o c y t e damage ( J_J__8 ) . L i k e w i s e , a z a d i r a c h t i n 
a f f e c t e d o v a r i e s i n l a s t i n s t a r nymphs o f t h e m i l k w e e d 
bug O n c o p e l t u s £ £ £ £ £ £ £ £ £ ( D a l l a s ) (_1 _l£) and i n l o c u s t s 
(12 0 ) . 

Saxena & B a r r i o n (121,122) r e p o r t e d t h a t , compared 
t o t h e c o n t r o l s , f r e q u e n c i e s o f m e i o t i c c e l l s were 
s i g n i f i c a n t l y l e s s i n male p r o g e n i e s o f N. j_u^e_n£ and 
Ν. ν Î£ e^£e._n£ c o l l e c t e d from r i c e p l a n t s s p r a y e d w i t h 
neem seed k e r n e l e x t r a c t . Few s p e r m a t o g o n i a c a r r i e d on 
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the meiotic divisions that produced primary and 
secondary spermatocytes, resulting in lower meiotic 
indices. Azadirachtin suppressed the spermiogenesis of 
the diapausing pupae of the cabbage armyworm Maraeŝ ra 
ίΐ£££:1Ϊ£.Ε.£ (I") a n c * caused spermatocytes to degenerate 
in the testicular epithelium (]_2 3) . 

EJLL£££_££_Mil£ .LI!.SL_L_£Y- Ϊ£££Ϊ£Ϊ£Ξ_££Ε_££££ΐΐ£—Jilii-y.—£ί._5.^££· 
Litt le is known about the effect of neem derivatives on 
insect mating. Fecundity of N. virescens was reduced 
when females were sprayed with neem oil and paired with 
males on untreated plants (Heyde, J . v. d.; Saxena, R. 
C.; Schmutterer, H. , unpublished data.) Topical 
application of neem oil on N. Lu££££ females at 2.5 or 
5 ug/individua 1 or caging them on rice plants sprayed 
with >3% neem oil disrupte
production and matin

Table II. Effect of neem oil on courtship signals and 
mating behavior of !£££££ females (Saxena 
et a l . Int . _ R J L £ £ _ R £ s ^ _ N £ w s j . . , in press) 

PRF of Duration0 Premating Duration6 

Treatment signal of female period of mating 
(HZ) call (sec) (sec) (sec) 

Σ £ £ Ϊ £ £ ΐ 
(μgIfema1e) 

1.0 21. 5 b 75. 9 a 113. 5 a 66. 5 a 
2. 5 21. 9 b 38. 7 b 230. 0 ab 72. 8 a 
5.0 20. 3 ab 14. 8 c 314. 6 b 65. 0 a 
0 (control) 18. 7 a 84. 2 a 89. 8 a 76. 9 a 

Foliar 
(%) 

3 20. 8 b 52. I b 91 . 2 a 64. 2 a 
6 20. 8 b 27. 0 be 268 . 0 b 66. 7 a 
9 21 . 2 b 20. 2 c 219. 5 ab 55. 5 a 

0 (control) 19. 1 a 82. 8 a 94. 8 a 65. 5 a 

**In a column, means followed by a common letter are not 
significantly different at 5% level by Duncan's 
multiple range test; averages of 8, 36, 12, and 10 
replications, respectively. 
PRF = pulse repetition frequency of signal. 

et a l . , £^ RjL££_R££_!_ ÎL£W£_K , in press.). At higher 
concentrations of neem o i l , most females did not emit 
signals; consequently, the males could not locate them. 
Although a few treated females emitted normal signals 
(at higher pulse repetition frequency), the duration of 
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9. SAXENA Insecticides from Neem 123 

each c a l l d e c r e a s e d s i g n i f i c a n t l y . U n l i k e the c a l l s o f 
normal males and f e m a l e s , the c a l l s o f t r e a t e d f e m a l e s 
were not i n tune w i t h male c a l l s . 

Neem o i l d e t e r r e d e g g - l a y i n g by h o m o p t e r a n s , such 
as Ν . J_uge__n £ ( 8> 9 ) , A mrasca 4£Υ_££.£ £ £ £ ( D i s t a n t ) ( _5_5 ) , 
and B e r a i s i a ££_b £ £ £ ( G e n n a d i u s ) (_58 ) . O v i p o s i t i o n as 
w e l l as h a t c h a b i l i t y were r e d u c e d on neem o i l - t r e a t e d 
s u b s t r a t e s i n s e v e r a l l e p i d o p t e r a n s such as C. 
Ξ£ίΙΑ££ΐ2:£ (.?.£) > Μ · £ £ £ £ £ £ £ £ > §.· Ξ· £££££Σ££££Ϊ:Ε££ 
( _3 J_, 3 2 ) , S. l i t u r a ( 124) , Η. a r m i g e r a ( 124) , and p o t a t o 
t u b e r moth P h t h o r i m a e a £ £ £ £ £ £ l £ U £ ( Z e l l . ) ( 3_5) . Even 
the v a p o r o f neem o i l d e t e r r e d t h e p r o d u c t i o n o f v i a b l e 
eggs i n Ç o r c ^ r a £££Ϊ1£ΐ££.ΐ££ ( S t a i n . ) and E a r i a s l i L ^ A 3 . 
S t ο 1 1 ( 7_]_, 7_3 ) . O v i p o s i t i o n by Ν. ν ir_ e £ c en £ and the 
h a t c h a b i l i t y o f eggs d e c r e a s e d on r i c e s e e d l i n g s w h i c h 
had been s y s t e m i c a l l
f o r 24 h ( 1 2 6 ) . 

Methods o f A p p l i c a t i o n 

Neem d e r i v a t i v e s have been a p p l i e d a g a i n s t s e v e r a l 
s p e c i e s o f s t o r a g e p e s t s and c r o p p e s t s as l e a v e s , o i l , 
c a k e , e x t r a c t s , and even as e l e c t r o d y n f o r m u l a t i o n s o f 
neem o i l . They have been used e i t h e r a l o n e o r i n 
s e l e c t e d c o m b i n a t i o n w i t h o t h e r e d i b l e o i l s , i n s e c t i 
c i d e s , and s y n e r g i s t i c compounds. A g a i n s t c r o p p e s t s , 
neem d e r i v a t i v e s have been a p p l i e d u s i n g h i g h v olume, 
low volume o r u l t r a - l o w volume s p r a y a p p l i c a t o r s , and 
as p r e s o w i n g t r e a t m e n t s , s o i l a p p l i c a t i o n s , or s e e d l i n g 
r o o t - d i p t r e a t m e n t . 

A p o t e n t i a t i o n o f i n s e c t i c i d a l a c t i v i t y a g a i n s t 
N. v i r e s c e n s was d e m o n s t r a t e d i n m i x t u r e s o f c u s t a r d -
a p p l e o i l and neem o i l (J_J^2_) , i n neem k e r n e l o r c a k e -
mixed c a r b o f u r a n ( 12^7) > a n < * * · η combined t r e a t m e n t w i t h 
neem e x t r a c t and Bac i l l u s t h u r i n ^ i e n s i s ( B e r l i n e r ) 
(J_2JS). The e f f e c t i v e n e s s o f a neem seed e x t r a c t 
i n c r e a s e d a g a i n s t P. ^X Α££££ΐ2.£ l a r v a e by t h e a d d i t i o n 
o f a s y n e r g i s t p i p e r o n y l b u t o x i d e 0.29.) . However, t h e 
s y n e r g i s t d i d not s t a b i l i z e the e x t r a c t a g a i n s t 
d e g r a d a t i o n by u l t r a v i o l e t r a y s . D e g r a d a t i o n o f neem 
o i l by s u n l i g h t was r e d u c e d by a d d i n g 1% c a r b o n o r 2% 
l i q u i d l a t e x ( 3 1 , 3 2 ) . 

F i e l d T r i a l s 

S e v e r a l f i e l d t r i a l s u s i n g neem d e r i v a t i v e s f o r t h e 
c o n t r o l o f m a j o r i n s e c t p e s t s o f r i c e and v i r u s 
d i s e a s e s t r a n s m i t t e d by them have y i e l d e d u s e f u l d a t a 
on p e s t and d i s e a s e r e d u c t i o n and have i n c r e a s e d y i e l d 
( 50,89 , 1 3 0 ) . At the IRRI e x p e r i m e n t a l f a r m , e f f e c t i v e 
neem t r e a t m e n t s s u c h as w e e k l y s p r a y i n g o f 50% neem 
o i l - c u s t a r d - a p p l e o i l m i x t u r e i n 4:1 p r o p o r t i o n 
( v o l / v o l ) at 8 l i t e r s / h a from t h e s e e d l i n g t o t h e 

In Insecticides of Plant Origin; Arnason, J., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1989. 
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maximum t i l l e r i n g s t a g e not o n l y d e c r e a s e d t u n g r o 
d i s e a s e i n c i d e n c e but a l s o i n c r e a s e d t h e y i e l d ( _1 3_0) . 
The low i n p u t c o s t o f t h e t r e a t m e n t c o n t r i b u t e d t o a 
h i g h n e t g a i n when compared w i t h t h e use o f a 
recommended i n s e c t i c i d e 0,3_l) . 

In f i e l d t r i a l s i n I n d i a i n 1984-85, neem 
t r e a t m e n t s were fo u n d e f f e c t i v e a g a i n s t p o p u l a t i o n s o f 
Ν . ν i_£ £ £ £ £ £ £, t h e y e l l o w stem b o r e r Se i r pophaga 
iHc_£-L£iil££ ( W a l k e r ) , t h e r i c e g a l l midge O r s e o l i a 
£ £ £ £ £ £ (Wood-Mason), and g r a s s h o p p e r s O O ) . P l o t s 
s p r a y e d w i t h 2% neem seed e x t r a c t at 10 kg/ha y i e l d e d 
the h i g h e s t g r a i n y i e l d . 

Neem d e r i v a t i v e s a l s o p r o v e d e f f e c t i v e a g a i n s t H. 
a r m i g e r a on B e n g a l gram, C £ £ £ £ a j ^ i e t i n u m ( L. ) ( J__3_2, 
1.22 a g a i n s t l e a f r o l l e r S y j_£££a ci£r o^£_t£ ( F . ) and f l e a 
b e e t l e s Ρ £ c[ a £ r i_£ a spp
pod b o r e r s H. a r m i g e r a
E£i£££5I£E!I^£ ob_t u£a_ ( M a l l . ) on p i g e o n pea ( J__3 4 ) . In 
r e s e a r c h and c o m m e r c i a l g r e e n h o u s e t e s t s i n the USA, 
a 0.4% c r u d e neem e x t r a c t a p p l i e d as a s o i l d r e n c h 
c a u s e d s i g n i f i c a n t m o r t a l i t y o f l a t e i n s t a r s and pupae 
o f t h e l e a f m i n e r L. t r i f ο 1 i i on chrysanthemums O 0 £ ) . 
The use o f a c o m m e r c i a l f o r m u l a t i o n o f s o i l - a p p l i e d 
neem has been s u g g e s t e d f o r o t h e r f l o r i c u l t u r a l c r o p s . 

At f a r m l e v e l s t o r a g e and w a r e h o u s e s , t h e a p p l i 
c a t i o n o f neem d e r i v a t i v e s t o bags and s t o r e d g r a i n s 
has p r o v i d e d p r o t e c t i o n a g a i n s t i n s e c t p e s t s . Powdered 
neem seed k e r n e l mixed w i t h paddy (1 t o 2%) s i g n i f i 
c a n t l y r e d u c e d p e s t i n f e s t a t i o n i n w a r e h o u s e s ( 17.) · 
Neem l e a v e s mixed w i t h paddy ( 2 % ) , bags t r e a t e d w i t h 2% 
neem e x t r a c t , or a 2 0 - t o 3 0 ~ c m - t h i c k d r i e d neem l e a f 
b a r r i e r between the bags and s t o r a g e f l o o r s i g n i f i 
c a n t l y r e d u c e d i n s e c t i n f e s t a t i o n and damage t o t h e 
g r a i n d u r i n g a 3-month s t o r a g e p e r i o d O.L5) · The 
e f f e c t i v e n e s s o f neem t r e a t m e n t s was c o m p a r a b l e t o 2% 
m e t h a c r i f o s d u s t . L i k e w i s e , neem seed e x t r a c t at 7.2 
g/90 kg c a p a c i t y j u t e bag (100 χ 60 cm) c o n t r o l l e d 80% 
o f t h e p o p u l a t i o n o f m a j o r i n s e c t s and c h e c k e d the 
damage t o s t o r e d wheat up t o 6 months 0_^6) . The 
t r e a t m e n t was e f f e c t i v e up t o 13 months and p r o v i d e d 
more t h a n 70% p r o t e c t i o n as compared w i t h u n t r e a t e d 
c o n t r o l . The neem seed e x t r a c t t r e a t m e n t was as 
e f f e c t i v e as t h a t o f 0.0005% p r i m i p h o s m e t h y l mixed 
w i t h t h e g r a i n . U s i n g t h i s t e c h n o l o g y i n S i n d , 
P a k i s t a n , h i g h b e n e f i t - c o s t r a t i o s were a t t a i n e d by 
s m a l l - ( 4 . 6 ) , medium- ( 5 . 6 ) , and l a r g e - s c a l e ( 7 . 4 ) 
f a r m e r s (J_V7) . 

R £ ^ u £ £ ^ o n _ o ^ _ V j 1 £ u £ _ T £ £ n ^ m £ £ ^ i L o n 

Simons (_1_38) e m p h a s i z e d t h e use o f o i l f o r m u l a t i o n s 
w i t h a n t i f e e d a n t s from p l a n t s f o r c o n t r o l l i n g 
i n s e c t - t r a n s m i t t e d v i r a l d i s e a s e s . A n t i f e e d a n t s , 

In Insecticides of Plant Origin; Arnason, J., et al.; 
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t h o u g h not t o x i c , p r e v e n t o r r e d u c e i n s e c t f e e d i n g . 
S axena et a l . ( S 9_ ) o b s e r v e d t h a t t h e i n c i d e n c e o f N. 
Jjjg£i£S-t r a n s m i t t e d r a g g e d s t u n t v i r u s d i s e a s e was 
s i g n i f i c a n t l y l e s s i n r i c e f i e l d s p e r i o d i c a l l y s p r a y e d 
w i t h 12% neem o i l t h a n i n u n s p r a y e d f i e l d . Neem o i l 
r e d u c e d t h e N. _1 u £ e η £ s u r v i v a l and s u p p r e s s e d t h e 
t r a n s m i s s i o n o f g r a s s y - and r a g g e d s t u n t v i r u s d i s e a s e s 
(J__l_3) · Neem o i l a l o n e or mixed w i t h c u s t a r d - a p p l e o i l 
a l s o r e d u c e d the s u r v i v a l o f Ν. ν.i £ £ £ £ £ £ £ a n ^ fc s 

t r a n s m i s s i o n o f r i c e t u n g r o v i r u s e s on t r e a t e d 
s e e d l i n g s ( i _ L L , i . i . 2 ^ · A 5 ^ neem cake e x t r a c t o r 2% 
k e r n e l e x t r a c t s i g n i f i c a n t l y r e d u c e d t h e i n c i d e n c e o f 
y e l l o w m o s a i c v i r u s t r a n s m i t t e d by t h e w h i t e f l y B. 
£ £ b £ £ £ i n b l a c k gram (J_29 ) . 

The i n c i d e n c e o f v i r u s d i s e a s e s was g e n e r a l l y 
l o w e r i n r i c e f i e l d s a p p l i e
m i x t u r e t h a n i n f i e l d
Enzyme-1 i n k e d immunosorbent a s s a y s showed t h a t r i c e 
s e e d l i n g s grown i n s o i l t r e a t e d w i t h neem cake at 150 
kg/ha had a s i g n i f i c a n t l y l o w e r i n c i d e n c e o f i n f e c t i o n 
o f r i c e t u n g r o b a c i l l i f o r m and s p h e r i c a l v i r u s e s 
t r a n s m i t t e d by N. v i r e s c e n s t h a n i n c o n t r o l s e e d l i n g s 
( 9^6 ) . P r o t e c t i o n w i t h neem cake at 250 kg/ha was 
c o m p a r a b l e w i t h t h a t p r o v i d e d by a p p l i c a t i o n o f 
c a r b o f u r a n 3G at 0.75 kg ( A l ) / h a . 

Saxena et a l . (.90) r e c o r d e d t h a t p a r a s i t i z a t i o n o f C. 
m£dl_i£aj__i£ l a r v a e was h i g h e r i n r i c e f i e l d s s p r a y e d w i t h 
50% neem o i l t h a n i n u n s p r a y e d f i e l d s . Normal male and 
f e m a l e Mac r o c en t r u s £h£i.i £ £ £ £ £ £ £ £ £ Ashmead emerged from 
p a r a s i t i z e d C. ™£^ί:££^Ϊ£ l a r v a e w h i c h had been c o n f i n e d 
t o r i c e l e a f c u t s t r e a t e d w i t h p a r t i a l l y - p u r i f i e d neem 
seed f r a c t i o n s (10 7 ) . L i k e w i s e , neem seed k e r n e l 
s u s p e n s i o n i n w a t e r s p r a y e d on Sj>ο(1 £ £ £ £ £ £ J_it__u_ra Fab. 
eggs b e f o r e o r a f t e r p a r a s i t i z a t i o n d i d n o t a f f e c t t h e 
emergence o f t h e egg p a r a s i t e Τ e _1 £ £ ο m u£ renius N i x o n 
( H O ) . 

The m i r i d CJ y £ £ £ £ h £ £ u £ J_ i. ν i d i. £ £ η n i. £ ( R e u t e r ) and 
t h e w o l f s p i d e r L y c ο s a ££££4£ii£HILi.aila- ( B ° e s b e r g e r & 
S t r a n d ) , p r e d a t o r s o f r i c e i n s e c t s , were not a f f e c t e d 
by t o p i c a l l y a p p l i e d neem o i l at d o s e s o f up t o 20 
a d u l t and 5 0 j u g / a d u l t , r e s p e c t i v e l y ( 92_ ) . Ν. l u g e n s 
p o p u l a t i o n b u i l d u p was l e s s on p l a n t s s p r a y e d w i t h a 
s o l u t i o n o f neem seed b i t t e r s t h a n on c o n t r o l p l a n t s 
w i t h o r w i t h o u t t h e p r e d a t o r y m i r i d ; p e s t p o p u l a t i o n 
was l e a s t when the p r e d a t o r was a l s o i n t r o d u c e d on 
n e e m - t r e a t e d p l a n t s 0.6) · Tn f i e l d t r i a l s , neem 
t r e a t m e n t s d i d not a f f e c t m i r i d s and s p i d e r s p r e y i n g on 
r i c e i n s e c t s ( \_ 4 ]_ ) . Neem seed e x t r a c t s were 
c o n s i d e r a b l y t o x i c t o the p h y t o p h a g o u s m i t e 
T e t r a n y c h u s c i n n a b a r i n u s ( B o i s d . ) but not t o i t s 
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p r e d a c e o u s m i t e Phy t os e i u l u s par s i m i l i s A t h i a s - H e n r i o t 
and the s p i d e r Ch££ac_£n_th^um m̂ Ĵ d̂ ê ^ L. Koch ( ^ · 

Ground neem l e a v e s o r seed k e r n e l i n c o r p o r a t e d i n 
p o t t e d s o i l c o n t a i n i n g t h e earth w o r m E i ^ e j n i ^ _£.£££i..l£ 
S a v i g n y i n c r e a s e d the number o f young worms by 25% more 
0 4 3 ^ · A p u r i f i e d neem e x t r a c t up t o 100 ppm d i d n o t 
harm young g u p p i e s P o e c i l i a r e ^ i ^ u J_a__t £ ( = L £b _i srt £ £ 
£££i££Ll££££ ) P e t e r s ( 4 4 ) . I n c o r p o r a t i o n o f 20% neem 
cak e i n sheep d i e t i n c r e a s e d the gr o w t h r a t e (J_44) . 
R a t s f e d w i t h a neem e x t r a c t at a dose up t o 600 mg/kg 
body w e i g h t i n c r e a s e d body w e i g h t w i t h o u t o v e r t 
t o x i c i t y (^45^) · Neem k e r n e l e x t r a c t s d i d n o t i n h i b i t 
s p e r m a t o g e n e s i s i n the r a t ( J_4 6 , J_4 _7 ) . In the s t a n d a r d 
Ames t e s t s , a z a d i r a c h t i n showed no m u t a g e n i c a c t i v i t y 
on s t r a i n s o f £ £2_ΙΗ£££!1.£ £X£]l_i ΕΗΣΪΗΙΠ ( L o e f f l e r ) 
C a s t e l 1 a n i - C h a l m e r s
c u l t u r e were not a f f e c t e
w h i l e t u m o r - o r i g i n a t e d c e l l s were d e g e n e r a t e d (_14J$) · 
R e c e n t l y , a neem o i l - b a s e d , p r e c o i t a l , i n t r a v a g i n a 1, 
s p e r m i c i d a l c o n t r a c e p t i v e has been made i n I n d i a . 

R e s i s t a n c e o f I n s e c t s t o Neem D e r i v a t i v e s ? 

A p r e d i c t a b l e r e s p o n s e t o i n s e c t i c i d e use i s the 
e v o l u t i o n o f r e s i s t a n t p o p u l a t i o n s o f i n s e c t p e s t s . 
T a y l o r (J_4£) i n d i c a t e d t h a t i n s e c t s may p o s s i b l y a d a p t 
t o l i m o n o i d s r a t h e r q u i c k l y . However, V o l l i n g e r (_L50) 
d e m o n s t r a t e d t h a t two g e n e t i c a l l y d i f f e r e n t s t r a i n s o f 
P. xyJ_££££l__!_£ t r e a t e d w i t h a neem seed e x t r a c t showed 
no s i g n o f r e s i s t a n c e i n f e e d i n g and f e c u n d i t y t e s t s up 
to 35 g e n e r a t i o n s . In c o n t r a s t , d e l t a m e t h r i n - t r e a t e d 
l i n e s d e v e l o p e d r e s i s t a n c e f a c t o r s o f 20 i n one l i n e 
and 35 i n the o t h e r . T h e r e was no c r o s s r e s i s t a n c e 
between d e l t a m e t h r i n and neem seed k e r n e l e x t r a c t i n 
the d e l t a m e t h r i n - r e s i s t a n t l i n e s . The a c t i v i t y o f 
e s t e r a s e and m u l t i - f u n c t i o n o x i d a s e enzymes d i d not 
change d u r i n g t h e 35 g e n e r a t i o n s . 

£ £ £ £ £ _ £ £ É_££££jE£ £ £ £ _ £ Î _ ^ £ £ î î z k £ £ £ É _ i £ £ £ £ — Â £ i : i l £ £ 
Neem has had a l o n g h i s t o r y o f use p r i m a r i l y a g a i n s t 
h o u s e h o l d and s t o r a g e p e s t s i n t h e I n d i a n s u b c o n t i n e n t 
where i t o r i g i n a t e d . The p r e s e n t r e v i e w r e v e a l s t h a t 
neem d e r i v a t i v e s a f f e c t n e a r l y 200 s p e c i e s o f i n s e c t s . 
A t t e n t i o n was e a r l i e r p a i d o n l y t o the l i n k a g e between 
the neem's b i t t e r n e s s and i n s e c t r e p e l 1ence and 
p h a g o d e t e r r e n t p r o p e r t i e s . R e c e n t l y , o t h e r b e h a v i o r a l 
and p h y s i o l o g i c a l e f f e c t s o f neem d e r i v a t i v e s have been 
u n r a v e l l e d , p r o v i d i n g new o p p o r t u n i t i e s f o r i n s e c t p e s t 
c o n t r o l . However, s u s t a i n e d and c o n c e r t e d e f f o r t s a r e 
needed t o a v a i l o f the f u l l p o t e n t i a l o f neem as a 
s o u r c e f o r " i n s e c t i c i d e s . " 

A l t h o u g h 280 l i m o n o i d s , i n c l u d i n g a z a d i r a c h t i n , 
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f r o m M e l i a c e o u s p l a n t s have been i d e n t i f i e d θ 4 9>) , more 
may be d i s c o v e r e d . Y e t t h e i r c o m p l e x i t y w i l l p r e c l u d e 
t h e i r c h e m i c a l s y n t h e s i s i n t h e ne a r f u t u r e . The 
a l t e r n a t i v e a p p r o a c h o f o b t a i n i n g b i o a c t i v e f r a c t i o n s 
from neem seed i s t h e r e f o r e f e a s i b l e and e c o n o m i c a l l y 
v i a b l e . In t h i s c o n t e x t , a d v a n c e s made i n e x t r a c t i n g 
t h e b i o a c t i v e components from neem u s i n g i n e x p e n s i v e 
s o l v e n t s a r e p r o m i s i n g and may f a c i l i t a t e l a r g e - s c a l e 
p r o c e s s i n g o f neem seeds d u r i n g t h e h a r v e s t s e a s o n . 
The use o f neem b i t t e r s and o t h e r b i o a c t i v e f r a c t i o n s , 
r a t h e r t h a n neem o i l as such w i l l e a s e t h e c o m p e t i t i o n 
w i t h t h e soap i n d u s t r y , w h i c h at p r e s e n t i s a m a j o r 
b u y e r o f neem o i l . The s e m i p u r i f i e d neem seed b i t t e r s 
and o t h e r n e e m - r i c h f r a c t i o n s c a n e a s i l y be 
s t a n d a r d i z e d f o r b i o l o g i c a l p r o p e r t i e s and can s a t i s f y 
even s t r i n g e n t q u a l i t
s o l u b l e , t h e y can a l s
compounds, w h i c h r e n d e r s them more p h o t o s t a b l e and 
n o n p h y t o t o x i c , u n l i k e t h e neem o i l . T h e i r e f f i c a c y c a n 
f u r t h e r be enhanced w i t h a d d i t i v e s , s y n e r g i s t s , and 
a n t i o x i d a n t s , and im p r o v e d methods o f a p p l i c a t i o n . 

More neem t r e e s w i l l have t o be grown t o meet t h e 
i n c r e a s i n g demand f o r i n d u s t r i a l and i n s e c t i c i d a l u s e s . 
S e l e c t i o n o f s u p e r i o r e c o t y p e s w i l l be d e s i r a b l e t o 
i n c r e a s e t h e p r o d u c t i v i t y and q u a l i t y o f neem p r o d u c e . 
E m p l o y i n g t i s s u e c u l t u r e and b i o t e c h n o l o g i c a 1 methods, 
i t may even be p o s s i b l e t o d e v e l o p cο 1d-1ο 1 e r a n t 
e c o t y p e s o f neem, w h i c h i s o t h e r w i s e a t r o p i c a l t r e e . 
The u n d e r u t i l i z e d neem l o t s i n some A f r i c a n c o u n t r i e s 
s u c h as Sudan, N i g e r i a , Togo, Ghana, and o t h e r s can be 
t a p p e d and w i l l open new o p p o r t u n i t i e s f o r employment 
and income g e n e r a t i o n . The h a r d y , e v e r g r e e n t r e e can 
a l s o be p r o p a g a t e d i n d e g r a d e d s o i l s and denuded 
e n v i r o n m e n t s . U n l i k e P y r e t h r u m , once e s t a b l i s h e d , neem 
t r e e s w i l l be good s o u r c e s o f raw m a t e r i a l s f o r 
i n d u s t r i a l and i n s e c t i c i d a l use even f o r as l o n g as 300 
y e a r s . 

The a p p r e h e n s i o n t h a t l a r g e s c a l e use o f neem-
b a s e d i n s e t i c i d e s may l e a d t o r e s i s t a n c e among 
i n s e c t p e s t s has not been s u b s t a n t i a t e d . U n l i k e 
c o n v e n t i o n a l i n s e c t i c i d e s b a s e d on a s i n g l e a c t i v e 
i n g r e d i e n t , t h e b i o a c t i v e components i n neem c o m p r i s e a 
complex a r r a y o f n o v e l c h e m i c a l s t h a t a f f e c t n ot o n l y 
one p h y s i o l o g i c a l f u n c t i o n but r a t h e r a c t i n c o n c e r t on 
a number o f b e h a v i o r a l and p h y s i o l o g i c a l p r o c e s s e s . 
C o n s e q u e n t l y , c h a n c e s o f i n s e c t p e s t s d e v e l o p i n g 
r e s i s t a n c e t o neem m a t e r i a l s a r e re m o t e . Neem-based 
i n s e c t i c i d e s can f u r t h e r be f o r t i f i e d a g a i n s t dynamic 
i n s e c t p e s t s by o p t i m i z i n g t h e i r use w i t h m i c r o b i a l s , 
s u c h as Β . t h u τ* <ίη>£ £ £ Ξ £ > n u c l e a r p o l y h e d r o s e s v i r u s e s , 
entomophagous p a t h o g e n s , s y n t h e t i c i n s e c t i c i d e s , o r 
p l a n t d e r i v a t i v e s . 

The c u r r e n t v o i d c a u s e d by n o n a v a i l a b i l i t y o f 
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s e l e c t i v e c h e m i c a l s t h a t a f f e c t t h e p e s t s but s p a r e t h e 
n a t u r a l enemies i n i n s e c t p e s t management programs can 
be f i l l e d by neem-based i n s e c t i c i d e s o r even by t h e use 
o f c r u d e e x t r a c t s o r d e r i v a t i v e s o f neem. The s a f e t y 
o f neem d e r i v a t i v e s t o p r e d a t o r s and p a r a s i t e s and 
o t h e r n o n t a r g e t o r g a n i s m s , i n c l u d i n g man, i s now w e l l 
e s t a b l i s h e d . S t i l l i t would r e q u i r e a r e v i s i o n o f the 
c u r r e n t p o l i c i e s o f q u a l i f y i n g i n s e c t i c i d e s based on 
c h e m i c a l s t r u c t u r e s r a t h e r t h a n on b i o l o g i c a l a c t i v i t y . 

An e n l i g h t e n e d a t t i t u d e toward p e s t c o n t r o l 
p h i l o s o p h y would be h e l p f u l i n p r o m o t i n g neem-based 
i n s e c t i c i d e s . K i l l i n g and d e s t r u c t i o n o f p e s t s i s n o t 
n e c e s s a r y i f t h e y can be i n c a p a c i t a t e d o t h e r w i s e . In 
t h i s c o n t e x t , the use o f neem d e r i v a t i v e s o f f e r s a 
h a r m o n i o u s and n o n v i o l e n t a p p r o a c h t o p e s t management. 
A l s o , t h e neem compounds
f i c a t i o n , s h o u l d mak
d o u b l y a t t r a c t i v e . 

To b e n e f i t f u l l y , t h e c o s t o f neem-based i n s e c t i 
c i d e s must r e m a i n w i t h i n t h e u s e r ' s r e a c h . To a c h i e v e 
t h i s , f a r m e r s s h o u l d be e n c o u r a g e d t o grow neem on 
t h e i r h o m esteads and be e d u c a t e d about i t s v a l u e s i n 
i n s e c t c o n t r o l . 

Most o f the neem r e s e a r c h c a r r i e d out at IRRI was made 
p o s s i b l e t h r o u g h f i n a n c i a l g r a n t s from The A s i a n 
D e v e l o p m e n t Bank, M a n i l a , P h i l i p p i n e s , and The 
D i r e c t o r a t e f o r T e c h n i c a l C o o p e r a t i o n and H u m a n i t a r i a n 
A i d , S w i t z e r l a n d . I t h a n k A. A b d u l Kareem, v i s i t i n g 
s c i e n t i s t at IRRI, f o r u s e f u l comments and h e l p i n t h e 
p r e p a r a t i o n o f t h i s r e v i e w . 
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Chapter 10 

Limonoids, Phenolics, and Furanocoumarins 
as Insect Antifeedants, Repellents, and 

Growth Inhibitory Compounds 

James A. Klocke, Manuel F. Balandrin, Mark A. Barnby, and R. Bryan 
Yamasaki 

Native Plants, Inc. (NPI), University of Utah Research Park, Salt Lake 
City  UT 84108 

Plants biosynthesiz g y
types which exhibit an almost equally dazzling array 
of biological activities. In insects, various plant 
Compounds affect nerve axons and synapses (e.g., 
pyrethrins, nicotine, picrotoximn), muscles (e.g., 
ryanodine), respiration (e.g., rotenone, mammein), 
hormonal balance (e.g., juvenile and molting hormone 
analogs and antagonists ), reproduction (e.g., β-
asarone), and behavior (e.g., attractants, 
repellents, antifeedants). Some of these compounds 
have already been exploited in commercial insect 
control (e.g., pyrethrins, juvenile hormone analogs, 
attractants), while others offer a unique opportunity 
as sources and models of new insect control agents 
(1,2). Still others may be important components of 
host plant resistance mechanisms. This chapter will 
focus on the activity of certain plant compounds as 
insect antifeedant, repellent, and growth inhibitory 
compounds. 

Insect Antifeedants 
Antifeedants are substances which, when tasted by insects, result 
either temporarily or permanently, depending on potency, in the 
cessation of feeding (3). The existence of and potential for 
antifeedant compounds, both natural and synthetic, in practical 
insect control have been known for some time. For example, Bordeaux 
Piixture (copper sulfate, hydrated lime, and water), known for over 
100 years, acts as a feeding deterrent to flea beetles, leaf 
hoppers, and the potato psyllid (Paratrioza çod<ej^li: (Psyî l.idae) ) 
(4). In the 1930*s, a number of field trials were carried out in 
the li.S. with insect antifeedant compounds, including some- derived 
from plants (5). Success was limited and was not sufficient to 
compete with synthetic insecticides. Only more recently have the 
problems associated with total reliance on synthetic pesticides 
necessitated the réévaluation of antifeedant conipounds. 
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Several synthetic compounds, including 4'-
{dimethyltriazeno)acetanilide (a triazene) and triphenyltin acetate 
(an organotin), have been tested in f i e l d t r i a l s for insect 
antifeedant activity (b, 7). Organotin compounds are presently 
used as ant i f eedants on several crops in Africa ( 8 ). Some 
commercial insecticides also exhibit antifeedant activity <e.g.f 

agricultural pyrethroids) (9). 
Several groups i n the last decade have been examining plant 

extracts and pure plant compounds for insect antifeedant ac t i v i t y 
10-12). Although none of the plant compounds have thus far 

been developed as commercial products, several of the more active 
ones have been synthesized i n the hope of making these compounds, 
and simpler structural analogs, more widely available for testing 
(13). For example, several drimane sesqpiterpenoids (including 
warburganal and polygodial) which were shown to have potent 
activity against the Africa
(Noctuidae), have bee
antifeedant plant compounds have also been synthesized (13), 
including some clerodane diterpenoids (e.g., clerodin and ajugarin 
I) found to be antifeedants for a number of species of insects (10, 
15). A precise arrangement of the functional groups of the 
clerodane diterpenoids, including the trans-epoxydiacetate and the 
furofuran or butenoiide-containing side chain, was found necessary 
for antifeedant activity (13, 16). 

For several reasons these compounds have not yet been 
commercialized. For example, warburganal i s a potent antifeedant 
against S. exempta, but has l i t t l e activity against most other 
insect species tested (17). In addition, the strong cytotoxicity 
and hemolytic properties of warburganal may preclude i t s practical 
use ( 17 ). In the case of the ajugarins, they may not. te potent 
enough to warrant commercialization as insect antifeedants (I. 
Kubo, Univ. of California, Berkeley, personal communication). As 
with any insect control agents, cost i s a major consideration. 
Antifeedants are no less costly to use than are conventional 
insecticides ( 5 ) and they require the? same exhaustive study to 
prove their toxicological safety (8). 

Several retirements should be met before a compound can be 
effectively used as an antifeedant in commercial insect control. 
For example, in the f i e l d , insects w i l l choose untreated plan!: 
parts over those treated with antifeedant compounds. It Ls 
therefore desirable that a candidate antifeedant be taken up 
systemically by the plant to assure complete protection. 

On the other hand, starving insects w i l l often attempt feeding 
on any potential food available to them, including that treated 
with antifeedant compounds. In this case, the compounds would be 
acting as "relative" antifeedants, that i s , they inhibit feeding 
only for a defined time (10). Although a number of plant oontpounds 
exhibit relative antifeedant activity, only a few exhibit 
"absolute" antifeedant activity such that the insects die from 
starvation rather than start eating treated foodstuffs. It is 
therefore desirable that a candidate antifeedant also have some 
toxic action i f ingested. 

One natural plant product that may f u l f i l l these c r i t e r i a i s 
the limonoid azadirachtin (Figure 1) (see other chapters in this 
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H.C C H , 3 , ! 3 

2 2,2 3 -DIH Y DRO AZADIRACHTIN ; R = HC=CCO 
3' 2' 

3' 2' 
2'3'2 2,2 3 -TETR AH YDRO AZADIRACHTIN; R = CH 3CH 2CHCO 

Figure 1. Stereeetructures of three insect antifeedant 
limonoids. 
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v o l u m e ) . The a n t i f e e d a n t a c t i v i t y o f a z a d i r a c h t i n , a n d t h e 
e x t r a c t s c o n t a i n i n g i t , i s w e l l documented (18, 1 9 ) . F o r example, 
a q a i n s t t h e f a i l armyworm, Spodojptora f r u g i p e r d a ( N o e t u i d a e ) , 0.3 
ug-'cnv2 o f a z a d i r a c h t i n r e s u l t e d i n ( 5 % o f t r e a t e d c o t t o n l e a f d i s k s 
b e i n g e a t e n , w h i l e >95% o f u n t r e a t e d d i s k s were e a t e n i n " c h o i c e " 
a s s a y s ( T a b l e I ) . I n f i e l d s t u d i e s c o n d u c t e d i.n o u r c o l l a b o r a t i o n 
w i t h a. m a j o r U.S. c h e m i c a l company, a z a d i r a c h t i n was f o u n d t o be 
s y s t e m i c m c o r n and t o be e f f e c t i v e a s a p r o p h y l a c t i c a g a i n s t S. 
lil^y^Çife a t l b / h a . 

A z a d i r a c h t i n i s l e s s potent, a g a i n s t some o t h e r s p e c i e s o f 
i n s e c t s . F o r ex a m p l e , a g a i n s t t h e C o l o r a d o p o t a t o b e e t l e , 
^PÎÀn^t^JT^ deceml i n e a t a ( C h r y s o m e l i d a e ), 60 ug/cm/2 o f 
a z a d i r a c h t i n r e s u l t e d i n -5% o f t r e a t e d [.«otalo l e a f d i s k s b e i n g 
e a t e n , w h i l e >50% o f u n t r e a t e d d i s k s were e a t e n i.n " c h o i c e " a s s a y s 
( T a b l e I ) . 

Two d e r i v a t i v e s o f
2 1 , 3 1 , 2 2 , 2 3 - t e t r a h y d r o a z a d i r a c h
a c c o r d i n g t o Y a m a s a k i and K l o c k e (20) and t e s t e d a s a n t i f e e d a n t s 
a q a i n s t S. f r u g i p e r d a a n d L. d e c e m l i n e a t a . S i m i l a r t o o u r r e s u l t s 
w i t h t h e s e compounds a s g r o w t h i n h i b i t o r s a n d t o x i c a n t s t o t h e 
t o b a c c o budworm, H e l i o t h i s y i r x ^ c e n s ( N o e t u i d a e ) ( 2 0 ) , t h e s e two 
d e r i v a t i v e s were a s a c t i v e a s a z a d i r a c h t i n i t s e l f a s a n t i f e e d a n t s 
a g a i n s t S. f r i j g i r ^ r d a ( T a b l e I ) . However, a s a n t i f e e d a n t s a g a i n s t . 
L. d e c e m l m e a t a , t h e two d e r i v a t i v e s w ere Less a c t i v e t h a n 
a z a d i r a c h t i n ( T a b l e I ) . T h e r e f o r e , s t r u c t u r e - b i o a e t i v i t y 
r e l a t i o n s h i p (SAR) s t u d i e s i n v o l v i n g a z a d i r a c h t i n a s a n i n s e c t 
a n t i f e e d a n t s h o u l d be c o n d u c t e d w i t h s e v e r a l s p e c i e s o f j n s e e t s 
s i n c e t h e r e s p o n s e o f e a c h s p e c i e s t o i n d i v i d u a l d e r i v a t i v e s may 
d i f f e r . 

Some a t t e m p t s have been made t o d e f i n e t h e SAR o f a z a d i r a c h t i n 
a s an a n t i f e e d a n t . F o r e x a m p l e , t h e f u r o p y r a n m o i e t y o f 
a z a d i r a c h t i n has been s u s p e c t e d by some? t o te t h e a c t i v e c e n t e r 
r e s p o n s i b l e f o r t h e a n t i f e e d a n t a c t i v i t y ( 2 1 ) . However, P f J i e g e r 
a n d Muckensturm (21) f o u n d no a n t i f e e d a n t a c t i v i t y w i t h 9-
h v d r o x y d i h y d r o f u r o - 2 , 3 - p y r a n a g a i n s t , t h e E g y p t i a n c o t t o n l e a f worm, 
S p o d o p t e r a l i t t o r a l i s ( N o c t u i d a e ) . On t h e o t h e r hand, tey e t a l . 
(22) r e p o r t e d t h a t a n o v e l h y d r o x y d i h y d r o f u r a n a c e t a l , w h i c h 
r e p r e s e n t s a f r a g m e n t o f a z a d i r a c h t i n , i s n e a r l y a s p o t e n t a s 
a z a d i r a c h t i n a s a n a n t i f e e d a n t a q a i n s t S. J i t t o r a l i s . 

I n a d d i t i o n t o i t s a n t i f e e d a n t e f f e c t s , a z a d i r a c h t i n i s a. s l o w 
a c t i n g i n s e c t i c i d e b e c a u s e i t d i s r u p t s t h e hormonal b a l a n c e i n 
c e r t a i n s p e c i e s o f i n s e c t s when i n g e s t e d (1_,23)» P r e l i m i n a r y d a t a 
i n o u r l a b o r a t o r y i n d i c a t e t h a t a z a d i r a c h t i n i n h i b i t s t h e r e l e a s e 
o f i n s e c t b r a i n hormone ( p r o t h o r a c i c o t r o p i c hormone). 

I n s œ t _ O v i p ^ F^PÇ 1 l e n t s 

Our i n t e r e s t i n i n s e c t o v i p o s i t iona.1. r e p e i l e n t s sterns f r o m r e c e n t 
i n v e s t i g a t i o n s i n o u r l a b o r a t o r y on t h e b i o l o g i c a l l y a c t i v e 
v o l a t i l e o i l o f t h e t a r w e e d , ^ m i z o a i a f i t c h i i ( A s t e r a c e a e ) ( 2 4 ) . 
From H. f i t c h i i v o l a t i l e o i l , we i s o l a t e d t h e n i o n o t e r p e n o i d , 1,8-
c i n e o l e ( F i g u r e 2 ) . We f o u n d t h a t t h i s compound e x h i b i t s i n s e c t 
f e e d i n g and o v i p o s i t i o n a l r e p e l l e n t a c t i v i t i e s a g a i n s t t h e ye 1 .low 
f e v e r m o s q u i t o , Aedes a e g y p t i ( C u l i e i d a e ) ( 2 5 ) . 
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T a b l e 1. A n t i f e e d a n t A c t i v i t y o f A z a d i r a c h t i n a n d Two D e r i v a t i v e s 
i n " C h o i c e " L e a f D i s k A s s a y s A q a i n s t Sp::doptera f r u ^ i j ^ d a a n f l 

I^Et^PÎ.arsa d e c e m l i n e a t a 

T e s t i n s e c t T e s t compound C o n c e n t r a - E f f e c t , 
t i o n (yg/onr 2) 

S_. f m g i p e r d a A z a d i r a c h t i

2 2 , 2 3 - D i h y d r o a z a d i r a c h t i n 0.3 

2 1,3 \ 2 2 , 2 3 - T e t r a h y d r o -
a z a d i r a c h t i n 0.3 

L. decv?miin-
e a t a A z a d i r a c h t i n 6 0 

2 2 , 2 3 - D i h y d r o a z a d i r a e h -
t: i n 250 

2 ' , 3 * , 2 2 , 2 3 - T e t r a h y d r o -
a z a d i r a c h t i n 350 

P C e 5 " 

P C ™ f c 

P C ™ * 

Λ P C ^ i s t h e minimum p r o t e c t i v e c o n c e n t r a t i o n o f compound (yg/'onr 1) 
a t w h i c h <5% o f t r e a t e d c o t t o n l e a f d i s k s , w h i l e >95% o f u n t r e a t e d 
l e a f d i s k s , a r e e a t e n i n a " c h o i c e " a s s a y . 

to PC 5ο i s t h e minimum p r o t e c t i v e c o n c e n t r a t i o n o f compound (yg/cm-) 
a t w h i c h <5H> o f t r e a t e d p o t a t o l e a f d i s k s , w h i l e >50% o f u n t r e a t e d 
l e a f d i s k s , a r e e a t e n i n a " c h o i c e " a s s a y . 
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THYMO

trans- CINNAMALDEHYDE O C H 3 

EUGENOL 

1,8-ClNEOLE Ar̂-DlETHYL-w-TOLUAMIDE 
(EUCALYPTOL) (DEET) 

Figure 2. Chemical structures of the cxarpounds tested for 
mosquito ovipositional repellent activity. 
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I n t h e p r e s e n t s t u d y r we have expanded o u r i n v e s t i g a t i o n o f 
b i o l o g i c a l l y a c t i v e p l a n t v o l a t i l e o i l c o n s t i t u e n t s t o i n c l u d e 
s e v e r a l o t h e r n a t u r a l l y o c c u r r i n g compounds, namely e u g e n o J , 
t h y m o l , c a r v a c r o l , and t r a n s - c i n n a m a I d e h y d e , on t h e b a s i s o f 
a v a i l a b i l i t y and known b i o l o g i c a l a c t i v i t y ( F i g u r e 2 ) , F o r 
e x a m p l e , e u g e n o l i s u s e d c o m m e r c i a l l y a s a n a t t r a c t a n t f o r t h e 
J a p a n e s e b e e t l e , P o p i i l i a j a p o m c a ( S c a r a h a e i d a e ) ( 2 ) . Thymo! and 
c a r v a c r o l a r e known a n t i s e p t i c a n d a n t h e l m i n t i c a g e n t s and t r a n s -
cinnama.Idehyde i s u s e d i n f l a v o r i n g ( 2 6 ) . p-Cymene was i n c l u d e d i.n 
t h i s s t u d y b e c a u s e o f i t s s t r u c t u r a l s i m i l a r i t y t o t h y m o l a n d 
c a r v a c r o l , and Deet ( N , N - d i e t h y l - m - t o l u a m i d e ) , a c o m m e r c i a l l y 
a v a i l a b l e i n s e c t r e p e l l e n t , was i n c l u d e d a s a s t a n d a r d ( F i g u r e 2 ) . 

G r a v i d A. a e g y p t i f e m a l e s were? g i v e n a c h o i c e o f o v i p o s i t i n g on 
p a p e r t o w e l i n g l i n i n g g l a s s c r y s t a l l i z i n g d i s h e s (70 χ 50 mm) 
c o n t a i n i n g e i t h e r t a p w a t e r o r one o f t h e t e s t compounds i n t a p 
w a t e r a t a c o n c e n t r a t i o
l a i d i n t h e d i s h e s wer
t h e number o f eggs l a i d i n t h e t r e a t e d d i s h e s d i v i d e d by the* number 
o f eggs l a i d i n t h e c o n t r o l d i s h e s , m u l t i p l i e d by 100 (T/C χ 1 0 0 % ) . 

From T a b l e I I , i t i s a p p a r e n t t h a t , a s A. a e g y p t i o v i . p o s i t i o n a l 
r e p e l l e n t s , t h e r e l a t i v e a c t i v i t y o f t h y m o l - c a r v a c r o l - t r a n s -
c i n n a m a Idehyde -eugenol >Deet. i , 8-eineoie>p-eymene. Even at. t h e 
l o w e s t c o n c e n t r a t i o n t e s t e d ( 0 . 0 1 % ) , t h y m o l , c a r v a c r o l , and t r a n s -
c innama Idehyde were e f f e c t i v e o v i p o s i t i o n a i repellents. E u g e n o l 
was l e s s e f f e c t i v e , y e t was a s a c t i v e a t 0.01% «as Deet was a t 0.2%. 
1,8-C.ineoie was s l i g h t l y l e s s a c t i v e t h a n D eet. I n g e n e r a l , t h e 
o x y g e n a t e d a r o m a t i c compounds were more e f f e c t i v e t h a n t h e 
o x y g e n a t e d c y c l o a l i p h a t i c compound, 1 , 8 - c i n e o . l e . p-<:?ymene, t h e 
p a r e n t h y d r o c a r b o n o f t h y m o l and c a r v a c r o l , was the. w e a k e s t o f t h e 
compounds t e s t e d . These* r e s u l t s a r e i n agreement w i t h p r e v i o u s 
f i n d i n g s w h i c h suggest, t h a t t h e test i n s e c t r e p e l l e n t s a r e 
o x v g e n a t e d , somewhat p o l a r compounds i n t h e m o l e c u l a r w e i g h t r a n g e 
o f 100-250 ( 2 7 , 2 8 ) . 

A l t h o u g h s e v e r a l o f t h e n a t u r a l p l a n t p h e n o l I C S and t e r p e n o i d s 
we t e s t e d e x h i b i t e d s i g n i f i c a n t , a c t i v i t y a s m o s q u i t o o v i p o s i t i o n a l 
r e p e l l e n t s a g a i n s t g r a v i d A. a e g y p t i f e m a l e s , f u r t h e r s t u d i e s 
i n v o l v i n g o t h e r n a t u r a 1 p l a n t p r o d u c t s , s y n t h e t i c a n a l o g s , and 
c o m b i n a t i o n s o f t h e s e a r e n eeded t o o p t i m i z e any new i n s e c t 
r e p e l l e n t f o r m u l a t i o n s . I n s e c t r e p e l l e n t s p r e s e n t l y a v a i l a b l e 
c o m m e r c i a l l y s u c h a s Deet. may te d e l e t e r i o u s t o human s, c a u s i n g 
c e n t r a l n e r v o u s s y s t e m d i s t u r b a n c e s ( 2 6 ) . H o p e f u l l y , r e p e l lent.s 
s u c h a s t h y m o l ( p r e s e n t l y u s e d c o n m e r c i a l l y i n mouthwash ) niay p r o v e 
a s e f f e c t i v e , y e t s a f e r t o u s e . 

I n s e c t G r o w t h I n h i b i t o r s 

I n o r d e r t o i d e n t i f y eompounds w h i c h may te u s e f u l a s s o u r c e s and 
m o d e l s o f new i n s e c t c o n t r o l a g e n t s , we have teen s c r e e n i n g o v e r 
800 s p e c i e s o f x e r o p h y t i c p l a n t s , m o s t l y f r o m a r i d a n d s e m i - a r i d 
r e g i o n s o f t h e w e s t e r n U.S.A., f o r a c t i v i t y a g a i n s t i n s e c t s . F o r 
e x a m p l e , we have i s o l a t e d m o s q u i t o l a r v i c i d a l chromenes f r o m H. 
f ^ . t c h i i (24) and. i n s e c t g r o w t h i n h i b i t o r y e l l a g i t a n n i n s and e l 1 a g i o 
a c i d f r o m s t i c k y g e r a n i u m , G e r a n i u m νi.seesissimum ( G e r a n i a c e a e ) 
( 2 9 ) . 

In Insecticides of Plant Origin; Arnason, J., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1989. 



10. KLOCKE ET AL. Limonoids, Phenolics, and Furanocoumarins 143 

T a b l e I I . O v i r o s i t i o n a J Reprd l e n t A c t i v i t y of N a t u r a l l y O c c u r r i n g 
P h e n o l i c s , 1 , 8 - C i n e o i e , a n d Deet A g a i n s t Female Aedes aegyp* J. 

(100) T/'C* ± S.D.* 
Compounds Cone. 

( % w / v ) : 0.8% 0.4'r 0.2% 0.1% 0.01% 

Thymol 0

C a r v a c r o l 0 0 0 1.0+1.1 6.2+8.6 

t r a n s -

C i n n a i ^ i l d e i w d e 0 0 0.1 + 0.1 0.4+0.5 2.7+1.8 

E u q e n o i 0 0 0.3+0.6 6.4+3.6 30.4+15.8 

L)eet 0 5.8+2,5 28.9+35.2 100.7+110.3 94.8±53.1 

1,8-Cineo.le 2.0+2.0 1 3.7+! 1 .6 42.1+2.4 

p-Cvmene 1.2.7+6.5 — — 

,πι,υτ .Γ E g g s o v i p o s i t eel i n t r e a t e d d i s h e s 
Eggs o v i p o s i t e d i n c o n t r o l d i s h e s *• < x o o > ; a v a l u e o f 

z e r o i n d i c a t e s t h a t no eg g s w e r e l a i d m t h e t r e a t e d d i s h e s ; m 
p r a c t i c e , a v a h i e o f (100)T/C 30 i n d i c a t e d weak ( o r i n e f f e c t i v e ) 
r e p e l l e n e y . 

^ S.D. - S t a n d a r d d e v i a t i o n ; f o r e a c h d a t a p o i n t , η : 3. 
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A l t h o u g h c a . 10% o f t h e p l a n t s p e c i e s we have s c r e e n e d 
e x h i b i t e d a c t i v i t y a g a i n s t i n s e c t s i n t h e i r m e t h a n o l i c e x t r a c t s , 
o n l y t u r p e n t i n e broom, Thamnosraa montana ( R u t a c e a e ) , showed 
s i g n i f i c a n t a c t i v i t y i n i t s hexane e x t r a c t . F o r example, t h e 
hexane e x t r a c t o f T. montana, when i n c o r p o r a t e d i n t o a n a r t i f i c i a l 
d i e t ( 3 0 , .31) a n d f e d t o f i r s t i n s t a r H. y i r e s c e n s , c a u s e d growth-
i n h i b i t i o n and, a t h i g h e r c o n c e n t r a t i o n s ( c a . 2500 ppm), d e a t h . 

P r e v i o u s p h y t o c h e m i c a l work w i t h T. montana had l e d t o t h e 
i s o l a t i o n o f a number o f a l k a l o i d s and e o u m a r i n s ( 3 2 - 3 5 ) . Some o f 
t h e s e compounds were r e p o r t e d t o be b i o l o g i c a l l y a c t i v e . F o r 
example, B e n n e t t and B o n n e r (32) r e p o r t e d t h e i s o l a t i o n o f 
f u r a n o c o u m a r i n s f r o m T. montana a s p l a n t g r o w t h i n h i b i t o r s . Our 
a n a l y s i s o f t h e i n s e c t g r o w t h i n h i b i t o r y hexane e x t r a c t by g a s 
c h romatography/mass s p e c t r o m e t r y (GC/MS) r e v e a l e d i t t o c o n s i s t 
large!ν o f l i n e a r f u r a n c x r o u m a r i n s ( F i g u r e 3 ) . T h e s e compounds a r e 
known t o e x e r t a numbe
p h o t o s e n s i t i z a t i o n and
a l l e l o p a t h i c , i n s e c t i c i d a l , and i n s e c t a n t i f e e d a n t a c t i v i t i e s (36, 
37)· 

We i s o l a t e d q u a n t i t i e s o f s e v e r a l o f t h e s e f u r a n o c o u m a r i n s 
s u f f i c i e n t f o r f u r t h e r s t r u c t u r a l a n a l y s i s by ^H-INIMR, UV, and 7R 
s p e c t r o s c o p i e s . I n a d d i t i o n , q u a n t i t i e s o f f o u r o f t h e s e 
compounds, namely p s o r a l e n , x a n t h o t o x i n , b e r g a p t e n , and 
i s o p i m p i n e l 1 i n ( F i g u r e 3) were r e a d i i y a v a l l a b 1 e eommere ia1L y i n 
q u a n t i t i e s s u f f i c i e n t f o r b i o a s s a y . 

We t e s t e d t h e s e f o u r f u r a n o c o u m a r i n s i n d i v i d u a l l y i n t h e same 
p r e v i o u s l y d e s c r i b e d a r t i f i c i a l d i e t b i o a s s a y (28°C, 80% r . h . , 16:8 
L/D p h o t o p e r i o d ) w i t h w h i c h we i n i t i a l l y d e t e c t e d g r o w t h i n h i b i t o r y 
a c t i v i t y a g a i n s t H. v i r e s c e n s ( 3 0 - 3 1 ) . F o l l o w i n g 12 d a y s o f 
e x p o s u r e t o t r e a t e d d i e t , we compared t h e l a r v a l w e i g h t s t o c o n t r o l 
l a r v a l w e i g h t s . P o t e n c y was d e t e r m i n e d a s t h e e f f e c t i v e 
c o n c e n t r a t i o n (EC^o) o f e a c h f u r a n o c o u m a r i n added t o t h e d i e t 
n e c e s s a r y t o c a u s e a 50% r e d u c t i o n i n w e i g h t . EC^o v a l u e s were 
d e t e r m i n e d f r o m l o g p r o b i t p a p e r a n d t h e c o n f i d e n c e . l i m i t s were 
d e t e r m i n e d by t h e method o f L i t c h f i e l d a n d W i I c o x o n ( 3 8 ) . 

We f o u n d t h a t t h e f o u r f u r a n o c o u m a r i n s t e s t e d were o f s i m i l a r 
p o t e n c y i n o u r b i o a s s a y (ECV ) 0 = 110-115 ppm) ( T a b l e I I I ) . We a l s o 
f o u n d a s i m i l a r p o t e n c y (EC=,o ^ 105-150 ppm) when t h e same b i o a s s a y 
was p e r f o r m e d w i t h t h e same compounds i n c o m p l e t e d a r k n e s s i n l i e u 
o f a 1.6:8 L/D p h o t o p e r i o d ( g e n e r a t e d w i t h a C o o l W h i t e b u l b ) u s e d 
i n i t i a l l y t o t e s t t h e compounds ( T a b l e T I T ) . P s o r a l e n i s h i g h l y 
p h o t o t o x i c , a s a r e x a n t h o t o x i n ( w i t h a methoxy g r o u p a t p o s i t i o n 4) 
and b e r g a p t e n ( w i t h a methoxy g r o u p a t p o s i t i o n 9 ) , t o c e r t a i n 
b a c t e r i a , f u n g i , nematodes, i n s e c t s , b i r d s , a nd mammals (37, 39-
4 1 ) . T h e se e l e e t r o p h i i i c compounds, due t o t h e i r furanœoumarinic 
r i n g , f o r m p h o t o d i a d d u e t s w i t h n u c l e o p h i l i c p y r i m i d i n e b a s e s i n DNA 
when i r r a d i a t e d w i t h UV o r v i s i b l e l i g h t ( 4 2 ) . However, t h e 
i n t r o d u c t i o n o f methoxy g r o u p s a t b o t h p o s i t i o n s 4 and 9, a s i n 
i s o p i j r n p i n e l l i n , c a u s e s t h e compound t o become l e s s e l e e t r o p h i i i c , 
a n d hence, n o n p h o t o t o x i c ( 4 3 ) . I n o u r b i o a s s a y , a l l f o u r compounds 
were e q u a l l y p o t e n t i n b o t h t h e l i g h t and d a r k i n d i c a t i n g t h a t t h e 
i n s e c t g r o w t h i n h i b i t o r y a c t i v i t y was n o t due t o p h o t o t o x i c i t y . 
I n s t e a d , t h e l a r v a e i n g e s t e d l e s s t r e a t e d t h a n c o n t r o l d i e t and 
t h e r e f o r e g a i n e d l e s s weight. ( T a b l e I V ) . F o r e x a m p l e , 1000 ppm o f 
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T a b l e I I I . G r o w t h I n h i b i t o r y A c t i v i t y o f F o u r L i n e a r 
F u r a n o c o u m a r i n s f r o m Thamnosriia montana Feci i n a n A r t i f i c i a l D i e t t o 
F i r s t I n s t a r L a r v a e o f H e i i o t h L S v i r e j s c e n s ; B i o a s s a y s Conducted, i n 
a 16:8 L/D P h o t o p e r i o d o r i n C o m p l e t e D a r k n e s s f o r 12 Days 

T e s t 16;8 L/D P h o t o p e r i o d 
Compound EC s oA C o n f i d e n c e 

(ppm) L i m i t s*' 

P s o r a l e n 110 72-169 

X a n t h o t o x i n 1.10 83-146 

B e r g a p t e n 115 84-158 

I s o p i m p i n e -
1 1 m 110 74-164 

2 4 - h D a r k n e s s 
ECso C o n f i d e n c e 
(ppm) L i r a i t s 

105 69-169 

.115 91-146 

150 129-175 

110 72-168 

Λ ECso i s t h e e f f e c t i v e c o n c e n t r a t i o n o f a d d i t i v e n e c e s s a r y t o 
r e d u c e l a r v a l g r o w t h t o 50% o f t h e c o n t r o l v a l u e s . 

^ C o n f i d e n c e l i m i t s were d e t e r m i n e d u s i n g t h e methex! o f L i t c h f i e l d 
and toi i c o x o n ( 3 8 ) . 

T a b l e I V . N u t r i t i o n a l I n d i c e s o f F i f t h I n s t a r L a r v a e o f H«E>liot.his 
v i r e s c e n s Fed Two F u r a n o c o u m a r i n s f r o m Tjiamnosma mpntana i n an 
A r t i f i c i a l D i e t ; B i o a s s a y s C o n d u c t e d i n a 16:8 L/D P h o t o p e r i o d f o r 
3 Davs 

Test: D r y Wt. Dry 7 Wt. A p p r o x i m a t e E f f i c i e n c y o f 
Compound G a m (mg) I n g e s t e d D i g e s t i b i - C o n v e r s i o n o f 
(ppm) (mg) J i t y I n g e s t e d FcxxJ 

C o n t r o l 35.7±9.9 261.0±67.6 45.0±7.4 14.3+4.4 

B e r g a p t e n 
(500 ppm) 16.5+4.5* 163.2+63.5* 56.9+7.6 10.9+3.4 

B e r g a p t e n 
(1000 ppm) 7.9+3.9* 69.8+42.5* 34.6+12.8 12.8+5,6 

I s o p i m p i n e l i i n 
(1000 
ppm) 7.0+4.6* 64.2+39.3* 52.9+18.9 12.6+9.8 

*p ·. 0.05 u s i n g one way a n a l y s i s o f v a r i a n c e a nd m u l t i p l e 
comparιsons usιng B o n f e r r o n i ' s I n e q u a 1 i t y . 
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e i t h e r t h e p h o t o t o x i c b e r g a p t e n o r t h e n o n p h o t o t o x i c 
i s o p i m p i n e i l i n f e d t o f i f t h i n s t a r H. v p r ^ c e n s r e s u l t e d i n o a . 75'* 
r e d u c t i o n i n t h e d r y w e i g h t o f d i e t i n g e s t e d ( f r o m 261.0 t o 69.8 
and 64.2 mg, r e s p e c t i v e l y ) . T h i s r e d u c e d i n g e s t i o n i n t u r n 
r e s u l t e d i n c a . 80% r e d u c t i o n i n t h e d r y body w e i g h t gained. ( from 
35.7 t o 7.9 and 7.0 mg, r e s p e c t i v e l y ) . B e r g a p t e n f e d a t 500 ppm 
was a l s o s i g n i f i c a n t l y a c t i v e , c a u s i n g a r e d u c t i o n i n d i e t 
i n g e s t i o n a n d body w e i g h t g a i n ( T a b l e I V ) . None o f t h e t r e a t m e n t s 
a f f e c t e ! t h e a p p r o x i m a t e d i g e s t i b i l i t y o r t h e e f f i c i e n c y o f 
c o n v e r s i o n o f i n g e s t e d f o o d o f H. v j . r e s c e n s ( T a b l e TV) ( 2 3 , 4 4 ) . 

Dark t o x i c i t y o f f u r a n o c o u m a r i n s , a s o p p o s e d t o p h o t o t o x i c i t y , 
has been o b s e r v e d by o t h e r s . F o r example, Berenbaum (37) o b s e r v e d 
t o x i c i t y a s s o c i a t e d w i t h n o n p h o t o t o x i c f u r a n o c o u m a r i n s i n a s s a y s 
w i t h t h e c o r n earworra, H e l i p t h i s z ea < N o c t u i d a e ) . O t h e r s have 
o b s e r v e ! i n s e c t f e e d i n g r e p e l l e n t a n d a n t i f e e d a n t a c t i v i t i e s t h a i ; 
a r e i n d e p e n d e n t o f u l t r a v i o l e
(45) r e p o r t e d g r e a t e r a n t i f e e d a n
cutworm, S p p d o p t e r a l i t i i r a ( N o o t u i d a e ) , w i t h i s o p i m p i n e i l i n , a 
n o n p h o t o t o x i c f u r a n o c o u m a r i n , t h a n w i t h x a n t h o t o x i n , a h i g h l y 
p h o t o t o x I C compound. 

Some a t t e m p t s have been made t o d e f i n e t h e SAR o f v a r i o u s 
f u r a n o c o u m a r i n s a s i n s e c t a n t i f e e d a n t s . F o r e x a m p l e , 
p h l o r o g l u c i n o i - t y p e f u r a n o c o u m a r i n s , s u c h a s b e r g a p t e n and 
i s o p i m p i n e i l i n , were f o u n d t o be much more p o t e n t a s a n t i f e e d a n t s 
a g a i n s t S. 1 i t u r a t h a n w e r e p y r o g a l l o i - t y p e , s u c h a s x a n t h o i . o x i n , 
o r r e s o r c m o i - t y p e , s u c h a s p s o r a l e n , f u r a n o c o u m a r i n s ( 4 6 ) . 
B e r g a p t e n a n d i s o p i m p i n e i l i n w e r e a l s o f o u n d t o be more p a t e n t t h a n 
x a n t h o t o x i n a g a i n s t L. d e c e r n ! m e a t a , b u t n o t a g a i n s t t h e armyworm, 
M ^ j ^ r o n a u r i i p u n c t a ( N o c t u i d a e ) ( 4 7 ) . We f o u n d no d i f f e r e n c e in. t h e 
a n t i f e e d a n t a c t i v i t y o f b e r g a p t e n , i s o p i m p i n e i l i n , and x a n t h o t o x i n 
i n p r e l i m i n a r y l e a f d i s k a s s a y s a g a i n s t S. f r u g i p e r d a . 

A s s u g g e s t e d by t h e f o r e g o i n g , t h e r e a r e v a r i o u s c h e m i c a l 
a p p r o a c h e s t o t h e c o n t r o l o f i n s e c t p e s t s . Examples g i v e n i n c l u d e 
c h e m i c a l e f f e c t s o n f e e d i n g w i t h a n t i f e e d a n t s ( e . g . , J i m o n o i d s ) , on 
o v i p o s i t i o n w i t h r e p e l l e n t s ( e . g . , p h e n o l i c s ) , a n d o n g r o w t h a n d 
d e v e l o p m e n t w i t h g r o w t h i n h i b i t o r s ( e . g . , f u r a n o c o u m a r i n s ) . 
N a t u r a l p l a n t compounds c a n be e x p e c t e d t o p l a y an i n c r e a s i n g l y 
s i q n i f l e a n t r o l e i n t h e s e v a r i o u s c h e m i c a l a p p r o a c h e s , lx:>th a s 
m o d e l s o r l e a d s f o r t h e c h e m i c a l s y n t h e s i s o f s t r u c t u r a l l y o r 
t o p o g r a p h i c a l l y r e l a t e d m i m i c s , and a s s o u r c e s o f i n s e c t c o n t r o l 
a g e n t s , e s p e c i a l l y f o r l o c a l u s e a n d f o r t h e h o u s e h o l d i n s e c t i c i d e 
m a r k e t . 

The a u t h o r s t h a n k M a r t i n a J a n k o a nd L y n e t t e N i e i s o n f o r t e c h n i c a l 
a s s i s t a n c e . T h i s work was s u p p o r t e d i n p a r t by a g r a n t awarded by 
t h e U.S. N a t i o n a l S c i e n c e F o u n d a t i o n (PCM-8361004). 
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Chapter 11 

Azadirachtins 
Their Structure and Mode of Action 

Heinz Rembold 

Max Planck Institute fo
Martinsried

Seven tetranortriterpenoids were isolated 
from neem (Azadirachta indica A. Juss) seed 
by use of the Epilachna varivestis bioassay. 
They were structurally elucidated and two of 
them chemically modified. A l l these compounds 
are similar to the main compound, azadirach-
t in A, as well in quality and quantity of 
their biological activity as in their 
chemical structure. Based on these data, a 
reduced chemical structure is proposed. 
Azadirachtins are insect growth inhibitors. 
They interfere with the neuroendocrine 
regulation of juvenile and molting hormone 
t i ters . Main cellular targets are the 
Malpighian tubules and the corpus cardiacum 
(CC) of the insect. - In the CC the azadir
achtins reduce the turnover of neurosecretory 
material, as demonstrated by poor labelling 
with 3 5S-cysteine. Consequently, levels of 
the morphogenetic juvenile and molting hor
mones are shifted and concomitantly decreased 
after azadirachtin injection. In this way, 
metamorphosis of the juvenile insect is in 
hibited and reproduction of the adult as 
well. 

The high biological activity of azadirachtin, a tetranor-
triterpenoid which was isolated from seed kernels of the 
neem tree, Azadirachta indica, is well established. 
Though a strong antifeedant to locusts (1) and to other 
insects of several taxa, i t also acts as a potent growth 
inhibitor at microgram levels (2-4). The most defined ef
fects are (a) delay and/or inhibition of molt into the 
successive instar, (b) disturbance of the molting pro-
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cess, and (c) delay, disturbance or i n h i b i t i o n of ovarian 
development. 

Several studies were made during recent years to 
elucidate the modifications i n the endocrine control 
mechanisms induced by azadirachtin, that led to the ob
served growth i n h i b i t i n g e ffects. The salient feature 
that emerges out of such studies on the migratory locust, 
Locusta miaratoria, i s the ultimate change (reduction 
and delay) i n the t i t e r of the morphogenetic hormones, 
namely ecdysone (2,3) and juvenile hormone (5,6). 
However, i t i s not clear so far whether such an effect on 
hormone t i t e r s i s a d i r e c t or an i n d i r e c t one. 

A direct effect of azadirachtin on ecdysone synthe
si s by the prothoracic glands has been ruled out i n a 
study on Bombyx mori (7)  Evidence available so far sug
gests that azadirachti
trophic factors locate
(3). The chemical i d e n t i t y of these factors, l i k e the 
prothoracicotropic and a l l a t o t r o p i c hormones from locust, 
i s s t i l l awaited. Hence comparison of the s t a i n a b i l i t y of 
neurosecretory material i n h i s t o l o g i c a l preparations with 
paraldehyde fuchsin has been widely followed to express 
the neurosecretory a c t i v i t y . It was suggested (5) that i n 
L. miaratoria r azadirachtin treatment leads to accumula
tion of stainable neurosecretory material i n the corpus 
cardiacum, the neurohemal organ with storage and release 
function. 

Such natural or synthetic insect growth in h i b i t o r s 
are of interest for the chemist i n his search for new 
chemical structures aiming more s e l e c t i v e l y at such tar
gets which are d i f f e r e n t from those of the present 
broad-spectrum neurotoxic insecticides. One interesting 
target of such growth i n h i b i t i n g compounds i s the 
insect's s p e c i f i c hormone system. This could be disturbed 
by a growth i n h i b i t o r either i n a d i r e c t way through the 
application of hormone analogs l i k e the juvenoids, or i n 
a more indirect way through an interference with the neu
roendocrine regulation of i t s peripheric hormones, the 
juvenile and the molting hormones. Other alternatives are 
the antifeedants. If they can induce starvation i n the 
herbivore, they would i n d i r e c t l y cause developmental de
viants (10). However, usually antifeedants drive the her
bivorous insect larva to the untreated growing parts of 
the plant where they can recover i f the plant' i s not 
treated again with feeding deterrent. Similar arguments 
also f a i r l y often speak against the use of repellents for 
plant protection purposes. 

F i n a l l y , studies on new types of insecticides are 
important for c o n t r o l l i n g such insects which are vectors 
of diseases. It may be possible, that the host-specific 
parasite can be controlled by insect growth in h i b i t o r s 
l i k e the azadirachtins by disturbing the endocrine and 
consequently physiological situation of the insect host. 
With such an approach i n mind i t may even be possible to 
cure the insect vector from i t s parasite. 
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The Epilachna Bioassay 
A bioassay for detection of a whole group of natural in
sect growth inhibitors, as present in neem (8), has to 
combine high sensitivity for growth disrupting compounds 
with high tolerance for antifeedants. The Mexican bean 
beetle, Epilachna varivestis, combines these two at
tributes under simple test conditions. Two tests have 
been described for^routine assays, a Petri dish test for 
individual, and a cage test for groups of larvae (8). One 
advantage of this bioassay i s , that the test insects are 
easily reared on whole plants or leaves of the bean, 
Phaseolus vulgaris. which can be grown in the greenhouse 
year round. 

In the Petri dish test, one bean leaf is put into 
each of 20 plastic Petr
already contain a mois
inversely covered with the same size Petri dish bottom 
which has a hole of 4 cm diameter and presents a defined 
leaf surface area. The test material, dissolved in 0,2 m£ 
methanol, is equally distributed on the exposed 12,6 cm 
of leaf area. Then the dish is covered with another Petri 
dish top. A weighed, freshly molted fourth instar larva 
is released into each dish. After 24 and 48 hours, the 
weight gains of a l l larvae are calculated. After the two 
days on the treated, they are transferred to untreated 
bean leaves where their further development is followed. 

For routine estimations, the cage test needs less 
expenditure of work and also eliminates a possible fumi-
gant effect of volatile by-products from the chromato
graphic fractions to be tested. An aluminium-framed cage 
(30 χ 25 χ 32 cm) with a wooden bottom, a glass top and 
the sides covered with a mesh-net for ventilation, can be 
used. Ten young bean plants, with twenty primary leaves 
altogether, are uniformly sprayed with 20 ml methanolic 
solution and placed inside the cage after drying. Twenty 
freshly molted fourth instar larvae are released in each 
cage and new grown leaves are plucked off routinely. The 
treated bean plants are removed after 48 hours and re
placed by untreated ones. 

In both Petri dish and cage tests, two control 
treatments are run. In one control, the leaves are 
treated with the same volume of pure methanol as in the 
test group, and in the other plants are left untreated. 
The undisturbed development of the control groups from 
beginning of the fourth instar to the newly emerged 
adults takes eight days whereas after azadirachtin treat
ment the last insects may die after three weeks only. The 
tests have to be repeated i f the concentration of the ap
plied compound does not result in about 50% survival. On 
this basis, the MC5Q (50% metamorphosis inhibiting con
centration) as well as the LC B Q (lethal concentration) 
values can be calculated. 

By following the growth inhibiting effect with the 
Epilachna bioassay, Schmutterer and Rembold (9) isolated 
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four growth inhibiting compounds from neem seed which did 
not affect larval feeding at concentrations which induced 
severe metamorphic disturbances. The most prominent 
growth inhibitor came out to be identical with azadirach
tin which was already known to have, besides its more or 
less deterring also growth inhibiting activity in most i f 
not a l l of the economically important insect orders. Also 
the other growth inhibitors from neem do not only inhibit 
insect growth in the Epilachna assay, but also that of 
other insects, and again at such concentrations which do 
not cause feeding inhibition (8). 

The predominant compound which is eluted in the aza
dirachtin peak from s i l i c a gel makes up about 85% of the 
total growth inhibiting activity. Therefore i t has been 
named azadirachtin A (5). Its former structure as pro
posed by Zanno et al
by three laboratorie
the basis for a structural elucidation of the other aza
dirachtins by nmr spectroscopy. Azadirachtin A (I) is a 
highly oxidized tetranortriterpenoid with rings A and Β 
trans connected, an epoxide ring at position 13, 14 and a 
tigloyl side chain at position 1. Three hydroxyl groups, 
at positions 7, 11, and 20, are free in the azadirachtin 
A molecule. 

Azadirachtin Β (II) was isolated by following its 
insect growth inhibiting effect in the Epilachna bioassay 
(15/16). It is with about 15% abundance the second most 
prominent azadirachtin in neem kernels. The tigloyl side 
chain is in position 3, in contrast to the location in 
azadirachtin A where i t is located in position 1. This 
isomer also has a free hydroxyl group at position 1 and 
the hydroxyl group in position 11 is reduced to the deoxy 
compound. Altogether, both these isomeric azadirachtins 
carry three free hydroxyl groups. 

The minor group of azadirachtins C - G (Figure 1) 
was also isolated by use of the Epilachna bioassay. These 
isomers are present in only minute amounts of one percent 
altogether in the crude azadirachtin mixture (12). As to 
be expected from their biological activity, they struc
turally look very much like the azadirachtins A and" B. 
Substitution of the hydroxyl groups 1 (tigloyl) and 3 
(acetyl) like in azadirachtin A is characteristic for 
azadirachtin C (VII, Table I), for which only a partial 
structure can be given out of nmr data, for azadirachtin 
D (III) with its ester group in position 4 reduced to 
methyl, and for azadirachtin Ε (IV) which is the 
naturally occurring 1-detigloyl azadirachtin A. Natural 
isomers of azadirachtin Β with free 1-hydroxyl and 
3-tigloyl substitution are azadirachtin F (V) with the 
ether bridge in position 19 reduced and opened by forma
tion of a C-19 methyl, and azadirachtin G (VI) with a 
double bond formed instead of the 13,14-epoxide ring and 
with a hydroxyl group in position 17. 
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Figure l a . Structures of the natural azadirachtins 
that have been isolated from neem seeds (JJ>, _17) . 
R: t i g l o y l . 
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F i g u r e l b . S t r u c t u r e s o f t h e n a t u r a l a z a d i r a c h t i n s 
t h a t h a v e b e e n i s o l a t e d f r o m neem s e e d s (.15, 11) . 
R: t i g l o y l . 
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The azadirachtin molecule is chemically labile and 
structural modifications of the natural product usually 
come out in low yields. Only hydrogénation of the 
22,23-double bond, and correspondingly its tritiation 
(5), can be achieved in good yields. Altogether five 
chemical modifications of azadirachtin A and four of aza
dirachtin Β have been described (15. ) · They are collated 
in Table I, together with data on their biological ac
ti v i t y and including the other natural azadirachtins, 
which now allows some conclusions on structure - activity 
relationships. 

A l l the azadirachtins tested so far are under stan
dard Epilachna test conditions of acute toxicity in con
centrations above 1000 ppm. The larvae die within a few 
hours already. Pharmacological effects like on gut motil
ity or diuresis are
times been falsely interprete
cal mode of azadirachtin action already (18). In this 
pharmacological range of 10 - 100 ppm concentrations the 
azadirachtins act as phagodeterrents cum growth in
hibitors. However, in their physiological range of 1 - 5 
ppm concentrations they do not deter the Epilachna larva 
from feeding but act as potent growth inhibitors. The 
data of Table I are based on this physiological, exclu
sively growth disrupting effect of the azadirachtins. 

Table I. Growth inhibition, expressed as lethal con
centration for 50% of the test larvae 
(LC 5 Q), in the Epilachna cage test (15,17,25) 

# Compound L C R O 

(Ppm) 
I azadirachtin A 1.66 
IA 11-acetyl-azadirachtin A 8.68 
IB 3-deacetyl-azadirachtin A 0.38 
IC 22,23-dihydro-azadirachtin Α I · 2 6 

ID 23 -ethoxy-22,23-dihydro-azadirachtin A 0.74 
IE 23 -ethoxy-22,23-dihydro-azadirachtin A 0.52 
II azadirachtin Β 1.30 
IIA 3-detigloyl-azadirachtin Β 0.08 
IIB 22,23-dihydro-azadirachtin Β 0.28 
IIC 3-detigloyl-3-(2-methylbutyryl)-22,23-di-

hydro-azadirachtin Β 0.45 
IID 23 -ethoxy-22,23-dihydro-13,14-deepoxy-

17-hydroxy-azadirachtin Β >100 
VII azadirachtin C 12.97 
III azadirachtin D 1.57 
IV azadirachtin Ε 2.80 
V azadirachtin F 1.15 
VI azadirachtin G 7 · 6 9 

salannin >100 
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The type of decalin ring substitution seems to be of 
high importance, i f the 16 azadirachtin structures of 
Table I are compared. The highest biological activity is 
with both hydroxyl groups free (IIA). Also the ecdystero-
id molecule has two unsubstituted hydroxyl groups in its 
A ring. However, the fundamental structural difference 
between these two bioactive molecules is that rings A and 
B a**e trans-connected in the azadirachtins and cis in the 
ecdysteroids. Another interesting position is the 22,23-
double bond which is present in a l l the natural 
azadirachtins. Hydrogénation (IC, IIB) or addition of a l 
cohol (ID, E) even increases biological activity, how
ever. Azadirachtins Β (II) and F (V) are significantly 
more active than azadirachtin A (I) and mainly its 
11-acetyl derivative (IA)  The most c r i t i c a l structural 
element seems to be th
salannin (19) which
are completely inactive as insect growth inhibitors. Also 
VI and VII are significantly less active. It seems that a 
ketal function at position C-21 and a free hydroxyl group 
at C-7 supports growth inhibition, although there are 
some facts which do not become clear from the present ex
perimental data. With a l l these relationships in mind, a 
r e d u c e d s t r u c t u r e ( V I I I , F i g u r e 2) h a s b e e n p r o p o s e d t o 
be p r i m a r i l y r e s p o n s i b l e f o r b i o l o g i c a l a c t i v i t y o f t h e 
a z a d i r a c h t i n g r o u p (1_7) . S u b s t i t u t i o n o f t h e d e c a l i n r i n g 
by h y d r o x y l g r o u p s a t C - l and C-3 a n d a 13,14-epoxy g r o u p 
i n c o r r e c t s t e r i c d i s t a n c e f r o m t h e s e two h y d r o x y l g r o u p s 
seems t o be o f p r i m a r y i m p o r t a n c e f o r t h e b i o l o g i c a l e f 
f e c t . M i n o r e f f e c t s a r e t o be e x p e c t e d f r o m a 7 - h y d r o x y 
and a 21-ketal function. Also a reduced dihydrofuran ring 
or a side chain in correct distance from the epoxide 
group may add to the biological activity. 
Effect on hormone titers 
Azadirachtin strongly interferes with larval growth and 
development of a l l the insects which have been studied so 
far. The morphological effects are growth retardation, 
molting inhibition, or induction of malformations. In the 
adult insect, i t inhibits egg maturation. Azadirachtin 
may also induce sterilization in several insect species 
(2,20, 21). Such effects can also be induced by hormone 
application and one may therefore wonder i f azadirachtin 
mimics a hormone, eventually also one of the hormone me
tabolites. 

Three main questions may help for a better under
standing of its mode of action on the hormonal level, (i) 
How is the resorption/excretion of this drug in the in
sect? Does i t act at a physiological or at a pharmaco
logical concentration? This question was followed by mea
suring the excretion kinetics of the tritium labeled 
compound and will be discussed in some more detail. ( i i ) 
Is azadirachtin only antagonizing the ecdysteroid func
tion or does i t also affect the juvenile hormone tit e r , 
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concomitantly or independent from the ecdysteroid titer? 
This question was followed in individual living insects. 
And finally ( i i i ) does the drug accelerate or reduce pro
tein turnover due to high affinity binding in the neuro
secretory system? 

[22,23- H2]Dihydroazadirachtin A, which after Table 
I has the same physiological activity as azadirachtin A, 
was used to follow its excretion kinetics and organ spe
c i f i c incorporation in miaratoria. Even i f injected 
at such a low concentration as 0.1 pg/g, more than 50% of 
the drug is excreted unchanged within 24 hours (5,6). No 
difference is found in the pattern of azadirachtin excre
tion i f adults injected 1, or 2 days after emergence and 
last instar nymphs injected at a low and high dose are 
compared. Irrespective of the dose injected (0.41 - 2.47 
u9/g)/ between 68 an
tiv i t y is excreted
tioazadirachtin, within the f i r s t 24 hours after applica
tion. The material which is retained in the treated 
locust can not be mobilised by injection of unlabeled 
dihydroazadirachtin. It is therefore tightly bound, most 
of i t in the Malpighian tubules, followed by the gut and 
ovaries (6). Even 15 days after injection, the intact l a 
beled material could be isolated from the organs. In ab
solute terms, i t was contained in the Malpighian tubules 
in a concentration of about 25 ng/g, and in the gut and 
ovaries in about 3 ng/g, whereas the remaining biomass 
contained less than 1 ng/g (Rembold, H.; Muller, Th.; 
Subrahmanyam, Β. Ζ. Naturforsch., in press.). Conse
quently, the physiological concentration, as discernible 
by the retained amount of azadirachtin after injection of 
2.5 pg/g, was about 1 percent in the Malpighian tubules 
and even only 1 per mille in the gut and ovary. These ex
tremely low concentrations speak in favor of a high af
finity binding of the drug and against a pharmacological 
or toxic effect already. 

Before discussing the results obtained from the his
tological autoradiography of the corpus cardiacum, the 
question must be answered, in what way azadirachtins af
fect the titers of juvenile and molting hormone. Clear 
results could be obtained, when the hemolymph titer of 
the two hormones was followed in individual animals dur
ing their gonotrophic cycle. Precondition for such a 
study is the existence of a highly selective and quanti
tative hormone assay which is reliable at low quantities 
already. Gene activity during metamorphosis and reproduc
tion is controlled by hormone/receptor titers. Obvi
ously, affinity of the receptor determines the amount of 
hormone necessary for releasing a signal. The disso
ciation constant (K ) values for the receptor-hgrmone 
comçjexes are estimated to be in the range of 10 and 
10" M. These are concentrations of few picograms per 
0.01 ml of insect hemolymph which must be taken from an 
individual locust per 24 hrs. 
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Whereas for quantitative ecdysterone determinations 
a combination of high-performance liquid chromatography 
in combination with radioimmuno assay can be used, this 
is impossible for the minute amounts of juvenile hormone 
due to cross-reactivity of the immunoassay with other l i 
pids. A physicochemical method which combines micro-
derivatisation of the juvenile hormone to its 10-dime-
thyl(nonafluorohexyl)silyloxy-ll-methoxy derivative which 
after simple purification steps is finally separated and 
quantified through capillary GLC combined selected ion 
monitoring mass spectrometry (22.). The enormous advantage 
of this chemical technique is the use of an internal 
standard which provides quantitative results for each of 
the four juvenile hormones. By following both molting and 
juvenile hormone titers in each hemolymph sample during a 
whole gonotrophic cycle
untreated control, a
become clear. Both juvenile hormone and ecdysone titers 
are affected after a single injection of azadirachtin. 
Their peaks are identically shifted to a longer time pe
riod, mostly without decrease in their intensity. A 
similar retardation, and decrease, comes out for the 
hemolymph proteins and primarily for vitellogenin (6). 

Inhibition of neurosecretion turnover 
It has become clear, primarily from studies with Lj_ mig-
ratoria. that the salient feature of azadirachtin func
tion is the ultimate change (reduction and delay) in the 
titer of the morphogenetic hormones. However, i t is not 
yet clear how to understand the obvious blocking of the 
release of trophic factors from the neuroendocrine sys
tem. There are two possibilities for explaining the obvi
ous accumulation of PAF stainable neurosecretory material 
(NSM) in the neurohemal organ and neurosecretory cells of 
the azadirachtin treated locusts, (i) Interference of the 
drug with the feedback control of hormone titers and con
sequently an increase of NSM synthesis and decrease of 
its release, ( i i ) The other explanation could be the con
comitant blocking of release and of NSM synthesis; a 
sharp drop in precursor incorporation would be the conse
quence. The latter could be demonstrated (Subrahmanyam, 
B.; Mûller, Th.; Rembold, H. J. Insect Physiol., in 
press) by following incorporation of 35-S-cysteine into 
the CC proteins. The method makes use of the fact, that 
neurosecretory proteins are rich in the sulfur containing 
amino acids, cysteine and cystine, which are incorporated 
into newly synthesised neurosecretory protein primarily. 

The corpora cardiaca from azadirachtin treated L. 
mioratoria females show a very poor NSM turnover. Immedi
ately after injection of the labeled amino acid, there is 
a raise in radioactivity which is much higher in the CC 
of the azadirachtin treated insects. Turnover of free 
cysteine is obviously inhibited by azadirachtin. There 
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i s ^ no qualitative change i n the " s - l a b e l e d proteins of 
this organ, as shown by electrophoresis and autoradiogra
phy of the gels. However, i n the azadirachtin treated i n 
sects the transport of labeled protein from the brain to 
the corpus cardiacum and i t s release are at a very low 
l e v e l , though not completely inhibited. Hence, di s t u r 
bance or i n h i b i t i o n of ovarian development i n the aza
dirachtin treated females i s mainly due to the changes 
induced in the endocrine events by the poor turnover of 
neurosecretory proteins. A h i s t o l o g i c a l study of brain 
and CC, which w i l l be discussed i n the following, shows a 
si g n i f i c a n t accumulation of NSM i n the secretory reser
voir. The increased s t a i n a b i l i t y can therefore be i n t e r 
preted as only to be due to accumulation of NSM over a 
longer period of time together with slow release, and 
does not denote an increas

Organ-specific incorporation of azadirachtin 
Autoradiographs of the organ with highest s p e c i f i c radio
a c t i v i t y , the Malpighian tubules, from insects that re
ceived a high s p e c i f i c a c t i v i t y of labeled dihydroazadir-
achtin A show an intense accumulation of s i l v e r grains 
a l l along the basal region of the tubule, and the cyto
plasm around the nucleus. The intensly labeled tubules 
form a radioactive trace. The apical region ( m i c r o v i l l i ) , 
which i s l i m i t i n g the lumen of the tubule, i s r e l a t i v e l y 
unlabeled as well as the nucleus where only i t s membrane 
shows high labeling. The autoradiographic study thus pro
vides evidence for the accumulation of dihydroazadir-
achtin A in two h i s t o l o g i c a l regions of the Malpighian 
tubules namely, the basal region and the cytoplasm around 
the nucleus (Rembold, H.; Mûller, Th.; Subrahmanyam, B. 
Ζ. Naturforsch.. i n press.). This clear l o c a l i s a t i o n of 
chemically unchanged dihydroazadirachtin i n the basal and 
inner regions of the tubule even after a long time period 
suggests i t s organ and region s p e c i f i c concentration to 
hi g h - a f f i n i t y binding s i t e s . 

The autoradiographic study of the retrocerebral com
plex of miaratoria brings out that azadirachtin A has 
a free access to the corpus cardiacum rather than into 
the brain (Subrahmanyam, B.; Miiller, Th.; Rembold, H. 
Insect Physiol.. in press.). The labeled compound does 
not penetrate the brain but i s located only at the pe
ripheral blood brain - barrier, the perineurium -
neuroglia complex. In the corpus cardiacum, the axons 
that terminate i n the storage lobe are intensely labeled. 
The cytoplasm of the i n t r i n s i c secretory c e l l s of the 
glandular lobe i s also intensely labeled whereas the nu
c l e i of these c e l l s remain unlabeled (Fig. 3 ) . The corpus 
cardiacum acts as a neurohemal organ which releases 
trophic peptide factors into the hemolymph. The neurose
cretory c e l l s of the brain release t h e i r products from 
the axon endings i n the corpus cardiacum. For the 
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? 

Figure 2. Proposal for a reduced bioactive 
azadirachtin structur

Figure 3. Section through the corpus cardiacum 
of L. miaratoria from a female adult, 5 days 
after injection of 3 jug [22,23- H 2]dihydroaza-
dirachtin A, showing the intense d i s t r i b u t i o n 
of s i l v e r grains (right) developed on the au-
toradiogram. For better information the same 
view i s drawn on the l e f t side. S: Storage 
lobe, G: part of glandular lobe, C: cytoplasm 
of secretory c e l l s . The arrows are indicating 
the heavily labeled axons. 

In Insecticides of Plant Origin; Arnason, J., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1989. 



162 INSECTICIDES OF PLANT ORIGIN 

e f f i c i e n t release of neurohormones into the hemolymph, 
the axon terminals are extensively branched and are de
void of the g l i a l ensheathment which protects the brain, 
so that their endings are t o t a l l y exposed to the external 
environment. Hence, the axons terminating i n the CC are 
heavily labeled with azadirachtin which possibly blocks 
the release of neurohormones into the hemolymph. The low 
synthesis of neurosecretory proteins as well as t h e i r ac
cumulation in the retrocerebral complex are then the re
sult of a feed back regulation operating between the re
lease and synthesis of neurosecretory material. 

Azadirachtins. promising botanical pesticides 

Three quarters or a
animal species are member
of them are a g r i c u l t u r a  pest
eases. One estimates a world-wide economic loss, caused 
by insects, of more than 20 mrd USD in agriculture a l 
though highly effective insecticides are applied. How
ever, the problems associated with conventional 
broad-spectrum insecticides and a rapidly increasing 
number of insecticide tolerant or even resistant pests 
are a l l too apparent. 

Search for more selective and biodegradable i n s e c t i 
cides, studies on host-plant resistance, insect attrac-
tants, use of natural enemies, autocidal techniques are 
some promising f i e l d s within integrated pest management 
strategies. However, progress can only be expected from 
new f i e l d s which must be endeavored by basic studies. 
Naturally occurring insecticides, also from weeds, must 
be found by use of easy and r e l i a b l e bioassays. Such 
studies must also include investigations on the basis of 
host- parasite interactions i n the case of many diseases, 
l i k e Malaria, yellow fever, or Chagas disease, which are 
transmitted by insects. The group of azadirachtins seems 
to be an exceptionally promising model i n the search for 
botanical pesticides. Their target i s the i n s e c t - s p e c i f i c 
hormonal control of growth and development. As far as we 
know t i l l now, they have no mammalian t o x i c i t y (Jacobson, 
M., personal communication), act at extremely low concen
trations already due to t h e i r target s p e c i f i c binding to 
the corpus cardiacum and the Malpighian tubules, and they 
are easily biodegradable. The proposed reduced chemical 
structure now has to be synthesised and modified. The mo
lecular mode of azadirachtin action s t i l l has to be elu
cidated. Knowing more about i t s target-directed mechanism 
may then help i n t a i l o r i n g a new generation of synthetic 
insect growth i n h i b i t o r s . 

In Insecticides of Plant Origin; Arnason, J., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1989. 



11. REMBOLD Azadirachtins: Structure and Action 163 

Literature Cited 

1. Butterworth, J . H . ; Morgan, E. D. J . Insect Physiol. 
1971, 17, 974-77. 

2. Rembold, H . ; Sieber, K. -P . Z. Naturforsch. 1981, 
36c, 466-69. 

3. Sieber, K . - P . ; Rembold, H. J . Insect Physiol. 1983, 
29, 523-27. 

4. Mordue, A. J.; Evans, Κ. Α.; Charlet, M. Comp. Bio-
chem. Physiol. 1986, 85Ç, 297-301. 

5. Rembold, H . ; Forster, H . ; Czoppelt, Ch.; Rao, P. 
J.; Sieber, K.-P. Proc. 2nd Int. Neem Conf. Rauisch-
holzhausen; Schmutterer, H. and Ascher, K. R. S., 
Eds.; GTZ, Eschborn, 1983, pp 153-61. 

6. Rembold, H . ; Uhl, M.; Müller, Th. Proc. 3rd Int. 
Neem Conf. Nairobi;
S., Eds.; GTZ Eschborn

7. Koul, O.; Amanai, K.; Ohtaki, T. J . Insect 
Physiol. 1987, 33, 103-08. 

8. Rembold, H . ; Sharma, G. K. ; Czoppelt, Ch.; 
Schmutterer, H. Z. Pflkrankh. Pflschutz. 1980, 
87, 290-97. 

9. Schmutterer, H. ; Rembold, Η. Ζ. angew. Entomol. 
1980, 89, 179-88. 

10. Slama, K. Acta Ent. Bohemoslov. 1978, 75, 65-82. 
11. Zanno, P. R.; Miura, I . ; Nakanishi, K.; Elder, D. L. 

J . Amer. Chem. Soc. 1975, 97, 1975-77. 
12. Turner, C. J.; Tempesta, M. S.; Taylor, R. B.; Za-

gorski, M. G. ; Termini, J. S.; Schroeder, D. R.; 
Nakanishi, K. Tetrahedron 1987, 43, 2789-2803. 

13. Bilton, J. N. ; Broughton, H. B.; Jones, P. S.; Ley, 
S. V . ; Lidert, Z . ; Morgan, E. D.; Rzepa, H. S.; 
Sheppard, R. N.; Slawin, Α. M. Z.; Williams, D. J. 
Tetrahedron 1987, 43, 2805-15. 

14. Kraus, W.; Bokel, M.; Bruhn, Α. ; Cramer, R.; Klaiber, 
I . ; Klenk, Α.; Nagl, G . ; Pöhnl, H . ; Sadlo, H . ; Vog-
ler, B. Tetrahedron 1987, 43, 2817-30. 

15. Rembold, H . ; Forster, H . ; Czoppelt, Ch. Proc. 3rd 
Int. Neem Conf. Nairobi; Schmutterer, H. and Ascher, 
K. R. S., Eds.; GTZ Eschborn, 1986, pp 149-160. 

16. Rembold, H . ; Forster, H . ; Sonnenbichler, J . Z. 
Naturforsch. 1987, 42c, 4-6. 

17. Forster, H. Dr. Thesis, University of Munich, Munich, 
1987. 

18. Mordue, A. J.; Cottee, P. K.; Evans, K. A. Physiol. 
Entomol. 1985, 10, 431-37. 

19. Henderson, R.; McCrindle, R.; Melera, Α . ; Overton, Κ. 
A. Tetrahedron 1968, 24, 1525 

20. Koul, Ο. Ζ. angew. Entomol. 1984, 98, 221-223. 
21. Rembold, H. Advances in Invertebrate Reproduction 3; 

Engels, W., Ed.; Elsevier, Amsterdam, 1984, pp 481-
491. 

22. Rembold, H . ; Lackner, B. J . Chromatog. 1985, 323, 
355-61. 

RECEIVED November 2, 1988 

In Insecticides of Plant Origin; Arnason, J., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1989. 



Chapter 12 

Naturally Occurring and Synthetic Thiophenes 
as Photoactivated Insecticides 

J. T. Arnason1, B. J. R. Philogène1, Peter Morand2, K. Imrie1, S. Iyengar1, 
F. Duval1, C. Soucy-Breau2, J. C. Scaiano3, Ν. H. Werstiuk4, 

B. Hasspieler5, and Α. E. R. Downe5 

1Department of Biology, University of Ottawa, Ottawa, Ontario K1N 6N5, Canada 
2Department of Chemistry, University of Ottawa, Ottawa, Ontario K1N 6N5, Canada 

3Division of Chemistry, National Research Council, Ottawa, Ontario K1A 0R6, Canada 
4Department of Chemistry, McMaster University  Hamilton  Ontario L8S 4M1 Canada 

5Department of Biology, Queen

The secondary compound alpha-
terthienyl derived from the plant 
family Asteraceae and related 
molecules are under consideration as 
a new class of photoactivated 
insecticides. Trials under tropical 
conditions indicate a very high 
level of activity as a larvicide for 
the malaria mosquito, Anopheles 
gambiae. There i s no cross 
resistance to this compound in 
malathion resistant mosquito larvae. 
However tolerance observed in some 
insects can be related to metabolism 
and e l i m i n a t i o n of l a b e l l e d 
compound. Over th i r ty synthetic 
analogues and derivatives have been 
produced to examine structure-
activity relationships and singlet 
O 2 generating potential of the 
molecules. 

At a recent ACS symposium, light-activated pesticides 
were recognized as a new technology with considerable 
promise in the area of pest control ( 1 ) . One phototoxin, 
erythrosin B, has already been registered for house fly 
control and a promising photodynamic herbicide based on 
porphyrin metabolism in plants is under development. 
Among the most active biocides whose activity is 
enhanced by light are the naturally occurring thiophenes 
and biosynthetically related polyacetylenes which are 
characteristic secondary metabolites of the plant family 
Asteraceae. This particular group of compounds was of 
sufficient interest to be the focus of a recent 
specialist conference held in Denmark ( 2 ) . Many 
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r e p r e s e n t a t i v e s of t h i s group of compounds are 
phototoxic to both herbivorous insects and/or mosquito 
larvae. These aspects have been reviewed previously 
(1,2) and hence the present report w i l l deal with the 
most active compound, alpha terthienyl (alpha-T) and i t s 
derivatives and analogues which have been the subject of 
recent research. 

We have investigated alpha-T extensively as both a 
potentially useful phototoxic insecticide and as a model 
phototoxin for plant-insect interaction studies. I t i s a 
r e l a t i v e l y stable natural product especially when 
compared to biosynthetically related acetylenes. Alpha-T 
and r e l a t e d thiophenes are found i n many genera 
i n c l u d i n g F l a v e r i a P Tagetes. E c l i p t a , Dyssodia. 
N i c o l l e t i a f C h r y s a c t i n i a . Adenophy1lum a t 
concentrations rangin
(3,4). When combine
nm) or natural sunlight, i t i s exceptionally toxic to 
mosquito larvae (LD5o=19 ppb for Aedes aegypti) . 
blackfly larvae (LD 5 0= 28 ppb Simulium verecundumï and 
some herbivorous insects (LD5o=10 ug/g for contact 
application to late instar Manduca sexta or P i e r i s 
rapae)(5-7). In addition, tests showed that ten other 
species i n three genera of mosquito larvae, some species 
of sawflies (Tenthridinidae), cutworms (Noctuidae) and 
loopers (Geometridae) were also very sensitive. The 
presence of thiophenes i n prominent marginal leaf glands 
of Porophyllum, at the point of f i r s t attack by a 
Lepidopteran herbivore, t h e i r high lev e l of t o x i c i t y to 
some hebivores and our recent demonstration of th e i r 
e l i c i t a t i o n i n Tagetes after fungal infection i s 
consistent with the plant defence hypothesis (8). 
However, the existence of insects r e l a t i v e l y insensitive 
to alpha-T, including the European corn borer, tobacco 
budworm and Anaitis plagiata, a biocontrol agent for 
the phototoxic St. John's wort indicates that i t i s not 
impossible for some insects to circumvent t h i s type of 
i n s e c t i c i d a l agent. 

Development of an e f f i c i e n t large scale synthesis 
of alpha-T by a Grignard-Wurtz reaction (6) allowed us 
to conduct much more detailed evaluations of alpha-T as 
an insec t i c i d e . F i e l d t r i a l s i n a deciduous forest s i t e 
i n Eastern Canada were undertaken on mosquito larvae 
(Aedes spp.) in natural and simulated pools and effects 
on non-target organisms monitored. Using alpha-T 
formulated i n ethanol, the ED 5 0 for control of mosquito 
larvae was 50 g/ha, an application rate which had no 
effect on trout, s n a i l s , mayfly and caddisfly larvae, 
but was toxic to Daphnia and chironomids (9). 

A s u r f a c e s p r e a d i n g f o r m u l a t i o n and an 
emulsifiable concentrate have been tested i n two years 
of f i e l d t r i a l s at both a boreal and a deciduous forest 
s i t e i n Eastern Canada. The emulsifiable concentrate 
formulation gave r e l i a b l e c o n t r o l of larvae at 
applications of 100 g active ingredient (a.i.)/ha and 
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the spreading formulation was effective at 50 g a Λ./ha, 
but had the disadvantage of being s l i g h t l y toxic to non-
t a r g e t organisms due to the xylene-containing 
formulation. 

While good b i o l o g i c a l and chemical c o n t r o l 
alternatives exist for insect pest control, there i s a 
need for the development of new technologies because of 
the problem of development of resistance in target 
insect populations (11). The continued pressure for 
maximal crop yields and for the control of insect 
vectors of human and livestock disease necessitates a 
continuing search for new control strategies. Recent 
work from t h i s group has addressed the questions of 
whether alpha-T i s effe c t i v e against mosquito vectors of 
human t r o p i c a l disease and whether i t w i l l be an 
e f f e c t i v e c o n t r o l
developed resistanc
s t i l l know l i t t l e about what makes a good phototoxin and 
so a synthetic program has been i n i t i a t e d to determine 
i f other more effective phototoxic molecules can be 
made. These materials have also provided a c o l l e c t i o n of 
molecular structures to investigate the question of what 
photochemical, p h y s i c a l or s t r u c t u r a l properties 
contribute to the design of an effective phototoxin. 
Tracer materials have been made and toxicokinetic and 02 

t o x i c i t y studies undertaken to determine which potential 
t a r g e t species are sensitive or tolerant to the 
phototoxins and by what mechanism. 

Lar v i c i d a l a c t i v i t y of alpha-T to Anopheles gambiae 
under t r o p i c a l conditions 

To determine the potential of alpha-T as a l a r v i c i d a l 
agent against a disease vector, t r i a l s were conducted i n 
Tanzania against the malaria mosquito, Anopheles 
gambiae. A l l t r i a l s were conducted i n Muheza town, Tanga 
region (altitude 200ft) during the period of March 10-
A p r i l 1, 1987. Tests were conducted in p a r t i a l shade 
under deciduous trees during weather conditions that 
were r e l a t i v e l y clear. Water temperatures between 32-35 
°C were recorded. Applications of the emulsifiable 
concentrate at six application rates were made at 10:00 
a.m. to pools containing 20 t h i r d or fourth instar 
larvae. Other procedures have been described in d e t a i l 
previously for Canadian f i e l d tests (10). 

Mean mortality data for seven replicate t r i a l s 
(Figure 1) show that an almost complete mortality of 
larvae was observed at 100, 50 or 25 g a.i./ha 
application. At 12.5 and 6.2 g a.i./ha mortality 
increased rapidly for the f i r s t few hours then increased 
more slowly thereafter. A probit analysis of the 28 h 
postapplication data gave a linear transformation and an 
E D 5 0 of 7.45 g a.i./ha or an EDg 0 of 18.9 g a.i./ha. 
Perhaps because of higher l i g h t i n t e n s i t i e s i n the 
tropics, these efficacy values are substantially better 
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Hours postapplication 
Figure 1. Mortality of fourth instar Anopheles 
gambae larvae in pools treated with different 
applications of alpha-terthienyl plotted aginst time 
after application in hours. Each point i s the mean of 
seven t r i a l s with twenty insects per concentration. 
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than the previously reported Canadian t r i a l s where 24 h 
ED 5 0 values ranged from 22.7-93.5 g a.i./ha (10). They 
compare favourably with results obtained with synthetic 
pyrethroids (12) and demonstrate the potential of 
thiophenic phototoxins for mosquito control. 

Cross r e s i s t a n c e , toxicokinetics and tolerance to 
phototoxins 

To test our hypothesis that the mode of action of 
phototoxic insecticide i s s u f f i c i e n t l y d i f f erent from 
conventional insecticides to avoid the problem of cross 
resistance, Hasspieler and Downe examined the t o x i c i t y 
of alpha-T to two strains of Culex t a r s a l i s that vary in 
t h e i r s u s c e p t i b i l i t y to malathion by two orders of 
magnitude (13). The t o x i c i t
s t r a i n ( L C 5 0 = 16 ppb
malathion susceptible s t r a i n ( L C 5 u = 12 ppb) (13). The 
results c l e a r l y indicate that a thiophenic phototoxin 
can be an effective insecticide in populations of 
i n s e c t s r e s i s t a n t to another type of material. 
Similarly, Respicio and Heitz (14) found that there was 
no cross resistance for the phototoxin erythrosin-B in 
house f l i e s resistant to several pesticides. 

We have p r e v i o u s l y mentioned that s e v e r a l 
herbivorous insect species are very tolerant to alpha-T 
and those that have host ranges that include phototoxic 
plants are of p a r t i c u l a r i n t e r e s t . These large 
differences in s e n s i t i v i t y to alpha-T can be accounted 
for by d i f f e r e n t rates of excretion of the phototoxin 
(table I ) ( 7 ) . Polar metabolites are produced by the 
insect in which the thiophene conjugation has at least 
been p a r t i a l l y destroyed rendering the molecule non-
phototoxic. Studies with the i n h i b i t o r piperonyl 
b u t o x i d e i n d i c a t e t h a t cytochrome P 4 5 0 - b a s e d 
polysubstrate monooxygenases (PSMO) are involved in the 
metabolism. Examination of the rate of metabolism i n the 
three species per unit of cytochrome P 4 5 0 suggests that 
there i s some evidence of s p e c i f i c i t y of the system i n 
the most tolerant insect, O. n u b i l a l i s , for thiophene 
metabolism (15). Because t h i s insect has a host range 
t h a t i n c l u d e s t h i o p h e n e - p r o d u c i n g p l a n t s , the 
s p e c i f i c i t y may have been selected for by the presence 
of these toxins in the insect diet. 

These studies on the metabolism and excretion 
of alpha-T by insect herbivores and, more recently, by 
sensitive mosquitoes were f a c i l i t a t e d by the development 
of radiolabelled phototoxins. 3H-alpha-T and 3H-Me-
alpha-T were produced by Werstiuk using a high 
temperature d i l u t e acid exchange process which labels 
the aromatic protons on the thiophene rings. 
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Table I. S e n s i t i v i t y and PSMO mediated metabolism of 
alpha-T i n three insect herbivores 

Species LD 5 0 alpha-T metabolized 
(ug/g) (pmoles/min/nmole 

cytochrome P-450) 

Manduca sexta 10 304 
Heliothis virescens 474 1538 
Ostrinia n u b i l a l i s 698 3984 

Larvae of Culex t a r s a l i s and Aedes aegypti were 
exposed to 3H-alpha-T and after absorbtion of the 
l a b e l l e d phototoxin, e l i m i n a t i o n of the labelled 
compounds was determine
spectrophotometry. Result
elimination of alpha-T d i f f e r e d s i g n i f i c a n t l y between 
the two species and were inversely correlated to the 
toxic effects of the compound. Over 70% of the label i s 
eliminated in both species within 24 h of exposure and 
the k i n e t i c s of the e l i m i n a t i o n appear to be 
polyexponential (13). 

Analogue and derivative studies 

Using the Grignard-Wurtz reaction, or the Bestmann and 
Schaper procedure i f substitutions on the central 
thiophene ring were desired, we have now prepared over 
30 analogues and derivatives of alpha-T (16). These have 
been investigated for structure-activity relationships 
and underlying mechanistic considerations. Scaiano 
(NRC) has examined the quantum y i e l d of singlet-02 
generation of a number of these compounds using a laser 
flash photolysis method (17). The quantum y i e l d of 
alpha-T i t s e l f was an area of some controversy with a 
very low quantum y i e l d reported by Reyftmann and Kagan 
(18) and a preliminary report of a quantum y i e l d higher 
than 1.0 given at the 1986 ACS symposium (1). After 
repeated measurements, a mean value of 0.86 was 
determined, indicating that the alpha-T i s an extremely 
e f f i c i e n t s i n g l e t - 0 2 generator but probably not involved 
in multiple energy transfer reactions following a single 
excitation. The quantum y i e l d for 9 other analogues and 
deriviatives was between 0.53-0.93, indicating that they 
also are good photo-oxidants. The variation i n singlet 
oxygen quantum yields i s small and cannot explain the 
large variation in the t o x i c i t y of the analogues. 
However, there i s a small positive correlation between 
quantum y i e l d and phototoxicity to mosquito larvae. As 
has been found for other classes of insecticides, there 
i s a l s o a p o s i t i v e correlation between p a r t i t i o n 
c o e f f i c i e n t of the compounds and phototoxicity. Our 
detailed analysis of these trends w i l l be reported 
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elsewhere, but results indicate that other factors must 
also be important. 

We subsequently investigated the substituent effect 
and s t r u c t u r e - f u n c t i o n r e l a t i o n s h i p s with these 
compounds. There was no clear relationship between 
electron withdrawing or donating substituents (or th e i r 
Hammett constants) and the phototoxicity of the 
compounds. Results for the electron releasing compounds 
are shown i n table II but both groups contained 
compounds that were more or less toxic than the parent. 
With a single carbon substituent phototoxicity decreased 
in the order: methyl, aldehyde, alcohol, carboxylic acid 
(table I I I ) . In a 2 carbon atom substituent series the 
following decreasing order of t o x i c i t y was found: 
acetylene, alcohol, carboxylic acid, methoxy (table 
III) . 

Table II. Effect of electron releasing groups on 
t o x i c i t y of alpha-terthienyl derivatives 

Rl R 2 R 3 R 4 Relative 
Toxicity 

H H H H 100 
Me H H H 200 
Me Me H H 8 
H H Me Me 18 
H H Et Et 3 
t-Bu t-Bu H H >1 

Table III. Effect of substituents on t o x i c i t y of alpha-
terthienyl derivatives 

RI L D 5 0 Relative 
(ppb) Toxicity 

H 30 100 
CH3 15 200 
CH2OH 123 24 
CHO 40 75 
COOH 1040 3 
CH2CH20H 113 27 
CH2CH2OCH3 1930 2 
CH2COOH 496 6 
CECH 59 50 
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Conclusion 
The current information clearly indicates that 
thiophenic phototoxins have advantages in the following 
area: exceptional activity to the malaria mosquito, 
Anopheles gambiae. and lack of cross resistance with 
other pesticides. We have a better understanding of how 
and why some herbivorous insects may be tolerant through 
e f f i c i e n t PSMO detoxification systems leading to 
excretion. It is clear that many alpha-T derivatives and 
analogues have high quantum yields for production of 
toxic singlet 0 2 which contributes to their toxicity. 
However toxicity is not fully predictable based on 
singlet 0 2 yields, partition coefficients or Hammett 
constants and complex biological interactions between 
phototoxin and targe
determining the leve
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Chapter 13 

Insecticidal Unsaturated Isobutylamides 
From Natural Products to Agrochemical Leads 

Masakazu Miyakado, Isamu Nakayama1, and Nobuo Ohno 

Pesticides Research Laboratory, Takarazuka Research Center, Sumitomo 
Chemical Company, Ltd.  4-2-1  Takatsukasa  Takarazuka  Hyogo 665

For several years, our research group at Sumitomo has 
been conducting an extensive search for new biologi
cally active natural products. In this chapter, a 
series of studies on unsaturated N-isobutylamide insec
ticides is described. An extract of black pepper 
(Piper nigrum) exhibited strong insecticidal activities 
against several insects. From the extract, an amide, 
N-isobutyl-11-(3,4-methylenedioxyphenyl)-(2E,4E,10E)-
2,4,10-undecatrienamide (pipercide) and two struc
turally related amides were isolated as insecticidal 
principles. In the course of synthetic modifications, 
N-isobutyl-12-(3-trifluoromethylphenoxy)-(2E,4E)-2,4-
dodecadienamide was found to have potent activity. 
This amide, as well as the amides from pepper plant, 
exhibited notable paralyzing effects and lethal 
activity against susceptible and pyrethroid-resistant 
insects. Electrophysiological studies using the 
central nerve cord of the American cockroach demon
strated that these amides are neurotoxic. Related 
synthetic studies of other groups are also described. 

From plants of Compositae and Rutaceae, a number of N-isobutylamides 
of unsaturated and C^-C^g acids have been obtained as i n s e c t i c i d a l 
substances. P e l l i t o r i n e and i t s analogues provide t y p i c a l examples 
(for d e t a i l s , see (JL) and ( 2) ). 

The occurrence of p e l l i t o r i n e [I] was f i r s t described i n 1895 by 
Dunstan et_ a l . (_3) as pungent p r i n c i p l e i n the roots of the 
medicinal plant, Anacyclus pyrethrum DC. (Compositae). A f t e r a long 
and complicated study, the structure of p e l l i t o r i n e was deduced to 
possess a conjugated dienamide chromophore (-C=C-C=C-CONH-). It was 
only i n 1952 that the correct structure was confirmed by synthesis 
to be N-isobutyl-(2E,4E)-2,4-undecadienamide (4). Jacobson reported 
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that the a c t i v i t y of p e l l i t o r i n e [I] on ho u s e f l i e s (Musca domestica) 
was about one-half that of the pyrethrins ). Following the 
s t r u c t r a l e l u c i d a t i o n of p e l l i t o r i n e , a number of N-isobutylamides 
of unsaturated and a l i p h a t i c acids were i s o l a t e d from many plant 
species (Figure 1) (2). I n t e r e s t i n g l y , many of these unsaturated 
amides of plant o r i g i n were reported to e x h i b i t various kinds of 
b i o l o g i c a l a c t i v i t i e s such as: i n s e c t i c i d a l (6ι), m o l l u s c i c i d a l (J), 
pungent (tongue-numbing) (8), coronary v a s o d i l a t i n g (9), 
a n t i - o x i d a t i v e (10), pyrethrum s y n e r g i s t i c (11), i n t e r c e p t i v e 
( p o s t c o i t a l a n t i f e r t i l i t y ) (12), a n t i - t u b e r c u l a r a c t i v i t y (13), and 
so on. Thus, p e l l i t o r i n e and i t s r e l a t e d amides could be looked 
upon as good s t r u c t u r a l leads for the development of a new class of 
i n s e c t i c i d e s or pharmaceuticals. 

Since the s t r u c t u r a l e l u c i d a t i o n of p e l l i t o r i n e , a number of 
analogues were synthesized to develop more potent compounds (14). 
Some of the synthetic amide
paralyzing a c t i o n (knockdown
h o u s e f l i e s , yellow mealworms (Tenebrio molitor) and mustard beetles 
(Phaedon cochleariae) (Figure 2) (2^). However, these synthetic 
analogues had i r r i t a n t properties to human skin as well as t o x i c i t y 
to mammals. In ad d i t i o n to these undesirable s i d e - e f f e c t s , these 
unsaturated amides were quite unstable. Every a p p l i c a t i o n t r i a l of 
p e l l i t o r i n e [I] and i t s synthetic analogues as i n s e c t i c i d e s gave 
poor r e s u l t s because of t h i s low s t a b i l i t y . 

I s o l a t i o n and s t r u c t u r a l e l u c i d a t i o n of i n s e c t i c i d a l constituents 
from black pepper. 

In a search of natural sources for new agrochemical leads with good 
environmental p r o p e r t i e s , we chose food-spices as a promising 
s t a r t i n g point. We expected that spices would bring leads with low 
mammalian t o x i c i t y . Among the 30 spices i n v e s t i g a t e d , only black 
pepper extract (Piper nigrum) exhibited high i n s e c t i c i d a l a c t i v i t i e s 
against common mosquito larvae (Culex pipiens pallens) and adzuki 
bean weevils (Callosobruchus c h i n e n s i s ) . 

The f r u i t s of Piperaceae plants have been known to contain many 
p h y s i o l o g i c a l l y a c t i v e p r i n c i p l e s , and a number of studies on the 
chemical constituents of the f r u i t s have been conducted. Among 
these components, unsaturated amides c o n s t i t u t e a major group of 
secondary metabolites. 

H e r v i l e_t a l . reported in 1943 that piperine [II] , a major hot 
p r i n c i p l e of black pepper, was more toxic than pyrethrum against 
h o u s e f l i e s (15). As described e a r i e r i n t h i s paper, Jacobson 
reported that p e l l i t o r i n e [ I ] , a plant constituent of Compositae, 
Rutaceae, and also obtained from Piperaceae, had a notable knockdown 
e f f e c t on h o u s e f l i e s (5). Later, Su (_16) and Scott et a l . (17) 
reported that crude and p u r i f i e d extracts of black pepper caused 
high m o r t a l i t y against grain pests such as r i c e weevils ( S i t o p h i l u s 
oryzae) and b o l l weevils (Anthonomus grandis) on t o p i c a l 
a p p l i c a t i o n . 

In a d d i t i o n to t h i s , there are many studies on the chemical 
constituents of Piperaceae p l a n t s . Over f i f t y unsaturated amides 
have been i s o l a t e d from plant sources, so far (18). However, most 
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of these amides were not studied with regard to i n s e c t i c i d a l 
a c t i v i t y , so the i n s e c t i c i d a l nature of these amides from Piperaceae 
remained obscure. 

In 1979, Miyakado et^ al^. reported the i s o l a t i o n of pipercide 
[ I l i a ] (19), dihydropipercide [ I l l b ] and guineensine [ i l l c ] (20) as 
genuine i n s e c t i c i d a l p r i n c i p l e s from the f r u i t s of black pepper 
(Figure 3). Adzuki bean weevils were used as test insects during 
the i s o l a t i o n process. The structures of pipercide [ I l i a ] and i t s 
analogues [ I l l b ] and [ I l l c ] were confirmed by synthesis (20, 21). 
U n t i l the i s o l a t i o n of [ i l i a ] , [ I l l b ] and [ i l l c ] , p i perine [II] had 
been said to be a major i n s e c t i c i d a l component of black pepper (22). 
In our observations, piperine i t s e l f showed no l e t h a l a c t i v i t y 
against h o u s e f l i e s , although i t exhibited notable synergisms with 
p e l l i t o r i n e or pyrethrins (23). 

I n s e c t i c i d a l a c t i v i t y o
[ I l l c ] . 

The i n s e c t i c i d a l a c t i v i t y of [ I l i a ] , [ I l l b ] and [ i l l c ] against 
adzuki bean weevils i s summarized in Table I. Among these amides, 
dihydropipercide was most t o x i c ; guineensine and pipercide came 
next, r e s p e c t i v e l y . I n t e r e s t i n g l y , a mixture of p i p e r c i d e and the 
two amides exhibited notable j o i n t a c t i o n . In p a r t i c u l a r , a mixture 
of the amides [ i l i a ] , [ i l l b ] and [ i l l c ] i n 1 : 1 : 1 r a t i o 
demonstrated the highest j o i n t action (two to f i v e f o l d increase i n 
a c t i v i t y , which was comparable to that of p y r e t h r i n s ) . The 
knockdown times of the three amides against adzuki bean weevil are 
also given in Table I (24). When pip e r c i d e [ I l i a ] was applied 
t o p i c a l l y , the knockdown a c t i v i t y (KT50) was observed at 11.8 min. 
However, dihydropipercide and guineensine exhibited longer knockdown 
times than p i p e r c i d e . In t h i s case a l s o , the highest knockdown 
a c t i v i t y was observed i n a mixture of the amides [ I l i a ] , [ I l l b ] and 
[ I l l c ] at a r a t i o of 1 : 1 : 1. As a reference, the knockdown 
a c t i v i t y of pyrethrins was examined. The KT50 of pyrethrins was 
only 1.0 min at the dosage of 0.05 μg/insect. It i s noteworthy that 
the order of knockdown a c t i v i t y i s the reverse of the order of 
l e t h a l t o x i c i t y for the three amides. In 1981, Su et a l . 

Table I . I n s e c t i c i d a l a c t i v i t y and knockdown time of Piperaceae 
amides to adult £. chinensis (male) on t o p i c a l a p p l i c a t i o n 

compds. LD50 (μ%/insect!^ KT50 ( m i n ) b ) 

p i p e r c i d e [ I l i a ] " 
dihydropipercide [ I l l b ] 
guineensine [ I l l c ] 
[ I l i a ] , [ I l l b ] , [ I l l c ] , 1:1:1 

p e l l i t o r i n e [I] 
piperine [II] >10.0 >60.0 . 
pyrethrins 0.10 1.0 C 

a) M o r t a l i t i e s were evaluated a f t e r 24 hr. b) 0.1 μg/insect was 
applied, c) 0.05 /xg/insect was a p p l i e d . 

0.56 11.8 
0.23 30.0 
0.36 20.5 
0.11 6.0 

6.46 >60.0 
>10.0 >60.0 

0.10 1.0' 
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Figure 3. Piperaceae amides. 
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also studied the constituents of black pepper and reported the 
i s o l a t i o n of the following amides as i n s e c t i c i d a l ingradients: 
p e l l i t o r i n e [ I ] , pipercide [ I l i a ] and guineensine [ I l l c ] (25). The 
reported i n s e c t i c i d a l t o x i c i t i e s (LD50, 24 hr) of [ I ] , [ I l i a ] and 
[ I l l c ] against cowpea weevil (Callosobruchus maculatus, male) were 
2.18, 0.25 and 0.84 Mg/insect, r e s p e c t i v e l y . These b i o l o g i c a l 
observations are concordant with our data in Table I. 

Mode of ac t i o n of pipercide [ I l i a ] . 

As described above, piperc i d e [ I l i a ] and i t s analogues [ I l l b ] and 
[ I l l c ] exhibited notable l e t h a l and knockdown a c t i v i t i e s against 
adzuki bean weevils. The t o x i c i t y of these amides was almost 
comparable to that of the p y r e t h r i n s . Since the discovery of 
[ I l i a ] , [ i l l b ] and [ i l l c ]
conducted to examine i n s e c t i c i d a
a c t i o n . 

Knockdown a c t i v i t y : 
F i r s t , the knockdown a c t i v i t y of pipercide [ i l i a ] against 

American cockroaches (Periplaneta americana) was investigated (26). 
The knockdown a c t i v i t y of p i p e r c i d e , p y r e t h r i n I and DDT i s shown i n 
Table I I . Neither pipercide nor DDT showed knockdown a c t i v i t y 
w i t h i n 120 min when 10 μg of these compounds were t o p i c a l l y applied 
to the thorax. On the contrary, p y r e t h r i n I exhibited a KT50 of 
12.6 min (10 μg treatment). On the other hand, piperc i d e showed a 
t y p i c a l knockdown e f f e c t by the i n j e c t i o n method. Burt and 
Goodchild have pointed out that the e f f e c t s of pyrethroids depend on 
the rate of t h e i r penetration and a r r i v a l at the s i t e of a c t i o n 
(27). They also mentioned that penetration of pyrethroids a f f e c t e d 
knockdown a c t i v i t y but had no influence on l e t h a l t o x i c i t y . 

Table I I . Knockdown a c t i v i t y against P. americana v i a 
abdominal i n j e c t i o n or t o p i c a l a p p l i c a t i o n to thorax 
at 10 μg/male 

compds. 
KT50 (mm) 

compds. i n j e c t i o n t o p i c a l 
p ipercide [ I l i a ] 10.0 >120 
p y r e t h r i n I 4.4 12.6 
DDT >120 >120 

a) Only i n i t i a l KT50 times are given i n t h i s t a b l e . Several 
recovered insects were observed a f t e r i n i t i a l knockdown. 

As expected, p y r e t h r i n I exhibited more rap i d knockdown ac t i o n 
by the i n j e c t i o n method than by t o p i c a l a p p l i c a t i o n . S i m i l a r l y , 
p i p e r c i d e was more e f f e c t i v e when treatment was by the i n j e c t i o n 
method than by t o p i c a l a p p l i c a t i o n . Therefore, i t could be assumed 
that pip e r c i d e had a slower penetration rate than that of 
p y r e t h r i n s . From these observations, i t was estimated that 
p i p e r c i d e did not show knockdown a c t i v i t y owing to i t s slow 
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penetration. Therefore, pipercide exhibited fast knockdown 
actionwhen a proper amount of i t existed i n the insect body. 

Synergism: 
Next, the e f f e c t of synergists on pipercide a c t i v i t y [ I l i a ] was 

studied. German cockroaches ( B l a t t e r a germanica, male) were used as 
test organisms (Umeda, K.; Miyakado, M., Sumitomo Chem. Co. Ltd., 
unpublished data). PBO (100 Mg/insect) or NIA-16388 (28) (20 
μg/insect) was applied t o p i c a l l y 2 hr before the i n j e c t i o n of 
p i p e r c i d e . The l e t h a l t o x i c i t y of pipercide without synergist was 
5.00 jug/insect (LD50, 24 h r ) . However, the t o x i c i t y of [ i l i a ] was 
s y n e r g i s t i c a l l y enhanced to 1.55 and 0.51 μg/insect, r e s p e c t i v e l y , 
when the insects were pre-treated with PBO or NIA-16388. This 
r e s u l t suggested that p i p e r c i d e had r e l a t i v e l y nonresistant moieties 
with respect to the a c t i o n of oxidative or h y d r o l y t i c enzymes. 

E f f e c t on nervous system
The e f f e c t of pipercide [ I l i a ] on the c e n t r a l nerve cord system 

(CNS) of P. americana was investigated (26). Pipercide induced a 
spike increase at 2.5 min and r e p e t i t i v e discharge at 2.5-3.0 min, 
while conduction blockage was not observed within 30 min. On the 
other hand, p y r e t h r i n I caused a spike increase at 0.3 min and 
r e p e t i t i v e discharges at 0.3-1.0 min as a rapid response. 
Conduction blockage was also observed on the CNS at 15 min. DDT 
exhibited no e f f e c t on the CNS within 30 min. E l e c t r o p h y s i o l o g i c a l 
studies showed that pipercide acted on the CNS at 10 M: the same as 
p y r e t h r i n I but to a l e s s e r degree. 

E l e c t r o p h y s i o l o g i c a l studies using a pyrethroid-res i s t a n t 
American cockroach CNS preparation revealed the same response as 
that of susceptible organisms. Pipercide exhibited the same order 
of t o x i c i t y when 5.0 μg/insect was i n j e c t e d to susceptible or 
p y r e t h r o i d - r e s i s t a n t American cockroaches. Although the poisoning 
symptoms of pipercide were quite s i m i l a r to those of the type I 
pyrethro ids, i t was estimated that p i p e r c i d e might act at a 
d i f f e r e n t s i t e within the nervous system. 

Synthesis of p i p e r c i d e [ I l i a ] . 

The f i r s t synthesis of pipercide was reported by our group i n 1979 
(21). The synthetic scheme is given in Figure 4. One of the 
hydroxy groups of 1,6-hexanediol [iVa] was s e l e c t i v e l y protected as 
a pyranylether, then the other was oxidized with pyridinium 
chlorochromate to give 6-(tetrahydro-2 1-pyranyloxy)-l-hexanal [ i V b ] , 
The aldehyde [IVb] was subjected to Wittig-Wadsworth-Emmons 
r e a c t i o n , using d i e t h y l 3-methoxycarbonyl-2-propenylphosphonate 
[ I V C] in the presence of NaOMe, y i e l d i n g the (2E,4E)-conjugated 
diene ester [IVd]. The unsaturated e s t e r [iVd] afforded methyl 
10-oxo-(2E,4E)-2,4-decadienoate [iVe] on successive treatment with 
£-toluenesulfonic acid and subsequent oxidation with pyridinium 
chlorochromate. The 10-oxo-ester afforded the condensation product 
( ( E ) - r i c h ) [ i V f ] by W i t t i g r e a c t i o n of 3,4-raethylenedioxy-
benzyltriphenylphosphonium bromide in benzene i n the presence of an 
equimolar amount of n-BuLi. This conjugated ester [IVf] gave the 
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corresponding acid on hydr o l y s i s with KOH-MeOH. The acid was 
r e c r y s t a l l i z e d twice from benzene to give pure l l - ( 3 , 4 -
methylenedioxyphenyl)-(2E,4E,10E)-2,4,10-undecatrienoic a c i d . 
The a c i d was converted to the corresponding acid c h l o r i d e and 
f i n a l l y condensed with isobutylamine to give N - i s o b u t y l - l l - ( 3 , 4 -
methylenedioxyphenyl)-(2E,4E,10E)-2,4,10-undecatrienamide [ I l i a ] . 
The synthetic material was i d e n t i c a l i n a l l respects to natural 
p i p e r c i d e . 

The syntheses of dihydropipercide [ i l l b ] and guineensine [ I l l c ] 
were also completed according to almost same procedure as that 
involved i n the pipercide synthesis (20). 

Okwute e_t al_. (29) and Vig e_t a l . (30) have achieved synthesis 
of guineensine independently and almost at the same time. 

Since the f i r s t t o t a l synthesis of p i p e r c i d e , several f a c i l e and 
convenient synthetic routes to pipercid e have been reported by 
several groups. Crombie 

p i p e r c i d ~ w a s ^ V W / v O - T H P > ^0<λ^/^\ 
characterized by Q|_| HMPA 
s t e r e o s p e c i f i c 
i n t r o d u c t i o n of the ( 1 0 E ) - o l e f i n i c bond. They employed a dehydra
t i o n r e a c t i o n of l-(3,4-methylenedioxyphenyl)-7-tetrahydro-2'-
pyranyloxy)-l-heptanol with raethyltriphenylphosphonium iodide i n 
HMPA under heating c o n d i t i o n s . They reported the ( E ) - o l e f i n thus 
obtained was v i r t u a l l y s t e r e o i s o m e r i c a l l y pure. 

Bloch and Hassan-Gonzales ' s synthesis (_32) of pipercid e was 
characterized by a » 
high l y s t e r e o s p e c i f i c Q ^ k . £j\ 0 
preparation of the ( n X l > Λ II Λ / Λ _ 
(E,E)-conjugated U ~ V ^ W ^ S > C N H / Y > Ο + [ΠΙθ] 
dienoates. They -SO2 
applied a c h e l e t r o p i c 
r e a c t i o n with thermal S0 2 extrusion from c i s - 2 , 5 - d i a l k y l - 2 , 5 - d i -
hydrothiofene-1,1-dioxides generated by a re t r o D i e l s - A l d e r 
r e a c t i o n . The (E,E)-dienoate thus obtained has been reported to be 
of 95% stereoisomeric p u r i t y . 

In a d d i t i o n to those syntheses described above, there are many 
reports on p e l l i t o r i n e analogue ((2E,4E)-2,4-dienamide) synthesis. 
As an example, Mandai et a l . reported (2E,4E)-conjugated dienoate 
synthesis from alkyl-SC^Ph v i a a double e l i m i n a t i o n r e a c t i o n of 
/?-acetoxy sulfone with good s e l e c t i v i t y (_33). This might be a 
generally a p p l i c a b l e synthetic method for (E,E)-conjugated 
dienamides. 

S t r u c t u r a l m o d i f i c a t i o n s . 

As described, three Piperaceae amides [ I l i a ] , [ I l l b ] and [ I l l c ] 
showed d i s t i n c t i n s e c t i c i d a l and p h y s i o l o g i c a l c h a r a c t e r i s t i c s as 
summarized hereafter (34): 
(a) rapid knockdown actio n 
(b) high t o x i c i t y against pyrethroid r e s i s t a n t pests 
(c) enhanced t o x i c i t y by mixing [ I l i a ] , [ I l l b ] and [ I l l c ] ( j o i n t 

action) 
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(d) increased molecular s t a b i l i t y i n comparison to that of 
p e l l i t o r i n e 

The chemical structures of these amides [ I l i a ] , [ I l l b ] and 
[ I l l c ] provide valuable information i n designing more activ e 
synthetic analogues. Among these amides, dihydropipercide [ i l l b ] 
was most toxic to adzuki bean weevils, so [ I l l b ] was chosen as the 
key s t r u c t u r a l lead for synthetic m o d i f i c a t i o n s . The s t r u c t u r a l 
s i m i l a r i t i e s and d i f f e r e n c e s between p e l l i t o r i n e [I] and 
dihydropipercide [ I l l b ] were quite suggestive. Although both 
molecules have a common s t r u c t u r a l unit (Part A and Part B: the 
N-isobutyl-(2E,4E)-2,4-dienamide moiety, see Figure 5), the 
i n s e c t i c i d a l a c t i v i t y of the former was far i n f e r i o r to that of the 
l a t t e r (Table I ) . 

As described i n the previous a r t i c l e (24), p e l l i t o r i n e [ i ] i s 
quite unstable compound
r i n g i n the molecule, [ I l l b ]
e x h i b i t e d improved s t a b i l i t y . These observations encouraged us to 
suspect that by changing the s t r u c t u r e , one might be able to improve 
the i n s e c t i c i d a l a c t i v i t y of t h i s c l a s s of compounds. In the 
corresponding s t r u c t u r a l m o d i f i c a t i o n studies , adzuki bean weevils 
(adult, male) were used as test i n s e c t s . As shown i n Figure 5, the 
key molecule [ I l l b ] was divided into three p a r t s . D e t a i l s of these 
syntheses were given i n our previous report (350 and (36). 

Part A: 
Our f i r s t study was conducted on the amine moiety. The r e s u l t s 

are summarized i n Table I I I . Among them, the natural amide [ I l l b ] 
was most toxic (0.23 /i g / i n s e c t ) . By changing the amide moiety from 
isobutylamine to other branched or c y c l i c a l i p h a t i c amines [Vb,c,d], 
t h e i r t o x i c i t i e s decreased by one-third or one-fourth compared with 
that of [ I l l b ] , Only 1,2-dimethylpropylamide [Va] exhibited the 
same order of a c t i v i t y as that of [ I l l b ] . I n v e s t i g a t i o n of other 
amines, such as a n i l i n e or benzylamine [Vf,g] or the oxygen 
containing amine [Ve] , gave only poor r e s u l t s . 

These r e s u l t s were i n good agreement with our previous study i n 
which i n s e c t i c i d a l t o x i c i t i e s of p e l l i t o r i n e [I] and i t s amine 
analogues were in v e s t i g a t e d . In that communication, we reported 
that p e l l i t o r i n e (N-isobutylamide) was the most toxic amide and 
N-cyclohexylamide was next. Recently, E l l i o t t et a l . also 
i n v e s t i g a t e d the a d a p t a b i l i t y of various amines for d i f f e r e n t types 
of unsaturated acids in connection with i n s e c t i c i d a l a c t i v i t i e s 
(37). They selected several branched a l i p h a t i c amines, with four to 
s i x carbon atoms, as the appropriate components. These r e s u l t s are 
comparable with our previous observations. In short, i t was 
concluded that there i s a s t e r i c l i m i t a t i o n on the s i z e of the amine 
i n r e l a t i o n to the corresponding i n s e c t i c i d a l a c t i v i t y . 

Part B: 
As a next step, our study was focussed on part B; i . e . , while 

the N-isobutylamide and 3,4-methylenedioxyphenyl moieties were kept 
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Figure 4. Synthesis of pipercide [ I l i a ] . 
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part Β 

N H ^ [Illb] 

part A 

Figure 5. Structure of p e l l i t o r i n e [I] and 
dihydropipercide [ I l l b ] . 
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Table III. I n s e c t i c i d a l a c t i v i t i e s of ll-(3,4-methylenedioxy-
phenyl)-(2E,4E)-2,4-undecadienamides with various amine moieties to 
adult C. chinensis (male) 

R (amine) LD50 (Mg/insect) 

[ I l l b ] 0.23 

[Va] - N H ^ V 0.32 

[Vb] - N H - C 1.05 

[Vc] 

[Vd] - N H - O 1.00 

[Ve] >10 

[Vf] - N H - O >10 

[Vg] >10 

a) t o p i c a l a p p l i c a t i o n ( m o r t a l i t i e s were evaluated 
a f t e r 24 h r ) . (Reproduced with permission from Ref. 35. 
Copyright 1985, P e s t i c i d e Science Society of Japan.) 

unchanged, the s u i t a b i l i t y of conjugated o l e f i n s , chain length and 
the i n t r o d u c t i o n of an ether group in a s t r a i g h t chain were examined 
(Table IV). The saturated or monoene amide [VIa,b] exhibited no 
t o x i c i t y . By introducing a 3,4-methylenedioxyphenoxy group [VId] 
into the molecule, instead of the corresponding benzyl group [ V i c ] , 
almost no change i n t h e i r a c t i v i t y was observed. However the 
phenoxy analogues were superior to the benzyl analogues in view of 
the s i m p l i c i t y of t h e i r synthesis. Introduction of a methyl group 
at C-3 i n the (2E,4E)-dienamide moiety [Vie] showed marked 
enhancement of a c t i v i t y . In contrast, compound [ V l f ] , with a 
(2Z,4E)-dienamide, exhibited n e g l i g i b l e t o x i c i t y . 

Part C: 
The e f f e c t of the aromatic r i n g substituents on i n s e c t i c i d a l 

a c t i v i t y was studied with the phenoxy analogues (Table V). It 
turned out that the 3,4-methylenedioxyphenyl group, a common 
substituent of Piperaceae amides, was not e s s e n t i a l for t o x i c i t y . 
4-Halogen-substituted analogues [VIId,e] exhibited ten times the 
t o x i c i t y of the corresponding methylenedioxy analogue [VId]. 
3- Halogen-substituted analogues, e s p e c i a l l y , 3-Br [ V l l h ] , as well as 
the 3-C1 [Vllg] and 3-CF 3 [ V l l i ] analogues, exhibited the highest 
t o x i c i t y . These amides were f i f t y to eighty times more toxic than 
the natural product, dihydropipercide [ i l l c ] . The 4-CH-, 4-N02 and 
4- OCH3 d e r i v a t i v e s ( [ V i l a ] , [ V l l b ] and [VIIc] , r e s p e c t i v e l y ) 
revealed almost no t o x i c i t y . It i s noteworthy that the amides 
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Table TV. I n s e c t i c i d a l a c t i v i t i e s of N-isobutyl-(3,4-methylene-
dioxyphenylaraides with various carbon chain length to adult 
£· chinensis (male) 

compds . LD50 (Mg/insect) 

[nib] Μ Ο Ρ ν ν ν ν ν Λ / Ν Η ' ι Β υ o.23 
[ V I a ] M D P w V W > H i a 
[ V I b ] M D P v w w Y N H i B u 

ivici M D P w v W v Y N H i B u 

[via] M D P \ 0 A A A A A ^ N H B u 
[ V I E ] M D P N 0

[ V I f ] M D P y v w v y / ^ B u > 1 0 

MDP : 3,4-methylenedioxyphenyl, iBu : i s o b u t y l . 
(Reproduced with permission from Ref. 35. Copyright 1985, 
Pe s t i c i d e Science Society of Japan.) 

[VIIh,i] showed the same order of a c t i v i t y as that of f e n i t r o t h i o n , 
one of the well known organo phosphorous i n s e c t i c i d e s . 

Table V. I n s e c t i c i d a l a c t i v i t i e s of N-isobutyl-12-(substituted 
phenoxy)-(2E,4E)-2,4-dodecadienamides to adult C. chinensis (male) 

* ^ \ / w v w y n h / Y 

compds . LD50 (/xg/insect) 
[VId] X = 3,4-methylenedioxy 2.00 
[V i l a ] 4-CH. >10 
[Vllb] 4-N0^ 8.00 
[VIIc] 4-0CH >10 
[Vlld] 4-C1 J 0.15 
[V i l e ] 4-Br 0.25 
[ V l l f ] 3,4-diCl 0.070 
[Vll g ] 3-C1 0.068 
[Vll h ] 3-Br 0.038 
[ V i i i ] 3-CF 3 0.043 

pyrethrins 0.10 
f e n i t r o t h i o n 0.045 

(Reproduced with permission from Ref. 36. Copyright 1985, 
P e s t i c i d e Science Society of Japan.) 

According to these s t r u c t u r a l m o d i f i c a t i o n s , N-isobutyl-12-(3-
trifluoromethylphenoxy)-(2E,4E)-2,4-dodecadienamide [ V i i i ] was 
selected as the eminent s t r u c t u r e . Compound [ V i i i ] 
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e x h i b i t e d strong l e t h a l a c t i v i t y against adzuki bean we e v i l l s as 
w e l l as r i c e stem borers ( C h i l o suppressalis) and h o u s e f l i e s . 
However, t h i s amide did not show any t o x i c i t y against tobacco 
cutworms (Spodoptera l i t u r a ) . Further i n v e s t i g a t i o n s must be 
performed on the r e l a t i o n s h i p s between structure and insect-spectrum 
of t h i s amide s e r i e s . 

Recently, several groups have reported s t r u c t u r a l m o d i f i c a t i o n 
research. 

Black e_t a l . selected N-isobutyl-9-
(3-trifluoromethylbenzyloxy)-(2E,4E)- Γ 1 Q N H ^ Y 
2,4-nonadienamide as on
potent amides against h o u s e f l i e
The structure of t h i s amide was close to 
our amide [ V l l i ] and the reported i n s e c t i c i d a l a c t i v i t y of t h i s 
amide was also s i m i l a r to [ V l l i ] . 

E l l i o t t and h i s group conducted t h e i r work on d i f f e r e n t types of 
unsaturated amides (38.). They selected two amides: 
N-(2,2-dimethylpropyl)-6-(3,5-difluoro- Ρ 
phenyl )-(2E,4E)-2,4-hexadienamide ^ \ η 
against h o u s e f l i e s and N-isobutyl-6- Γ 1 U 
( 3,4-dibromophenyl )-(2E,4E)-2,4-hexa- Γ ^ ^ V W\fyJ| - | A / 
dienamide against mustard be e t l e s , as I" 
potent amides, r e s p e c t i v e l y . They also Q 
studied the i n s e c t i c i d a l a c t i o n of phenyl- L H 0 
hexadienamides on a p y r e t h r o i d - r e s i s t a n t B ^ ' ^ X V \ \ ^ K I U A / 
(super-kdr) s t r a i n of h o u s e f l i e s (39). N H Y 
As expected, these amides exhibited l e t h a l 
and knockdown a c t i v i t i e s against the R-strains as well as the 
S - s t r a i n s . Synergists were also e f f e c t i v e in increasing the 
i n s e c t i c i d a l a c t i v i t i e s of these phenylhexadienamides (39). 

Much progress have been achieved since the 1979 discovery of 
p i p e r c i d e [ I l i a ] as a new lead for i n s e c t i c i d a l amides. However, 
further i n v e s t i g a t i o n must be conducted for p r a c t i c a l development of 
t h i s c l a s s of compounds as new i n s e c t i c i d e s . 

To state these goals c l e a r l y , ( i ) More l i p o p h i l i c i t y must be 
given to the molecule to increase the penetration rate through the 
insect c u t i c l e . ( i i ) I n s e c t i c i d a l potency must be improved as much 
as p o s s i b l e . ( i i i ) Mode of a c t i o n must be understood ( e s p e c i a l l y , 
against p y r e t h r o i d - r e s i s t a n t s t r a i n s ) . ( i v ) The conformations of 
unsaturated amides ( i n s o l u t i o n ) must be c l a r i f i e d . 

Continued synthetic work is c u r r e n t l y i n progress and w i l l be 
reported in due course. 

Concluding Remarks. 

In t h i s chapter, we described the progress of search on the 
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insecticidal unsaturated N-isobutylamides from the natural 
pellitorine era to Piperaceae amides including isolation, 
structure elucidation, mode of action, synthesis and structural 
modifications. Most of the potent insecticides are modeled on 
natural products. They include esfenvalerate, based on the 
pyrethrins of chrysanthemum flowers, and caltap, modeled on a marine 
worm toxin, nereistoxin. This research on insecticidal unsaturated 
amides is s t i l l in progress, and future discoveries will certainly 
bring this type of amide to market. We believe that the present 
research offers an innovative example of how natural product 
chemistry can provide new leads for tomorrow's agrochemicals. To 
this end, the present chapter should be read in conjunction with 
references (1) and (2). 
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Chapter 14 

Insect Growth Inhibitors from Petunia and 
Other Solanaceous Plants 

C. A. Elliger and A. C. Waiss, Jr. 

Agricultural Research Service  U.S  Department f Agriculture  800 
Buchana

From Petunia and Physalis species were obtained a 
number of steroidal compounds that contribute to 
plant resistance against insect feeding. 
Petuniasterones from P. hybrida and the ancestoral 
species P. parodii and P. axillaris varied in larval 
growth inhibiting activity toward Heliothis zea 
depending on structure with the most active materials 
having a bicyclic orthoester system on the steroid 
side chain. Physalis peruviana contained numerous 
withanolides, among which highly glycosylated 
derivatives appeared to be most active against H. 
zea. These allelochemicals are discussed in relation 
to the eventual transfer of the substances into 
economically significant crops to provide an expanded 
basis for insect resistance. 

For many years chemists have been isolating and identifying 
substances from plants that are more or less effective in 
suppressing insects. The investigation of these substances among 
which are antifeedants, growth inhibitors, antihormones, and other 
toxicants is justified on the basis of finding on the one hand a 
new class of "natural pesticides** for commercial application or on 
the other a relationship between these phytochemicals and **host 
plant resistance** in appropriate cases. At the present time, 
however, after all these efforts, only the old well known and 
established, pyrethrins, rotenoids and nicotine are used as 
"insecticides** in commercially significant quantities (1). There 
are, of course, a number of promising candidates whose acceptance 
would depend upon economic considerations other factors being 
equal. A difficulty with compounds showing anti-insect activity is 
that they are not toxic enough, in general, to be commercially 
satisfactory for external application, and this then leads to the 
basic question of host plant resistance. Why do these substances 
confer a selective advantage to the plant? We feel that these 
agents do provide just this advantage when they are presented by 
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the p l a n t to i t s herbivores v i a an e f f i c i e n t d e l i v e r y system. 
Generally, dosage of d e l e t e r i o u s substances takes place during 
i n s e c t feeding on an otherwise vulnerable p l a n t part or re p e l l e n c y 
i s manifested i n cl o s e proximity to that p a r t . I t i s not i n 
p r i n c i p l e necessary, therefore, f o r the pl a n t to cover i t s e n t i r e 
s t r u c t u r e or i t s v i c i n i t y with potent i n s e c t i c i d e s . I t i s 
s u f f i c i e n t f o r the purpose of defense i f exposure to a compound of 
moderate b i o l o g i c a l a c t i v i t y be s e l f - i n f l i c t e d by the attacki n g 
i n s e c t . For t h i s reason there are very few substances from plants 
that are potent enough to be termed " i n s e c t i c i d e s " . 

A feature of host p l a n t r e s i s t a n c e e x i s t s that l i m i t s i t s 
usefulness i n crop p r o t e c t i o n . Such r e s i s t a n c e i s not a c t u a l l y 
e f f e c t i v e enough against the pests that are of major economic 
concern. This i s not a s u r p r i s e to the e c o l o g i s t who r e a l i z e s that 
our present observations r e l a t e to a co-evolutionary stalemate 
where c e r t a i n i n s e c t s hav
tolerance to substance
them. Thus, f o r example, gossypol i n cotton serves to ward o f f 
attack of many ins e c t s but a c t u a l l y a t t r a c t s the b o l l weevil (2). 
S i m i l a r l y , the c u c u r b i t a c i n s , serving to r e p e l most i n s e c t s , are 
kairomones f o r s p e c i a l i s t beetles (3). The attempts by the pl a n t 
breeder to u t i l i z e host plant r e s i s t a n c e have been toward 
in c r e a s i n g the content of a c t i v e substances already present w i t h i n 
a p a r t i c u l a r crop (4, 5) or to introduce r e s i s t a n c e f a c t o r s found 
i n c l o s e l y r e l a t e d p l a n t v a r i e t i e s (6). However, the amount of 
v a r i a b i l i t y a v a i l a b l e i n t h i s manner i s l i m i t e d by the genetic pool 
of a given p l a n t species and may, i n many i f not most cases be 
i n s u f f i c i e n t to a f f o r d p r o t e c t i o n e s p e c i a l l y i n view of the 
co-evolutionary process mentioned above. At best, i t may be 
expected that s e l e c t i v e breeding would be simply able to re s t o r e to 
a s p e c i f i c crop that degree of r e s i s t a n c e which already e x i s t e d i n 
i t s w i l d progenitors. This then i s a q u a n t i t a t i v e e f f e c t , but the 
put a t i v e r e s i s t a n c e f a c t o r s w i l l not i n these cases d i f f e r 
q u a l i t a t i v e l y from those to which the pest i n s e c t s have already 
developed tolerance. To circumvent the l i m i t a t i o n s of c l a s s i c a l 
host p l a n t r e s i s t a n c e a new means of introducing r e s i s t a n c e f a c t o r s 
must be found. This means i s now a v a i l a b l e w i t h i n the techniques 
of modern c e l l b i o l o g y and molecular genetics. We s h a l l e ventually 
be able to provide the e s s e n t i a l q u a l i t a t i v e transformations of 
host pl a n t r e s i s t a n c e by t r a n s f e r r i n g sources of r e s i s t a n c e not 
merely between species w i t h i n the same genus but u l t i m a t e l y between 
genera w i t h i n a p l a n t family. 

We have chosen the tomato plant (Lycopersicon esculentum) as an 
experimental subject upon which to t e s t t h i s concept. The tomato 
was chosen because of i t s economic s i g n i f i c a n c e and because i t s 
complement of e x i s t i n g r e s i s t a n c e f a c t o r s has been w e l l studied 
(1-9). A d d i t i o n a l l y , the linkage maps of nuclear chromosomes i n 
tomato are among the most w e l l e s t a b l i s h e d (10). As an example of 
a s i g n i f i c a n t i n s e c t pest of t h i s p l a n t , we picked the polyphagous 
lepidopteran H e l i o t h i s zea (Boddie) the larvae of which are known 
synonymously as tomato fruitworm, corn earworm, cotton bollworm and 
soybean podworm. Experimental advantages of t h i s i n s e c t include 
i t s ready adaptation to a r t i f i c i a l d i e t s and i t s broad host range 
which render i t a very severe t e s t of p o t e n t i a l p l a n t defense 
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systems. Before we could begin to explore advanced genetic 
techniques i t was necesary to screen various candidates among 
various solanaceous plants that appeared suitable on the basis of 
other considerations (such as lack of known substances deleterious 
to humans). We examined a number of species in several genera 
within the Solanaceae (Table I) in an exploratory screening for 
activity against H. zea and selected a number of active species for 
further study. 

Table I. Species Examined within the Solanaceae 
for Activity Against Heliothis zea 

Genus Species 

Lycopersicon esculentum, hirsutum, pervianum 
Solanum 
Capsicum 
Nicotiana tabacum 
Physalis alkakengi, ixocarpa, peruviana 
Petunia hybrida, a x i l l a r i s , parodii, violacea 
Brugmansia suaveolens 
Cyphomandra betacea 
Salpiglossis sinuata 

Table II presents the results of a feeding study using foliage of a 
few of these species. Four-day old larvae of H. zea were placed 

Table II. Survival of 4-Day Old H. zea Larvae a 

on Several Solanaceous Species 

Percent Survival 
Days after Application Weight of 

Survivors 
After 6 Days 

1 Day 2 Days 4 Days 6 Days + s.d. 

L. esculentum (Ace) 100 90 90 90 261 mg + 120 
L. hirsutum, f. glab. 95 90 90 90 103 40 
Physalis ixocarpa 95 95 95 95 20 10 
P. peruviana 90 90 80 55 6 1 
Petunia hybrida 
(Blue Cloud) 75 50 35 35 90 59 

Control Diet b* 100 100 100 100 700 78 

a. 20 larvae i n i t i a l l y applied. 
b. A r t i f i c i a l diet used in bioassays and insect rearing containing 

no additive compounds (14). 

upon leaves in petri dishes provided with moist f i l t e r paper to 
maintain freshness. As feeding progressed, leaves were changed 
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daily and the larvae were allowed to feed for a total of six days 
on the leaves (ten days overall). It can be seen that none of the 
experimental sets had larvae that grew to a size approaching that 
of control animals. This is a manifestation of the presence of 
growth inhibiting factors which are known to be present in even the 
standard susceptible plant tested (Ace tomato) (1-9). This effect 
is even more pronounced with neonate larvae for which mortality is 
high and stunting is so severe that individual weights were not 
practical to obtain. Exposure of plant material to older larvae is 
a more severe test of plant defenses inasmuch as these older 
animals are more tolerant in general to allelochemicals (11). The 
two Physalis species and the Petunia horticultural variety 
possessed sufficient additional resistance over Ace tomato 
(Lycopersicon esculentum) to merit consideration as sources of 
transgenic resistance factors. The other Lycopersicon species, L. 
hirsutum. F. Rlabratum i
crossing (12). It ma
responsible agent for enhanced resistance, 2-tridecanone, has 
already been described (13). Physalis and Petunia, of course, 
diff e r greatly from tomato in plant characteristics with the former 
producing a large berry-like f r u i t within an expanded fused calyx 
and the latter being known for i t s flowers. It may be admitted at 
this time that transgenic combinations of these with Lycopersicon 
w i l l probably produce a range of plant types which may or may not 
have desirable properties from an economic standpoint. Our concern 
is with host plant resistance, however, and we feel that any 
enhancement of resistance within progeny of these combinations 
would be of great importance. 

We established that the resistance factors in Physalis and 
Petunia are chemical in nature by serial extraction of leaf 
material with successively more polar solvents followed by 
incorporation of material from these extracts into a r t i f i c i a l 
diets. Fractions obtained from extraction of plant material (and 
eventually solutions of pure compounds) were evaporated onto 
cellulose powder and incorporated into modified Berger diet (14). 
Newly hatched larvae of Heliothis zea were applied to each of ten 
replicate diets and were allowed to feed for ten days. Larval 
weights were obtained and were compared to the weight of control 
larvae that were grown on diets containing as additive only 
cellulose powder. Generally, we have expressed larval growth as 
precent of control values, and the term ED50 (effective dosage) 
is defined as that concentration of additive required to reduce 
larval growth to f i f t y percent of control weights. Thus, we found 
that active material in Petunia is found in hexane and ethyl 
acetate fractions (or in chloroform), but not in subsequent 
extracts of higher polarity. The active substances of the Physalis 
species are substantially more polar and appear in acetone and 
methanol extracts. Identification of the respective active 
components of these extracts is of substantial importance, f i r s t in 
order to follow their appearance in the transgenic progeny and 
secondly to explore their toxicology. 

Petuniasterones. Further fractionation of chloroform extracts from 
Petunia hybrida in a sequence of chromatographic procedures yielded 
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a large number of steroidal ketones of unusual functionality that 
vary in their potency toward inhibiting development of H. zea 
larvae. We have termed these petuniasterones (15) and have 
categorized them into several groups which are shown here. A l l of 
these compounds are derived from a 28 carbon steroid and have a 
carbonyl group at C-3 with either a hydroxy- or acetoxy- group at 
C-7. The side chain possesses oxygenated functionality at 
positions -22, -24, and -25. Among the members of the various 
series are Α-ring dienones and 1-acetoxyenones. Further 
oxygenation may be found at C-12, C-17 and upon the position ot
to the thiolester moiety which is present in some cases as a 
substituent on a bicyclic orthoester system. The side chain may 
have orthoester substitution, hydroxy or ester groups flanked by 
oxirane functionality, three hydroxy groups, or a cyclic ether with 
a hydroxy substituent. The orthoesters and oxirane containing 
compounds are much mor
two substances mentioned
of one type to another can occur in vitro. Thus, elimination of 
the 1-acetoxy group in series Β, Ε and Η takes place under mild 
conditions to afford the corresponding dienones. Also, i t was 
noted that the bridged orthoester systems of the A, D and Ε series 
may be formed under acidic catalysis from the corresponding 
petuniasterones Β or C whereby the carboxylate ester attached to 
C-22 is converted to orthoester and the epoxy ring is opened 
(Equation 1). PS-F, -G^ and - G 2 were formed when unesterified 
PS-C was treated with aqueous acid (Equation 2). We suspect that 
similar conversions occur naturally within the plant from 
appropriately substituted 24,25-oxirane containing precursors. 

As mentioned above the petuniasterones differ in inhibitory 
activity toward H. zea. Tables III and IV show the results of 
feeding studies in which dietary levels of added petuniasterones 
were presented to larvae at concentrations up to 800 ppm. 

Table III. Growth Inhibitory Activity of Petuniasterone 
Toward Heliothis zea 

Compound MW PPM Microraoles/Kg 

Petuniasterone A (I) 558 130 233 
Petuniasterone A Acetate 600 144 237 
Methyl Ester from PS-A 542 35 65 
Petuniasterone D (XIII) 484 130 269 
12-Acetoxypetuniasterone D 
Acetate (XIV) 584 135 231 

a. ED50 is defined as dietary concentration of additive 
sufficient to reduce growth to 50% of control subjects grown on 
a r t i f i c i a l diet with no additive. Growth period was ten days. 

Of these compounds, only those having the bicyclic orthoester 
system were significantly active in reducing larval growth (Table 
III). We had originally suspected that the Α-ring dienone system 
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V R1=CHOHCOSCH3, R2=H, R3=Ac 
Petuniasterone A Series 
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Petuniasteron

XV Petuniasterone E 

XVI Petuniasterone F 
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Table IV. Inactive Substances' 

Compound Max. Level Tested Growth at Max. 
Level b 

A l l Petuniasterone Β (VI-VIII) 
A l l Petuniasterone C (IX-XII) 
Petuniasterone F (XVI) 
30-Hydroxy PS-A (IV) 
17-Hydroxy PS-Α (II) 
17-Hydroxy PS-Α, Acetate (III) 
Testosterone 
4-Cholesten~3-one 
1-Dehydrotes tos terone 

800 PPM 
800 PPM 
800 PPM 
400 PPM 
400 PPM 
800 PPM 
800 PPM 
800 PPM 
800 PPM 

70-95% 
80-94% 

89% 
91% 
69% 
6 7% 

102% 
84% 

104% 

a. Materials not reducin
control values at maximu

b. Growth expressed as percent of control wts. for larvae grown on 
diets without additive. 

gave rise to inhibitory activity, but our observations that the 
C-series compounds (IX-XII) and PS-F (XVI) were inactive showed 
that this was not true. The model compound, 1-dehydrotestosterone, 
also having an Α-ring dienone actually proved to be mildly 
stimulatory to growth. Presence of the thiolester moiety was not 
essential for activity. PS-D (XIII) with i t s unsubstituted 
orthoacetate was just as active as PS-A (I) and the methyl ester 
formed from the thiolester by trans-ester i f ication of PS-Α was the 
most active compound tested. Acetylation of the hydroxyl group at 
position -7 does not appear to influence activity; however, our 
preliminary observations on PS-Ε (XV) indicate that activity is 
reduced when the Α-ring dienone system is not present. Only a 
small amount of XV was available for testing, and bioassay was 
conducted on concentrations up to 150 ppm in this case. Larval 
growth was 69% of control weight at this level. Further 
substitution of hydroxyl at position -17 (II & III) or at position 
-30 (IV) of the orthoester appears to eliminate inhibitory 
activity. A l l of these observations taken together do not point to 
a specific mode of action. It is tempting to speculate, however, 
that some disruptive action upon the insect's hormonal system is 
occurring because of the steroidal nature of these compounds. In 
another case involving the effect of diterpene resin acids upon 
lepidopterans i t was shown that cholesterol at high dietary levels 
could reverse inhibition caused by the acids (16). In the present 
study, cholesterol at levels of up to 4000 ppm had no effect upon 
the action of petuniasterone A. 

We have noted that for dietary levels of active substances in 
the range of approximately the ED50 most larvae survive even 
though stunted, whereas for larvae on petunia leaves or on diets 
containing crude extracts many larvae die. In fresh leaves of 
Royal Cascade petunia the highest level of PS-Α (I) was about 120 
ppm and that of PS-D (XIII) and 12-acetoxypetuniasterone D, 
7-acetate (XIV) was 30 and 100 ppm respectively. We found that 
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inhibitory activity of PS-Α (I) and PS-D (XIII) was additive and 
not synergistic (this may be true for a l l active compounds). The 
activity of PS-A was not changed by the presence of the inactive 
PS-B, 22-hemithiomalonate (VI), and i t may be assumed that the 
other inactive substances do not significantly enhance or decrease 
the effect of the inhibitory petuniasterones. The level of active 
compounds in the petunia cultivar studied is thereby about 250 ppm 
or approximately twice the ED50 and this amount typically reduces 
larval growth to about 25% of control weights with nearly 100% 
survival. The greater activity of crude material suggests that 
additional, significantly active substances have not been isolated. 

Among commercial varieties of Petunia hybrida, the content of 
petuniasterones is quite variable. We have observed, for example, 

Table V. Survival of 3-Day Old Larvae of H. zea upon Petunia 

Plant 
g

one day two days 

L. esculentum (Ace) 15 15 
P. hybrida (Blue Cloud) 7 3 
P. hybrida (Royal Cascade) 6 1 
P. violacea 15 13 
P. parodii 2 0 
P. a x i l l a r i s 7 3 

a. 15 Larvae applied i n i t i a l l y . 

that the variety "Blue Jeans" has almost no PS-A in i t s leaves. It 
was of interest to examine the putative ancestors of the hybrids 
both with respect to insect resistance in general and to the 
various petuniasterones in particular. There is some disagreement 
concerning the actual species of Petunia that have given rise to 
the present hybrids, but i t is f e l t that P. violacea, P. parodii, 
P. a x i l l a r i s and P. inflata are likely ancestors (17). We were 
able to acquire seed of a l l but the last mentioned and grow plants 
for evaluation. Table V compares larval survival on leaves of 
these three Petunia species with that of larvae on two commercial 
varieties and on leaves of a commercial tomato. The difference 
between plants is impressive and suggests that there may be a 
qualitative difference for the toxic agents contained within P. 
parodii. This difference is confirmed by comparison of the 
h.p.l.c. profiles for extracts of these petunias (Figure 1). One 
can easily see that the insect susceptible P. violacea has a very 
low content of petuniasterones whereas P. a x i l l a r i s more nearly 
resembles the hybrid already studied. The highly resistant P. 
parodii appears to contain different compounds. We have performed 
preliminary workups of P. parodii and a x i l l a r i s and have isolated 
several new petuniasterones from the former species, only one of 
which was abundant within extracts of the latter. Our proposed 
structures are shown here (XIX-XXIII), but in certain cases the 
assignment of stereochemistry is not rigorously established. It is 
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R 

XXII R=CH2COSCH3 

XXIII 
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interesting that although we have not yet performed insect 
bioassays on pure substances the increased insecticidal activity of 
this plant is correlated with further oxygenation of the 
petuniasterone system. Also of note, and perhaps not surprising in 
view of the enhanced toxicity of the plant is that the rapidity of 
action of crude extracts permits observation of acute effects upon 
the larvae treated. We have seen rapid onset of uncontrolled 
diuresis for these larvae after consumption of only a few bites of 
a r t i f i c i a l diet containing these extracts. The animals immediately 
stop feeding, lose body turgor and become moribund due to 
dehydration. Such action makes the compounds of P. parodii of 
special interest to the insect physiologist. From a standpoint of 
plant breeding i t is ironic that a r t i f i c i a l selection for color 
(from violacea) may actually have resulted in a loss of insect 
resistance for the resulting hybrids which formerly had been 
present in the white flowere

Table VI. Growth of H. zea  on A r t i f i c i a l Diets 
Containing P. peruviana Extracts b 

Hexane 102 ±6 
Ethyl acetate 30 ±6 
Acetone 9 ±5 
Methanol 0.6 ±0.6 

a. Expressed as % of control wts. + s.d. after ten days. 
b. Extracts were incorporated into a r t i f i c i a l diets on a 

wt. basis equivalent to one-fifth the amount originally 
present in fresh plant leaves. 

Inhibitory agents of Physalis. Growth inhibition of H. zea larvae 
by Physalis peruviana extracts is shown in Table VI. The methanol 
and acetone fractions were examined further by i n i t i a l partitioning 
of their constituents between water and the macroreticular, 
nonionic resin XAD-2. The insect inhibitory activity of both 
fractions was associated with material that underwent sorption to 
the resin. Subsequent chromatographic separations of the materials 
released from the XAD-2 by desorption with methanol were carried 
out on Sephadex LH-20 (Methanol as eluent) to give in each case 
broad zones showing biological activity. Further chromatographic 
examination by h.p.l.c. using Dynamax C-18 columns with 
acetonitrile/water gradients showed that considerable overlap of 
components occurred between the acetone and methanol extracts. The 
n.m.r. spectra of the s t i l l crude mixtures indicated the presence 
of a number of substances within the withanolide family, a group of 
steroidal lactones long known to be present in Physalis species as 
well as in other genera within the Solanaceae (18, 19). Further 
chromatographic workup on preparative Dynamax C-18 of the LH-20 
active zones gave a number of pure or highly enriched substances 
having a range of biological potency from completely inactive to 
highly inhibitory at dietary levels below 100 ppm. Most of these 
compounds remain unidentified, but the -̂H n.m.r. and n.m.r. 
spectra show that aglycones, mono-, d i - , and triglycosides are 
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represented with the most polar of these occurring in the methanol 
extract. Two substances, XXIV and XXV have been identified. 
Compound XXIV, 4-B-hydroxy withanolide E, has already been reported 
to have anti-insect activity (20, 21) against larvae of the 
lepidopteran, Spodoptera ν littoralis. Our preliminary results 
indicate an ED50 of ça. 250 ppm for XXIV toward H. zea. The 
3-B-glucoside of perulactone (XXV) has not been previously reported 
although the, aglucone has been described (22). Initial results 
shown an ED50 of 150 ppm (ca. 220 micromolal) in H. zea 
bioassays. Several of the more highly glycosylated compounds 
appear to be at least an order of magnitude more active. It is 
possible that dietary uptake and transport within the insect are 
enhanced by the increased water solubility of these derivatives. 

Conclusion 

The purpose of this investigatio
transfer of genetic characteristics related to insect resistance 
into plants having economic usefulness. The source of this genetic 
material can profitably lie within plants which are distantly 
related now that modern methods exist to carry out intergeneric 
hybridization. The role *of the chemist in this process s t i l l 
consists in isolation and structure determination of biologically 
active substances. In this instance chemistry serves to provide 
genetic markers for analyses of hybrid progeny. Here the chemist 
is concerned with the eventual delivery system as well as with the 
individual components that contribute to insect resistance. At the 
present time we are conducting experiments on protoplast fusion 
which should lead to production of many hundreds of plant types. 
It can be seen that chemical analysis is much more practical for 
this large number than is recourse to artificial infestation by 
insect pests, etc. 

We expect the eventual intergenerically transformed tomato 
plants (e.g. Lycopersicon χ Physalis) to have a longer lasting or 
more durable resistance in the face of evolutionary change of the 
insect pests. Insects that have become adapted to or tolerant 
toward resistance factors of tomato may not develop detoxification 
mechanisms for the Physalis chemicals or those of Petunia. 
Multigenic resistance in plants would have to be met by more 
complex biochemical evolution for a given pest insect. Evolution 
of tolerance toward pesticides by insects is rapid as we all know; 
even such an advanced agent such as Bacillus thurensensis toxin can 
lose effectiveness under certain circumstances (23.24)· We hope to 
avoid this problem by presenting the pest with an array of 
phytochemicals that will place a more severe burden upon the 
evolutionary capability of insects. Thus, multigenic resistance 
factors will require multiple enzyme systems for detoxification and 
will place an unacceptable load upon the insect. 
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African plants—Continued 
Tephrosia species, 86-89 
use for mosquito control, 84-86 

Alantolactone, pesticidal activity, 4 
Aliphatic unsaturated isobutylamides of 

plant origin, examples, 174,176/ 
Allelochemicals, function, 12 
Amino acids, percent mortality of first stadium 

larvae of Spodoptera and Heliothis, 62,63/ 
Annonaceae, pesticidal activities, 5 
Anopheles gambiaey larvicidal activity of 

α-terthienyl, 166,167/,168 
Anthelmintic genera, methylenedioxyphenyl 

substituents, 17,18/ 
Anthelmintic plants 

bioassays for insecticidal activity, 14 
list, 13-14,19-21/ 
toxicity of active constituents to 

mosquito larvae, 16,18/ 
Anthothecol, growth-inhibiting properties 

against Peridroma soucia, 103 
Antifeedant(s) 

definition, 136 
history, 136 
plant compounds, 137 
requirements for commercial products, 137 
synthetic compounds, 137 

Antifeedant effects 
Encelia, 45,47/ 
neem derivatives, 118-119 

Antifeedant index, Calliandra, 62,63/ 
Asimicin 

bioassays, 36,40/ 
commercial potential, 37,41 
synthesis, 37 

Asteraceae, pesticidal properties, 4-5 
Azadirachtin 

antifeedant activity, 96,139,140/ 
biological activity, 150-151 
effect of decalin ring substitution on 

inhibition, 156-157 
effect on ecdysone synthesis, 151 
effect on hormone titers, 157-159 
effect on Melanoplus sanguinipes, 100-103 
growth-inhibiting effects, 151 
growth inhibition in Epilachna cage 

test, 153,156,157/ 
inhibition of neurosecretion 

turnover, 159-160 
isolation, 153 
molecular structure, 113/ 
organ-specific incorporation, 160,161/162 
pesticidal activity, 3 
pesticidal properties, 2 
pharmacological effects, 156 
proposed reduced structure, 156,161/ 
structures, 96,97/137,138/153,154-155/ 
toxicity to Peridroma saucia, 96,98/99/ 
use as botanical pesticide, 162 

Benzofurans 
bioactivity, 45,47-49 
contact toxicity, 47 
interactions with chromenes, 55-56/ 
structure-activity relationships, 47,48/,49 

Bioassays 
asimicin, 36,40/ 
no-choice leaf disk, 37,41/ 
paw paw fractions, 35-36,38-40/ 
two-choice leaf disk, 36-37,41/ 

Biosol, applications, 114 
Black pepper extract 

insecticidal ingredients, 177 
isolation and structural elucidation of 

insecticidal constituents  174-175,176/ 

control of resistance, 75-76 
ecotypes of plants, 71-72 
insect growth-regulating properties, 70/,71,74/ 

Botanical pesticides 
past usage, 1 
promising species, 1-6 

Brine shrimp bioassay 
description, 28 
materials and procedures, 28,29/ 

Bussein 
effect on Oncopeltus fasciatus, 105 
effect on Peridroma saucia, 105 

Calliandra 
5-()9-carboxyethyl)cysteine synthesis, 60 
feeding experiments with aphids, 64,65/ 
feeding experiments with 

lepidopterans, 60,62,63/ 
mode of action, 64,66,67/,68 
nonprotein amino acid chemistry, 60 
species description, 59 
usages, 59 

Calliandra leaf materials and amino acids, 
effect on nutritional physiology of 
Spodoptera frugiperda, 64,66,677 

Canellaceae, pesticidal properties, 6 
Carapa procera DC, pesticidal properties, 2—3 
Carbofuran, toxicity to corn borer, 27 
S-(/?-CarboxyethyI)cysteine 

structure, 60,61/ 
synthesis in Calliandra, 60 

Cardiac glycosides, pesticidal activity, 27 
Carvacrol 

ovipositional repellent activity, 142,143/ 
structure, 141/142 

Cedrela odorata L., pesticidal properties, 2 
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Cedrelone 
effect on molting of Oncopeltus fasciatus, 103 
growth-inhibiting properties against 

Peridroma saucia, 103 
Celastraceae 

activity as botanical insecticide, 72-76 
bioactive principles, 73 
compounds, 73,74/ 
description, 72-73 

Chinaberry tree, pesticidal properties, 2,71-72 
Chlorinated hydrocarbons, toxicity, 1 
Chromenes 

bioactivity, 45,47-49 
contact toxicity, 47 
interactions with benzofurans, 55-56/ 
structure-activity relationships, 47,48/,49 

1,8-Cineole 
feeding and ovipositional repellen

activities, 139 
structure, 139,141/ 

/ra/is-Cinnamaldehyde 
ovipositional repellent activity, 142,143/ 
structure, 141/142 

Citrus oils, pesticidal activity, 4 
Clerodane diterpenes, pesticidal activity, 6 
Contact toxicity, Encelia, 47 
Cucurbitacins, limitations of host plant 

resistance, 189 
/>-Cymene, ovipositional repellent 

activity, 142,143/ 

D 

DDT, toxicity, 1 
Deet, ovipositional repellent activity, 142,143/ 
Demethoxyencecalin 

metabolism and pharmacokinetics, 49,52/,53/ 
toxicity, 54/ 

Demethylencecalin 
metabolism and pharmacokinetics, 49,52/,53/ 
structure-activity relationships, 48/,49,50/ 

Desert sunflowers 
antifeedant effects, 45,47/ 
contact toxicity, 47 
natural products, 45,46/ 
structure-activity relationships, 47,48/,49 

22,23-Dihydroazadirachtin 
antifeedant activity, 139,140/ 
structure, 138/139 

[22,23-3H2]Dihydroazadirachtin A, 
effect on hormone titers, 158 

Dihydropipercide 
effect of structural modification on 

insecticidal activity, 180,181/182 
insecticidal activity, 175/ 
structure, 175,176/180,181/ 
synthesis, 179 

6,7-Dimethoxy-2,2-dimethylchromcnc, pesticidal 
activity, 5 

N-(2,2-Dimethylpropyl)-6-(3,5-difluoro-
phenyl)-(2£,4£)-2,4-hexadienamidc, 
insecticidal activity, 184 

Echinacein, pesticidal activity, 5 
Encecalin 

antifeedant effects, 45,47/ 
metabolism and pharmacokinetics, 49,51/ 
structure-activity relationships, 48/,49,50/ 
toxicity, 54/ 

Encelia 

metabolism and fate of acetyl
chromenes, 49,51-54 

Encelia acetylchromenes, potential as 
commercial insecticides, 56-57 

Entandrophragmin 
effect on Oncopeltus fasciatus, 105 
effect on Peridroma saucia, 105 

Epifachna bioassay 
advantage, 152 
description, 152 
detection bioassay, 152 
detection of growth inhibitors, 152-153 

Erythrosin B, usage as pesticide, 164 
Eugenia aromatica oil of cloves, gas 

chromatogram, 79,81/ 
Eugenol 

dose-response curve of repellency, 79,83/84 
ovipositional repellent activity, 142,143/ 
structure, 141/142 

European corn borer bioassay, 
description, 26-27 

Furanocoumarins 
dark toxicity, 147 
growth-inhibiting activity, 144,146/ 
identification in Thamnosna 

montana, 144,145/ 
phototoxicity, 144,146/ 

G 

Gcdunin, effect on Oncopeltus 
fasciatus, 105 

Germacranolides, pesticidal activity, 4 
Gossypol 

limitations of host plant resistance, 189 
pesticidal activity, 5 
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Growth inhibitors, insect, See Insect 
growth inhibitors 

Guorea cedrata L., pesticidal properties, 3 
Guineensine 

insecticidal activity, 175/, 177 
structure, 175,176/ 
synthesis, 179 

H 

Harrisonin, effect on Oncopeltus fasciatus, 105 
Herculin, pesticidal activity, 4 
Hildecarpin, antifeedant activity, 87 
Hormone titers, effect of azadirachtin, 157-159 
Host plant resistance, limitations, 1S9 
4-/?-Hydroxywithanolidc Ε 

insecticidal activity, 204 
structure, 203-204 

Insect growth inhibitors 
examples, 142,144-147 
from solanaceous plants, 188-204 
selectivity, 151 

Insect ovipositional repellents, 
examples, 139,141/142 

Insecticides 
disadvantages of synthetic 

compounds, 110-111 
economic value, 110 

Isoalantolactone, pesticidal activity, 5 
Isobutylamides, aliphatic unsaturated, 

examples, 174,176/ 
N-Isobutyl-6-(3,4-dibromophenyl)-(2£,4£)-

2,4-hexadienamide, insecticidal activity, 184 
/V-Isobutyl-(3,4-methylencdioxyphcnyl)amidcs, 

insecticidal activities, 182/, 183 
/v-Isobutyl-12-(substitutcd phenoxy)-(2£,4£)-2,4-

dodecadienamides, insecticidal 
activities, 183/,184 

yV-Isobutyl-9-[(3-trifluoromcthyl)bcn/.yl-
oxy]-(2£,4£)-2,4-nonadicnamide, 
insecticidal activity, 184 

Juvocimenes, pesticidal activity, 6 

L 

Labiatae, pesticidal properties, 6 
Larvicidal plants, toxicity of active 

constituents to mosquito larvae, 16,18/ 
Light-activated pesticides, examples, 164 

Lignans 
biological properties, 16 
family sources, 18 
insecticidal activity, 16-17 

Limonin, pesticidal activity, 3-4 
Limonoids 

active compound in neem tree, 113 
antifeedant activity against stem borer 

larvae, 89,91/92 
pesticidal activities, 3-4,95-96 
structures, 89-90 

Lycopersicon 
HPLC profiles, 198,199/ 
survival of Heliothis zea larvae, 190/, 191,198/ 

olfactometer design, 79,82/ 
Malvaceae, pesticidal properties, 5-6 
Margosan-O, applications, 114 
Melanoplus sanguinipes 

effect of azadirachtin 
dietary utilization, 100,102/ 
molting, 100,101/ 
sterol transport, 104 

mechanism of azadirachtin inhibition, 102 
toxicity of oral vs. injection 

administration of 
azadirachtin, 100,101/ 

Melia dubia Cav., pesticidal properties, 3 
Melia volkensii Guerke, pesticidal properties, 3 
Meliaceae, pesticidal properties, 2-3 
7-Methoxychromenes 

pesticidal activity, 45 
structure, 45,46/ 

Methylenedioxyphenyl-containing 
allelochemicals, genus sources, 17,18/ 

ll-(3,4-Methylencdioxyphenyl)-(2£,4£)-
2,4-undecadienamides, insecticidal 
activities, 180/,182 

N-(2-Methylpropyl)-2£,4£-decadicnamide, 
pesticidal activity, 5 

Mosquito, growth-inhibiting effects of 
neem derivatives, 120 

Mosquito control, use of African plants, 84-86 

Ν 

Natural insect growth inhibitors, detection 
bioassay, 152-153 

Natural insecticides 
examples, 111 
plants as sources, 111 

Natural pesticides, problems in commercial 
application, 188-189 

Natural products from Encelia, 
structures, 45,46/ 
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Neem-based insecticides, scope and 
prospects, 126-128 

Neem cake, applications, 114 
Neem compounds 

chemistry, 112,113/ 
products with insect control potential, 113-115 

Neem derivatives 
effect on insect mating behavior, 122/, 123 
effect on insect oviposition, 123 
effect on survival and reproduction, 121-122 
field trials for control of insects, 123-124 
growth inhibition, 119-121 
insect species affected, 115,116-117/ 
methods of application, 123 
reduction of virus transmission, 124-125 
repellent and antifeedant effects, 118-119 
resistance of insects, 126 
safety to beneficial organisms and 

humans, 125-126 
Neem oil 

applications, 114 
growth-inhibiting properties, 70/,71 

Neem tree 
entomological properties, 2 
historical usage, 112 
location, 112 

Neemark, applications, 114-115 
Neemrich extracts, preparation, 115 
Neriifolin, toxicity to corn borer, 27 
Neurosecretion turnover, inhibition by 

azadirachtin, 159-160 
Nicotine, pesticidal usage, 1 
Nimbosol, applications, 114 
No-choice leaf disk bioassay, description, 37,41/ 
Nomilin, effect on Oncopeltus fasciatus, 105 
Nonprotein amino acids 

deterrence activity to aphid feeding, 64,65/ 
toxicity, 64,65/ 

Nonprotein imino acids, relative 
toxicities, 62,63/ 

North American ethnobotanical literature, 
interpretation, 13-14 

North American plants 
advantages for pesticidal study, 12-13 
bioassays of anthelmintic plants for 

insecticidal activity, 14-16 
extracts inhibiting development of 

mosquito larvae, 15/,16 
extracts toxic to mosquito larvae, 14,15/, 16 
extracts with no effect on mosquito 

larvae, 15/,16 
lignan-containing families, 16,18/ 

Ο 

Obacunone, effect on Oncopeltus fasciatus, 105 
5-Ocimenone, pesticidal activity, 5 

Ocimum suave oil, gas chromatogram, 79,80/ 
Oncopeltus fasciatus 

effect of bussein, 105 
effect of cedrelone on molting, 103,104/ 
effect of entandrophragmin, 105 
effect of gedunin, 105 
effect of harrisonin, 105 
effect of nomilin, 105 
effect of obacunone, 105 

Organ-specific incorporation, 
azadirachtin, 160,161/162 

Ovipositional repellents, insect, 
examples, 139,141/142 

Pa  fraction

preparation, 37 
Paw paw project 

C—18 column chromatography of fraction 
A T 49, 33,34/ 

chromatography of fraction F020, 33/ 
chromatotron separation of fraction 

AT 49-5, 33,34-35/ 
extraction of plant material, 32 
purification of fraction A T 49-5-2, 33,35 

Pellitorine 
effect of structural modification on 

insecticidal activity, 180,181/182 
insecticidal activity, 174 
structure, 173,180,181/ 

Peridroma saucia 
anthothecol, growth-inhibiting properties, 103 
bioactivity of meliaceous leaf 

extracts, 105,106/ 
cedrelone, growth-inhibiting properties, 103 
effect of azadirachtin 

diet choice, 96,99/ 
dietary utilization, 99/ 
growth and survivorship, 96,98/ 

effect of bussein, 105 
effect of entandrophragmin, 105 
effect of limonoids on growth and diet 

choice, 103/ 
Perulactone 3-£-glucoside 

insecticidal activity, 204 
structure, 203-204 

Petunia 
nature of resistance factors, 191 
survival of Heliothis zea larvae, 190/,191 

Petunia leaves 
HPLC profiles, 198,199/ 
survival of 3-day-old larvae of Heliothis 

zea, 198/ 
Petuniasterones 

content in Petunia hybrida, 198 
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Petuniasterones—Continued 
description, 191-192 
growth-inhibiting activity toward 

Heliothis zea, 192/,197 
HPLC profiles of Petunia extracts, 198,199/ 
inactive substances, 192,197/ 
mode of insecticidal action, 192,197 
structures, 193-202 

Phototoxins 
cross resistance, 168 
excretion by insects, 168-169 
toxicokinetics, 168,169/ 

Physalis 
inhibitory agents, 202/ 
nature of resistance factors, 191 
survival of Heliothis zea larvae, 190/, 191 

Physalis peruviana extracts 
growth of Heliothis zea, 202/ 
structures of active compounds, 202-20

Pipecolic acid 
derivatives, 60,61/ 
synthesis in Calliandra, 60 

Piperaceae amides 
effect of structural modifications on 

insecticidal activity, 179-184 
insecticidal activity, 175/,177 

Piperaceae plants, amides, 174-175,176/ 
Pipercide 

effect on nervous system, 178 
insecticidal activity, 175/.177 
knockdown activity, 177/,178 
mode of action, 177/,178 
structure, 175,176/ 
synergism, 178 
synthesis, 178-179,181/ 
synthetic synthesis, 179 

Plant screening program for pesticides, for 
European corn borer, 26-27 

Plant taxa, biochemical links, 16 
Plants, source of pesticidal activity, 44-45 
Plumbagin, use in mosquito control, 85,86 
Plumbago zeylanica, structures of mosquito 

larvicidal compounds, 84-85 
Podophyllotoxin, insecticidal activity, 16 
Polyacetylenes, usage as photoactivated 

insecticides, 164 
Protection of stored grain, use of African 

plants, 79-84 
Pyrethrins, insecticidal activity, 175/ 
Pyrethrum, pesticidal usage, 1 

Q 

Quassin, pesticidal usage, 1 

R 

Repelin, applications, 114 
Repellent effects, neem derivatives, 118-119 

Rice bug, growth-inhibiting effects of neem 
derivatives, 120 

Rice leaf hoppers, growth-inhibiting effects 
of neem derivatives, 120 

Rice plants 
effect of neem derivatives on insects, 121-122 
repellent and antifeedant effects of neem 

derivatives, 118-119 
Rotenoids, antifeedant activities against 

some African insect pests, 88,89/ 
Rotenone, pesticidal usage, 1 
Rutaceae, pesticidal properties, 3-4 

S 

Screening extracts for bioassays 
flow sheet of extraction and initial 

partitioning, 30-31 
sources of plants, 30,32/ 
tabulation, 32 

Sesquiterpenoid dialdehydes, pesticidal 
activity, 6 

Solanaceae 
species examined for activity against 

Heliothis zea, 190/ 
survival of 4-day-old Heliothis zea 

larvae, 190/ 
Spilanthes mauritiana 

applications, 84 
structures of mosquito larvicidal 

amides, 84,85/ 
use in mosquito control, 84 

Spodoptera frugiperda, 64,66,67/ 
Stored grain insects, growth-inhibitory 

effects of neem derivatives, 120 
Structure—activity relationships, 

Encelia, 47,48/,49,50/ 
Swietenia macrophylla King, pesticidal 

properties, 3 
Synthetic organic insecticides 

disadvantages, 11-12 
resistance, 11-12 

Synthetic pesticides, disadvantages, 25-26 
Synthetic pyrethroids, advantages for 

pesticidal usage, 26 

Τ 

Tecleanin, pesticidal activity, 4 
Tephrosia species 

antifeedant activity, 87/ 
applications, 86 
structures of compounds, 87—88 
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α-Terthienyl 
cross resistance, 168 
effect of electron-releasing groups on 

toxicity, 169,170/ 
effect of surface-spreading formulation 

vs. emulsifiable concentrate, 165-166 
effect on mosquito larvae, 165 
excretion by insects, 168-169 
insect resistance, 166 
insect toxicity, 165 
larvicidal activity to Anopheles 

gambiae, 166,167/,168 
quantum yield of singlet-02 generation, 169 
sensitivity and metabolism, 168,169/ 
substituent effect on phototoxicity, 169,170/ 

2 ' ,3 ' ,22,23-Tetrahyd roazadi rach t i η 
antifeedant activity, 139,140/ 
structure, 138f,139 

Thamnosna montana, furanocoumarins
Thiophenes, usage as photoactivated 

insecticides, 164 
Thiophenic phototoxins, advantages, 171 
Thymol 

ovipositional repellent activity, 142,143/ 
pesticidal activity, 16 
structure, 141/,142 

Toona ciliata Roemer, pesticidal properties, 3 
Toona sureni (Blume) Merrill, pesticidal 

properties, 3 
Toosendanin, isolation in Chinaberry 

trees, 71-72 
Trichilia hispida Penning, pesticidal 

properties, 2 
Trichilia roka L., pesticidal properties, 2 
Tropical plants, use in pesticidal 

development, 12-13 
Turpentine broom 

gas chromatography-mass 
spectrometry, 144,145/ 

insect growth-inhibiting activity, 144 
Two-choice leaf disk bioassays, 

description, 36-37,41/ 

Wellgro, applications, 114 

Ζ 

Zanthophylline, pesticidal activity, 4 
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