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RESUMO - A &rvoredo nim hamuito tempo é reconhecidapor suas propriedades
singulares de acdo contra insetos e beneficio a salide humana. E plantada na
maior parte das areas tropicais e subtropicais do mundo para sombra,
reflorestamento e producdo de matéria prima para inseticidas naturais e
medicamentos. A azadiractina, complexo tetranortriterpendide limondide das
sementes é o principal composto responsavel pelos efeitos téxicos aos insetos.
Seis conferéncias internacionais sobre nim e vasta literatura cientifica relatam
esses aspectos. Este artigo revé as propriedades da azadiractina no
comportamento e nafisiologia de insetos, incluindo os efeitos na reproducao,
reducdo da alimentacdo tanto direto quanto a chamada "secundaria’, reducdo
do crescimento, aumento da mortalidade e ocorréncia de ecdises anormais e
tardias. Osefeitos fisiol6gicossdo aqui categorizados de duas maneiras. efeitos
diretos sobre as células e os tecidos e efeitos indiretos exercidos via o sistema
enddcrino. O artigo também descreve o trabalho feito até o momento visando
identificar o modo de agao daazadiractinaem nivel celular e seusefeitosdiferentes
entre filos animais e sobre organismos n&o nocivos, o que indica seu sucesso
potencial como inseticida seguro.

PALAVRAS-CHAVE: Insecta, inseticidabotanico, fisiologiadeinsetos.

ABSTRACT - The neem tree haslong been recognized for its unique properties
both against insectsand inimproving human health. It isgrown in most tropical
and sub-tropical areas of theworld for shade, reforestation and for the production
of row material for natural insecticides and medicines. Azadirachtin, acomplex
tetranortriterpenoid limonoid from the neem seeds, is the main component
responsible for the toxic effects in insects. Six international conferences on
neem and avast scientific literature report both the antifeedant and physiol ogical
effects of neem. Thisarticlereviewsthe behavioral and physiological properties
of azadirachtin, including effects oninsect reproduction, direct and “ secondary”
antifeedancy, and the physiological effects measured as growth reduction,
increased mortality and abnormal and delayed moults. These effects are here
categorized in two ways: direct effects on cells and tissues and indirect effects
exerted viathe endocrine system. It also describes the work carried out to date
toidentify the mode of action of azadirachtin at the cellular level. Thedifferentia
effects between animal phyla and over non-target organisms are discussed and
point to its potential success as a safe insecticide.

KEY WORDS: Insecta, botanical insecticide, insect physiology.
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Introduction

The neem tree (Azadirachta indica A.
Juss), from the M eliaceae (mahogany) family,
known as margosa or Indian lilac, has long
been recognized for itsproperties both against
insects and in improving human health. The
neem tree is an attractive broad leaved
evergreen which can grow up to 30mtall with
spreading branches covering some 10 m
across. The flowers and fruits are borne in
axillary clusters and when ripe the smooth
ellipsoidal drupes are greenish yellow and
comprise asweet pulp enclosing aseed. The
seed consist of ashell and 1-3 kernels which
contain azadirachtin and itshomol ogues. Both
the bark and leaves also contain biologically
active molecules but not high levels of
azadirachtin which isfound mainly in the seed
kernels. Here, azadirachtin occurs on amounts
of some 4-6gkg seeds depending upon tree
ecotype and local environmental conditions.
Mature trees may produce some 2 kg of seed
per year. The tree is now grown in most
tropical and sub-tropical areas of the world
for shade, for reforestation programmes and
in plantationsfor the production of compound
which have toxic, antifeedant and repellent
properties against insects.

Azadirachtin, a complex tetranortri-
terpenoid limonoid from the neem seeds, is
the main component responsible for both
antifeedant and toxic effectsininsects. Other
limonoid and sul phur-containing compound
with repellent, antiseptic, contraceptive,
antipyretic and antiparasitic properties are
found elsewhere in the tree, e.g. leaves,
flowers, bark, roots.

The antifeedant effects of neem were the
first to be described scientifically. In 1952,
Heinrich Schmutterer recorded desert locusts
(Schistocercagregaria (Forskal)) refusing to
feed on neem. Closer studies revealed that
this species has an unusually high sensitivity

* anew edition is presently being written.
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to azadirachtin as an antifeedant, perhaps
related to the supposed co-evolutionary
originsof bothtreeand locust in Burma. there
have been at least six international
conferences on neem to date, the first taking
placein Germany in 1980, and thereisavast
scientific literature which reveals both the
antifeedant effects of neem and the more
important physiological effects (asfar ascrop
protection isconcerned). Animportant volume
‘TheNeem Tree' edited by schmutterer (1995)*
summarizes knowledge of thetreeto date.

This article reviews the important
behavioral and physiological properties of
azadirachtin, the main active ingredient of
neem seeds. It al so describeswork carried out
to date to identify its mode of action at the
cellular level and differential effectsbetween
animal phyla which point to its potential
success as safe insecticide.

Chemistry

The active ingredient azadirachtin was
isolated from the seeds of A. indica by
David Morgan (Butterworth and Morgan
1968) and its full structural determination
was completed some 17b yeas later
concurrently in the laboratories of Steven
Ley, W Krausand K Nakanishi (Bilton et al.
1987, Krauset al. 1987, Turner et al. 1987)
(Fig.1).

A. indica produces a plethora of
triterpenoids, the biosynthesis of which
culminatesin azadirachtin. The biosynthesis
of azadirachtin starts with a steroid
precursor (e.g. tirucallol) azadirone,
azadiradione) and C-ring opening
(e.g.nimbin, salannin), after which further
and proseeds via two mais levels of
structural complexity: furan ring formation
(e.g. modifications yield azadirachtin
(Rembold 1989, Ley et al. 1993).

Comparison of the antifeedant and toxic
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Figure 1. The azadirachtin molecule.

properties of azadirachtin with various less
structurally complex putative biosynthetic
precursors against larvae of Spodoptera
littoralis(Boisd.), S. gregaria and Oncopeltus
fasciatus Dallas (milkweed bug) has shown
that toxicity to insects (severe growth and
moult disruption) was only observed with
azadirachtin. The less complex, less highly
oxygenated molecules were shown to be
ineffective in this manner (Aerts & Mordue
(Luntz) 1997). However, antifeedancy isfound
in compounds at lower levels of structural
complexity, particularly against lepidopterae.g.
S littoralisthat are extremely sensitiveto the
presence of plant secondary compounds in
their diet. Thus, there would appear to be no
explicit link between antifeedant activity and
toxicity of individual neem triterpenoidsaong
the biosynthetic pathwaysto azadirachtin. In
addition, for azadirachtin itself, whereas the
toxic insect growth regulatory (IGR) effects
are seen in all species, antifeedancy varies
markedly between Insect Order and species
within orders (Mordue (Luntz) & Blackwell
1993).

Neem insecticides, which are extracts of

neem seeds, contain many related
triterpenoids in addition to azadirachtin
including 3-tigloyl-azadirachtin (Azadirachtin
B), nimbin and salannin. Their efficacy is
directly related to azadirachtin content
however many of the other compound also
havebiological activity and add to itseffects.
whereas pure azadirachtin has been shown to
be effectivein thefield (Mordue et al. 1997)
the natural mixtures of azadirachtinsin neem
insecticides may usefully mitigate against the
development of resistance compared to
azadirachtin alone (Feng & Isman 1995).

Effectson feeding

Insects from different Orders differ
markedly in their behavior responses to
azadirachtin (Table 1). Lepidoptera are
extremely sensitive to azadirachtin and show
effective antifeedancies from <1-50 ppm,
depending upon species. Coleoptera,
Hemiptera and Homoptera are less sensitive
to azadirachtin behaviorally with up to 100%
antifeedancy being achieved at 100-600 ppm
although there are some aphid species which
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Table 1. Behavioura sensitivity of insects
to azadirachtin: theeffectivedose (ED, ) which
causes 50% inhibition of feeding.

EDs (ppm)
Lepidoptera <0.001 - 50
Coleoptera 100 - 500
Hemiptera 100 - 500
Hymenoptera 100 - 500
Orthoptera 0.001 -> 1000
aso show behavioral sengitivity eg.

strawberry aphid. The Orthoptera show an
enormousrangein sengtivity from S gregaria(a
polyphagous speci eswhich has chemoreceptors
finely tuned to many plant secondary
compounds) to Locusta migratoria (L.) (a
graminaceous species which does not have
chemoreceptors tunes to feeding deterrents) to
the extreme insensitivity of Melanoplus
sanguinipes (Fab.), the North American Plains
grasshopper which is an evolutionary sense
has never encountered A. indica and has no
chemoreceptorsresponding to azadirachtin. Such
‘primary’ (or gustatory) antifeedancy — ‘the
inability to ingest resulting from the perception
of theantifeedant at asensory level” (Schmutterer
1985), isresponsiblefor crop protectioninsevera
Species of Lepidopteraand S. gregaria. Desart
locusts (S. gregaria) are very sensitive to
azadirachtinandfail tofeed on sugar impregnated
discs when the compound is present at
concentrationsof 0.01 ppm and above (Mordue
(Luntz) et al. 1996). Azadirachtin prayed onto
barley seedlingsinfesed with S gregarianymphs
protect plantsat low doses(2 ppm) (Nasiruddin&
Mordue(Luntz) 1993). Slittoralis (African cotton
lesfworm), Spodopterafrugiperda(JE. Smith) (fal
armyworm), Heliothis virescens (F.) (tobacco
budworm) and Hdicoverpa armigera (Hub.)
(oldworld bollworm) dsorespond behaviordly to
low concentretions of azadirachtin and are
prevented from feeding on discs impregnated
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with the compound at concentrations of 0.1 -
10 ppm dependent upon species (Blaney et al.
1990, Smmondsetal. 1990, Mordue(Luntz) etal.
1998).

The antifeedant effects observed in these
species are highly correlated with the sensory
response of chemoreceptors on the insect
mouthparts(Mordue(Luntz) et al. 1998). Feeding
behavior depend upon both neural input from
the insects chemical senses (taste receptor on
tard, mouthparts and oral cavity) and central
nervous integration of this ‘sensory code'.
Azadirachtin stimul ates specific ‘ deterrent’ cells
in chemoreceptors and also blocksthefiring of
‘sugar’ receptor cells, which normally stimulate
feeding (Blaney etal. 1990, Smmondset al. 1990,
Mordue (Luntz) et al. 1999). This result in
starvation and desth oh these speciesby feeding
deterrency aone.

In most other species of phytophagousinsect
however crop protection results from a
combination of antifeedancy and physiologica
effects resulting from ingestion of azadirachtin.
These physiological effects include
‘secundary’ antifeedancy whereby feeding is
reduced post-ingestively. These “secondary”
antifeedant effects include *a reduction in food
consumption and digegtive efficiency subsequent
to, and asaconsequenceof , ingestion, application
orinjectionof theantifeedant’ (Schmutterer 1985).

Such secondary antifeedant effects result
from the disturbance of hormona and/or other
physiologica system e.g. movement of food
through thegut, inhibitionsof digestiveenzyme
production, effects on the stomatogastric
nervoussystem etc. Mordue(Luntz) etal. 1985,
Koul & lsman 1991, Timmins& Reynolds1992,
Trumm & Dorn 2000). For example locusts
injected with azadirachtin, which by-passesthe
taste receptors, show a reduced ingestion of
food as seen by faecal pellet production
(Nadruddin& Mordue(luntz) 1993). Hemipteran
insectsfeeding on tobacco seedlingswhich had
been systemically treated with 500 ppm
azadirachtin, were shown initially to feed
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normally but, after termination of theinitia feed,
theinterval prior to the next subsequent feed
wassignificantly increased and feeding activity
thereafter was suppressed (Nisbet et al. 1993).
Also aphids which had fed on artificia diets
containing much lower concentration of
azadirachtin (25 ppm) exhibited no signs of
primary antifeedant effectsduring aninitial 24h
period of accessto the diets but their feeding
rate fell dramatically in the subsequent 24h
period (Nisbet et al. 1994).

A consequence of interrupted feeding
activity can bean effect on the ability of insects
totransmit pathogens. Aphidsrequireextended
feeding periods to acquire persistently-
transmitted luteoviruses (e.g. potato leafroll
virus, PLRV) from plants. Treatment of PLRV-
infected tobacco plants with azadirachtin
reduced sustai ned feeding by Mysus persicae
(Sulzer) (peach-potato aphid) and reduced the
ability of aphidsto acquireand transmit PLRV.
However, azadirachtin doesnot alwaysreduce
the spread of plant virus diseases by aphids.
Treatment of uninfected seedlings with the
same concentrations of azadirachtin (500 ppm)
failed to prevent them from becoming infected
when viruliferous aphidsfed onthem (Nisbet
etal. 19964). Thesuccessful infection of aplant
with luteoviruses is dependent upon the
transfer of aphid salivato the plant, aprocess
which may be brief by comparison with the
timerequired for virusacquisition by the aphid,
and is not overcome by the presence of the
antifeedant. Similarly, azadirachtin failed to
protect seedlings from infectionswith anon-
persistently transmitted potyvirus(potato virus
y) fromviruliferousaphids (Nisbet 1992).

Effectson Physiology

The physiological effectsof azadirachtin
are much more consi stent than the antifeedant
effects, and result from interference with
growth and moulting, interference with
reproduction and interference with cellular
processes (Table 2). In all species tested
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dose response effects can be seen as reduced
growth, increased mortdities, abnorma moults
and delayed moults. These effects are related to
disruption of endocrinesystem controlling growth
and moulting. The moulting effectsare dueto a
disruption in the synthesis and release of
ecdysteroids (moulting hormone) and other
classes of hormones and this can be
demongtrated by accurately timed injections of
azadirachtin into the haemoulymph of v ingtar
nymphsof L. migratoria (Mordue (Luntz) et al.
1986). Measurementsof haemolymph ecdysteroid
level sby radioimmunoassay (RAY) reveded the
normal pesk of hormonereleaseat day 8 of an 11-
day instar. In those insects injected with
azadirachtin beforehormonerel ease, ecdysteroid
release is blocked entirdy and the insects die
beforethemoult after an extended indtar; inthose
injected at the start of ecdysonerelease, the peak
is delayed and its decline slow down. This
preventsthe release of eclasion hormone which
controls the motor programme of eclosion or
moulting and these insects dso die before the
moult. Findly, if injected a the peak of ecdysone
release moult initiation proceeds but the insects
dieduring ecdysesunableto swalow enough air
toextricatethemsdvesfromtheold cuticde(Plates
la-c).

In al species investigated, physiological
effects can be measured as growth reduction,
increased mortdity and abnorma and delayed
moults. Such endocrinedisruption effectscanbe
demongtrated very effectively in O. fasciatus.
Azadirachtin gpplied topically in acetone to O.
fasciatus v instar nymphs show a linear,
concentration dependent relationship when the
various IGR effects are totalled (Fig. 2a, b)
(Mordue(Luntz) et al 1995).

Thephysiologicd effectsof azadirachtin can
be categorized intwo ways.

i. Indirect Effects - exerted viathe endocrine
system. The neurosecretory system of thebrain
affected by azadirachtin which causesablockage
of the realese of morphogenetic peptide
hormones e.g. PTTH (prothoracicotropic
hormone) and allatostatins. These
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Table 2. The overall effects of azadirachtin against insects.

Effects Target Mode of action

Primary Mouthpart & other Deterrent cell stimulation

antifeedancy chemoreceptors Sugar cell inhibition

Secondary Gut Peristalsis inhibited

antifeedancy Enzyme production reduced
Midgut cells not replaced

Insect growth Cuticle Alterations to ecdysteroid and

regulation JH titres by blockage of release
of morphogenetic peptides leading
to moulting defects

Sterility Reproductive organs Alterations to ecdysteroid and JH

Cellular processes  Dividing cells

Muscles

Cell synthetic machinery

titres leading to reduction in
number of viable eggs and live

progeny

Blockage of cell division post
metaphase in meiosis and mitosis

Loss of muscle tone

Blockage of digestive enzyme
production in gut
Inhibition of protein synthesis
in various tissues

control the function of the prothoracic
glands and the corpora allata respectively.
Moulting hormone (&-hydroxyecdysone)
from the prothoracic glands in turn controls
new cuticleformation and ecdyses (the act of
extrication from the old cuticle) whereas
juvenile hormone (JH) from the corporaallata
controls the formation of juvenile stages at
each moult. In the adult both hormones can
beinvolved in the control of yolk deposition
in the eggs. Any disruption in these cascade
events by azadirachtin results in the many
various but well-defined effects seen asmoult
disruption, moulting defects and sterility

effects.

ii. Direct Effects - on cells and tissues.
Azadirachtinistaken upinto cellsand causes
inhibition of both cells division and protein
synthesis. Such effects are seen in flaccid
paralysis of muscles, midgut cells necrosis
andlossof nidi (regenerative cells) of the gut
and lack of midgut enzyme production.
Thesumtotal of the physiological effects
of azadirachtin is consistent throughout
species when compared to antifeedant
effects. An ED,, of around 1 mg/g body
wei ght isseen though the many insects species
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Plate 1. Moulting abnormalities caused by azadirachtin treatment. a - desert locust (S.
gragaria) showing death at ecdysis(x 1.5); b - milkweed bug (O. fasciatus) showing moulting
defects (x 1.5); ¢ - cabbage white butterfly (P. brassicae) showing abnormal (top) vs. normal
pupa(bottom) (x 3).
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Figure2. (a) IGR effects of O. fasciatusfifth instar nymph treated with azadirachtin on
day oneof the v instar showing normal moults decreasing with dose asarange of |GR effects
appear. n = 50-100/conc. 1 = control; Dose 2-8 = 0.00015, 0.00075, 0.0015, 0.0075, 0.015,
0.075, 0.15 pg azadirachtin/insect respectively. (b) Azadirachtin IGR dose response curve
using the total effects as described in (a).
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tested (Mordue (Luntz) & Blackwell 1993).
Effectson Reproduction

When the primary antifeedant properties
do not operate due to low sensitivity of
chemoreceptors or are circumvented by
injection or applying the compound topically,
azadirachtin can be shown to cause profound
effects on the reproductive process of both
male and female insects. For example, in L.
migratoria azadirachtininhibitsboth cogenesis
and ovarian ecdystereroid synthesis so
preventing oviposition (Rembold & Sieber
1981). Aphids are insenditive to the primary
antifeedant effects of azadirachtin below 100
ppm, although secondary antifeedant effects
areobserved (Nisbet et al. 1994). Whenfemale
aphids are fed on diets containing low
concentrations of azadirachtin (5ppm), their
fecundity decreasesdramatically within 48h of
feeding and, if they werefedin dietscontaining
more than 10 ppm azadirachtin any nymphs
whichwere produced were non-viable (Mordue
(Luntz) et al. 1996).

Male reproduction is also affected by
azadirachtin. Injection of maeO. fasciatuswith
0.125 mg per insect severely reduces male
potency as seen by a 80% reduction in the
fecundity of normal femaleswhen mated with
treated males (Dorn 1986). Testes dimensions
of male desert locusts injected with low
concentrations of azadirachtin during their
development were significantly reduced and
the meiotic processes which are responsible
for the production of mature sperm in adult
males were interrupted. Blockage of cell
divisions was shown to occur prior to
metaphase (Linton et al. 1997). Metaphaseis
the stage of cell division at which microtubules
formthe spindle apparatus prior to the physica
separation of homologous pairs of
chromosomes to opposite at this stage in cell
division suggest that cell microtubular events
may have been affected by azadirachtin
(Mordue (Luntz), Mordue & Nibet-
unpublished).

An. Soc. Entomol. Brasil 29(4)

623

Under standing the Effects of
Azadirachtin on Insects

The primary antifeedant effects Lof
azadirachtin on insects are produced by the
stimulation of specific deterrent
chemoreceptors on the mouthparts together
with an interference of the perception of
phagostimulants by other chemoreceptors
(Mordue (Luntz) et al. 1998). The secondary
effects on feeding, developmental and
reproductive disruption are caused by effects
of the molecule directly on somatic and
reproductive tissues and indirectly through
the disruption of endocrine processes.
Research is now being carried out to
understand the effects of azadirachtin at the
cellular level ininsect tissues.

Inmatureadult male S gregaria, atritium-
labeled azadirachtin derivative, ([22,23-*h,]
dihydroazadirachtin), was shown to bind
specifically to severa tissues but the most
intense binding per unit of protein was in
preparation from testes. This binding was
amost (k,8.7nM) and essentialy irreversible
(Nisbet et al. 1995). Localisation of thebinding
by autoradiography revealed preferential
binding inthetestesfollicles, localized onthe
tails of developing sperm. This binding was
therefore associated with one of the sub-
cellular components of the devel oping sperm
tail; membrane, axoneme or mitochondrial
body (Nisbet et al. 1996b).

Sub-cellular fractionation of Sf9 cells
(captured insect cells derived from S.
frugiperda) incubated with [22,23-3H,]
dihydroazadirachtin during logarithmic
growth phase revealed high affinity specific
binding to the nuclear fraction of the cells
(Nisbet et al. 1997). A comparison of binding
of tritiated dihydroazadirachtin to these two
insect tissues shows specific, time-dependent,
saturable high affinity binding in both tissues,
with many similarities in binding
characteristics (Table 3). Preliminary
characterization of the binding sites has
indicated that it is proteinaceous, heat-labile
and may be associated with cellular RNA
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(Mordue (luntz) et al. 1999). Unsuccessful
attempts to solubilise the protein and extract
it for identification by ligand binding assays

Mordue (Luntz) & Nisbet

to fully characterise the azadirachtin binding
sSites are presently being carried out using
insect cell lines.

Table 3. Binding characteristics of tritiated dihydroazadirachtin to Schistocerca gragaria

testes and Spodoptera Sf9 cells.

Binding parameter Characteristic
S.g.testes S19 cells

Specificity

(as % of total binding) 94% 97%

Time dependence

equilibrium binding 90 min 60 min

association constant (Kyys) 0.03 min 0.04 min

Semipermanence

dissociation rate constant (K ) 0.004 min' 0.007 min™

Saturability

Receptor affinity (Ky) 8.7 M 18.1 .M

Receptor number (B ) 0.3 pmol/mg 23.9 pmol/mg

Site of action

Cell division Nuclei

maturing sperm tails

suggests that its 3-dimensional integrity
within membranesisessential for itsactivity.

Azadirachtin prevents the proliferation of
Sf9 cells in vitro and alters both the protein
content and abundance in those cells (Fig. 3
(Barry, Sternberg & Mordue (Luntz)
unpublished), Rembold & Annadurai 1993). It
therefore appearsfrom these observationsthat
azadirachtin operates at the cellular level by
disrupting protein synthesis and secretion
events and, more fundamentally, at the
molecular level by atering or preventing the
transcription of proteinsexpressed during and/
or translation of proteins expressed during
periods of rapid protein synthesis e.g. in
dividing cdlsor cdlsforming new assemblages
of organellesor cytoskeleton. Ongoing studies

Differential Effectsin Insectsand
Non-Tar get Organisms

In order to fully understand the
mechanisms by which azadirachtin operates,
thedifferential effectsof azadirachtin must be
distinguished:

i. ininsects, to help decide which are the
significant lesions involved in its mode of
action.

ii. in other non-target organisms e.g.
vertebrates to make quite certain that the
margin for insecticide useisreal and defined.

Two examples here related to firstly the
effects of azadirachtin on locust excretory
mechanisms and secondly to the effects on
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Days after treatment

Figure 3. Inhibition of Spodoptera Sf9 cell proliferation after treatment with 10uM
azadirachtin. (Sf9 cells were cultured in Graces cultured medium, supplemented with FCS.
Azadirachtin was added in DM SO, final concentration 1%, and cell numbers were counted at

24hintervalsthereafter).

vertebrate cultured neurons. Studies with
tritiated dihydroazadirachtin had indicated
that azadirachtin accumulated in high amounts
in Malpighian tubules, the excretory organs
of insects (Rembold et al. 1988). Such
concentrations must be associated with
excretion of azadirachtin but also may be
associated with its mode of action, it has
been shown that azadirachtin reduces both
basal and diuretic peptide-stimulated urinary
secretions in locusts (Fig. 4), and that the
reduction in stimulated urinelevelsisinduced
through inhibition of cyclic AMP (CAMP) —
regulated processes (Mordue (Luntz), Coast,
Mordue & Nisbet unpublished). This
reduction however, occursin the presence of
azadirachtin at mM levels only, with the
threshold response being close to this, i.e.
at levels some 1000 fold less sensitive than
more established azadirachtin effects (e.g.

Rembold & Annadurai 1993). Azadirachtin
treated insects do become slightly bloated
whit time post-treatment (Cottee & Modue
(Luntz) 1982, Nasiruddin & Mordue (Luntz)
1993) presumably asaresult of lesionsto the
Malpighian tubules, however it is very clear
that lack of diuresis by the cAMP secondary
messenger cascade is not the main mode of
action of azadirachtin.

In vertebrate cell lines, small but
significant azadirachtin effects have been
shown to occur onrat cultured neuronswhere
effects on K* conductances are seen at 10°
and 10* M azadirachtin (Scott et al. 1999).
This is however, some one thousand times
more insengitive than effects of azadirachtin
on insect sensory systems (Simmonds et al.
1995). Similarly, when looking at other
mammalian cell lines, protein synthesis of
mouse mammary acini was shown to be



626 Mordue (Luntz) & Nisbet
250 -
H :
i i
Basal + +Az ! +Diurctic peptide
200 = [ 1 '|'
] | ]
. - - —O— Control
¥ ]
E ; L wepee M Azad
i ]
E 150 . :
— i I
= I '
— i I
¥ i !
= : l
E 100+ : :
B ] :
L] 1 i
il
@ L .
, LS
504 E\H v \
i e, i
| T, F
LY %
: i
I i
Q b T 1
° 2 = 5
Time {mins)

Figure 4. The effect of uM azadirachtin on basal and stimulated fluid secretion ratesby S
gregaria Malpighian tubules in vitro. (Individual tubules of defined length were set up in
saline and the cut end isolated in liquid paraffin. Stimulus or solvent was applied to the saline
(two ffs). Droplets of urineforming at the cut end of the tubulesin the paraffin were collected
against time and their volume cal culated by measurement of diameters).

reduced by azadirachtinat 5x 106 M (Nisbet,
Duncan, Burgoyne, Mordue & Mordue
(Luntz) unpublished), some 500 times less
sensitive than inhibition of protein synthesis
in insects cell lines (Rembold & Annadurai
1993). Direct comparisons of an insect and
mammalian cell line also show marked

differential effects of azadirachtin (Reed &
Majumdar 1998). Evidenceisaccumulating to
show a highly significant difference in the
effects of azadirachtin in insects and
mammalian call with mammalian cell being very
insensitive to its effects.
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Neem an Azadir achtin in Insect Control

The complexity of the molecular structure
of azadirachtin precluded its synthesis for
pesticide use. Extracts of neem seeds
containing azadirachtin together with severa
structurally related moleculeshaveformed the
basis of heem usage in insect control (Isman
1997). Future approaches may asoincludethe
production of azadirachtin for insect control
by invitrotissue cultures of neem (Allanet al.
1994, 1999). Neem insecticides are effective
mainly as insect growth regulates and
sterilants, against a broad spectrum of pest
insects. Crude neem extracts have been used
at alocal, small-farm level for some time in
countries where neem grows indigenoudly or
where plantations have been established. In
the major western countries of the world such
as the USA and Canada and in Europe few
commercia neem insecticideshaveresched the
market place to date. Progress has been
hampered by lack of supplies of neem kernels
of known azadirachtin content, by lack of
standardization of formulated products, by cost
of the product and by lack of regulatory
approval of the complex mixture of compounds
found in neem extracts. Until recently these
problems had meant that neeminsecticideshad
not generated muchimpact on the marketplace.
Times, however, may well bechanging.

With the resolution of many of the problems
of supply and standardization, thefull regulatory
approva of neem insecticides by the USA and
now in Germany for use on potatoes, gpples
and tomatoes, much field dataisbeing generated
which areegtablishing neeminsecticidesasvidble
aternatives to more conventional approaches,
particularly in integrated pest management
system. Now that it isrealized that disruption of
growth and reproduction rather then
antifeedancy arethemain characteristic of pest
control, neemisheing used inthefield at lower
concentrationsthanthoseorigingly recommended
(>100 ppm ai). Treatment of artificial diet
with levels as low as 5 ppm or 0.25 ppm
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azadirachtin have been shown to significantly
reduce reproduction output in M. persicae
(Mordue(Luntz) et al. 1996), and feeding growth
and devedlopment in S littoralis(Martinez & van
Emden 1999) respectively. The value of low
concentrations of neem in pest control has
generated research into combined approaches
using both neem and beneficia species. In the
laboratory using M. persicae and its parasitoid
Encarsaformosa 5 ppm azadirachtin treatments
of leaf discstogether with E. Formosa produce
additive effects compared with either approach
separately and can entirely prevent nymph
production of M. persicae (Fig. 5) (Sugden,
Armstrong & Mordue (Luntz) unpublished). In
the field and in more complex laboratory
situations, however, such results are more
difficult to demonstrate. It would appear that
there is a fine line between the level of
azadirachtin required to affect the pest and the
level which will not affect the parasitoid or
predator (Belmain et al. 2000, Pereraet al. 2000,
Raguraman & Singh 2000, Smmondset al. 2000).
Such integrated approaches to pest control
however are an encouraging way forward for
the use of neem pesticides.

Neem pesticides may aso haveaussful role
to play in resistance management. It has been
demongtrated thet the effectsof neeminreducing
levels of detoxification enzymes (due to its
blockage of protein synthesis) may make
insecticides more effective in resstant strains of
insect (Lowery & Smirle2000). Also, it hasbeen
shown in Bt resistant strains of Leptinotarsa
decemlineata Say, the Colorado potato beetle,
that 0.25% Neemix combined with Bacillus
thuringiendis can act as a resistance bresking
compound (Trisyono & Whalon 2000). In this
instance depending upon the resistance
mechanism, the neem effectsmay bedueadsoto
blockage of enzyme production, or tothereduced
midgut cell turnover rate (Nasiruddin & Mordue
(Luntz) 1993).

Conclusions

Azadirachtin from neem effectsinsectsin
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Figure 5. Cumulative numbers of nymphs produced by M. persicae on azadirachtin treated
leaf discswith or without parasitoid challenge by E. formosa. (L eaveswere coated with 5 ppm

azadirachtin or water (+ wetter).

avariety of different ways. as an antifeedent,
insect growth regulator and sterilant. As
antifeedant sensitivity variesgreatly between
insects the overriding efficacy of neem
insecticide use liesin its physiological toxic
effects. An understanding of the physiological
effects of azadirachtin in neem has been
reached and biochemical approaches have

begun to define its mode of action at the
cdllular level. Further work ishowever required
to fully understand its mode of action. It is
now accepted that neem insecticides have a
wide margin of safety for both user and
consumer. Increasing knowledge of how to
useneeminsecticidesinthefieldisproving a
solid base from which successful market
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penetration should be achieved.
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