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Abstract

Crude extracts of the seed kernels of the neemAzsdirachta indicaare widely used as plant protection
products. The active ingredient (a.i.) of theseats is azadirachtin A (aza A). aza A is a physoeital
(botanical) complex secondary metabolite whictthvii is multiple toxic effects on insects, prdagethe
plant against predation. Aza A is present in doly concentration in neem oil, but makes up 20-50%he
NSKEs extracted by polar solvents from the kernklswever, when used as foliar sprays it is rapidly
destroyed by sunlight, and might be more effedfiiteis used systemically. Therefore the aim of fhroject
was to extend previous work and to prepare a pelleersion of the main commercially-available neem-
seed kernel extract, NeemAZalechnical (NAT) produced by Trifolio GmbH, in praation for the
expected registration of the product in the UK@12.

It was first necessary to purify a quantity o dg for quantification of the a.i. pelleted matéaad in soil
and plants in the rest of the project. In achievimgh purity (over 98%) aza A, reverse phase
chromatographic methods were used, and mass spetty was used to confirm purity and identificatio
A final quantity of 6.2 mg of azadirachtin A wastained from 4 gm of NAT, a yield of 0.15%.

If aza A and the other neem terpenoids are to bd tsplant protection, they must have a low ploxiaity.
Effect of NAT on the germination and its ensuingdiing development of two commercially important
crops, sugar beet and cabbage was examined. NAfadiel an inhibitory effect on seedling growth at 10
M aza A. In order to explore the inhibitory affeftaza A, the second part of the chapter was tonme
effect of aza A on mitosis of onion root tips. Tmeonoids in concentration of TOM adversely affected the
mitotic activity of onion root tip cells. This calilbe failure of microtubules polymerisation into
microtubules, or some other biochemical effect.nfrriitie findings in this part of the project, it cha
concluded that only at a concentration of M is aza A toxic to plant young seedlings, bupiactice this

is unlikely to be a significant problem.

The first part of Chapter 4 of the project was dy the foundations for the behaviour of aza A iil so
environment in both powder form and in 2 types @nglar formulations. The half-life of azadirachiim
soil from this work was found to be 1.6 days whigttonsistent with the previous reports. This shatitf-
life of aza A may be problematic in use as a PR, §hort persistence might be overcome by fornmgati
neem materials in granules to achieve environmesitddility and biological efficacy of applicatiofihe
granular formulations used in the project showedtrolled release characteristics. The release of
azadirachtin into the soil water was in fact dethig encapsulating it in pellets. Systemic uptakeza A
by roots and subsequent presence in the vascudmmnsyof plants was assessed. Aza A was transpamid
was more stable in the leaf areas of cabbage ayat beet plants than in the soil, as the halfviges found
to be 9 days. The concentration of aza A in thé&weder was less than 10% of the solution bathimgy t
roots.

The final part of the project, the application tlké pelleted NSKE to protect cabbage, in bothsgtamise
and field conditions, demonstrated that neem priadncpelleted formulations could be used as dffect
systemically applied PPP to control pests of cabbag the field tests, the protective effect of theem
extract could be shown over a period of at leage8ks after addition of the pellets to the sail.

In conclusion, the short soil half-life of the neem., aza A, in PPP could be overcome by a péellete
formulation, the composition of which can delayessle of the a.i. The technology allows protectiocraps
from soil-borne, as well as foliar sucking andrmtipest damage by controlled release into theteaillow
uptake into plant vascular system.
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Chapter I: General Introduction and Literature Review.

1.1 Introduction.

Although no neem-based plant protection productyetdeen registered for use in the
UK, the company, NeemCo., sponsoring the reseagpbrted here, hope to achieve
registration in 2011 (R. Strang, personal commuitoga The research therefore aimed
at being very much applied. For that reason the gksts for the work, cabbage and
sugar beet, were chosen as being an important grawn throughout the UK, and
elsewhere in the world.

An estimate of the value of the brassica crop eat in 2004 was over £150 million
(Hancock, J, Market Survey for NeemCo Ltd, 2004)tiBcrops are attacked by a range
of insect pests, biting and sucking. As will bead®ed later, azadirachtin A (aza A), the
active ingredient of neem-based pesticides, is m&tiible and can act systemically in
plants. This may be of importance in protectinghfdaagainst both soil pests and foliar
pests. Cabbage is much affected by Cabbage RootTRly particular shape of the
cabbage plant means that it cannot be easily geatdzy spraying (Figure 1.1), and is
best protected by a systemic insecticide. Findllg, plants chosen were suitable for both
indoor and field cultivation.

The next sections describe the plants and thein maect pests.



1.2 Brassicas.

Brassicas are geographically widespread throughmitworld. The genus has a huge
commercial importance, as indicated above for the &hd contains a number of major
vegetables for human consumption, animal fodderahsgeeds. (Lunn, 1988). It's also

attacked by wide range of pests (Evans, 2003.).

1.2.1 Taxonomy

Brassicais the Latin name for cabbage. It is a genus @ual300 species of annual,
biennial and occasionally perennial herbs with ollor white flowers. The genus
Brassica belongs to familyBrassicaceae(alt. Cruciferag, subfamily Brassicoideae
(Hayman, 1995).

Most botanists agree that almost all of the mod¥assicas were developed from a wild
sea kale Brassica oleraced.. subsp.oleracea) indigenous to the coastal areas of
Western Europe including Great Britain. Severdalinis vegetables have been developed
from it and are collectively known as “cole cropsticluding cabbage, cauliflower,
broccoli, Brussels sprouts, kale, collard and katdda(Martin, 1997; Phillips, 1993). The
traditional methods of determining plant relatiapshhas depended on plant structures.
(Vaughan, 1977), but the advent of modern moleaukethods has meant that organisms
can now be categorised at the fundamental levetheir genes. In the following
descriptions, based on both classical plant stractmethods (Vaughan, 1977) and
modern molecular systemics, such as restrictiagnfient length polymorphisms (RFLPS)

(Songet al, 1990; ) and random amplified polymorpkic DNA (RB) (Anangaet al,



2008) taxonomic methods are some of the importaasd€ica species and their varieties
that are more or less grouped together in the Baghylogenetic trees (Warwick and

Black, 1990).

1.2.2 Brassicaoleracea

a) Cabbage

Cabbage is an anglicised word of the French teloaze, meaning head. It has been
used to refer to loose-heading (or even no-headang)s ofBrassica oleraceas well as
to the modern hard-heading type classifie® asleraceasubspeciesapitata(Figure
1.1). Infolding of leaves forms a head, whichesminded by consumers. They are

externally green and white internally.

Figure 1.1: Winter CabbageBrassica oleracea, capitata(Gardenaction.co.Uk/fruit,
2005).



b) Broccoli and cauliflower

These are two more kinds Bfassica oleraceaand because of their similarity both are
designated as botanical variety botrytis, from @&d&Brword meaning a cluster like a
bunch of grapes. Broccoli is an Italian word talemm the Latinbrachium meaning an
arm or branch. Cauliflower comes from the Latinntercaulis (cabbage) andloris
(flower). These cabbages are grown for their tmekk profuse, undeveloped flowers
and flower stalks instead of for their leaves. &é& and “Armado” cauliflower (Figure
1.2) are very adaptable varieties popular in the Uy produce high quality, very deep
and heavy curds. The two varieties shown below e main ones produced

commercially in UK.

a: Clarke b: Armado
Figure 1.2 a and b:Two popular varieties of cauliflowers widely grownUK.
(Gardenaction.co.UKk/fruit, 2005).
Broccoli has two distinct forms. One makes a demdete curd like that of cauliflower
and is called “heading broccoli” or “cauliflowerdacoli”. The other makes a somewhat
branching cluster of green flower buds atop a thggken flower stalk about 50 cm tall

and smaller clusters that arise like sprouts frbenstems at the attachments of the leaves.



This form is called “sprouting broccoli”.

The words “broccoli” and “calabrese” describe diffiet varieties of the same vegetable.
In general terms, calabrese produces green hedwseas broccoli produces purple or
white heads. One of the most popular and commoreties of broccoli in UK is

calabrese, which confusingly is sold in the supeketa as “broccoli”.

a) Calabrese b) Purple sprouting broccoli

Figure 1.3 a and b:Two popular varieties of broccoli available in UK.
(Gardenaction.co.UKk/fruit, 2005).

c¢) Kale and collards:

Resemble each other in many respects, but areglisshed one from the other by the
forms of their leaves. They are, in effect, pringticabbages that have been retained
unchanged through thousands of years of cultivatdthough more highly developed
forms, such as cauliflower, broccoli, and head eaeb have been developed in the last
two thousand years or so, the kales and collarde Ipersisted, although primitive,
because of their merits (vigour, hardiness and ttbilfiy) as garden vegetables.

These leafy no-heading cabbages bear the Latin Baassica oleraceaar. acephala

the last term meaning "without a head." They haa@ymames in many languages, as a



result of their great antiquity and widespread use.

Kale is often called “borecole”, and in some plasesietimes called “sprouts”. Kale is a
Scottish word derived frorsolesor caulis terms used by the Greeks and Romans in
referring to the whole cabbage-like group of plaiitse German wor&ohl has the same
origin.

“Collards” is a distortion otolewortsor colewyrts,Anglo-Saxon terms literally meaning
"cabbage plants.” They are native to the easterditsteanean or to Asia Minor. They
have been in cultivation for so long, and have benvidely distributed by prehistoric
traders and migrating tribes, that it is not certahich of those two regions is the origin

of the species.

d) Kohlrabi and Brussels sprouts

Although kohlrabi Brassica oleraceaar. caulo-rapg and Brussels sproutB.(oleracea
variety gemmifera appear radically different from each other, tlaeg merely different
horticultural forms or races of the same spedi&sssica oleraceato which common
cabbage, kale, broccoli, and cauliflower belongeyrall came from a common parent,
"wild cabbage". Kohlrabi Means "cabbage turnip”.hitabi is a German word adopted
without change into English languadehl meaning cabbage amdbi meaning turnip.
This cabbage with a turnip-like enlargement of shem above ground was apparently
developed in northern Europe not long before théh D@ntury. The marrow cabbage
from which it probably came is a cold-tender, n@ading plant with a thick succulent
stem, while kohlrabi as we know it is a hardy vegé, evidently developed in a cool

climate.



e) Brussels sprouts:

Brussels sprouts require cool climatéhis variant of the cabbage has been known for
about 400 years. The first rough description afas in 1587, and some famous botanists
as late as the 17th century referred to it onlg@sething they had heard about but had
never seen. The Brussels sprouts plant is redflyl atemmed cabbage in which many tiny

heads ("sprouts”) form along the stem at the ba$dke leaves instead of making one

large head at the top of a short stem (Figure A#t¢r a head of common cabbage is cut
from the plant, numerous tiny heads often will griram the remaining stem. Brussels

sprouts need a long, cool growing season, likedghabrthern Europe and the British Isles.

It's ideally suited to the UK's frosty winters, aBdussels sprouts produce their crops from
October to March. By 1800 it was commonly growBeigium and France, and by 1850 it

was becoming popular in England, where it is irhHeyour today.

Figure 1.4 a and b:Brussels sprouts. (Gardenaction.co.Uk/fruit, 2005)



1.2.3 Brassica campestris.

a) Chinese cabbageBrassica pekinensis) and Chinese mustardBrassica chinensis):

These are similar in their origin, history, andrlaharacters. These common names are
simply modern terms that indicate our impressiohwimat these two plants are. They are
often called by Chinese nanpe-tsai (cabbage). Both vegetables, in effect, are mild-
flavoured mustards. Chinese cabbage has been nadéelgu called "celery cabbage"
because of the fancied similarity of shape of teadchto a bunch of celery, but it is not

related to celery in any way.

Some varieties of Chinese mustard have neat leakeblthat are somewhat spoon-shaped,
with long, white, erect leaf stalks, all formingctlump so dense that they were long
confused withpe-tsaiby Americans. This type is only one of the remal&abversity of

leaf shapes and growth habits found within the igiseaf Chinese mustard.

1.2.4 Brassica hapus.

a) Turnip and Rutabagas (Swedes):

Turnip belongs to subspecies Bf napusand rutabagas/swedes nnapobrassicaMuch
confusion surrounded the origins, and even thetityerof turnips and rutabagas, or
swedes, for a long time. They are distinctly digi@r species. Most varieties of turnip are
white-fleshed and most varieties of rutabaga/swedesyellow-fleshed, but there are
also white-fleshed rutabagas and yellow-fleshedipst Rutabaga leaves are smooth like
cabbage leaves, while those of the turnip are sdraewough, with sparse, stiff hairs

over them.



The most significant difference between them, hawevs in the make-up of their
mechanisms of heredity and the structures of timglividual cells. The turnip has 20

chromosomes, while the rutabaga/swedes has 38i(iMa897; Wray, 2005).

1.3 Sugar Beet Beta vulgarisL.).

1.3.1 Biology of Sugar Beet.
Sugar beetReta vulgarisL.), (Figure 1.5), is a member of tihinopodiaceadamily.

There are more than 1300 species in a 105 gentiseofamily (Watson, 1998). The
family belongs to order ofCryophyllates and class ofMagnoliopsida They are
dicototyledonous and herbaceous in nature. Sugdr &ed spinachSpinacia olarecea)
are the two major economically important specietheffamily.

Sugar beet is a large, pale brown root crop, aral lisennial species. However, under
certain conditions it can act as an annual (Sri#8,7). Right now, sugar beet constitutes
the main sugar crop in temperate regions of thddv&@ugar beet market in Europe is
determined by European council regulation EC N&0122001. All member states are
expected to adopt relevant environmental measaorégeisugar sector.

(Méarlander, 2003). In the United Kingdom, sugartb&gpplies over half of the sugar

demands. It is usually grown as a part of rotatuith other crops.



Figure 1.5a and b:a) Sugar beeBgta vulgaris..) b) Seed fascicles each with
two to four seeds (FOOD_INFO, 2009).
1.4 Some of the important pests of brassicas and sugheet in the UK.

a) Sugar beet.

There are about 150 species of insects for whigarsbeet is their host, and out of these
40 to 50 can cause economic injury. Among the 58c00f economic importance, there
are a few key ones that are called “primary” oritically main” pests which occur
ubiquitously with high numbers throughout the workinong them are green peach
aphid, Myzus persicae L.)the cabbage root fly Qelia radicum L.), the beet fly,
(Pegomyia betaethe flea beetles,Qhaetocnema tibialisnd Phyllotrata nemoruni..)
(Godfrey and Mauk. 1993; Lange, 1987; Hilsal, 1982). In general, since sugar beet
and cabbages share common pests, and the main dbdiss work is on cabbage,

cabbage pests are discussed in greater detag iimbwing sections.
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b) Cabbage.
1.4.1 Cabbage root fly.

The cabbage root flyDelia radicumL.) (Figure 1.6) is an important pest of sweded an
turnips, as well as cabbage. The larvae feed errdbt, causing wilting and death of
plants. After overwintering in the soil, a smallusefly-like adult emerges. After landing
on the plant it lays oval, 1mm, white eggs at tlsebof the plant. When hatched, the
larvae feed on the roots 2 to 3 cm beneath thesadihce. As a result, the plant secondary
roots are severely damaged, leaving a spindledapthat is poor at taking up water and
nutrients. In most cases the spindle tap-rootfitsedlamaged and that results in wilting or
even death. Sometimes the damage caused allowsgeathto set in, leading to soft rots,
which downgrades the quality of the harvest/cropother species, the turnip root fl.(
floratis. Fall) is common in Scotland and appears in Augubetween the two generations
of cabbage root fly. This fly feeds on the hearth# root by burying itself deep into the

soil.

Figure 1.6 a and b:a) Adult and Larvae of cabbage root fiydlia radicumL.), b)
Maggots. (Gardenaction.co.Uk/fruit, 2005).
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1.4.2 Flea beetlesPhyllotrata spp.).

As their common name implies, they have very powenfnd legs that enable theta
jump like fleas if disturbed. There are two distitypes of them: striped wing, for example
P. nemoruni. (Figure 1.7), and collare®. cruciferaeGoeze. It's the adult of 1.5 - 3mm
in size that causes damage to the crops. In ApdliMay, when the warm weather comes,
the adult moves to the crop and feeds on recemiynigated plant leaves and shoots,
resulting in “shot holding”. When the adult laysgegn soil from the end of May onwards,
the hatched larvae feed on either roots or leafeNbeless, larval damage is not so severe

as that of the adults (Evans, 2003.; Gardenactddlgfruit, 2005).

Figure 1.7: Striped wing flea beetld>fiyllotreta nemorunt).
infos.blanquefort.net/blog/agenda/wp-content (B@0Q7).

1.4.3 Butterflies and Moths.

Although the caterpillars of moths and butterflieed on swedes and turnips they are not
as important as they are to the leafy brassicag such as cabbages. Large and small
cabbage white butterflie®ieris brassicad.. andP. rapael) (Figure 1.8), often feed on

the leaves of crops. Unless there is a large ealhitheir feeding on leaves does not cause

12



any important damage to the crops.

=

£ ¢/
s

d)arvae b) Adult

Figure 1.8: Cabbage white butterflies a) larvae and b) adudri$brassica L.).
(Gardenaction.co.Uk/fruit, 2005kww.lepidoptera.ch/.../ PierisBrassicae_W.gif.

The damage caused by diamond back mé&télla xylostellaL.) (Figure 1. 9) is so
severe that they can reduce the young seedlingdare skeleton, thus almost destroying
the crop. The larvae, “cutworms”, for example tprmmoth Agrotis segetumpPen &
Schiff), feed on the roots and lower stems. Theagerthey cause to the root may not be
detected until the harvest, when the large holea s=sult of their feeding on it became

apparent (Evans, 2003.; Gardenaction.co.Uk/fr@i05).

Figure 1.9:The larvae of diamond back motRlgtalla xylostella
L.).www.jpmoth.org/.../ L2Plutella_xylostella.jpg.
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1.4.4 Aphids.

Aphids are not only serious pest on a large nunabesrops (arable and horticultural)
including brassica plants. As well as affecting ¥itality of growing plants by feeding on
them, they are also important vectors of plant srittansmission among crops. Peach-
potato aphid NMlyzus persicaeSulzer) and the cabbage aphiRtdvicoryne brassicaé.)
(Figure 1.10), are the most widespread and extelysstudied aphid species (Scri, 2009;
Nisbetet al, 1992; Kasprowicza, 2008). The cabbage apBré\icoryne brassicak.) get
their name due to distinctive grey-white wax congrtheir body. Aphids over-winter as
eggs on the brassicas weeds or crops. After thishha May, they move to the newly
planted crops. Bleaching and yellowing of leaves #re first symptoms of aphid
infestation (Evans, 2003.). These two speciesjcuéatly peach-potato aphid are the most
adaptable and are major contributors of spreactdtp leafroll virus (PLRV) among the
major crops such as potato, sugar beet and tolfdlisietet al, 1992; Kasprowiczat al.,
2008). Intensive application of insecticides hasdezed them resistant, to at least three

classes of chemical insecticides, as reported bBgpkKowiczaet al, (2008).

Figure 1.10:Cabbage aphidBfevicoryne brassicak.). ipm.ncsu.edu/vegetables/
pamphlets/crucifer/ca.jpg.
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1.5 Insecticides.

Almost all plants grown either as food crop or oneatal are attacked by insect pests,
which destroy approximately one third of the warltbod crop during growth, harvest,
and storage (Jacobson, 1988). The brunt of insaetage occurs in tropical countries
(Igbal, 1999). Losses are considerably higher imyn@ountries of Asia and Africa than
developed (western) world. The monetary loss duedding by larvae and adults of pest
insects amounts to billions of dollars each yearpiiing, 1998; Jacobson, 1988). It was
estimated that there are almost 9000 species ettirand mites that infest crops, and
most of these are insects that have moved fronvenatgetation on to the introduced
crop. Out of these at least 600 cause crop dantegewarrants use of some control
measures, either chemical or physical (Klassen1)198

From the earliest times, there are references tious means of protecting cultivated
plants from insect predators. For at least two $aod years, until the 2entury, the
materials used fell into two broad categories: gaoiic poisons and plant extracts.
Elemental sulphur appears to have been used to atops in ancient Greece and
Sumaria, and by the later Middle Ages salts ofrdcsdead, mercury and fluorine were
all applied to crops. It was the use of Paris Graenarsenical compound, in the USA in
the late 19 century, which led to the first legislation to ¢a the application of toxic
compounds to crop plants. Most of the inorganic poamds are too toxic for modern
use, but there is still some commercial applicatbfiuoride salts for crop protection
Much more relevant to this work is the use of phblemicals (botanicals), as crude
extracts. It is likely that most plants in the cgiof evolution have developed protective

mechanisms against their principal enemies: theciss These phytochemicals are
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usually secondary metabolites, and are often vemgptex in structure. In the case of a
few plants, these are so effective as insect peitiugt they have been used, first locally
for many hundreds of years, and, more recentlyputlinout the world. These are

summarised in Table 1.1 below. The botanicals Hsen used over a long period of
time. For the sake of completeness, also includetthé table are a recently developed
group of secondary metabolites which are not predutom plants, but which come

from microorganisms, fungal or bacterial. Some ofive ingredients listed such as

pyrethrin and rotenone, have a long history of aseinsecticides, and supported a
considerable world trade until recently. Eserines weobably not used as an insecticide
until it gave rise to a range of derivates as balldiscussed later. Aza A, the main subject

of this thesis, has been largely restricted toimdedia until relatively recently.
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Active

Type Compound Source Mode of Action | Point of action
Plant- Azadirachtin A Azadirachta Growth inhibitor/ | Uncertain
Derived indica antifeedant

Eserine Physostigma Neurotoxin Acetylcholine
(Phystostigmine) | venenosum estertase inhib.
Nicotine Nicotiana Neurotoxin nACh receptor
tabacum Agonist
Pyrethrin Chrysanthemum | Neurotoxin Na channel
cinerariaefolium Blocker
Rotenone Derris Metabolic Electron
(Lonchocarpus)
spp. Poison transport chain
Ryanodine Ryania speciosa | Muscle poison Cd channels
Veratridine Veratrum album | Neurotoxin Nachannel
Blocker
Inhibition of
insect digestive Proteolytic
Plant Protease inhibitors Plant proteins proteases enzymes/midgu
Non-protein Intermediate/end Possibly affect
amino acids of product of primary lysozyme
Defence plants metabolism Poisoning/deterrenactivity
Retard rate of
development and | Multiple
compounds | Lectins Plant proteins reproduction binding sites
Micro- Avermectin Streptomyces Neurotoxin Cl channel
Organism- avermitilis Agonist
Bacillus
Derived “Cry” toxins thuringiensis Stomach poison lon channels
Spinosad Saccharphyspora | Neurotoxin nACh receptor
spinosa Agonist

Table 1.1: A list of the main active compounds from plantsl anicrobial sources used
as insecticidegRockstein, 1978Peumans and Damme, 1995; Biethal, 1999; Brown,
2005; Schmutterer, 200Bgll, 2003;Amirhusinet al, 2007).

It is clear from the table that the majority and thost widely used of the phytochemicals

act as neurotoxins. This fact explains their suecéBey have an immediate effect on the

insect, by paralysing it. Rotenone is not primaalyneurotoxin, but as an inhibitor of
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oxidative phosphorylation, it still acts rapidlyzadirachtin differs from the rest, as its
action is much slower, and had not been fully deiteed, as will be discussed in a later
section.

Recently, less well-known plant defence compousdsh as protease inhibitors, non-
protein amino acids and lectins, are being expl@gdovel pesticides. Plant protease
inhibitors (PIs) are proteins that inhibit phytoplig insect midgut digestive proteases,
reducing the supply of amino acids important fogitlgrowth and development thus
leading to insect death (Let al, 2002; Lawrence and Koundal, 2002; Pikdral, 2006;
Amirhusinet al, 2007). Plant lectins are proteins that haveastl one catalytic domain
which reversibly binds to particular mono- or oligaccharides (Peumans and Damme,
1995). They are considered to have a role in pl@fénce against phytophgous insects
and thus have become possible means of producsigtaece by transgenic methods
(Birch et al, 1999). At the moment, it is not clear whethernat the growth and
development effect is actually related to carbohiglbinding activity of the lectin
(Sadeghet al, 2006). Non-protein amino acids, mainly from vas legume seeds, were
reported to act as antifeedants, and also being toxnsects which do consume them, by
inhibition of lysozyme activity (Belét al, 1996; Bell, 2003). The loss of this enzyme’s
activity might be expected to make the insects niabde to bacterial infection.

With the discovery of the first synthetic inseatieiDDT (dichlorodiphenyltricholoro
ethane) in 1938, the whole crop protection scereahanged. For at least 25 years from
the mid-1940s, there was a huge burst of synthatiivity, producing neurotoxic
compounds which more or less eliminated all theviptesly used ones. The main classes

of the compound produced were the organochlorinés later, the organophosphates. It
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is estimated that over 500,000 organophosphates haen evaluated as insecticides
(Saleset al, 2000). Although the organochlorines have largaden phased out, the

organophosphates still have an important role amfpprotection. However, as these two
huge classes of compounds are not derived fromophgimicals, they are not strictly
relevant to this review.

Some of the botanicals listed in Table 1.1 haveelatively simple structure, which

allowed their synthesis, and which has allowed deselopment of new classes of

insecticides derived from a plant or other natamlrce. These are listed in Table 1.2.

Natural

Compound Synthetic Derivatives
Eserine Carbamates
Pyrethrin Pyrethroids

Nicotine Neonicotinoids
Juvenile

hormone Analogues

Nereis toxin | Analogues

Table 1.2: The natural compounds which have given rise to syhetic derivatives.
(The last two sets of compounds are not from pantces, but are included for
completeness.)

1.5.1 Carbamates.

Carbamates are ester derivatives of methyl andttiytsarbamic acid, CEHNC(O)OH
(CH3):NC(O)OH and synthetic derivatives of physostigmif@serine), which is an

alkaloid isolated from the calabar bedhysostigma venenosuf@asida, 1963; Coats,

1994). But all the above carbamates were not ttogpcally effective on insects since
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they are ionisable. The Geigy company of Switzeflfrst produced the first insecticidal
carbamates- N-dmethyl, such as Carbaryl (Sevinj, idrdimetyl, Pyrolan and Isolan,
compounds of which the latter became most populdredfective insecticides. The most
widely used carbamate is Aldicarb. These compoahdsst all are aromatic (naphtholic
and phenolic) and highly effective insecticidesdusenumerous soil or plant treatments
(Sanchez-Brunete and Tadeo, 2003). Members of rigpg'some such as Carbaryl act
systemically in plants) are extensively appliedagricultural. Others are non-systemic
such as m-ethoxy. Along with organophosphates,aradbes represented approximately
50%, up until the EU directive 91/414 EEC was eedch 1991 of the total insecticide
and acaricide usage worldwide (Gallowetyal, 2002 and Villatte & Bachmann, 2002).
The insecticidal mode of action of carbamates tiie¢ of the OPs, is well understood and
is due to their structural resemblance to ACh .yTaet as inhibitors of AChE, resulting
in nervous system disruption (Casida and Quist&B8;1 Sanchez-Hernandez and
Walker, 2000); Yerushalmi and Cohen, 2002). Howgewanlike organophosphate
compounds, the deacylation or hydrolysis is fastéh carbamates than OPs, thus
inhibition in this instance is of shorter duratiand more reversible than OPs (Apeta
al., 2002). Nevertheless, according to dissociatimmstant, ki ,of carbamates, it's more
than enough to inhibit AChE and cause repetitiverection and paralysis to insects
(Rockstein, 1978). As carbamates are less toxiosutbnans than the OPs their use has

been growing in recent years.
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1.5.2 Synthetic Pyrethroids.

The synthetic pyrethroids, the derivatives of orfettee oldest organic insecticides
(pyrethrin found in pyrethrum flowers of variousesges of genu€hrysanthemunof
which speciescinerariaefolium found most potent) have become one of the most
important classes of insecticide, contributing ¥er25% of the world insecticide market
due to low toxicity to mammals and birds and ragitbckdown effect on insects
(O'Brien, 1967; Horia Vais, 2001). Certain of thegmthetic analogue compounds such
as, Allethrin, Tetramethrin and Resmethrin haventb numerous uses in agriculture,
veterinary and in urban situations, and in comlomatwith the OPs, have largely
replaced the phased out organochlorine insecticldss (Soderlund and Bloomquist,
1989; Best. and Ruthren, 1995 and Fakatal, 1998; Coats, 1990).

Synthetic analogues of the natural insecticide thyven were developed in order to over-
come the photolabile nature of the natural pyretby addition of single or multiple
halogen atoms within the molecular structure (Coa®90; Plapp (Jr), 1981Ascher,
1986). The class may be divided into two groupsesEhare the type | pyrethroids (e.qg.
Permethrin), which lack a cyano moiety in thebenzylic position, and type I
pyrethroids (e.g. Deltamethrin) which have tyisyano group (Narahashi, 2000).

The generally accepted mode of action of pyretlsr@dhat they are axonic and act upon
sodium channels. They delay or prevent sodium reélafiom closing, or opening the
potassium gate, thus the repolarisation or falfphgse action potential is delayed. This
results in repetitive or continuous excitationimpulse transmission, convulsion and

death(Coats, 1990; (Narahashi, 2000; Plapp (Jr)1981h @bal, 1990; Brown, 2005).
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1.5.3 Non-neurotoxic insecticides.

Although the highly successful neurotoxic insedis are generally more effective
against insects than humans, they attack featdré® merve cells which are common to
all nervous systems. They certainly affect othéierobeneficial, organisms, and are seen
as generally harmful to the environment. Thus fer last two or three decades there has
been a push to try to develop insecticides whigtsigally attack aspects of biology and
biochemistry which are unique to insects. These banclassed as insect growth
regulators. They have their action by various mesmsh as primary or secondary
antifeedant effects, reducing the insect immunpaese, or interfering with the complex
hormonal control of insect growth and developmerfart of the action of aza A is to

interfere with the development of insects, and ®am be said to fall into this category.

1.5.3.1 Insecticides that target the insect’s groWwtand development

As they are growing in size and developing to gdoiects must shed their hard cuticle
periodically in a process called molting. There asirosecretory hormones that are
important in molting processes, and disruptionof af these hormonal cascades cause
inactivation of the process. There are some clagstebemicals that target the insect’s
growth and development processes through eitheaptiag the hormones or blocking
the production of a structural chemical componesttessary for exoskeleton. (Brown,

2005; Marx, 1977; SU and Scheffrahn, 1993).
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1.5.3.2 Insect Growth Regulators (IGRS)

Insect Growth regulators (IGRs) interfere with theect's endocrine system in order to
inhibit the production of hormones, such as prabmotropic hormone (PTTH), juvenile
hormone (JH) and eclosion hormones.

Many of the currently available IGRs, such as Fgwaxo and Hydroprene, mimic JH
and a high titer of it in insect body prevents itgect reaching adulthood. (Brown, 2005;
Leighton, Marks, and Leighton, 1981; Marx, 1971 &d Scheffrahn, 1993).
Tebufenozide disrupts the production of the stemmidlting hormone,ecdysone, by
prothoracic glands. This causes the ecdysone laviile body to drop, which in turn

prevents the insect developing into adulthood (FEdull).

PTTH Juvenile Hormone

Larva
Prothoracic
gland

Ecdysone

Figure 1.11:Hormonal control of insect growth and development.
(cas.bellarmine.edu/.../Hormone&NS.htm
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1.5.3.3 Chitin Synthesis Inhibitors (CSIs)

Chitin is a polysaccharide component of the oubeigh waxy cuticle of insects. The
discovery of compounds, the benzoylphenylureas,itiébit the production of chitin led
to a group of insecticides. Treated insects cadawélop the new cuticle required to pass
from one instar to the next and so die. (Su andefttan, 1993; Brown, 2005).
Bistrifluron is among several CSls in the markatthough higher animals which do not
synthesize chitin are unaffected, it is toxic td ehitin-making animals, such as
crustaceans.

The growth regulatory nature of azadirachtin A Wi discussed in a later section (1.6).

1.5.4 Problems associated with pesticide use.

All the most successful insecticides, whether pblygmnicals or synthetic compounds, are
neurotoxins. Their widespread use over the lasyesis has revolutionised agriculture.
Although their problems were obvious from the eatlidays of their use, the advantages
were considered to outweigh the drawbacks. Theatkgknock-down effect particularly
appealed to farmers, who found them very cost-g¥fecand who were generally not
concerned with the wider effects (Colosio and Mar@003; Pimentekt al, 1992). It
was not until 20 years of extensive use of ins@Eg; that their long-term risk for health
and environment become apparent, and public opipémome suspicious of their severe
drawbacks. It became more and more clear thatrga leumber of them proved to have
been persistent and harmful to non-target animats [@Eneficial insects (Casida and
Quistad, 1998). The drawbacks, such as impact emahuand animal health and non-

target, beneficial insects, environmental problemd pesticide resistance, then began to
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outweigh the advantages.

1.5.5 Impact on public health

Large numbers of synthetic insecticides were reggst in the decades following the
Second World War, as their registration cost wasdifticult and health risk assessment
was based only on acute oral and dermal toxicitya.d8uddenly there was a fear of
pesticides being carcinogenic or producing longiteneurotoxic effects such as
Parkinson’s Disease, and stringent test methods ingoduced to monitor their toxicity,
with risk assessment leading to increasing safetjirement, resulting in  huge
expenditures of money and time, (Casida and Qui4@@B; Coats, 1994).

Different insecticides’ toxicity (acute and chroregposure) varies according to their
mode of actions. Toxicity is mainly dose-dependge of chemical and its metabolites
in relation to its impact on humans (Skinmgral, 1997). According to WHO-UNDP
(1989) report there has been about 1 million, nyair@cupational, incidents of pesticide
poisoning. Even though the long-term health impiares associated with exposure to
pesticides and their residues are not as severhdogeneral public, the main source of
exposure is either residues in contaminated fondt (And vegetables.), from drinking
water, physical contact or through respiration (§04994; Ramos et al., 2000; van der
Werf, 1996; Skinneet al, 1997). There is now a widespread alarm amoag#neral
public, rightly or wrongly, about the possible eftfe of exposure to pesticides. These
include: neurotoxic disorders, immunodisfunctionutagenesis, teratogenesis and
carcinogenesis (Ballantyne and Marrs, 2004; Baeerj®99; Williams, Bernard, and

Krieger, 2003; Bolognesi and Morasso, 2000; Colesial, 1999; Gomez-Arroyet al,
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2000; Laderet al, 2001; Longnecker, Rogan, and Lucier, 1997; Mardeotti, 2002;
Nishiokaet al, 1999; van der Werf, 1996; Laura Settimi, 200%&bater, McKenzie, and
Moriarty, 2002; Valeet al, 2003). These fears have, of course, had thgixaanon

legislation concerning pesticides.

1.5.6 Environmental impact of pesticides

In addition to the importance of the impact on hanh&alth, pesticides have profound
ecological effects. Pollution of pesticides in tlevironment is assessed through three
main criteria according to European proceduresi soilution (result of direct
application), water pollution (such as spray driiid ground water pollution (associated
with leaching through soil column), (Rameisal., 2000).

When insecticides are applied to control pestarsiderable amount of it reaches to the
soil and affects soil-borne, beneficial fauna ataraf Though the environmental
consequence of pesticide depends on the degregos@re (i.e. dispersion and resulting
environmental concentration) and on the toxicolagiproperties of the chemical
concerned, there are always potential adversecteffen soil microflora and fauna
(Russell, 1973 ref. by van der Werf, 1996).

Pesticides are also harmful to insect predatorsaget pests, i.e. beneficial insects.
Intensive usage of insecticides means that eaahayeand 2.5 million tons of pesticides
are applied to agricultural field crops, with ordysmall proportion reaching the target
pests. This has resulted in a dramatic reductioron-target insect populations and other
beneficial invertebrates (EPPO 1994; van der W&€96).

Around the 1950s it was very common to see largmbaus of birds dying in field
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sprayed with DDT. Seed treatment with pesticidegating insects or fish contaminated
with insecticides were two factors contributinghe death of birds in the fields. And for
those birds which didn’t die by the consumptiorpesticides, sub-lethal effects such as
birth defects and thin egg shells were evident {H&990; LeBlanc, 1995; Metcalf,
1989). These effects were the main reasons fobdnaing of DDT throughout most of
the world.

Effects to aquatic life were widespread, with fadath as the major indicator. Pesticide
contamination and toxicity is now measured in @ffeto algae, crustaceans and fish
toxicity as representative of food chain tropicdlsv (LeBlanc, 1995; van der Werf,

1996).

1.5.7 Resistance to pesticides

Insects becoming resistant to insecticides haven lze@roblem ever since synthetic
insecticides have been introduced and was evidsfiord 1950. According to (Brattston,
1989), in 1988 there were almost 500 insect spe&emstant to various pesticides, with a
large number of them cross-resistant to more tmentygpe. The response of producers to
resistance is to increased application rates. @legates the risk to applicators, increase
pesticides residues, hence risk to consumers artdet@nvironment (Brattston, 1989;
Heimbachet al, 2002; Rotteveedt al, 1997; Daly, 2004; Salehzadehal, 2003; Scott

et al, 2000). Cross-resistance occurs, for instancenvehsingle enzyme has mutated to
a form resistant to more than one type of pestigdaring a common detoxification
process. Multiple resistance occurs through theoamurence of several resistance

mechanisms involving several enzymes. Clearly, yédw®iline esterase is the target of
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OPs and carbamates, and is a likely candidate doh sffects. (Brattston, 1989);

(Metcalf, 1989).

Resistance in a population of insects will dependrariants in crucial genes coding for
target or detoxification proteins. The axonal sadiahannel (target of DDT and the
pyrethroids) is an example which has been obsenadinsects can undergo rapid
generation, the continued use of a particular itdde will ensure that rapid rise of a

resistant population. (Hemmingwayal, 2002)

So far there is no general consensus on uniforategfy to prevent resistance occurring
(James, 1997). There is a growing realisation that way forward is the use of

integrated pest management programs which aimnat term sustainability through a

combination of control regimes, including biolodicahereby optimising the efficiency

and profitability of crop production, and avoiditige continued use of a single type of

insecticide (Council directive, 1991; Metcalf, 19&9chard, 2000).

1.5.8 The regulation of pesticides and plant protection ppducts

Public attitude and awareness regarding possilfectsf of pesticide use forced the
development of rigorous and comprehensive legigatontrol to protect human safety
and health and the environment and to ensure tbdupts are sold, supplied, stored and
used correctly and efficiently (Mike, 2000), artsl EU Council Directive 91/414/EEC
(adopted in July 1991) which sets out a communégsonised framework for
authorisation, use and control of these produc@P@, 2000a); (ECPA, 2000b). The
basic principle of the directive is the developmeht positive list (Annex 1) of active

substances through a review program. The basicipknof the review is to protect

28



human health, wildlife and the environment than énbancement of crop productivity
(ECPA, 1998a; Toyofuku, 2006). The target has llearonduct an appraisal of over 800
existing active substances during a 12- year pefilog for completion in July 2003,
although now extended until at least 2010) whilauianeously assessing new active
substances (ECPA, 2001a).

as a result, it has been forecasted that there tnfigha discrepancies between the
available plant protection products and that whglbtainable (SANCO, 2001). It is a
source of great concern to producers, that theltebwi“gaps” in the pesticides available
for specific pests in specific crops. An examplepafticular relevance to this work is

cabbage root fly in Brassicas, which depend on &Bse moment (Thompson, 2002).

1.6 The potential for neem-seed kernel extracts as plaprotection products.

As has been outlined in the previous sectionsctieent situation is that by 2010, many
previously available synthetic insecticides will lmmger be available for producers. The
public is generally suspicious of the widespreagd wd pesticides, especially of

neurotoxins. Many producers are turning to “orgamethods which almost completely

exclude the use of pesticides, except those framndem tree.(Hammond, and Fuchs,
2000; Peterson and Coats, 2000).

This is the background which should be hopefultf@r use of plant extracts, including

those from the neem tree. The tree and its activepounds will be described in the

following sections.
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1.6.1 The Neem Tree.
The Neem Tree Azadirachta indica..) is a member of mahogany familiyléliaceag.

Individual plants can grow to a height of 40 to f8@t. The leaves are dark green and
slender. The tree is a drought-tolerant and thrimesopics with extended dry season. It
copes with long dry seasons by shedding its ledvesi, 1999; Schmutterer, 1990a).
Flowers are whitish pink. Neem usually flowers frdanuary through April with fruits
ripen in June through August, but occasionally sdcminor flowering may occur from
July to October (Puri, 1999; Raju, 1998). Neem poes$ an ovoid drupe with thin
mucilaginous sweet pulp. When matured, the gregitsfproduced per tree varies, but is
estimated between 11-50 kg (Puri, 1999; Schmuit&@9d0a). It is probably indigenous
to the Indian sub-continent, but is now widespead tropical and subtropical areas of
Asia, Africa, Australia and South America, and Beific Islands. Neem is a traditional
source of a wide variety of products including bgaaids, fertilizers, herbs, lumber,
pesticides and numerous pharmaceuticals. Theylateraved from different parts of the
tree such as leaves, bark and the seeds (Puri, Ba®@nutterer, 1990a; Schmutterer,

2002).

a) Insecticidal Components of Neem.

It was Chopra, (1928), who first drew attentionniem for its insecticidal and insect
repellent properties, although they had long beewk to the Indian people as a whole.
It has taken a long time to investigate the speafimponents which give that quality.
Even though a large part of the investigation fecusn its seeds, neem leaves and bark

also yield number of active components (Fagoon@86)l There was quite a number of
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components that have been extracted from the sdetie neem tree and of the well-
characterised compounds below to the complex phgtoacals called limonoids, and
more strictly as tetranortriterpenoifisasically C26 compounds; Govindachari, 1992).
Among a very large number of such compounds pratilme the tree, the one most
investigated is azadirachtin A. This is the compgbwith the clearest anti-insect effect,
and is the one defined as the active ingrediemeeim-based plant protection products.
Much of the work reported in this thesis was conedrwith the analysis of azadirachtin
A in crude neem-seed extracts, pellets, soil aadtp] and with its effect on insect pests.
Its physical and chemical characteristics are ingmrin getting the best out of the

limonoid as a plant protection agent.

b) The chemistry of Azadirachtin.

Azadirachtin A is the most important of a mixtuwé congeners (compounds with a
common basic precursor) which are called the aaeklioids: these are structurally
related tetranortriterpinoids classified arbitnards azadirachtin A to azadirachtin G
( Deotaet al., 1999; Rembolcet al, 1983). Of those azadirachtin AzHss Oss,), Mr
720 (Fig.1.12) , is the major active component,cainB80% of the total azadirachtoids
(Mordue, 1997; Mulla, 1999; Rembold, 1989; MullaS&, 1999). Studies made on the
functional groups of azadirachtin A have shown thas highly a oxidized compound
containing no fewer than 16 chiral centres and rangt oxygen functionality. The
molecule includes an enol ether, an acetone hemtailband tetra-substituted oxirane and
a variety of carboxylic esters. Furthermore, bathosidary and tertiary hydroxyl group

and tetrahydrofuran moiety are present (Durand{Reet al, 2001; Leyet al, 1989).
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Due to the large number of oxygen groups, it isighlly polar compound, soluble in

water. It hydrolyses in water, the rate of hydsidydepending on the pH of the medium.
It rapidly breaks down in sunlight. It is rapidlyodegradable in soil, with a half-life of a
few days. It doesn’t easily penetrate into theates of insects ( Deotet al, 1999), and

is not a good contact poison. The extreme comiyleddi its structure has meant that
determining the structure took 17 years (MorgarQ&0Attempts to synthesize aza A
have taken even longer, almost 25 years. Only 0V 20as this finally accomplished by
the group headed by Professor le\al, (2008). Due to its (azadirachtin A) being highly
oxidised polar molecule and being highly complermpound (with 16 chiral centres) it
has not been possible to develop more potentialpoomds based on azadirachtin (

Deotaet al, 1999).

Crude extracts of the neem seeds contain many otimepounds related to azadirachtin.
They do not seem to have much effect on insects,hawe not been studied in detail.
One is termed Nimbin (§g Hzs Og), Mr 540 (Fig. 10). And another is Salannirg{€la,

Og0) Mr 596 (Fig. 11), and was characterized by thesence of two oxygen bridges at

C-6/28 and C-7/14 (Kraus, 2002 ref. by Schmuttt@g?).
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b)

c)

Figure 1.12:Major limonoids present in the seed kernels ofA. indica: a) azadirachtin
A b) nimbin, and c) salannin
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c) The Mode of Action.

Like the well-known plant protection products dissed previously, aza A is a
phytochemical or botanical: a complex secondaryabdite whose function is to protect
the plant against insect predation. Unlike mosthefwidely used compounds, however,
it is not a neurotoxin. At the moment, it is notte&n how the limonoid has its effect on
insects. It does not seem to have a single weihdéf target. Again, unlike the
neurotoxins, aza A is generally slow to take effe. hours and days, rather than
minutes. Azadirachtin has multiple modes of actiorits activity on insects, and the
importance of each can vary between insect ordaiseaen species. There have been
several reviews published which outline the usazaf A as a botanical pesticide. Most of
them are the results of experiments involving nesm as an insecticide for arthropod
pests. Even though the insecticidal efficacy /pennce of neem products against most
insects is much less immediate than that of symthesecticides, in general it has a
comparable performance to the other botanical ptsdim terms of reducing pest insect
infestations.

The effects of azadirachtin on whole insects magwemarised as follows:

1. Primary antifeedant: some insects make no attemgeéd on plant material
treated with aza A, and may starve to death. Thissifivity varies between
species. For instance, the desert loc&sth( gregariq is highly sensitive, but
other locusts such &s migratoriaare much less sensitive. (It was the observation
of the desert locust did not touch neem treeserSilidan, which started the recent

interest in the science of azadirachtin (Schmuttetral, 1984)).
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2. Developmental failure.

Immature insects fail to make the transition frone anstar to the next. This suggests
an effect on hormonal secretion or action (Schmeitt@002).

3. Loss of fertility.

This effects mature insects, both male and fenaid, might be another effect on
hormones (Schmutterer, 2002).

4. Secondary anti-feedant effect.

The insect digestive system fails to function prbpend it ceases feeding.

5. General loss of biological fitness .

This may be represented by, for instance, the railo fly due to poor muscle
development, and general loss of resistance totiofe (Schmutterer, 2002).

It is not clear if there is a single target whicight cause such a range of effects, but
it might be associated with protein synthesis (Ragamaet al, 1993), or the
formation and secretion of hormones (Mordue andciBiell, 1993, or cell
duplication (Schluter, 1987).

At the moment, two possible protein targets havenltentatively identified: tubulin
(Salehzadelat al., 2003), and a heat-shock protein fr@rosophila melanogaster

hsp60 (Robertsoet al, 2007).

i) Tubulin.
A number of publications have identified an anttetic and anti-meiotic effect of

azadirachtin A in various insects (Schluter, 198imizu, 1998; Lintoret al 1997).

These studies were consistent with the possilitiiy azadirachtin A interferes with the

process of spindle formation and assembly whicledsential for cell division. The
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protein responsible for spindle formation is tubulfubulin is a highly conserved protein
present in all eukaryotic cells, which is part bé tcytoskeleton on the cell, and whose
rapid polymerisation and depolymerisation is resae for cell division, cell movement
and axonal transport. Salehzadshal.,, (2003) showed that azadirachtin prevented the
polymerisation of mammalian tubulin in the same waut less effectively, than
colchicine. They also showed that azadirachtineapgd to displace colchicine from a
cellular binding site, which can be presumed touteilin.

Many of the observed effects of azadirachtin omdts listed above, could be accounted
for by interfering with the polymerisation of tuliul By preventing meisis and mitosis, it
could cause the loss of fertility and developmeptablems. Also, as tubulin is essential
for neurosecretion, it could disrupt all the pree=swhich require hormonal control.

i) Hsp 60.
In 2007 evidence was presented that the heat-slppotein hsp 60 in cultured

Drosophila Kc 167 cells could bind to azadiraciiftRobertsoret al, 2007). Hsp 60 is
a ubiquitous “chaperone” protein. It is not cledrawrole it might play in the action of
azadirachtin, but it might certainly associatedhwét failure of protein synthesis and

release, which could account for some of the effettza A.

1.6.2 The formation of microtubules and its inhibitors.

During the life cycle of higher plant cell there rsversible polymerization process of
tubulin into microtubules (MT) at a specific timasa specific locations in the cell. This
process is, dynamic instability of MT, can be sumipeeal into four distinct stages: stage

of polymerization, depolymerization, transition rfropolymerization-depolymerization
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and the reverse phase (Belmont and Mitchison, 199®e process, which occurs in
different occasions of the cell — polymerizatiopdigmerization - is controlled by
microtubular organizing centers (MTOCSB).vitro polymerization of animal microtubule
showed that it has a quite a number of bindingssite different purposes one for
different antitubulin, such alchicinesandvinblastine one for GTP and one for lateral
and longitudinal binding required during the forioat of microtubules (Dieter and

Marme, 1980; Van Eldik, 1988).

1.7 Compounds that induce morphological and cytlmgical effects with the
microtubules.

1.7.1 Natural ones.

The loss or disruption of microtubule function shiblnave a severe impact on the
individual plant cell division thus growth of théapt as whole. For example, spindle
microtubules play a significant role in the celvidion and their lose affects nuclear
division and the separation of chromosomes. Likewlack of cortical microtubules
affects the morphogenesis of the cells and tisfDelyeet al, 2004; Itoh, 1976)

Apart from the known anti-microtubule herbiciddsere are some other compounds that
have as the same effect, at least on animal cethe microtubules. Colchicine binds to
the tubulin dimer and as result inhibits the form@afprocess of microtubules, but only at
high concentrations, while Taxol stabilizes michatles from depolymerization back to
individual tubules (Hart and Sabnis, 1976; Montagud lkuma, 1975.; Salehzadeh et
al., 2003). And, of course Plant growth inhibitancymidol (Montague and lkuma,

1975.).
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1.7.2 Anti-mitotic Herbicides.
Dinitroanalines and Carbamides are the two strattseries that interfere with the

microtubular systems that has been known for a tong, Phosphoric amides, although
structurally dissimilar to the mentioned ones, abow interference with the assembly
and function of microtubules (Anthony and Husse999, Ellis, Taylor, and Hussey,
1994; Fedtke, 1982).

a) Dinitroanalines.
Dinitroaniline herbicides act by inhibiting cell vision (mitosis). Specifically, they

inhibit microtubulin synthesis necessary in thenfation of cell walls and in

chromosome movement to daughter cells during nsitoBhe cell does not complete
division and affected cells remain as single celith multiple nuclear chromosomes:
multi-nucleated cells (Ahrens, 1994). Disruption a#l division process, nucleic acid
metabolism and protein synthesis is the main meshaof action of herbicides (Fedtke,
1982).

b) Phosphoric amides.
Work has been done on the molecular mode actidmoprophosmethylon algae. After

treatment microtubules were virtually absent in ted, and the cell wall organization
was abnormal (Fedtke, 1982). Extensive study wadenun the correlations between
cellulose microfibril and cortical microtubule uginColchicine, Amiprophos-methyl

(APM) and protein synthesis inhibitor cycloheximideniprophos-methyl showed that it
neither interferes with thie vitro brain tubulin polymerisation, even if the concatitm

is increased (Wagenbreth and Robinson, 1978). Ssidyved that after the tubulin

synthesis has already started Amiprophos-methwtils capable of degrading tubulin
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MRNA or inhibit the synthesis of ones (Fedtke, 1982

APM, a phosphoric amide herbicide, was previoudgorted to inhibit then vitro
polymerisation of isolated plant tubulin. APM inhig competitively the binding of
oryzalin to tubulin, indicating the formation ohaoderate affinity tubulin-APM complex
that may interact with the ends of microtubules MABoncentrations inhibiting tobacco
cell growth were within the threshold range of AMénhcentrations that depolymerised
cellular microtubules, indicating that growth iniidn is caused by microtubules
depolymerisation. APM had no apparent effect orrotitbules in mouse 3T3 fibroblasts.
Because cellular microtubules were depolymerisedRi¥1 and oryzalin concentrations
below their respective Ki and Kd values, both hadas are proposed to depolymerise

microtubules by a substoichiometric endwise medmar{Murthyet al, 1994).

1.8 Effects of azadirachtin on plants.

Both the potential targets for azadirachtin bindimigich have been identified, tubulin
and hsp 60, are highly conserved in eukaryoticscdlubulin at least has well-defined
and essential role in many cellular functions. dikd seem possible that it would have an
antimitotic effect in plants as it does in insedtsfact, azadirachtin has been shown to
have a phytotoxic effect, particularly in youngmg® which might be due to prevention
of cell division. The monomerms- and-tubulin from plants cells are not the same as
those of the animal cells as far as their molecwlaight and to the colchicine-binding
ability is concerned (Filner and Yadav, 1979). Hoere as described above, there is a

class of herbicides, which act as antimitotic cooms in plants, due to their effect on
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tubulin. These will be described in greater detail Chapter 3 of this thesis. If
azadirachtin is to be used systemically on grovpilaats, it is important to discover if the
compound does have an antimitotic effect, and atwbncentrations this effect might

occur.

1.8.1 Effects of Azadirachtin on the Environment, Animaland Human health.

The main point of the work reported in this thesés to study the effect of aza A added
to soil, and then taken up by plants to act sysiglly. Being an oxygenated and thus
polar compound, aza A, unlike most insecticidesyaslerately soluble in water (1-2g.

L%, Daly, 2004, Kleeberg, H, (unpublished results)) eelatively mobile in soil. There is
an obvious risk of ground-water contamination, this is being offset by its rapid
biodegradability in soil: azadirachtin has a repdraverage half-life of 2.3 days (Daly,
2004) in field soil.

Azadirachtin is regarded as being non-toxic tcharganimals. In so far as the human
health effects of azadirachtin products are coremrnstudies of azadirachtin
mutagenicity and acute toxicity have shown thatlikely not to pose a significant risk to
human health. However, some people have exhibitéd and mucous membrane
irritation from neem seed dust (Weinzierl and Het891).

Rat oral LBy of azadirachtin is >5000 mg/kg. (Miller and Uet898), placing it in the
lowest category of toxicity (IV) of the Pesticideaklual.

Azadirachtin’s toxicity towards fish is moderatedais not expected to kill fish under

normal use.
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Azadirachtin has little or no negative effect omladbeneficial insects. It is reported to be
relatively harmless to bees, spiders, ladybirdsagtid wasps, and adult butterflies,
although in a few trials, negative effects haveerbaoted on immature stages of
beneficial species exposed to neem (Banken andk,Si&97). Neem products are
generally thought to be suitable for inclusion imtbegrated pest management (IPM)
programs (Lowery and Isman, 1994a). With other tavget organisms such as birds and
fish, azadirachtin is considered to be generally-taxic (Grunert. 1996; Johnson, 1996a,

b; Wanet al, 1996; Elangovaet al, 2000; Schmutterer , 2002).

1.8.2 Systemic effect of Neem Products.

Gill and Lewis, (1971); Nisbett al, (1993); Osman and Port, (1990), have at differen
times reported that plants can absorb active nemmstituents through roots allow the
terpenoid to systemically move upward through thentpthrough xylem tissues. As
Hummel. E and Kleeberg, (2003) and Daly, (200&inforced later on, this works best
when sufficient quantities are applied to the oate. At the moment most use of neem
formulations are for foliar sprays, but as the limoml is rapidly destroyed by sunlight, it
may be that most of its effect is systemic, evéinoaigh it is absorbed poorly through the
plant cuticle. Daly (2004) showed that the haléldf azadirachtin A was much longer in
the leaf water than in the soil. The systemic props of aza A suggest that applying it
to transplants just before planting to the fieldildobe an effective and inexpensive way
to control certain pests. Similarly, applying nee#th relatively large amounts of water,

in directed sprays over the rows of small seedlicgsild be a very efficient method of
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application. In one study, neem applied throughrip grigation system significantly
reduced lettuce aphids on lettuce by over 50% (Rladet al, 2001)

In another finding, a newly standardised powdemidation, NeemAzal-PC, intended
for hydroponic use, has been used successfullyotdra aphids Aphis fabag and
bollworm moth Heliothis armigera on beans Rhaseolus vulgar)s (Hummel and
Kleeberg, (2003). As much of the intensive growofghigh value vegetables such as
peppers is done uinder glass in hydroponic systdnssmay suggest an important future

market for azadirachtin-containing plant protectwaducts.

1.8.3 Practical Problems of Neem Application.

One reason for the slow acceptance of neem PPReisd¢élayed effect of neem
derivatives may irritate the farmers who are useslyhthetic neurotoxins/pesticides with
immediate knockdown efficacy. Pests such as apbafginue to feed on the treated
plants for a considerably time, even though the wmh@f food ingested by insect is
considerable reduced due to the primary and secpralatifeedant effect by neem
derivatives (Schmutterer, 1990b)

The effect or field performance of Neem pesticidss indirectly influenced by
environmental factors such as temperature. In cong#he pure compound of neem to
the commercial formulations, Copping and Menn, (®0@oncluded that due to a
photodegredation, the commercial formulations afd@achtin was five times faster than
pure compound in breaking down after application.

The application of neem-based pesticides againdt atect does not normally lead to
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mortality, but may reduce substantially fecunditytloe target insects. As a result, the
following generation mass may be reduced below @won threshold level.
(Schmutterer, 1987).

As already discussed, the problems of resistance baen present almost from the first
years of the use of synthetic insecticides. Theaug@s of neem pesticides may lead to the
target insects develop adaptation after some timeé i@sects will be capable of
differentiating between the treated and untreatadispof their host plant (Daly, 2004).
Resistance is due to the overuse of a single estigith whose action depends on a
single molecular target; thus all other pesticithed possess the same mode of action will
also fail to be effective (Dabomt al, 2002). This is an argument for using a mixture o
the azadirachtinoids, rather than pure azadiradhtiDespite 20 years of use in Europe
and USA, there are no reports of resistance to fisssad plant protection products.

If azadirachtin is applied to the soil as a drertbl, short half-life will mean that it will
disappear rapidly, possibly before being taken ypHe plant. The advantage of the

pelleted version should be to prolong the actife=di the terpenoid in the soil.
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1.9 Conclusion.

Although neem-seed extracts with azadirachtin Ahag active ingredient are registered
in many countries in Europe and in the USA, andehbgen used for about 20 years,
outside India, they remain a niche-product. Althougzadirachtin A has many
advantages, it has some disadvantages as well.eThage been discussed in this
Introduction, and are summarised below. Will thesmucts ever be widely used?

1.9.1 Advantages of azadirachtin as a plant protection prduct:
e Affects almost all pest insect species yet tested

e Non-neurotoxic

e Non-toxic to mammals

e Compatible with beneficial and IPM

e No resistance yet reported

e Short solil half-life (no threat to ground-water)

e Acceptable to organic producers and Soil Assamati
e Large industry in India to supply extracts

1.9.2 Disadvantages of azadirachtin as a plant protectioproduct:

e Slow in action

e Poor contact insecticide

e Sensitive to lysis by light and water

e No possibility of economic synthesis

e More expensive than synthetic insecticides
e Not registered in UK

e Some phytotoxicity
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At the moment there are three developments whiehnarking in favour of greater use
of neem extracts with a high level of azadiracitinOne is the fact that a huge revision
of pesticides has been taking place in Europe twerlast decade. This has seen the
removal of 60% of the previously-employed synthétigecticides, leaving many crops
without adequate insecticidal protection. The oteehe growth of organic farming, born
to some extent out of a fear of neurotoxic insediduch as the organohosphates. Neem,
with no toxicity towards mammals, is well-placeddater for this growing market. The
final point is that with the encouragement of tlestitide Safety Directorate in York and
the collaboration of the leading German neem compadnifolio GmbH, the CASE-
sponsoring company NeemCo, intends to register reeabenign insecticide in the UK
next year (2010).

The relatively high water-solubility of azadiraahtwhich allows it to move in the soil,
and within plants, is not being exploited by thkaiosprays which currently dominate the
market. A drawback of azadirachtin is that it haseay short half-life in solil. It is,
however, broken down much more slowly in plantse Work of (Daly,2004) has shown
that a slow-release pellet incorporating neem etdrean be used in soil. It is hoped that
this means of delivery can extend the soil ha#-kind give protection to both soil and

foliar pests.
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1.10 Aims.

The main aim of the project was to extend the mreviwork by Daly (2004) and to try to
prepare a pelleted version of the main commercetgilable neem-seed kernel extract,
NeemAzaP-T produced by Trifolio GmbH, in preparation foethxpected registration of
the product in the UK in 2011.

The previous work had shown that aza A could bdiegpo soil in pellet form, and was
taken up by plants. It did not show how succed$iigl approach was in plant protection.
The pellets were made in the laboratory by Dalyo@0not by a commercial specialist.
The plants used, nasturtium, were not of any corai@esignificance.

The aim of the present work was to use commereratige pellets, and to use plants of

commercial significance: cabbages and sugar-beet.

The immediate aims of the project can be outlimetthis way:

1. To purify aza A from NeemAz8IT to greater than 98% w/w purity to act as a
guantitative standard to quantify the terpenoidaoted from pellets, plants and
soil in the rest of the project.

2. To determine the level of phytotoxicity to germingtand growing plants due to
NeemAzaf-T, and to try to determine if the phytotoxicity svdue to an
antimitotic effect.

3. To use a hydroponic system with known concentratmfraza A in the medium,
to follow the uptake of the terpenoid into plarasd the half-life in the plants.

4. To get NeemAz&HT incorporated into standard commercial pellet&@ymains

Technology Group (Kings Lynn).
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. To characterise the pellets in terms of their conté aza A, and the release of the
terpenoid into soil in laboratory experiments, doglyvarying the content of the
pellets, to try to delay the release of the adtiggedient.

. To follow the uptake of aza A in the leaves of pgagrown in soil containing the
pellets.

. To use the results obtained to examine, in gre@rsdnexperiments, the effects of
the systemic treatment in controlling the main pedtcabbage: aphids,
caterpillars, flea beetles, and cabbage root fly.

. To repeat the above with field experiments on gdacale.
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Chapter 2: Quantitative analysis of azadirachtin A.

2. Aims
Much of the work reported here depended on thetdigation of aza A, which is the a.i.
in the various neem-based PPP available in thosetiwes in which the extracts are
registered. It is best estimated by the standarthadeadopted by CIPAC in 2005

(www.cipac.org which uses UV absorption at 217 nm in an HPLChmoétwhich will be

described laterAn alternative colorimetric method (Dei al, 1999; Daly, 2004) is not
sensitive or specific.

A pure standard of aza A must be obtained to ac asference. Although available
commercially, pure aza A is very expensive (£ 95meg; Sigma-Aldrich) and so the first
part of this work was to prepare a sample of azd the highest purity.

It was first necessary to purify, to a high leweta A, so that a standard curve could be
obtained for subsequent quantitative analysesadtaiways been considered difficult and
tedious process in isolating and purifying aza A da its structural similarity to its
related limonoids (Strang, R., personal commuigoatTurneret al, (1987); Daly,
(2004); Deoteet al, (2000).

There are two stages in isolating aza A from sesthéds. Even though semi-purified
azadirachtin is used as the starting material,dttlvstating the two stages it takes to
reach the final aza A purity. The preliminary stagg@reparative clean up one: It is the
stage in which triglycerides, water soluble proseiand sugars are removed by polar
solvents to reach finely-powdered neem seed kenxtehct, which contains 20-40% aza

A. The second stage (Figure 1.2) is the one emgltygee and various chromatographic
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methods were used. It separates aza A from itsecwrg, (the other azadirachtoids) such
as azadirachtin B which has the almost the sanmaipoas aza A, to reach refined aza A
isolation (Barnby and Klocke, 1987; Morgan and 3ar2001; Schroeder and Nakanishi,
1987; Deoteet al,, 2000).

It is important to mention that both processestane-consuming and yield only small
amount of pure aza A. (Hien & Humme, 2000). Theme @ther chromatographic and
non-chromatographic methods such as multilayer teoucurrent chromatography,
supercritical fluid extraction that have been répdr but they suffer the same
disadvantages of being arduously time-consuming givithg a low yield (Daiet al.,

2000; Morgan, and Jarvis, 2001; Ambrosih@le 1999).
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Figure 2.1: Flow Chart of Procedure for Pure Azadirachtin A Isdation.
The flow chart showing the outline of the methodeleped to purify aza A to > 95%

purity from crude NSKE using flash column and pragige reverse-phased HPLC

chromatography.
Stage one
Purification Qualitative Analysis
NeemAzal T®
Dissolve in methanol
then filtered
v
Neem /methanol
solution filtered
Inject into rev-phase (C18)
flash column, and elute with
methanol/water(45:55 v/
15x200 ml fractiordlected
C D v
v Retain fractions 8 & Vanillin/qualitati
—_— ) :
Discard fractions 1- 9 ve Analysis

8, 10-15.
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Stage two
Purification Qualitative Analysis

Fractions 8 & 9
Phase separation

Hypophaseénto
DCM
Reject the epiphase,
(methanol:water; 45/55 Taken to dryness
vIv)
Dry residue
Dissolve in methanol
Semi-purified AzaA Rev. phase
Chromatographic
¢ Analysis
Phase separation
into DCM
DCM hypophase
taken to dryness Dissolve in methanol
Reject the epiphase, l
(methanol:water,; _
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l
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Stage three Qualitative Analysis

Purification

Dry residue
diss. in methanol

Injected into large column of
prep. HPLC. Eluted with
Acetonitrile/water ; 20/70
(Viv)

10ml fractions collected
from prep. HPLC

Taken to dryness

Dissolve in methanol

— Rev-phase HPLC-MS
Pure material are Chromatographic
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\ 4
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2.1 Purification of Aza A.

2.1.1 Solvents.
All the organic solutions (Fisher Scientific UK) meeeither AR grade or HPLC grade as

appropriate. Distilled water was filtered througld.@ pum filter before use. The process

of purification of aza A is being separated inhoee stages:

2.2 Stage One:
2.2.1 Flash chromatography.

a) NeemAzaf- Technical (NAT)

The starting material for preparation of aza A W&&T supplied by Trifolio GmbH,
Lahnau, Germany. This yellow powder contained ad0&b aza A by weight.

A guantity (49) of this material was dissolved il of AR methanol by stirring with a
magnetic stirrer at room temperature for 30 minwdis then filtered through a 0.2 pm
filter (Sartorious, Sweden) before its injection ¢m a C18 reverse phase flash
chromatography column (Biotage Ltd, Hertfordshitd. 150x40 mm, 35-70 micron
particle size, average pore size of 60 A)

The material was then eluted with methanol/watBf58 (v/v), under a pressure of 1793
mbar from a cylinder of nitrogen gas. This alloneedolvent flow of about 15ml.nif
15 separate fractions of 200ml were collected. iEa (approx. 50ul) of each fraction
was spotted onto aluminium-backed silica gel (se@.8.2) and stained for the presence
of terpenoid compounds by means of the vanillimgtsee 2.2.2.1).

Those fractions showing the presence of high cdragons of material were analysed
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by TLC.

2.2.2 Thin-layer chromatography.

Aluminium-backed, 0.02mm silica gel plates, 5x10@vtacherey-Nagel GmbH, en,
Germany) were used for normal adsorption chromafdgr. Extracts were resolved in
light petroleum/ethyl acetate (30/70, v/v) beforgig and visualising the terpenoids by

means of the vanillin stain.

2.2.2.1 Vanillin stain.

In order to monitor process of purification, vainilstain, acidified methanol solution of
vanillin, was used to give rough indication of gtification (Eweig and Shermer, 1972).
The stain consisted of 3g of vanillin (4-hydroxy¥ethoxybenz-aldehyde), (Sigma-
Aldrich, Pool, Dorset, UK) dissolved in 160ml of ®@5ethanol, to which 40ml of 2M

H.SQ, were carefully added. The stain was kept in a brbattle. The aluminium-backed
plates were dipped in the vanillin stain, and theated by means of a hair-dryer, until
the spots became visible. The pure standard ofAadaveloped a blue-purple colour,

which helped identification of the compound in rabds (Figure 2.2).

2.3 Stage Two:

2.3.1 Concentration by phase separation
The fractions from the flash chromatography desdtibbove found to contain most of

the azadirachtin (Fractions 8 and 9 dissolved irtharel/water) were combined in a
separating funnel, to which 100ml of dichloromethgidbCM) was added. An equal

volume of water was then added and the funnel viggly shaken, to drive the polar
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terpenoids into the DCM. After the two layers hagarated, the hypophase of DCM was
retained and the epiphase of agueous methanolrasted twice with DCM. The DCM
extracts were combined, and the water removed nmef adding approximately 10g
of anhydrous sodium sulphate.

The dry DCM solution was then taken to dryness imotary evaporator (Buchi
Rotavapour) at reduced pressure (650 mbar) andréalnegt a water-bath temperature of
40°C. The yellow-white residue was dissolved in 5 fin@thanol, transferred to a 10 ml
beaker, and the solvent allowed to evaporate ab¥rnight The dry residue was then

weighed and further purified by preparative HPLC.

2.4 Stage Three:

2.4.1 Preparative HPLC.

Preparative HPLC was carried out with a large @n/x 250mm) C-18 reverse-phase
column (Phenomenex, model T5-430, Macclesfield, biQintained at a temperature of
40°C to lower the solvent viscosity.

The mobile solvent was acetonitrile/water (35/65y),vand peak detection was by
absorption at 217nm. The column eluate was collertel0 ml samples by means of a
fraction collector (Gilson FC 204 lyilson Engineering Ltd., Newbury, UK

The partially purified azadirachtin from the prewsostage was dissolved in 20%v/v
methanol (100mg in 100 ml of 20% methanol) Thisugoh was further diluted in 1/10

in water, and 10 ml volumes injected onto the calumhe rate of eluant flow was

5ml.min’. and the each run was 45 min in length. The colefoant was collected in

10ml samples by means of a fraction collector. fnecedure was repeated until all the
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partially purified material had been passed throtighcolumn.

2.4.2 Analytical High Performance Liquid Chromatography.

This was carried out in three locations (Davidsdd. BGraham-Kerr Bld. of Glasgow

University and at NeemCo Ltd. Irvine), and on thdigéerent HPLC systems: Perkin-

Elmer HPLC system, Surveyor HPLC system and BeckHfLC system.

In each case the basic method was, however, the. Jamalysis was carried out using a
C-18 reverse phase column (4.6mm x 25 mm) and wanebf 35/65 acetonitrile/water

(v/v) with an isocratic elution. The terpenoids wdpcated and quantified by their
absorbance at 217 nm. These are the conditionshwisive been provisionally adopted,
at the 49 council meeting (Utrecht, 2005), by Collaborativeternational Pesticides

Analytical Council (CIPAC) CIPAC/4545 /P (CIPAC/4922006) as the internationally

agreed method for analysis of aza A.

2.4.3 ldentity of azadirachtin by molecular weight.

This is was done by HPLC coupled to mass spectryméth the kind assistance of Dr
Bill Gemmell of the Division of Plant Sciences, tihste of Biomedical and Life
Sciences. The solvent system (methanol/water) ig1 dase routinely contained formic
acid (10%) (Mr. 44), as it was used for analyses ofide range of phytochemicals,
including those with carboxyl and other acid graups

The column (4.6mm x 25mm, Phenomenex, Macclesfldkl, was maintained at 4G.
The eluant was formic acid/ acetonitrile/ water2D070 (v/v). The eluate was split after
passage through the flow-cell of the diode arrapater, and 0.3ml.mihwas directed to

an LCD DecaXP ion trap mass spectrometer fittech veihd electro-spray interface
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(Thermo Finnegan, San Jose, USA) the sample wédgsadan a negative ion mode.

2.5 Quantitative Analysis of Aza A.

2.5.1 The Aim.

Once the standard curve has been achieved, fewmpraty analyses of some
commercial crude neem kernel extracts were dowe. Methods were compared, HPLC
and Vanillin Assay, in the quantification aza Athrese extracts. The methods developed
in these preliminary analyses were used in theafetste project.

2.5.2 The Methods.

2.5.2.1 HPLC.
The main method of analysis that agreed by CIPACaleeady mentioned, employing
reverse phase HPLC.
The HPLC used was a Perkin-Elmer HPLC system wReikin-Elmer series 200 pump,
785 UV/Vis detector and degasser. The data weleatetl and processed on a Perkin
Elmer 1022 integrator. The column was a C18 revphsse analytical column (3 um
particle size). The eluants used were those sehdhe CIPAC method:

a) Isocratic solvent: 35:65, (v/v) acetonitrile/water.

b) Gradient solvent: from 20:80 to 100:0 (v/v) acetole/water.

(Only isocratic elution was used in the work repdrhere.)

Location and determination of aza A and other teop#s was done by absorbance at
217nm. Flow rate was 1ml.minThe same volume (20 of sample was injected in each

case.
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In the purification process, the relative propari®mf Aza A and the other azadirachtoids
were quantified by a) estimating the area of thei@h profile of the compounds and b)
the peak height of each compound. The final pwftaza A obtained after preparative
HPLC was also determined by MS analysis, compathrey peaks obtained with a
standard supplied by Trifolio GmbH (Ruch, B, pemorommunication), and by TLC on
silica gel, with repeated development of the chrimgiam and staining by the vanillin
stain, which if heated sufficiently, would be exfmetto show all carbon compounds

present by charring.

2.5.2.2 Vanillin Assay.

The second method used for quantification of fthehoid was a fast colorimetric
technique (Daet al, 1999). This is a modification of tlaeidified methanol solutions of
vanillin that has been used for the visualizatibnaza A presence in the limonoids by
TLC (Allan, 1994). This Vanillin Assay was useddevelop a colorimetric method for
the quantification of aza A in the prilled NSKE lg¢t. The two methods were compared

in terms of sensitivity.

2.5.2.2.1 Preparation of Standard Curve of Pure Az A.

Aza A previously purified by flash and preparatddPLC to more than 95% purity, was
dissolved in methanol and made up to 25ml usinglametric flask. A sample of this
solution (250 pgmi™) was then serially diluted in methanol to give ange of
concentrations down to 3@yml™. These were used to construct a standard curveaohaz

concentration against peak height and peak area.
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2.5.3 Determination of aza A in crude neem extractand pellets.

2.5.3.1 Commercial samples enriched for aza A

a) Crude Neem Seed Kernel Extracts (NSKES).
Five commercially available samples of NSKE werenpared. They were sourced as

follows:

1) Sri Dhisha Biotech (Hydrabad, India).

2) Nickla Agricultural Industries(Mumbai, India)

3) Rym Exports (Mumbai, India)

4) Ascott (Mumbai, India)

5) NeemAzaf -Technical (Trifolio GmbH, Germany).
In each case, 30mg of the yellow powder was digsbivn 50ml of methanol using
volumetric glassware. All were filtered through 2 um Sartorius Minisart single use
syringe filter (Vivascience AG 30625, Hanover) brefdheir application to the HPLC
column.

b) Neem seed oil.
The aza A content in two neem seed oils, one froiiollo GmbH., and the other from

an unknown Ghanian source, were examined. 50 mg)(1Oml, v/v) of solution of each
one was prepared; 5 ml of each neem seed oil wagheat into 50 ml volumetric flask
and filled up with methanol.

c) Prilled NSKE Pellets.
A trial sample of pelleted material had been pregdyy Germain’s Technology Group

(King’s Lynn, UK), using NAT supplied by Trifolio 8bH. The amount of total
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azadirachtoids and aza A in the pelleted matenase determined i) by reverse-phase
HPLC and ii) Vanillin Assay.

i) reverse-phase HPLC.
A sample (0.5g) of the pellets were extracted iBtanl methanol in 30 ml glass

centrifuge tube using an Ultra Turrax bladed homéggr. The homogenate was
centrifuged at 2000g for 3 minutes, and the supdgrpaured off into a 50ml volumetric
flask. The extraction process was twice repeated,the supernants combined, and then
made up to 50 ml, and well mixed, before filtratitnmtough 0.2um Sartorius Minisart
single use syringe filter by Vivascience, Hanov&grmany. Aliquots (2@) were
injected into the HPLC column for analysis. Thissveampared to standards according to
their peak heights. Simultaneously this was autbat&d by carrying out a vanillin assay
as follows.

i) Vanillin Assay.
A solution of 0.7 ml of methanol containing 1mg NAIth a known concentration of aza

A, was prepared as a standard. Vanillin (0.02gfm8 solution of 0.2ml of methanol was
added and shaken for 5 seconds. The mixture wiaatlebom temperature for 2 minutes.
A 0.1 ml of 20M sulphuric acid was, then shaken foseconds. The solution was
allowed to stand at room temperature for 5 mintdeshe colour to stabilise. Finally the
absorbance was measured at 574nm using a spedoopter equipped with tungsten
lamp. Also, 0.5mg of pelleted material was prepaarad read its absorbance as above
standard. The test solutions were replaced by avitequal volume of methanol in above
procedure. Quantification of pelleted materials washieved by correlating its

absorbance by that of a standard curve of NAT édrfvom a solution in methanol.
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2.6 Results.

2.6.1 Thin-layer chromatography.
After collection of 14 fractions eluted from theoBage 40 column, the fractions were

tested for the presence of aza A by TLC on Alummmioacked, 0.02mm silica gel plates,

5x10cm and visualised in the vanillin stain. A ggdiresult is shown in Figure 2.2.

iy
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Figure 2.2:Identification of fractions from flash chromatography containing aza A.
The result of TLC test to identify the fractionsntaining the highest concentration of
aza A. in here fractions 8 and 9 contain the marinamount of aza A with minimal
impurities. The spot at the extreme right (C) sandard of pure aza A.

2.6.2 Purification of aza A from the starting NSKE(NAT).

The process of purifying aza A to a high levelussnarised in Table 2.1 and illustrated

by the HPLC traces in Figures 2.4 a,b and c.
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Neem material Weight of Yield (%) | Aza A
material (mq) purity (%)
NAT 4000 100 42
Stage 1
(Flash chrom.) 300 7.5 75
Stage 2
(Prep. HPLC) 6.3 0.15 98

Table 2.1 Summary of purification of aza A.

The starting material was NeemAZalechnical (NAT)

The starting material for the purification, NAT, svalready enriched in aza A, the purity
of which was 42%. Choosing the aza A-rich fractiofiem the initial flash
chromatography (Stage 1) raised this purity to 75%e final stage of preparative HPLC
(Stage 3) raised the purity of aza A to 98%, asrd@hed by the methods described in
section 2.5.2.1. The final yield of this pure migtiewas, however, very low, at 0.15% of

the weight of starting material.
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Figure 2.3a: HPLC analysis of the starting materi§ NeemAzal®-Technical (NAT).

A sample (20l at 1mg.M) was analysed by HPLC under the standard CIPAC
conditions of reverse phase (C18) chromatographyh wan isocratic elution:
acetonitrile/water; 35/65 v/v. Flow rate was 1mhthi Detection by light absorption at
217 nm. The large peak at 0 min is an injectioafadt. A) aza A; B) aza B.

As the HPLC trace in Fig. 2.3a shows, the CIPAC hoét now adopted as the
internationally-agreed method of quantifying azaif\very successful in separating the
limonoids in the semi-pure mixture. Aza A which suwith an RT of 19.1 min. is

adequately separated from aza B (RT: 20.1 min.¢ mimor peaks are presumed to be

other azadirachtoids, but were not identified.
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Figure 2.3b: HPLC analysis of material after Stagel (flash chromatography) of
purification of aza A.

The material was that in Fractions 8 and 9: thosetaining most of the aza A.
Conditions as in 2.3a. A) aza A; B) aza B.
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2.6.3 Purified aza A

The aza A purified in a preparative HPLC. The ie®s shown here, was a clear single

peak of over 98% purity of aza A.

fhest_ 17,3000
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Figure 2.3c: HPLC analysis of material after Stage8 (prep. HPLC) of purification

of aza A.
Conditions as in Fig. 2.3a. A) aza A.

The HPLC trace in Fig. 2.3c shows that a high lefgdurity of aza A was achieved after
two stages of reverse-phase chromatography. Théyield of about 6 mg of aza A was

low, but sufficient to allow quantification of thienonoid in the rest of the project.
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2.6.4 Confirmation of identity of aza A by MS.

The chromatogram (figure 2.3d) shown the suitgbitf the reverse- phase HPLC
methods (HPLC and HPLC coupled to mass spectroinetdppted here for the
guantification of aza A in neem seed kernel extr&BISKE’s) and the purification to a

single peak purity using flash and then prepardii?&.C.

070206 pure extract 01 #799-820 RT: 20.28-20.81 AV: 14 NL: 9.79E6
T: - c ESI Full ms [ 200.00-2000.00]
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Figure 2.3d: HPLC-MS analysis of purified aza A.

The main peak is at 764.4. This represents an aadddarmic acid (Mr 44) and aza A.
764.2-44= 720.4: the Mr of aza A.
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2.6.5 Standard curves of azadirachtin by peak areaand peak height.

2.6.5.1 The standard curve.

The standard curve, plotting the known concentnatiof aza A against peak area (Figure
2.4a) and peak height (Figure 2.4b), show thatetiean excellent correlation with the
line passing through the origin. It was clear thath peak height and area can be used to
guantify aza A by HPLC. These curves were therefosed to calculate the
concentrations of the tetranortriterpinoid in vagoextracts throughout the remainder of

the project.

The dilutions of purified aza A used to establisd standard curves, were retained, and
run routinely in the quantification of aza A in ptaand soil which will be described in
Chapter 4. The solutions in methanol, stored afG28howed no deterioration over a
period of a year, consistent with previous expeden(R. Strang, personal

communication).

From the results in Fig 2.4 were calculated theitLwh Detection (LOD) and Limit of
Quantification (LOQ) for aza A. The LOD was foutndbe 7.5 pgmt and the LOQ was
25 pgmt'. Under the standard conditions of HPLC analysesitis determining aza A in
the later parts of the study in 20ul samples, iiesint that the minimum amount of aza A

that could be determined with confidence was 6 @
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Calibration Curve for Azadirachtin A
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Figure 2.4 a and b: Aza A calibration curves Standard curves of pure aza A showing
excellent correlations @R between the concentrations and the peak areaheigtit
respectively with the line passing through the iarigh solution purified azadirachtin
(98%) was made up to 25ml by dissolving in metharf@gdmples of this solution
(250ug.ml*) were then serially diluted down to B@ml™. Samples of 20 were run in
duplicate and standard curve was drawn from thenroéduplicates.



2.6.6 Determination of aza A in commercial samplesf NSKE, neem oil, and pellets.
The results of the analysis of the content of aza yarious commercial neem extracts

and the pellets made for the project by Germairchiielogy Group are shown in Table

2.2.
Product Source Aza A
Content
(% wiw or
wi/v)
NSKE Sri Disha Biotech 47
Trifolio (A.l.D.Parry) 42
Ascott 26
Rym Exports 20
Nickla Ag. Ind. 16
Neem oil | Ghana 0.43
Trifolio 0.082
Pellets Germains Tech. Gp. 14

Table 2.2 Aza A content of commercial neem extractnd pellets.

It was clear that the commercially-available NSKIE derived from various Indian
manufacturers varied a lot in their content ofdhieThey range from almost 50% to 16%
by weight. The Trifolio product NAT was shown tovieaa content of 42%. As expected,
the two samples of neem oil had very little aza A.

The total azadirachtoid content of the pellets ammg NAT was estimated by the
vanillin method as well as by HPLC. The vanillirtiesmate was that the pellets contained
34+1.5 % total azadirachtoids. This is exactly ¢cstest with the known amount added
by Germains in making the pellets, and also with 1H% w/w aza A, which makes up

42% of the NAT (14/34=41%).
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2.7 Discussion.

Several chromatographic methods have been repfotetie isolation of aza A and its
purification from neem seed kernels. The final safian are achieved by either high
performance liquid chromatography (HPLC) (Schroedsmnd Nakanishi, 1987;
Govindachariet al, 1992) and supercritical fluid chromatography Ep¢Morgan and
Johnson, 1997; Morgan and Jarvis, 2001; Morgan8R0Quantitative determination is
usually by light absorption at a low UV wavelengitthough there is also a colorimetric
method based on vanillin assay in determinatiorazz#dirachtin- related limonoids in
NSKE was reported (Daly, 2004; Detial., 1999).

For the isolation and quantitation of aza A by chatographic methods, it is the polarity
of the compound that is key to the process. Beiighly polar compound and water
soluble, aza A, in a normal absorptive chromatdgyapith silica, is highly absorbed and
eluted last. This made the isolation process slod expensive in solvents. With the
development of reverse-phased chromatography, fewthwe polar compounds such as
the azadirachtoids are eluted quite rapidly.

The use of crude NSKE, in this case NAT with 42% &zeliminated the problem of
isolating from the kernels themselves. Schemapicesentation of the extraction of aza A
from NSKE is shown in Figure 2.1. This speededthg isolation of pure aza A, and
allowed it to be achieved by two stages of revetsase chromatography. Also, a mass
spectrometer was used for purity and identificatibimally, the pure material obtained
was used for the quantifications of number of comuiadly available semi-purified neem

seed kernel extracts and prilled materials useth®application part of the project.
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The initial 4g of NAT contained about 1680mg of #zalhe yield after the initial flash
chromatography gave of yield of 300mg (21%) of matevith a purity of aza A of 75%.
Acidified vanillin dissolved in methanol was fourdfective method in visualising the
presence of the terpenoid (Eweig and Shermer, I'93idasakiet al, 1986; Allanet al,
1994) on aluminium-packed silica plates (Figure.2.2

The purity of aza A at different stages of the asioin process was determined by the
absorbance at 217 nm, by both peak height andrdgumder the peak produced by the
HPLC method. On this basis the final product wasreded to be 98% pure. It can be
argued that the purified aza A may be contaminatedompound(s) with no absorbance
at 217 nm. However, the MS trace does not supperiptesence of any material other
than aza A, and multiple development by TLC, stainwith the non-specific vanillin
stain also failed to show the presence of otherpmmds.

The yield from preparative reverse-phase HPLC wasessful in isolating aza A to level
of purity of 98%, but the yield was only 6.3mg (®%) of the estimated starting material.
This contrasts with the results of Daly (2004) wdeveloped the separation by flash
chromatography, who reported a recovery of 8% azat A lower purity of 95%. The
higher purity achieved here by the additional stepreparative HPLC, was at the cost of
qguantity of product. This explains the expensivenet pure aza A commercially, as
mentioned in the introduction to this chapter.déms unlikely that aza A could ever be
used as a PPP in pure form.

Determining the concentration of aza A dependsithrerelight absorption in the low UV
(usually 217nm) or the colorimetric method basedte vanillin stain used to monitor

column fractions. Absorption at 217 nm is more gamsthan the second method. Used
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here in conjunction with HPLC analysis, it waslsiitcurate at a minimum concentration
of 30ug.mf. The vanillin method was also found to be non-Bjgecand the colour
developed unstable. Its only advantage would bee8tenation of a large number of
samples simultaneously.

The preliminary analysis of a range of commerci@amnples of NSKE indicated the
variability of the extracts available on the maraethe moment. The very low content of
aza A in the two samples of neem oil was consistgtht the fact that the polarity of aza
A which makes it almost insoluble in the non-potar (Schmutterer, 2002). It also
suggests that PPP based on the oil, although ch#egpeNSKE, would have a low level
of effectiveness against insects.

Analysis of the content of NAT in the pellets pregzh for this project by Germains
Technology Group indicated a concentration of azat A4% with a total azadirachtoid
content of 34%, consistent with the specificatiomgicated by the manufacturer. The
estimates made by the colorimetric and HPLC metiweele also consistent with each
other. Tests made throughout the project provetitihizaNAT in the pellets, stored &G}

remained constant over 2 years.
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Chapter 3: Phytotoxicity of NeemAzal to seed germination and
early growth.

3.1 Introduction.

Even though the systemic insecticides show greatention in plant systesthus ability

of protecting plants from insect attack, like resit herbicides they could affect the
germination and following seedling development. fiExbough there are some other
physical chemistry characteristics of respectedtipdss like persistence in soil,
leaching, solubility in soil, rate of evaporationdaadsorption to soil particles that effect
their influence, still some systemic pesticides li€holropyrivous and Oxymal have
shown somein vitro toxicity effect on germination and development plants
(Olofinboba, and Kozlowski, 1982).

As discussed in the Chapter 1, there is eviderara fyothin vivo andin vitro work that
azadirachtin A inhibits the division of plant celied the restricts the growth of whole
plants. (Nisbet, 1991; Nisbegt al 1993, 1996). Some herbicides act in this fashion.
(Fedtke, 1982; Moreland, 1980; Gunning & Hardha@82 Waldin et al, 1992;
Binarova and Dolezel, 1993; Ellet al, 1994; Mitrofanovaet al, 2003; Morrissettet al.,
2004) This might limit the amount of the terpepehwihich may be applied to plants
either at the stage of germination or later. Thighthprevent the use of NeemAzal as a
seed treatment.

Recent studies have shown that aza A behaves @ctinells as an antimitotic agent,
acting in a similar fashion to colchicine by intmihg with the polymerization of tubulin,

and thus preventing cell division (Salehzadsthal 2003). As tubulin is found in all
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eukaryotic cells, and is highly conserved, this ldaguggest that aza A should be able to
prevent mitosis in all sorts of dividing cells, inding plant cells.

The aim of this study was to test the phytotoxiafyNAT, of which aza A is the active
ingredient, to germinating seeds, and their subsatgeiarly growth. Experiments were
set upin vitro to examine the effect of the terpenoid on the phamt species: cabbage
(Brassica oleracea, capitatavar. Primoll), and sugar beeBédta vulgaris L, Var.
Roberta). Two antimitotic herbicides, Trifluralimé Amiprophos-methyl, which are
known to act as antimitotic agents, were used agpeoators. (Fedtke, 1982; Moreland,
1980; Vaughan and Lehmen, 1991; HEdisal 1994; Tanakat al. 1999).

Both the germination and very early growth of bpthnt species seeds were looked at.
A separate experiment examined the slightly lategess growth; measuring parameters

such as plant fresh weight, whole plant growth ieoad growth.
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3.2 Methods and Materials.
3.2.1 Preparation of Growth Medium.

Growth medium, (2.2L per batch), was made up bgaiNgng or 0.969/120ml (0.8%
w/v) micro-agarose (Duchefa Biochemie, Haarlem, Netherlands). This was mixed
with an equal volume of Murashige & Skoog (MS) basst (2.2g/L)(Murashige and
Skoog, 1962) (Sigma-Aldrich Ltd., Poole, UK). They were mixedotoughly with a
magnetic stirrer while simultaneously adjusting toH6.8 with 0.1 M KOH solution, then
autoclaved. The medium was allowed to cool, in 12@kquots, and kept sterile until

required. Before pouring, it was reheated in mi@eaoven to liquefy the agar.

3.2.2 Stock solutions of NAT and herbicides.

The NSKE, NAT, and two herbicides, Trifluralin (&g@-Aldrich, Laborchemikalien,
GmbH, Seelze, Germany) and Amiprophos-methyl (DizclB2ochemie, Haarlem, The
Netherlands), were dissolved in dimethylsulphox{@MSO) (Sigma-Aldrich Cheme
GmbH, steiheim, Germany) as they have a negligilater solubility. All materials were
made initially to a concentration of 101 and then each one further serially diluted in
DMSO to give a range of concentrations front 1 to 10* M. All were filter-sterilised

in a flowhood. Volumes (1.2 ml) of each concentnativere then added to 118.5 ml
volumes of remelted basic medium to give a x10Qtidih. This ensured that the final
concentration of DMSO was 1% (v/v), a concentratidrich had been shown to be non-
toxic to the plants, and giving a final range ohcentrations of the active ingredients

from 10° M to 10° M. Control plates contained only 1% (v/v) DMSOn&ily, 40mi
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volumes of the various media were poured into ti#@mm square Petri dishes, under

sterile conditions, and allowed set, so that eashwas done in triplicate.

3.2.3 Seed preparation for germination and growth lnassays.

3.2.3.1 Sterilisation

CabbageBRrassica oleracea, capitatd/ar. Primoll,) and sugar beddta vulgaris L,

Var. Roberta), seeds were sterilised by soakinign téh 5% (v/v) commercial bleach

for 10 minutes, occasionally mixing by gentle irsien. Then the liquid and the floating
debris were decanted. Seeds were then seriallyaddste times with sterilised distilled
water. By leaving the seeds in the final wash, tiveye allowed to imbibe for 48 hours at

4°C.

3.2.3.2 Germination and Preliminary Development Assy.

36 sterilised seeds (four rows of nine seeds eaelg placed in each Petri dish. Seeds of
similar sizes were selected. Plates were thendge®ath plastic film, to prevent moisture
from escaping and avoid contamination, and letha germination chamber to incubate
at 2°C in the dark. This process (each concentratiagitber NeemAzal, two herbicides
or controls) was replicated three times. Germimatés judged by radical emergence and
preliminary development (root and shoot) were eat&ld in 8 days for cabbage and 14
days for sugar beet by counting number of geminagstls, and measuring whole plant

length.
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3.2.3.3 Assay of Seedling Growth.
Filter paper (Anachem Ltd, Luton, UK) was cut taesto fit a 24 x 36cm plastic tray.
The filter paper was put inside the tray and soakih sterilised water. Seeds of either
sugar beet or cabbage, sterilised and imbibed @agealwere evenly set on the wet filter
paper. The trays were sealed with plastic foil,atmid water-loss. Also, trays were
carefully wrapped with aluminium foil so that seedsre not exposed to light, thus
mimicking germination mode of seeds in soil, anehtkeft in the growth room at X1 to
germinate. Seeds were examined twice daily forssgjrgermination. Newly germinated
seeds were transferred in groups of 8 seeds t®etmedish, onto all the media described
above (3.1.2). As before, control plates contaioielg 1% DMSO. Seeds were placed in
a row in the middle of the plates. Plates were thenin a vertical position and left to
grow for a further 8 days for cabbage and 14 daysstigar beet. Temperature and
humidity were kept at 2C and 60% respectively, and a light/dark cycle ®hburs/ 8
hours. After 8 or 14 days plants were removed ftben medium and measures were
made of basic growth parameters:

a) plant fresh weight.

b) plant whole length.

c) root length.
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3.2.3.4 Statistical Analysis.

Statistical comparisons were made on the basiseodveragest(SE) of the fresh weight

(mg), whole plant length (cm) and root length (ctOne way and two ways (general
linear model) analysis of variance (ANOVA) was use@nalysing the collected data in

Minitab statistical package.
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3.3 Results.

3.3.1 The effect of two herbicides and NAT on germation and preliminary seedling
growth of cabbage and sugar beet.
3.3.1.1 Cabbage.

a) Germination.
Cabbage seeds grown on control plates containihgl® DMSO germinated before 8

days, and all seeds germinated. None of the pessiiiibitors used: Trifluralin,
Amiprophos-methyl (AMP) or NAT, showed any inhibiyceffect on the emergence of
the radical. (Results not shown)

The first growth occurring between radical emergesied 8 days, was, however, affected
by the two herbicides. As is shown in Figure &ath Trifluralin and AMP severely
inhibited growth at concentrations above®1®, with the former reducing the fresh
weight by a maximum of 40% and the latter by a mmaxn of 55%. Both effects were
statistically significant. The seedlings became Ilmo and stunted at those
concentrations. In contrast, however, NAT, had ffiecethe germination and the ensuing
radical elongation except at the highest concentral0° M.

An unexpected result was that the lowest conceotratf the two herbicides seemed to
slightly enhance the growth of the newly germinafgdnts, although this was not

statistically significant.

79



A A B B B
100 -
~ 80 -
(2]
£
< 60 4
()]
D
2 40
=
[}
o
- . . l
0 ; ; ; ;
c 6 5 4 3

Trifluralin concentration (-Log M)

b)
A A B B B
m -
=)
So
<
(o]
‘© 40 A
2
<
g 207
L
0
c 6 5 4 3
Amiprophos-methyl concentration (-Log M)
c)
80 - A B

(o]
o
I

N
o
I

Fresh weight (mg)
»
o

o

A A A _
6 5 4 3
NeemAzal concentration (-Log M)

Figure 3.1: The effect of the herbicides and NAT orthe early growth of cabbage seedlings.
The results represent the fresh weights of the mgetminated plants by 8 days of incubation in
a range of concentrations of test materials. Vahresthe averages + SE of 3 plates each of 36
seeds. The compounds used were a) trifluralin; rbijpephos-methyl; and ¢) NAT. Control

plates (C) contained only 1% v/v DMSO. The letiedicate statistical significance: Those with
different letters are significantly different a&p.01.
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3.3.1.1.1. The effect of trifluralin on the growthof cabbage seedlings.
Fresh weight, total plantlet length and root lengttre measured at 12 days after first

signs of germination of seedlings which were cdhgfime-matched to ensure that they

were all at the same stage of development.

Trifluralin (Figure 3.2) reduced all three growthrpmeters, compared to controls, at all
the concentrations used and in a concentrationrakgpe: fashion, although this was only
statistically significant at p=0.01 at concentrai@f 10° M and greater. The effect of the
compound was particularly marked on root and tplkaht length, reducing the former by
a maximum of 80% at the highest concentration, lattédr by 87%. The root growth
which took place at concentrations of the herbigjdeater than I0M was stunted and

abnormal.
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Figure 3.2: Effect of trifluralin on the growth of cabbage seedlings

The results represent the averages + SE of 3 edpljates each of 8 germinated seeds after 12
days of growth on media containing different conaions of the herbicide. The parameters
measured were: a) fresh weight; b) total planttleng) root length. Control (C) plates contained
only 1% v/iv DMSO. The letters indicate statistis@nificance: those with different letters are
significantly different at $0.01.
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3.3.1.1.2 The effect of amiprophos-methyl (AMP) ogrowth of cabbage seedlings.

The effects of the herbicide on the growth of cagbseedlings up to 16 days is almost
identical to that of trifluralin (Figure 3.3). Theewas a concentration-related reduction in
the three parameters of growth, which is statiijicsignificant at either 1®M or 10°

M. The most sensitive indicators, total plant lénghd root length, are both reduced by
more than 80% compared to the controls, a resuibstl exactly the same as that found
with trifluralin.

One anomalous result is that the herbicide appearetrease root growth at 10/.
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Figure. 3.3: The effect of AMP on the growth of cabage seedlings.

The values are the averages + SE of 3 replicatelaach of 8 germinated seeds after
12 days on media containing different concentratiohthe herbicide. The parameters
measured were: a) fresh weight; b) total plant leng) root length. Control (C) plates
contained 1% v/v DMSO. The letters indicate stattsignificance: those with different
letters are significantly different axp.01.
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3.3.1.1.3 The effect of NAT on the growth of cablgge seedlings.

The effects on growth of a range of concentratioh®NAT are shown in Figure 3.4.
Although the averages of the parameters measum@a ahslight concentration-related
decline, it is small compared to the antimitotickieides. At the maximum concentration
of 10° M the reductions in the various measurements cozdp® the control are: fresh
weight: 6%; total plant length: 19%; and root ldndgt7%. Only in the case of the total

length is this reduction statistically significgpt=0.01).
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Figure 3.4: The effect of NAT on the growth of cablge seedlings.

The results represent the averages +SE of 3 réplplates each of 8 germinated seeds
after 12 days of growth on media containing differeoncentrations of the terpenoid
extract. The parameters measured were: a) fresghtyed) total plant length; c) root
length.Control (C) plates contained only 1% DMSO. Thedettindicate statistical significance:
those with different letters are significantly @ifént at g0.01.
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3.3.1.2 Sugar Beet.

Sugar beet germination took longer than cabbage, reaver reached 100% even on
control plates, averaging 90% in the absence oéttienitotic compounds. A period of 8
days was required to achieve the maximum levelesimgnation. Growth of the sugar
beet seedlings was then much slower than the caldeagllings. The subsequent further
period of early growth was thus set also at 8 d&yen after this longer period, the rate
of growth as measured by fresh weight, total ard length, was generally less than half

that of the cabbage seedlings.

3.3.1.2.1 The effect of Trifluralin on germination.

The sugar beet seeds were also much more senitive presence of the antimitotic
herbicides. As Figure 3.5 shows, both germinaaad early growth are inhibited by
Trifluralin in a concentration-dependent manner.ti#¢ highest concentration of 10/
the herbicide reduced the rate of germination ftbm control level of 91% to 52%, a
highly statistically significant reduction of 43%ropared to the control value.

The effect of the herbicide was even more marke@stricting early growth. By 16 days
after germination the fresh weight of the plants roadium containing Id M was

reduced by 70% compared to the controls.
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Figure 3.5: The effect of trifluralin on the germination and ealy growth of sugar
beet The results represent the averages + SE of @8glatich containing 36 seeds on
media containing a range of concentrations of thebibide. The parameters measured
were: a) germination (radical emergence) and byvtiras measured by fresh weight of
seedlings. Control (C) plates contained only 1%8M¥SO.

The letters indicate statistical significance: thesth different letters are significantly differest
p<0.01.
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3.3.1.2.2 The effects of AMP on germination of sugaeet.

The effects of the herbicide AMP on the germinatmm first growth of the sugar beet
seeds (Figure 3.6) is almost exactly the same as fttund with trifluralin. Both
germination and early growth are severely disrupiteda concentration-dependent
manner. At 16 M AMP, germination is reduced to 56% of the coh{g), and early

growth to 19%.
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Figure 3.6: The effect of AMP on the germination ad early growth of sugar beet.

The results represent the averages + SE of 3 gatdsof 36 seeds after 14 days of incubation, in
the presence of a range of concentrations of thadide. The measured parameters were:

a) radical emergence, b) fresh weight of seedli@gsitrol plates (C) contained only DMSO. The
letters indicate statistical significance: thosahwdifferent letters are significantly different at
p<0.01.
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3.3.1.2.3 The effect of NeemAzal on germination etigar beet.

The results in Figure 3.7 show that NeemAzal hadegative effect on either the

germination or early growth of the sugar beet.
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Figure 3.7: The effect of NAT on the germination ad early growth of sugar beet
The results represent the averages + SE of 3 paids of 36 seeds 14 days after the start
of incubation. The parameters measured were: a}alaémergence, b) fresh weight of
seedlings. Control plates (C) contained only 1% WSO. The letters indicate
statistical significance at<0.01: There are no significant differences betwé¢ea
different concentrations.
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3.3.1.3 Sugar beet growth.

3.3.1.3.1 Effect of trifluralin on growth.

The effect of trifluralin was to inhibit the growtbf the sugar beet seedlings between
germination and 16 days (Figure 3.8). Total freshght of the plants was reduced by
36% compared to the controls. The amount of comagoh dependence was not clear, as
the effects of 18 M were not significantly different from TOM.

The effects on the root and shoot length were muaeked, being respectively reduced

by 79% and 63% compared to the control valueseahiphest concentration of 104.
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Figure 3.8: The effects of Trifluralin on the growt of sugar beet seedlings.

The results represent the averages + SE of 3 atplates, each of 8 germinated seeds
16 days after radical emergence. The parameteesured are: a) fresh weight of
seedlings; b) total plant length; c) root lengtlen@ol (C) plates contained only 1% v/v
DMSO. The letters indicate statistical significandkose with different letters are
significantly different at £0.01.
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3.3.1.3.2 The effects of AMP on growth of sugar bee

The effect of AMP on the growth of sugar beet segdlis shown in Figure 3.9. As the
case with trifluralin there is not a clear concahitin dependence of the inhibition of
growth. The lowest concentration of AM had no effect on the parameters measured,
and higher concentrations all reduced growth to ghme extent. This reduction was
highly statistically significant, and was greatesh root length, which was only 33% of

the control values.
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Figure 3.9: The effect of AMP on the growth of sugabeet seedlingsThe results represent the
averages + SE of 3 replicate plates each of 8 geted seeds 16 day after germination on
growth media containing different concentrationsAdP. The control (C) plate contained only
1% v/v DMSO. The parameters measured were: a) fueght of seedlings; b) total plant length;
c) root length. The letters indicate statisticajndficance: those with different letters are
significantly different at §0.01.
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3.3.1.3.3 The effects of NeemAzal on growth of sugaeet.

The effect of NeemAzal on the growth of sugar iestiown in Figure 3.10. Throughout

the range of concentrations used, the terpenoidsbaffect on growth.
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Figure 3.10: Effects of NAT on the growth of sugarbeet seedlings.The results are the
averages +SE of 3 replicate plates each of 8 getetinseeds 16 days after germination on media
containing different concentrations of the neemastt Control (C) plates contained only 1% v/v
DMSO. The parameters measured were: a) fresh wdayhtal plant length; c) root length. The
letters indicate statistical significance aO1: There are no significant differences betwiben
different concentrations.
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3.4 The effect of aza A on Mitosis of Plant Cells.

There are several publications that have been cegerding aza A’s effect on insect and
mammalian cells (Elizabetkt al, 2003 ref. byChapman, 2003Rembold and Annadurai,
1993) at concentrations varying from @ 10'° M. It was found that the limonoid had
no affect on range of mammalian cells at conceptratup to 16 M, but Akunduguet al
(2001) showed that azadirachtin affected the hugh@ama cells at these concentrations,
and if that is true, it would cast doubt on itstahility as a safe PPP. Salehzadttal
(2003) found that aza A has an antimitotic effectimsect cells, in the same way as the
antimitotic plant metabolite, Colchicine, by intnihg with the polymerization of
tubulin, at a concentration of 5 x4, and cells get stuck at G2/M phase of the cell
cycle, but on that of mammalian cell it was fourzddirachtin showed cytotoxic effects
and inhibit proliferation, only in concentration ev10* M. This would suggest that
azadirachtin might be able to prevent mitosis Irsaits of dividing cells, including plant
cells (Nisbet, 1991; Nisbett @l, 1993 and 1996). This might be problematic if the
terpenoid was applied to growing plants. A numbfecammmercially available herbicides
act by preventing plant-cell division. The followistudy was intended to establish if the
terpenoid did have an effect on mitosis in plarisce

Those findings raised the question of if aza A hagative effect on plants on its
application in controlling insects, particularly efapplied systemically. There is little or
no work that has been done on Azadirachtin’s cyioteffect on plant cells.

The literature on the application of neem-basedtpgteotection products has reports of
examples of phytotoxicity (Freiswinkel, 1989 refy Bchmutterer2002), the basis of

which is unknown. Earlier work in this project shedvthat the development of cabbage
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and sugar beet seedlings was in fact inhibitedigly boncentrations of Azadirachtin A.
The effect of Azadirachtin A on cell division watidied using onionAllium cepa
Bedford) root tips. Armburstest al, 1991; Singhet al, 2005) squash technique, with
slight modifications, was used. After a few unsestel preliminary tests using cabbage
and sugar beet roots, onion root tips were chosahey have comparatively large cells

and stain well.

3.4.1 The phytotoxic effect of Aza A due to anti-nwsis.

3.4.1.1 Materials and methods

a) Growth Medium and Stock solutions.
The Growth medium and stock solutions of azadiiacAtand herbicides was prepared

as that of germination and growth bioassay of cgbb@rassicaeleracea, capitata
Var. Primoll), and sugar beeBéta vulgaris L, Var. Roberta) (see 3.2.1 and 3.2.2).
Onion Allium cepa Var: Bedford, home base, UK) seeds were germinasereported
for seedling growth assay, Schiff's reagent werduss a staining reagent, glacial acetic

acid, 1N HCL, ethanol were used as a fixative eaég

3.4.1.2 Methods.

Onion seeds were germinated as reported for sgegliowth assay, and transferred into
agarose growth medium (8 germinated seeds in dabh @bntaining two concentrations
(10° M and 10 M) of Azadirachtin A. The antimitotic herbicide Ttralin was used, at
10* M, as a comparison. Both compounds were addétetéinal medium in the solvent

DMSO, to give a final concentration of the solventl%. The control seedlings were
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cultured on medium containing only 1% (v/v) DMSCQOodR tips (5mm) were excised
from onion seedlings at 24, 48 and 72 hours afeatment. They were fixed with acetic
acid: HCL (1:3 v/v for 24 hours) and then rinsedhwdistilled water three times, then
hydrolyzed with 1N HCL for 1 minute, and stainediwschiff's reagent (Sigma-Aldrich
Ltd., England, UK) for 30 minutes. Finally the rotp was macerated in a drop of
mounting agent, (Aquamount, Verebetered, BDH Latooya BH15 Ltd., England, UK)
on slide, and covered with cover slip. They wexamined microscopically at X40
under confocal microscope. The mitotic index (numtifecells showing mitotic figures
as a % of total cells in a sample of 150 cells)s watermined in at least 4 microscopic

fields for each treatment.
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3.4.1.3 Results.

Mitotic indices of the onion root tips for threeydaafter exposure to the phytotoxic
compounds are shown in Figure 3.11. Control plaxposed only to DMSO, as
expected, showed no change in mitotic index throughhe period of exposure. It
remained steady at about 5%. The same was trumsé exposed to T Aza A. The
plants exposed to TOM aza A and 10 M trifluralin showed a dramatic, and highly
statistically significant, (p<0.01), increase intotic index after 24 hours of exposure to
the compounds, the former to 9.6% and the lattd28h. After 48 hours exposure, both
of these cultures showed a sharp fall in mitotae to below the steady control level.
This too was highly signicant (p<0.01) comparedtihe control value. This was
accompanied by gross cell distortions and the appea of multinucleate cells as normal

cell replication ceased at 72 hours (Fig 3.13).
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3.4.1.3.1 Effects of compounds on Mitotic figuresf@nion Cells.
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Figure 3.11:Effect of Aza A and Trifluralin on mitotic index on onion root tip. The
seedlings were exposed to possible antimitotic @amgs over a three day period as
follows: A: AzalO®M; x: Azal0*M; :Trif. 10°*M; +:DMSO (control). Values are the
averages mitotic indices for at least 4 microscdmtds of 150. One-way analysis
(unstacked) of variance (ANOVA) was carried in deti@ing the statistical difference of
mitotic index among the antimitotic compounds aadtol #DMSO). Those with different
Asterisk(**) are significantly different from the control at0.05. n=3.
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3.4.1.3.2 The Average Mitotic Stages of Onion celisrough 72 hours of exposure.
The average mitotic figures in squashed cells otrots, and those treated with aza A at

the concentration of 10showing in a steady state of dividing cells irfefiént stages of
mitotic stages on an average between 1 to 3. omdheary, those treated with higher
concentration of aza A and Trifluralin, at3® and 10* M respectively, the number of
cells in prophase and metaphase stages increag@eyeb two-fold compared with the
untreated for the first 24 hours, (Figure 3.12)teAf48 hours those values remarkably
decreased by lower than half of the original val@ae®sl after 72 hours there were hardly
any cells in any stages of mitosis.

Fig. 3.14 shows the effect on the growing germitiggiants after 7 days. While control
seedlings and those growing in the presence 6 @za A have well-developed rooting
systems, and have grown to an average of about, 5hase in the herbicide and 1M

aza A have failed to develop roots and show onlgitsd growth.
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Figure 3.12: The average mitotic index of each mitotic stages @m rot tip cells. Each
bar represents the mean = SD of 3 replicationswaflidg cells of 150 cells per root tip
a) 24 hours, b) 48 hrs, c) 72 hssControl (DMSO),s Aza A 10°M, m Aza A 10°M
Trifluralin 10°M. Asterisks (*) indicate statistically significadifferences (g 0.01) of
each mitotic stages of the treated cells compareiet control.
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Figure 3.13: Photomicrography of root tip squashes.Root tips quashes at low
magnification micrography (x400) of a) AzaA3d the cells, b) Trifluralin 1M with
numerous arrested mitotic figures at metaphaseaaaghase stages and c) aza AMO
and d) DMSO with cells at different mitotic stagéScale: 1cm=25um)
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c) d)

Figure 3.14: Onion seeds grown on agarosenedium containing different
concentrations of aza A, known antimitotic herbicic triflorulin and control for 7
days.a) 10°M concentration of aza A, b) TOM concentration of Trifluralin. c) Itm
concentration of aza A and d) control (DMSO). Taled.:1.
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3.5 Discussion.

One of the advantages of using neem extracts as platection products, in which aza
A is the active ingredient, is that they are saidbe highly specific in their effects
towards insects, while apparently having no effeat mammals, including Man

(Salehzadelt al, 2003).

There are, however, a number of reports that betlecneem-seed extracts and pure aza
A have shown some phytotoxicity (Schmutterer, 2008)s is acknowledged by Trifolio
GmbH in their “instructions for use” of formulatgdant protection products based on

NAT.

Nisbet (1991) found that azadirachtin at 500ppri 10° M) inhibited the early growth
of tobacco Nicotiana sylvestris plants. Bittumet al, (2004) demonstrated that an
inhibitory effect of azadirachtin A could be founging newly germinated plants of
Arabdopsis thalianaThese authors showed that there was also anitioyiteffect on
cell multiplication of the limonoid oArabdopsiscells in liquid culture indicating that the

effect was at the individual cells.

Aza A affects wide range of insects and its modaation has been described in Chapter
1. Many of these may be attributed to the antingteffect on insect cells shown by
(Salehzadelet al, 2003). These authors showed that aza A boutabtdin in the same
way as the classical antimitotic colchicine, angapntly at the same site as colchicine,
to prevent polymerization of the tubulin. This peats the formation of the microtubules

essential for cell division.
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As tubulin is present in all eukaryotic cells, #nés an obvious possibility that the
phytotoxicity of aza A is due to the same sort @chranism in plant cells as is found in

insect cells.

As discussed in Chapter 1, a number of herbicideskaown to act in this way. Two
antimitotic herbicides, trifluralin and amiprophosethyl were used as comparators.
Trifluralin belongs to dinitroanalines: class of epgmergency that cause severe
morphological abnormalities root (meristematic)stip plants (Morejohret al, 1987).
AMP is organophosphorus, phosphorothioamidate bieldai AMP , though different
chemical class, act similarly and cause similaurippnsymptoms like that of dinitroanalins
(Ellis, Taylor, and Hussey, 1994; Gunning and Hardh1982; Kiermayer and Fedtke,
1977; Morrissettest al, 2004). Both have been shown to have a cleaméntic effect

on plant cells.

The germination and early growth of plants, as sfasvn by the work reported here, are
easily measured, and provide clear effects. Thikédy to be the time when plants will
be most sensitive to anti-mitotic effects. Fromracfical point of view, it will give an

indication of how early a plant protection prodaah be applied.

Although there were some differences between the glants used, (sugar beet seeds
germinating later and less effectively than cabb&geinstance) both plants showed the
same effects of the compounds used.

None affected germination of the seeds. As expedtesl two antimitotic herbicides

strongly inhibited root and shoot growth at low centrations (18 M and higher). The
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roots of affected plants became swollen and bulbAu$igh concentrations, the leaves
of the seedlings became curled and brittle. Rootvtr was severely inhibited. This is
consistent with earlier findings (Kiermayer and tkedl977; Gunning & Hardhan, 1982;

Morejohnet al, 1987).

In contrast, although NAT did have an inhibitorjeet on seedling growth, this was only
found at the highest concentration used® M. This concentration is in line with
previous results which showed that azadirachtina#l B negative effect on growth of
onion plant at a concentration of M (Freiswinkel, 1989: Hiltorand Nomura, 1964),

and with Nisbet, 1992; Blake, 2002 and Betetnal,, 2004).

The microscopic studies were carried out to seahd inhibitory effect of the
azadirachtins was in fact due to an antimitoticeetff Such effects in plants are
traditionally best seen in effects on the meristeimyoung plant roots, which are
undergoing rapid cell division. Initial attempts do this with cabbage and sugar beet
roots were unsuccessful, and so the results here with the “classical” tissue of onion
roots. The results showed that the concentratidngesied compounds required for
disruption of normal cell division processes cailed with the effects on the growing
plants. At 1G M of aza A of NAT the root cells were abnormal atistorted. Many cells
seemed to be stuck in anaphase and failed to praphase. No such effect was shown
at 10* M. The same type of effect was shown by much low@mcentrations of the

herbicides used.

Several types of herbicides have their effect btindtosis. The two used here, the

109



dinitroaniline trifluralin, and the phosphoric amidAMP, are known to prevent
polymerisation of tubulin (Kiermayer and Fedtke, 719 Morejohn et al, 1987;
Morrissetteet al, 2004). On the basis of the present resultsithpossible to be sure that
the phytotoxic effects shown by NAT are in fact doehe inhibition of polymerisation
of tubulin, but the similarities with the herbic&ldaken with the results of Salezadh
al., (2002) on insect cells, strongly suggests that is the case. Further work at the
molecular level would be required to confirm thaaaA inhibits plant microtubule
polymerization by binding to individual tubulin momers @- or 3-tubulin) as has been

shown for insect cells.

In summary, the results presented in this chaptewshat NAT with aza A as its main
component is phytotoxic to newly germinated cabbau sugar beet seedlings, but only

at a concentration of T0M, apparently by acting as an antimitotic agent.

What are the practical implications of these firgdirior the use of the crude extract as a
plant protection product? In practice, the conegiun of 10° M is unlikely to be ever
achieved around plant roots, as it is represestsréiximum solubility of aza A in water
at normal temperatures. It would also be too experts be practical. It might however,
prevent, the use of the neem extract in a seeetpallthough other pesticides also

showing phytotoxic effects used in this way (B. B personal communication).
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Chapter 4: Persistence of aza A in soil and plants.

4.1 Introduction.

4.1.1 Use of appropriate pesticide formulations.

Since active ingredients (a.i.), are seldom usegdure form, pesticides come into the
market in a wide range of different formulationsr@sols, dusts, baits, granules, ready-
to-use, emulsifiable concentrates (EC), flowablestieveelet al, 1997 ), wetable or
soluble powders (WP or SP) and fumigants. Each bae its advantages and
disadvantages which have already been outlinechapter 1. These formulations enable
the a.i. to be easily handled as well as bettavelsl to its target (Devisetty, Chasin, and
Berger, 1991; Matthews, 2008).

One of the important characteristics of aza A at&l ¢ongeners (also called
azadirachtoids) is that they are moderately watkrde (Daly, 2004). This places aza A
in a small group of plant protection products ($aéle 4.1 in thaeliscussion section for
this chapter) which can move easily in soil watergd enter plants to act systemically
against pests. The problem with such a.is. istttet may easily enter and pollute ground
water, especially if they are used in excess, aw fong half-lives in the soil (Pimentel
et al, 1993; Pimentedt al, 1980; Wen and Pimentel, 1992).

In contrast, however, to the persistent synthegtipides, most botanical bio-pesticides,
including the azadirachtins, disappear rapidly e tenvironment, and so they are
considered less polluting than synthetic ones (ona1989). As aza A is the principal
one of this group, it is the active ingredient ieem plant protection products, with

multifaceted insecticidal effect on a wide rangengects (Isman, 1991; Saxena, 1986;
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Schmutterer and Singh, 1995; Asher, 1993) and discussed in Chapter 1. Several
authors have suggested the use of aza A as apgbik@ systemic insecticide (Nisbet et
al., 1993; Sundaranet al, 1995; 1996; Thoeming and Poehling, 2006). Since
azadirachtin, applied to plants or to soil, is lfkeo be rapidly destroyed by light, water
and soil micro-organisms, and hence have a shttlifea an alternative way with better
efficiency became desirable: development of a oflett release granular (pelleted)
formulations of the terpenoids. This should makeassible for the pesticide to be
delivered gradually to its target over a periodimie thus reducing loss of pesticide in the
soil, due to run off, leaching and biological k@awn. Also, unlike spraying of
pesticides, this method of delivery should reduoe number of applications for the
pesticide, and so increase its cost-effectiven€ssbin et al, 2006, NAFTA report;

Barlow, 1985; Collinst al,1973ref. by Daly, 2004).

4.1.2. Granular Formulations of Pesticides (GFP)

GFP is one of many options to deliver pesticidesmtget. Granules range in size between
200 pm to 2360um. Unlike liquid formulations which are usually aged directly on to
the plant and pest, they are applied to the fieldree flows and are delivered to the
target indirectly by movement through soil and plgystem, at a rate depending on the
nature of the pellet material (Bowman, 1992; Mailthe2008; Sawyer, 1983; Banks

al, 1990; Barlow, 1985).

Standard formulations of a typical granular areriea (70 to 98%), pesticide (2 to 30%),
solvent or binder (0 to 10%), deactivator (0 to 7@&alley et al, 1992; Gosst al,

1994). As already reported in Chapter 2, analykthe granules used in this work found
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34% wi/w total azadirachtins, which puts the mateatahe top end of the range quoted
above.

There are two main categories in granular carrigigeral and organic. Most of those
classed as organic are polymers, both syntheticnatutal. Examples of synthetic ones
are polye-caprolactone, polyethylene and poly-phenyl chieridhe common natural
ones include starch, alginate and lignins (Fleesl, 2007; Goss, Taylor, and Kallay,
1994); Boyston, 1992; Choudaeyal, 1989; Solvey, 1998)

The use of granules opens the possibility of cdimgpand delaying the release of the a.i.
S0 as to increase the effectiveness of the pro@cger and Laskowski, 1998; Kenaway,
1998; Kenaway, and Sakran, 1996). To achieve thsirede controlled release,
consideration of physical properties of the granty@e such as mesh size, absorptive
capacity of carrier, rate of breakdown, and hydiopty are important. The water-
solubility and persistence of the a.i. are alsodrtgnt in determining the effectiveness of

this method of delivery.

4.1.3. Previous work on release of aza A from grates

Daly (2004), whose work preceded this project, istidhe basic physical parameters of
aza A. He showed that it was moderately solublevater (1900 mgl! at 22C), and
should therefore be readily mobile in soil, andtsysc in plants. Using a tritiated tracer
of azadirachtin A, ([22, 23] dihydroazadirachtin A) he was able to confirmtthavas

in fact mobile in both soil and the trial plant ds@asturtium Trepaeolummajug. By
using laboratory-made pellets loaded with the raditive tracer, Daly (2004) was able

also to show that rate of release of the terpemadan aqueous medium was dependent
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on the nature of the pellets. Lack of time, howgpeevented him applying these results
in actual plant protection.

The work reported in this and the following chapters undertaken to extend, and make
more commercially relevant, the preceding work. Tents used were commercially
important cabbageBfassica oleracea, capitatand sugar beeBgta vulgaris L), which
are attacked by a wide range of pests encountar8datland, and which are described in
the Chapters 1 and 5. Pellets, loaded with NATf¢lilo GmbH) were prepared by
Germains Technology Group, Kings Lynn, UK, who spkse in making pellets for
application of plant protection products for agticte. Daly’s results with the tracer
derivative meant that no estimates of the actuatentration of aza A were made either
in soil or leaf material. For practical purposes,was important to determine the
concentration of the terpenoid in soil and plaststhat realistic estimates of usage could
be determined.

4.1.4. The release of aza A from granules, and ipgrsistence in soil and plants

The aim of this part of the project was to examimebehaviour of aza A in soil and plant
environment by quantitative analysis of the terpgéntt can be broken down into three
parts:

The first part was to determine the limonoid’s nliépiand stability in soil and thus its
half-life (DTso).

The second part followed the release of aza A fileenpellet formulations, with the aim
of determining the degree of delayed release wticid be achieved.

The third part looked at systemic plant uptakehef imonoid and its persistence inside

the plant after its uptake from both a hydroponediom and from soil.
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4.2. Materials and Methods
4.2.1. Soil

The soil used throughout the work reported here wWasn a single batch of
commercially-available “top soil” purchased fromaBd Q Ltd, UK. This is classed as a
sandy loam type with a 3.2% carbon content and afpHO, the best dbur main types
of soil found in the UK. It's considered the beftr broad range of plants as it has the
advantages of sandy and clay soil and none of theadvantages: the sandy part of it
allows the plant root to easily penetrate into sbé, where the clay is beneficial for its
nutrient and prevents quick loss of water (easy2@4; gardeningdata.co.uk, 2003).

4.2.2. Maintaining a constant soil moisture content

Studies on the behaviour of aza A in soil depermteéxtracting the terpenoid from the
soil water, as this represents the fraction avkalab the plant for uptake. As this work
was done in pots, over many days, it was importantaintain a constant level of
saturation of water in the soil. This was done Bans of the system called “Osmogro
Self-watering Systeffi (Aquagel Technologies Ltd, Scotland). The key poment of
this system is a semi-permeable membrane placeer tine pot containing the soil, fed
by a reservoir of water, which keeps the waternteuonof the potted soil constant (Fig.
4.1).

After soaking with tap-water, the soil was transddrinto a 12.7cm x 11.5cm flat-
bottomed specially-designed pot of Osmogro Selievilag Systerfi, the membranes put
in place, the reservoir filled with water, and thée pots left for 2 days to equilibrate.

Samples of soil were collected in triplicate fromck pot, over a period of 3 days by
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using a 1cm diameter coring tube, which removee@réical column of soil from top to
bottom of the pot.

The soil samples were placed in individual weigB&chl Pyrex beakers, and dried in an
oven at 108C, until constant weight (12 hours). The weightwaiter in the soil was
determined by weighing before and after drying| Sores were taken as above from 4
pots, and the results averaged. A figure of 25.2% (w/w) for water in soil was
obtained. The sampling over 3 days proved thatasmotic watering system could

maintain this figure within 1% throughout the expents.

. b) Soll
a) Osmogro reservoir
c) Water d) Pot
f) Semi-permeable
e) Pad LSS membrane

Figure 4.1: Osmogro Self-watering Systefh

The figure shows in diagrammatic form the systeradutb maintain constant water
content in soil. The water is drawn up into thel saough the osmotic membrane to
maintain a constant osmolarity of the soil wateustkeeping its volume constant.
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4.2.3. Persistence of aza A in soll
In order to investigate the basic behaviour of Aze soil, NAT powder supplied by

Triflolio-M GmbH, Germany, was used. This mater@@ntains 42% (w/w) aza A, as
already indicated in Chapter 2. It was decideddd sufficient of the material to the soll
in pots to achieve a theoretical maximum conceipmadf 10°M for aza A in the soil
water. The results reported in Chapter 3 indic#itatl at this concentration, there should
be no risk of phytotoxicity. To achieve this thetical concentration the NeemAzal®-
Technical was added to the prepared soil at a corat®n of 43mg.kd.

Equilibrated soil, in 1 kg batches, was thoroughiixed with 43 mg of the crude
terpenoid. Soil was then returned to the osmotifevetering system and pots were left
for 4 hours at room temperature (22€). Soil cores were collected as above, and each
one extruded into a 10ml sterile plastic syringeo iwhich a 25mm glass-fibre filter
(Whatman, UK), had been placed. At the tip of #yeinge was fitted a Whatman’s
Spartan 3 syringe filter, pore size 0.2um (Whatmli). The syringe was then
suspended in a Corex 35ml centrifuge tube and ibeged for 3 minutes at 3000rpm to
remove and filter the water from the soil core (Mg2). About 200ul of water was
collected consistently from each soil sample. Aquadt of this, (20-50ul), was injected
into the reverse-phase HPLC for quantitative anglgbaza A in the soil by the standard
CIPAC method as described in Chapter 2. (The noati@liot volume for analysis was
20ul, but for very low concentrations, larger voksrwere occasionally used to ensure
that the amount of aza A was greater than the Lieind to be 6x18 g (section 2.6.5.1)
To ensure consistency, two standards of purified AmZrom those used to establish the

standard curves in Fig 2.4 were run with each bafckoil-water samples. These were
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32ugmi* and 250pugmt. Soil samples were taken every 24 hours for faysd (Beyond

this time quantities of aza A had fallen below H@D: 7.5x10° g.mf?)

Corex 35ml E—

10ml Syringe ———
Soil core
Microfiber filter L

- 0.2um Syringe

v

Water collect —f’v

Figure 4.2: Recovery of water from soil samples.

The method used to extract and filter the watemfi@ standard core of soil is shown
diagrammatically. The water recovered after camgation was used to estimate the
dissolved aza A.

4.2.4. Azadirachtin A release from the granules i the soil

4.2.4.1. The composition of the granules
Granules containing NAT were prepared for this gebpy Germains Technology Group,
Kings Lynn, UK. Although some aspects of the natofethe pellets must remain

confidential, they were composed of “wood flour”tlvicarboxymethyl cellulose as
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binder. As well as the basic pellet, which tookwager, and disintegrated quite rapidly in
the soil, a second type contained a hydrophobignpet to delay release of the terpenoid.
These will be respectively called “hydrophilic” (8¢m 1”) granules and “hydrophobic”

(“Neem?2”) granules.

4.2.4.2. Theoretical maximum concentration of azadachtin A in soil

As stated previously in Chapter 2 the NAT contehboth these types of pellet was
shown to be 34+2% w/w. This meant, as aza A is 42%he semi-purified extract, that
the content of azadirachtin in the pellets was k4Owmf pellets. To achieve the required
theoretical maximum concentration of aza A of M, 130 mg of the pellets were mixed
with 1kg wet soil.

As described in 4.2.3after the pellets had been incorporated into theisgots, they
were left for 24 hours at room temperature, andstmaples taken for estimates of aza A
at daily intervals, until the concentration of airachtin had fallen below the level of
detectability. Aza A in soil- and leaf-water wasabysed by the CIPAC HPLC methods
previously described. Concentrations were detexchiny peak height/area with regard
to standards of known concentrations run at theesame.

4.2.5. Systemic uptake and persistence of aza Aptants

Systemic plant uptake and its persistence in thie &t aza A was tested on plants which
had been allowed to grow in soil for 21 days"{ léaf stage ) before loading them
hydroponically in growth solutions containing knoaoncentrations of the terpenoids

( Figure 4.3).

Cabbage and sugar be8rgssica oleraceae&ar. Primoll, Beta vulgaris) plants were
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grown from seed as described in above section.r Adtaveeks, plants were gently
uprooted, the roots washed in tap water and tHaceg in half-strength Hoaglands
solution, which contained the following nutrientsKNO3;, 6 mM; Ca(NQ),, 4 mM;
NH4H.PO,, 2 mM; MgSQ, 2 mM; HBOs;, 50uM; MnCl,, 10uM; ZnSQs, 0.77uM;
CuSQ, 0.36uM; Na;MoO,, 0.37uM; FE€*—~EDTA, 4.5uM . The nutrient solution was
put into 50x20cm porcelain troughs. The plants,psuied by polystyrene sheets and
cotton wool, were then placed with their roots imseel in the nutrient. The polystyrene
sheets were wrapped in black polythene to exchgih from the medium. The system is
shown in Figure 4.3. The troughs were put in thérbgonics growth room with a long
day (light/dark, 16h/8h) set-up, to make them gfaster. They were maintained at 20 °C
with humidity of 60%. The troughs were topped uergvfew days with water and the
Hoagland’s solution changed completely every weekhe medium was constantly
aerated by means of an air pump. Plants were lgtaw on the aerated nutrients media
for a week to recover from the shock. On the secmrdk NAT as dissolved in the
Hoaglands medium at two different concentrationazs A, 1¢ M and 106* M, and the
plant roots exposed to limonoids for 24 hours. A4 hours the media was replaced by
fresh Hoaglands, and the plants allowed to growaféurther 4 weeks. Throughout this

time, individual leaves were taken for analysiapd A.
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b)

Figure 4.3a and b:Plants growing in the hydroponic system.
The photograph shows a) cabbage and b) sugar Mepets pgrowing in Hoaglands
medium. They are supported by polystyrene sheet&red with black plastic to mimic

soil conditions and prevent algal growth.
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4.2.5.1. Extraction of aza A from leaf tissue.

Harvested leaves were freeze-dried with LSL SecB#01111 Aclens, Switzerland., at
-59°C for 24 hours. (Preliminary tests showed that thay reached constant weight by
that time.) Then the dried leaves were weighed, sedliced to powder  with a
multispeed stirrer. Weighed samples of powder warspended in methanol (1ml),
shaken for 5 minand centrifuged at 1000rp. for 3 minutes. The Swug@nts were
collected. The process was repeated three timée. pdoled supernatants were taken to
dryness in stream of air and then redissolved ih rhethanol. Aliquots of 50ul were
analysed by the standard HPLC method (Chapter @tiermine the concentration of aza
A'in the leaf tissue.

In order to calculate the concentration of aza gmleaf water, preliminary experiments
were done in which fresh leaves were freeze drsedb@mve, weighing before and after to
determine the water-content. It was found to be: @86 w/w. This figure was then used

to calculate the concentration of azadirachtirhimleaf water.
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4.3. Results
4.3.1. Mobility and disappearance
After the NAT had been mixed with soil to give @&dinetical maximum concentration of

10* M aza A, the first sample of soil water, takenclifs later, gave a concentration of
aza A of 8.11(+2.0) x IOM. This mean value represents more than 80% oéxpected
maximum if all the aza A dissolved in the soil waf€his suggests that azadirachtin is
highly water-soluble, as expected from its knowtulsitity.

The rate of disappearance of the terpenoid ovefolteving 4 days is shown in Fig. 4.4.
When the concentrations are presented in logarittianim, it gives a half-life for aza A

of 1.6 days.
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The Disappearance of Azadirachtin A in Soil

Aza. A Concentration

Time (in hours)

The Disappearance of Azadirachtin A in Soil

y =-0.0088x + 2.04
R? =0.9692

Log % of Original
Concentration

14 ~ T T . J

Time (Hours)

b)

Figure 4.4a and b Disappearance of aza A in soil.

Figures represent the concentration of aza A instiilewater after mixing NeemAZal
Technical. a) The first sample (0 time) was taked aours. b) In the lower graph, the
results are expressed in logarithmic form as a %heffirst measurement. Each point is
the mean = SD of 3 samples from different pots.
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4.3.2. Aza A release from the pellet into the soil.

a) Hydrophilic (“Neem 1”) granules.

The release of aza A into the soil is shown in Bi§. No aza A could be estimated for
the first 3 days of sampling. The concentrationths terpenoid reached its maximum
after 5 days. The maximum concentration was foanblet 4.2 (+0.18) X1® M. This is
42% of the theoretical concentration which mighténddeen achieved from the known
terpenoid content of the granules. After 144 hd@érslays) the azadirachtin in the soil

water declined steeply and was not measurable Affays.
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Figure 4.5: The release of aza A from hydrophilic ganules.

Figures represent the mean concentration (n=@j)eofdrpenoid in soil watefFhe figures
are the mean concentration (n=6) of aza A in saitew Tukey's H.S.D 5% Analysis

between the means was carried out toege with same letters are not significantly défe at
p <0.05.
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b) Hydrophobic (“Neem 2”) granules

These granules contained an undisclosed hydrophgoilymer to delay their
disintegration in water. The effects of this op telease of aza A are shown in Fig. 4.5.
No terpenoid could be measured before thedfly, and the concentration then rose
slowly to its maximum on the f3day. The maximum concentration was 2.5 (+ 0.12)
X10° M. This was 25% of the possible theoretical maximexpected. Then the

azadirachtin declined slowly. After 17 days, it lkboo longer be estimated.

3 _
D D
=
22
c
=
<
5
g1
o
o
<
©
N
<
9 10 11 12 13 14 15 16 17
Time (Days)

Figure 4.6: The release of aza A from the hydrophobic granulesThe figures are the
mean concentration (n=6) of aza A in soil waterkéyis H.S.D 5% Analysis between
the means was carried out ahdse with same letters are not significantly défe at p<0.05.
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4.3.3 Systemic uptake and disappearance of aza Apiants

4.3.3.1 Hydroponic uptake

As described in the Materials and Methods sectimtlh cabbage and sugar beet were
loaded with aza A for 24 hours, from a medium ciming either 1¢ M or 10* M, and

the concentration of the limonoid measured in davés over 3 weeks.

a) Cabbage

The concentration of aza A in leaf water measuterti time (i.e. immediately after the
24 hour exposure to the terpenoid in the growth iomyl was much lower than the
concentration in the hydroponic medium. Whenrtfeglium concentration was 10,

the concentration in leaf water was 1.0 (+ 0.67)0X M, and when it was TOM, the
leaf water concentration was 1.0(x0.5) X>14. In both cases, the leaf concentration was
only 10% that in the bathing medium.

The disappearance of aza A from cabbage leavé®vgrsin Fig. 4.7 (a, b, c and d). The
pattern was the same for the two concentrationthefterpenoid. The concentration of
aza A declined exponentially and could not be mesbafter 17 days. The half-life of

the terpenoid was 9 days.
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Azadirachtin A Residue And Its Persistence In
Cabbage Leaf
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[10*M]
o
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Figure 4.7a and b:Systemic uptake, and persistence of aza A insideltage plant.
Plants were placed in hydroponic medium contaidi®@gM aza A for 24 hours, and then
allowed to grow in medium without the terpenoid 3oweeks, while leaves were taken in
order to estimate the concentration of the terpenoieaf water. Points are the mean +
SD of 3 samples. Results in a) are the concentistfound and in b) a logarithmic
representation based on % of the original conctotra
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Azadirachtin A Residue And Its Persistence In
Cabbage Leaf
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Figure 4.7c and d Systemic uptake, and persistence of aza A inside Qlzage plant
over time. ¢) The amount of aza A in the leaf water of cajgbat 1M concentration
after 1, 9 and 17 days respectively. Its showsAzhsappears exponential from leaf-
water. Bars represent on standard errors of thenmablues. d) log% of the original
concentration as percentage of initial concentngpiotted against time in days.

129



b) Sugar beet

The results for sugar beet were similar to thoseébbage. After loading the plants with
the a.i. for 24 hours, the concentration in thd-feater was found to be 1.2(+0.2) x10
M, when the concentration in the hydroponic medivas 10° M, and 9.2(+2.0) x 1C

M when the concentration in the medium wag' M. The concentration of the a.i. then

decreased in the plants in an exponential wayngigi half-life of 10 days.
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Azadirachtin A Residue And Its Persistence In
Sugar Beet Leaf
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Figures 4.8a and b:Systemic uptake and persistence of aza A inside sargeet plant
over time. a) The amount of Aza A recovered from sugar Beaft water according to
the original one (18M) b) Log % of the original concentration.
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Azadirachtin A Residue And Its Persistence in
Sugar Beet Leaf
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Figures 4.8c and d: Systemic uptake and persistenoé aza A inside sugar beet plant
over time. c) The concentration of aza A in the leaf watecalbbage after 24 hours in
relation to the original conc. Applied (®1). d) Log % of the original concentration.
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4.3.3.2. Aza A release from pellets and its subseznt uptake by plants

The results reported in section 4.3.2 a and b isfd¢hapter showed that the delivery of
the a.i. into the soil could be delayed by the ofspelleted material, and that the delay
time could be modified by the inclusion of hydroplmmaterial. It was important to
discover how this delay affected the appearan@zafA in the leaves of plants grown in

soil treated with the pelleted material.

Both model plants were used: cabbage and sugar aedtenough pelleted material
included in the soil to give theoretical maximunncentrations of the a.i. of £avl and

10* M in soil water.

After the addition of the pellets to the soil, fhlants were allowed to grow for periods of
up to a month. Leaves were removed, and the comtiEm of aza A in leaf water

measured.

Due to lack of time and material, only the hydrdighf'fNeem 1”) pellets could be used.

The results are shown in Figure 4.11. The redoltsthe two types of plant were
generally similar, but there were some differenbesveen them in terms of the time
course of the presence of aza A in the leaveshéncase of sugar beet the highest
concentration of the a.i. was after 10 days, whileas not until 15 days in cabbage.
Except for the cabbage exposed to the higher ctoratem of the terpenoid, no

azadirachtin could be measured after three weeks.

In the case of both plants the concentration ofalein the leaf water was lower than
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might have been expected. The maximum concentratiben the larger amount of
pellets was used was 5.1(+0.3) x°1Ml for cabbage and 8.0(x0.9) x 1M for sugar

beet. At the lower concentration of the a.i. thexima were proportionately reduced.

Concentration of Aza A in Cabbage Concentration of Aza A in Cabbage
Leaf-water Leaf-water
S 6 S5
S . S 4
g g 2
8 2 g8 2
< < 1
S ol : : : : ‘ 5ol : :
4 8 12 16 20 4 8 12 16
Time (Days) Time (Days)
a b
The Concentration of Aza A in Sugar Beet The Concentration of Aza A in Sugar Beet
Leaf-water Leaf-water
S 10 Ze
2 8 2
s 6 s 4
c c
g 4 8 2
< 2 <
« «
&l [ &l 0+ T
5 10 15 20 5 10 15 20
Time (Days) Time (Days)
c d

Figure 4.9a, b, ¢ and d: Aza A concentration in leses of cabbage and sugar beethe figures
represent the mean concentration of aza A (+ SB) imrthe leaf-water of cabbage plants (a and d) an
sugar beet (c and d), grown in soil treated witlficient pelleted a.i. to give theoretical concetitbns

in soil water of a) and c): oM, and b) and d): THM.
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4.4 Discussion .

It has been shown by previous studies (R.Stranguhiished, 2000; Daly, 2004; Ruche,
personal communication, 2005) that aza A breaksndowsoil and artificial growth
media in an exponential manner(arder kinetics). This is illustrated in Table 4.1
which records the results previously obtained is taboratory (Daly, 2004). In order to
minimize the number of analyses, fewer time pomgse used in the work reported here.
This was probably a mistake, as it is not entidbar from results presented in Figure
4.4 that the decay of the terpenoid is in fact evgmtial. If the rate of breakdown of aza
A is a zero order reaction, it would suggest thegt tate would be constant and thus
independent of the concentration of the terpentndthe light of previous results,
however, it seems reasonable to assume that deame of aza A is exponential, and

to derive a D of 1.6 days.

Disappearance of Aza A in soil

100 ¢
e
e
8 80 -
g 60
S
o 40 -
]
= 20 -
X

0 2 4 6 8 10 12 14
Time (Dyas)

Table 4.1 Disappearance of Aza A in soll.
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One of the important physical characteristics i &zis that it is moderately water-
soluble. Solubility at 22 C has been previously determined as: 1.29gMDaly, 2004),
2.9g.L* Kleeberg, H (personal communication, 2004). Thisans that a maximum
concentration of more than ¥ should be possible, although, as shown in Chaptat

this concentration it might be phytotoxic.

This water-solubility means that the a.i. shouldhighly mobile in soil, and systemic in
plants. The characteristics of aza A are comparemtiter systemic insecticides in Table
4.1. It also suggests that it should be well-suited use in hydroponic systems of
production, which are increasingly important foe froduction of high-value salad crops
such as tomatoes and peppers (Aledwdl, 1989; Asher and Zur, 1993; Gill and Lewis,
1971; Osman and Port, 1990; Nisbet, 1991; Sundataah 1995). Several authors have
suggested that, although most neem plant proteptioducts are foliar sprays, its effect
on insects is due almost entirely to its systenuttoa (Ahmad and Basedow 2003;

Pavelaet al, 2004).
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Water ; i

Pesticide Log solubility Soil DT50| Soil _ Systemic

Kow (mgll) (dayS) appIIEd
Aldicarb 0.05 4930 2-9 Yes Yes
Pirimicarb 1.70 3000 7-234 Yes Yes
Ethiofencarb 204 1800 _ Yes Yes
Carbofuran 1.50 320 30-60 Yes Yes
Chlorpyrifos 4.70 1 60-120 Yes No
Imidicloprid 0.57 610 _ Yes Yes
Azadirachtin Under
A 0.85 1300 2-4 trial ves

Table 4.2. Characteristics of some soil-applied/stgsmic pesticides (Daly, 2004;
Tomlin, 2003).

One of the characteristics of a plant protectioodpct which determines its mobility in
soil is the log K, representing the partition between oil and wakée log K, for aza
A is 0.85 (Daly, 2004), reflecting its high watsstubility. Of the 500 pesticides whose
physical characteristics have been reviewed recévithuchopeetal., 2002; Tice, 2001)
only 10% have log & values less than 1.0. The terpenoid should bdyhigbbile in the
soil water. The results reported in this chaptanfiom this. 4 hours after mixing the
crude terpenoid mixture in soil with 25% w/w watemtent, more than 80% of the total
azadirachtin added was dissolved in the water whadd be recovered from the soil.

This suggests that in normal top-soil with a lovwgamic carbon content (3-4 % is a
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typical result (Daly, 2004), aza A should be rapidlailable for uptake by plants. The
other parameter which will determine the ease ofenment of an a.i. in soil is the log
Koc, the measure of affinity for organic carbonthe case of aza A this is 1.5 (Kleeberg,

H., unpublished results). Very few pesticides haweh a low value.

The problem which arises from this high soil-mdgilis that the a.i. may leach into
ground-water. Any compound can be rated in thépeet by the Groundwater Ubiquity

Score (GUS), (Gustafson, 1989). This states:

GUS= logD¥, x (4-log Koo

This indicates the importance of the rate of digapance of the a.i. from the soil. The
figure for the half-life of azadirachtin in soildim this work was 1.6 days. This is
consistent with the previous findings of Daly (2D0#4.2 to 2.7 days, and (Kleeberg, H,
personal communication): 1.9 to 3.8 days, dependimthe soil type. If the figure of 1.6
is substituted in the above equation it gives alted 1.2 for the GUS. Any pesticide
with a GUS of less than 1.8 will pose no threagtound-water despite its high mobility

in soil (Pussemier, 1998).

Breakdown of azadirachtin in the soil is probablainty due to its spontaneous
hydrolysis in water, and to microbial action. Ag thalf-life in pure water at slightly acid
pH has been recorded as 19 days (Daly, 2004) ikek/ that most of the breakdown is
due to microbial activity. This means that the Hiédf will vary with temperature and
nature of the soil. Proof of this is shown by thecim longer DT, figures found by

Thoeminget al, 2006; and Sundaraet al, 1995, 1996). These authors reportecdsDT
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times of between 6-26 days. The key to these éffiegs is the proportion of organic
matter in the growing medium. It is clear that gthamount of organic matter increases
the DTso. This might be important in practice, as neem {pfantection products applied

to the to an artificial growth medium with a lot péat etc. will remain available to the

plant for a longer time.

The soil used in this project was a commercial, smtl was stored throughout the project
in the plastic bag in which it was supplied. Itpigssible that this will have altered the
level and type of microorganisms present in thé asithe conditions may have become
anaerobic, and possibly drier. However, the rdtbreakdown of the active ingredient
recorded here corresponds well with previous waskedwith soils which were taken
freshly from the field or more carefully preparddaly, 2004, B. Ruch, (unpublished

results)).

A practical problem which might result from the ghialf-life of azadirachtin applied to

field soil with a low organic content is that it ght require repeated application to
achieve pest control. One of the potential advadayf a pellet version is that it may
help to limit the number of applications by prolomgthe effective presence in the soil
(Darvari and Hasirci, 1996). Others have commetttatithe formulation of pesticides is
important in determining their persistence (Bowmb®92; Matthew, 2000, 2008). The
main aim of using a pelleted formulation in thisriwvavas to prolong the life of the a.i. in

the soil, and thus, hopefully, the plant.

For reasons which are not clear, the estimateszaffain leaf water are much more
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precise (i.e. low coefficient of variation, see dye) than those which were obtained in
soil-water, which are much higher. This makesidiaal evaluation of the soil results
difficult. This is particularly marked in followinthe release of a.i. from the hydrophobic
(“Neem 27) granules, where the concentrations @y Yow. Despite this, however, all
the recorded measurements were well above the l&D@,the highest concentrations
found were statistically significantly higher théme lowest, indicating that the general

pattern of release was valid.

Bearing in mind the lack of precision of the indival estimates, the results confirm that
the release of azadirachtin into the soil water wafact delayed by encapsulating it in

pellets. When NAT was simply added to soil, alicgaof azadirachtin had gone by 4
days. In contrast, when the hydrophilic granulesewesed, the maximum concentration
in the soil water was not achieved until 5 daysl te terpenoid could still be measured
at 7 days. The addition of a hydrophobic polymethi pellet medium resulted in a slow
release of detectable azadirachtin over a periaghdb 17 days, with a peak at 13 days.
The pellet formulations also seem to protect thredaachtin from the catabolic factors in

the soil. The maximum concentration at 5 days @ #&i. is 42% of the maximum

theoretical release when the hydrophilic granulesewused and 25% at 13 days for the

hydrophobic granules.

The behaviour of the terpenoid in the plant is mianportant than in the soil. Uptake
from soil into both cabbage and sugar beet resift@edconcentration in the leaf water on
about 10% that in the soil water (Table 1 in thep@&pdix). These figures are similar to

those of the authors reported above, who also fooatdthe concentration in the leaf was
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less than 10% of that in the growing medium (Thewnet al 2006; Sundararet al,
1995, 1996). These results suggest that uptakevarious plants is poor, even although
there is evidence of systemic movement in planey {2004) in contrast, using the
tracer 22,233H,]dihydroazadirachtin A, in hydroponic conditionguhd the same
concentration of the compound in the leaves, athénliquid medium. It is likely that
uptake will vary with the plant used, but all theteors quoted were able to demonstrate
systemic movement of aza A in the plants used: $éahoeminget al, 2006), aspen

(Sundaranet al, 1995,1996) and nasturtium (Daly, 2004).

Using radio-labelled dihydroaza A, Daly (2004) skowa clear exponential decline of

the amount of the terpenoid, due to catabolisney défthad been taken up into leaf tissue.
To lessen the number of analyses involved, onlgehtimes points were used in

following the decay of aza A in the work presentente. The analyses showed a high
degree of precision, with a low coefficient of aion (with an overall average of

4+1%). All the results presented in Figures 4.1 a8, show the same pattern,
suggesting high degree of accuracy of the anafls® Thus there is no reason to doubt
that the disappearance of aza A from the leaf ¢issgo follows T order kinetics, as

would be expected.

The results presented here indicate that the adisapears more slowly once it is in the
plant, than it does in the soil. The BTwas 9 days. This is in general agreement with
Thoeminget al, 2006, who could find no measurable amount ofténpenoid after 14
days. Some work has reported a slower rate of despnce from plant tissues.

Sundaram (1996) found no decline of aza A in spraaer a three week period, and
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Duthie-Holt et al, (1999) found biological activity in pine treesen a 6 week period.
Some of these differences may be due to the diffexeecies used. At the moment there
is no information available about the breakdowrapddirachtin in plant tissues. From a
practical point of view, the persistence of the mithe plant will affect the time of

application before harvest.
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Chapter 5: Control of Pests with Soil Applied NAT
Pellets.

5.1 Introduction.

Controlling soil-borne pests such as nematodessant insects, like cabbage root flies
(Delia radicun), is more difficult than foliar pests, but was ped by the discovery of
synthetic insecticides, mainly the organophosphatescarbamates. But effective control
of such soil-borne pests with these synthetic pe&ts required their application at high
rates, which had an adverse effect on soil, grovatdr contamination and development
of resistance by pests. This has prompted a renee&arth for other biological plant
protection products mainly from plants and othamrses, with greater specificity towards
insects. This has led to a growth in interest i éxtracts of neem tredfadirachtia
indica), ((Pavela, Barnet, and Kocourek, 2004; Nisitetil, 1996; Lowery and Isman,
1994b; El-Wakeil and Saleh and, 2007; Frounier &@rddeur, 2000; Hummel &
Kleeberg, 2003; Arpaia & Loon, 1993; Grisakostal, 2006; Sayah, 2006; Mordue,
1996; Weintraub and Horowitz, 1997; Jawdl, 2007; Thoemingt al, 2003; Schulte
et al, 2006; Loweryet al, 1997; Kumar and poehlingn, 2006; Thoeming anehkog,
2rnet, 2006; Pavela and Barnet, 2005; Schmutt20e?)

Until recently, the only reported use of neem estapplied to the soil has been for the
control of plant-parasitic nematodes (Mojumder, @)0Mojumder and Mishara, 1997a,
b); Akhtar, 2000; Javed et al., 2008). There areis@ reports that neem formulations
cause 70 to 100% mortality on root-knot nematoddehtar, 2000; Azizet al ref by

Javedet al, 2008). However, purified azadirachtin faileddontrol infestations, or to
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show a nematicidal effect. This indicates the tece of the crude materials is probably
due either to secondary metabolites released dutsiglecomposition or to other
unknown terpenoids in the extracts (Blake, 2002gd&t al, 2008), No claim is made
by Trifolio-M GmbH is made about any nematociddéeef of NeemAz&l-T.

However, there have been several studies demdngtridtat aza A can get into plant
vascular system systemically (see Chapter 4) anee hen effect in controlling
phytophagous insects (Nisbet al 1993; Blake, 2002; Thoemingt al, 2003; 2006;
Daly, 2004; Pavelat al, 2004; Pavela and Barnet, 2005; GriSakevaal, 2006).
NAT/S was tested on 140 different insects and mitgsspraying applications, and
exhibited excellent control of feeding and suckpests (Kleeberg and Hummel, 1999).
Also Kleeberg and Hummel showed that NAT/S hasnaedticidal effect in controlling
black bean aphidsAphis fabag when applied hydroponically to the roots of bgdamt
Phaseoluwulgaris

According to Guidelines to Good Plant Protectioaddce (GPP) by the European and
Mediterranean Plant Protection Organisation (EPPI98), peach-potato aphityzus
persicael.) and cabbage aphidBérvicoryne brassicad.) are very serious pests of
brassicas such as cabbage, brussel sprouts, sveedescauliflowers. Even small
infestations of aphids can reduce the quality efdiop, while heavy infestations severely
inhibit the growth of plants at younger stages, aadeduce the final yield. The most
effective and prolonged control by insecticides iasd to be granular application of
aphicides to the soil. In some areas dual-compogetular insecticides for control of
aphids as well as cabbage root fly was reported (E5R.998).

Lepidopteran pests of cabbage, such as diamondhattk and cabbage white butterfly,
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are reported to have developed resistance to nr@ars pesticides (Schmutterer, 2002),
thus replacement insecticides become ever morertamo Neem-based plant products
have been reported to have antifeedant and growsthpdion effect orPlutella xylostella
andPieris brassicad.. (Ruscoe, 1972 referenced by Osman and PorQ;88sakoveet
al., 2009. High concentrations (between 12.5g/L to 50g/L)neem extracts, when
sprayed weekly, showed good control of the motley®er, 1986; Schmutterer, 1990). All
these reports are foliar spray application of NSK&g the reports on specific systemic
use of neem extracts by soil application are vegrgrse. Osman and Port, (1990)
reported, however, that application of neem-seegldpo to soil reduced damage due to

P. brassicae

5.1.2 Aim.
All the work reported in the previous chapters ba tharacteristics of release of aza A

from the pellets, was a preparation for the wogoreed in this final chapter: the effect of
the pellets applied to the soil around plants totid infestations of the major pests of
brassicas. The overall aim was first to do thestéstpots in the glasshouse in the
winter/spring, and then in a large field-test ie summer of 2008. For simplicity, the
only plants used were cabba@dssica oleracea, capitat&/ar: Primoll).
The aim was to observe the effects of systemicAamm the following insect pests of
cabbage:

» Cabbage root fly@elia radicumL.). Glasshouse and field-tested.

* Flea beetleRhyllotreta nemorunt). Field-tested only.

» Cabbage white butterflie®ieris brassicad..). Glasshouse- and field-tested.
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Diamond Back MothRlutella xylostellal.). Field-tested only.

Cabbage aphidBfevicoryne brassicak.). Field-tested only.

Peach-potato aphidiyzus persicag). Glasshouse- and field-tested.

5.2 Materials and Methods

5.2.1 Experimental site
All experiments, both in glasshouse and field, wemeducted at the Scottish

Agricultural College (SAC) in Edinburgh.
5.2.2 Glass house Experiments

5.2.2.1 Insects and cultural conditions.

Peach-potato aphid#Mgzus persicgewere obtained from the Scottish Crop Research
Institute (SCRI) in Dundee, and cabbage root fliREE Delia radicumL.) were reared
from eggs supplied by Warwick HRI, Wellesbourneblage white butterflies eggs were
purchased from Blades Biological Ltd, Cowden, Ede&lge, Kent. Cultures of peach-
potato aphid and CRF were maintained at a constamgerature of 2 with a 16 hour
photoperiod. All insects were kept in plastic tagproximately 40cm. square with a
nylon netting front. Eggs dbelia radicumL. and Cabbage whitevere hatched and fed

on cabbage before were used in the experiment.

5.2.2.2 Cabbage root fly (CRF).
The female CRF used for the experiment were 5day® old. (CRF mate between 4 to 7

days after hatching). Two concentrations of azd&'(M and 5x1F M) were tested on
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CRF. The amount aza A in milligrams was 19mg. arm@kg" soil in respective

concentrations.

a) CRF Oviposition (Choice test).

Four pots, 2 pots with neem-treated soil, and 2eated (control) pots were placed per
cage. The pots were evenly spaced without touchntytreatments randomly arranged.
10 gravid females were released into each cage.flidsewere provided with water-
saturated cotton wool in a Petri dish, and a dish086 sucrose also soaked onto cotton
wool. They also received a dish smeared with altyar of honey to provide the females
with the protein and vitamins they require for masfion.

After 3 days, one treated and one untreated pat wemefully removed to count eggs and
the remaining two pots were left for further 7 d¢¥® days in total after introduction of
insects). Throughout this time if the plants regdimwatering this was done sparingly
from below.

The laid eggs (hatched and un-hatched), were vettiby removing the top 4 cm of the
top soil and washed through a 2mm sieve in a Fdnean and the residue caught in a
355um sieve. This was then washed onto filter papdd imea funnel, using a saturated
solution of MgSQ. A drop of diluted detergent was added and exlogsisl was allowed

to drain. The filter paper was then pierced atiib#om to allow any liquid and detritus
to escape. The filter paper was then removed flfefunnel and placed on a metal disc.
This was placed on turntable and the number of eggsted using a stereo microscope.
For the plants that had been left 10 days, thesrobthe plants were checked for larvae,

and the numbers recorded and the level of root danod CRF was compared between

147



the treated and untreated. Also the number of dbgtched and un-hatched) was
counted, to determine total number of eggs laid.

b) CRF Oviposition (No-choice test).

Four pots of cabbage plants with soil of same treentration of aza A (either 181 or
5X10°M: 19mg. and 9.5mgkyrespectively) and 4 untreated pots were prepaseira
the oviposition experiment above. In this caseageccontained only untreated or treated
pots. As for the oviposition preference test, 2spgere removed from each cage after 3

days. After a further 7 days (10 days altogethggseand larvae were checked

5.2.2.3 Peach-potato aphidd{yzus persicae L.)

The aim was to investigate if the presence of syst@za A in plants affects: a) number
of nymphs produced by young adults, and b) surna¥ahose nymphs over the following
5 days to ensure that the nymphs are the offspraigbe selected adult aphid. Also

simultaneously the effect of aza A on aphids wasrered.
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5.2.2.3.1 Methods.

Cabbage plants at the 1 to 3 true-leaf stage wansglanted into soil containing neem
granules with different concentrations M, 5X10°M or 10°M: 19mgkg*, 9.5mgkg
and 1.9mgkg respectively) of aza A. The treated plants wefiefte 5 days or 10 days
after the transplanting, before introducing theidph(as was shown in Chapter 4 the
release of aza A into soil water reached its marinaiter 5 days in the soil. The 5 day
period was to coincide with this maximum, and ttweger, 10 day period, was to see if
the effect had started to declinBy using a small brush, an adiit persicaethat had
been removed from culture was transferred to aiaibpedesigned clip cage (Figure. 5.1).
The clip cages, each with a single aphid, wereclaéte to either upper or lower sides of
the leaves of each test plant. There were at Baaphids in each treatment. After 5 days
on the plants, survival and number of nymphs preduby adults were counted on

control and treated plants.
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Clip cages for insect rearing experiments.

Circle of acrylic tube approx. 25 mm id
Wall thickness 2-3 mm
Depth of circle approx. 6 mm

Depress clip to open cage

No covering on internal opening l

iiﬁ folrlm§ a ]cagedwhen\ Covering of Organza™ mesh
2CIIpTS closel glued onto external openings

Metal hairdressers clip with prong
at end of each blade inserted into
acrylic circle, probably by heating
and melting into the plastic to form a seal

Figure 5. 1: Especially designed clip cage for tethering individal aphids on either
top or bottom surface of the leaf.

5.2.2.4 Cabbage white ButterfliesRieris brassicae L.).

a) Hatching and survival of ' instar larvae.
The egg clutches (20 eggs per cagePobrassicaewere placed onto cabbage plants

grown on soil treated with granular formulationsNAT with aza A concentrations of
10° M, 10* M, 190mg. and 19mgKsoil in respective concentrations, and untreated
controls in a mesh cage. Each cage containing ®tplat 3 to 4 true leaf-stage. The

hatching rate, feeding and subsequent survival wieserved.
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b) Larval Survival and Development in later instars
Egg clutches ofP. brassicaavere allowed to hatch onto an untreated cabbaganiitar

experimental conditions as that of hatching andigat. After hatching, the larvae were
sorted according to their larval stages 2/8" and %" instars), removed, then transferred
onto plants (6 plants in each cage) grown in seidted with pellets, as that of the
hatching experiment. The feeding behaviour, sutvaral development were observed

over time.

5.2.3 Field experiment

a) Study site.
A field trial was carried out at a field leased $C near Penicuik, Midlothian, during

the growing season of 2008.

5. 2. 3.1 Experimental design.

The trial site was set out in a randomised blockigie (RBD) with evenly distributed
treatments (Table 5.2) according to EPPO guidel{d®€90). The field was prepared,
ploughed, harrowed and laid out, before transpignl to 3 leaf stage cabbage plants
which had been grown in a glasshouse from seed.pElleted neem materials were
incorporated into soil using a tractor-mounted vatar to a depth of approximately 5cm.
19369 (+ 64g), which is equivalent of 4@ aza A (1pot of 1kg soil (77pots = frarea)
contains 250ml kD, that is 18mg aza A/42mg of N/A/130mg pellet)ptot area of 2
(0.4m x 5m).The total replication per treatment was: “Neem Aydrophilic pellets):

n=5; “Neem2” (hydrophobic pellets): n=1; “Neem3”pfay): n=5; “Control (No
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treatment): n=5. The total plot number was 16. &hveas a 1m gap between plots. There
were 10 plants per row per plot, making 40 plargs plot. There was a 45cm gap

between each plant in a row.

0.4m
—
+ Neeml Control Neem3 Control
5m
Control Neeml Neem?2 Neem3
20m Neeml Control Neem3 Neeml
Neem3 Neeml Control Neem3
v

Table 5.1: The design of the field trial experimerdl site (not to scale).

The area per plot is Zm(0.4m x 5m) , and the whole block is 2Drifreatments
were as follows “Neeml”: Hydrophilic pellets; “Neefi: Hydrophobic pellets;
“Neem3”: Spray; “Control”: untreated.
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5. 2. 3.2 Sampling

Plants were left for a week before sampling, tovathe release of the azadirachtin from
the pellets into the plant system. Ten plants paryere randomly selected and marked
with canes. These plants were assessed for thenuesf pest and beneficial insects on

a weekly basis. The overall growth stage of thgp evas recorded on each visit.

5. 2.3.3 Pest Species

The target species were cabbage apBi@\icoryne brassicgeand peach potato aphid
(Myzus persicae cabbage white butterflyP{eris brassicag diamond back moth
(Plutella xylostelld, CRF Qelia radicun). The whole plant was checked for the
presence of those pests, except for CRF. The nuaritEspecies per plant was recorded
on an appropriate data sheet (Appendix W)large colonies were present where the

individual aphids were difficult to count, then @stimation of colony size was made.

Identification was carried out in the field wherespible. However, a sample was
returned to the laboratory for identification wheecessary. If this was the case, aphids
were removed from the plants using a fine artilstish dipped in aphid preserving fluid
(2 parts 90% industrial methylated spirit to 1 p@B% v/v lactic acid). They were
transferred to a phial of aphid-preserving fluid ieth was labelled with the study
number, plot number, plant number and date.

Field sampling of CRF was based on the collectibeggs to estimate the activity in the
field, based on the predicted second generation &@§daying peak, which was forecast

on 6" July (Figure 5.11: CRF forecast egg-lying 2008vidlothian, Scotland). Using a
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dessert spoon, soil was carefully removed fromrdbe stem of the plants to a distance
of 2.5 cm and to the same depth. The soil was glata plastic bag labelled with the
study number and date sampled. Soil from betweenltitis was used to replace the soil
removed around the stems. The soil sample wasds&dré°C on return to the laboratory
before processing, as previously described in 8e&i2.2.2. One way and two ways
(un-stacked) ANOVA and Chi square statistical tegése used in the analysis of the
data.

5.2.3.4 Rates of application of pelleted NAT to doin glass house and field
experiments.

In the preliminary work reported in Chapter 2 andhe hydroponic experiments, it was
possible to make up exact concentrations of aza the growing media. As a result of
these experiments, the optimal concentrations afAam the medium around the plant
roots was determined to be betweei? Mand 10" M. In the preliminary experiments to
define the characteristics of release from pell®éd’, the quantities of pellet added to
soil was based on a theoretical maximum conceatraif aza A, if all the a.i. had been
immediately released into the soil water. In fattcourse, release of a.i. is over a period
of days, and could never reach this theoreticah@mminal maximum. For consistency,
however, the weight of pellets added to soil wasedaon these figures. (The actual
figures for the concentrations of aza A throughth# project are summarised in
Appendix A). As listed in this appendix the amounitpellet added to soil were between
13mgkg* soil and 130mgkg soil in pot experiments, and 10d.in the field experiment,

to give concentrations of aza A from 1.9mg. to 1Rgigsoil respectively.
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5.3 Results.

5.3.1 Cabbage root fly

a) Oviposition and larval hatching (Choice experimat).

Although the numbers are relatively small, theres wastatistically significant (p< 0.01)

difference between the number of CRF eggs andeam@ieved from the pots of treated
soil compared to untreated soil, indicating thatdée CRF have ovipositional preference
for soil without neem compounds (Table 5.1). At tbever concentration of the NSKE

the number of eggs laid was half that of the cdstrand was only 33% in the higher
concentration. This effect of the presence of néerpenoids was even more marked
when larvae were counted at 10 days. In the comotd, almost 80% of larvae had
survived, but where the soil had been treatedetivere no surviving larvae at the higher
concentration, and only 2 at the lower. Thus, ®&¥ of larvae were from the untreated

soil.
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Cage No. Aza A conc. | Total eggs laid Total number of larvae
(mgkg-1 soil)
Living Dead
1 19 5* 0* 1*
0 (Control) 15 12 2
2 9.5 T* 2* 1*
0 (Control) 13 10 2

Table 5.2: The effect of treatment with NAT pelleton the ovipositional preference

of CRF females (Choice test)

The number of eggs and larvae (living and deadtieretd from soil treated with pellets
containing two concentrations of aza A, 19mgkg-H &5mgkg-1 soil, and that of
untreated (controls) soil. Eggs were counted atBagain at 10 days, and the number of
larvae were counted at 10 days. Chi square testcamaged out to compare the neem
treated and control. Results indicated (*) werehhigsignificantly different from the
control values at p=0.01.

b) Oviposition (No choice test).

One way analysis of variance (ANOVA) was carried @ establish the effect of aza A
will have on the number of eggs laid and larvaeraftO days when there was no
untreated soil available. The data of eggs colteétem no-choice experiment showed a
significant difference (p<0.01) between the numifezggs laid by female CRF of 5 to 6
days old, collected from the soil of pots treatethygellets containing two concentrations
of aza A and (18M & 5X10°M, which is equivalent to 130mg (19mg aza A) anth§5

(9.5 aza A) of pellets respectively). (See explamain Appendix B). The average
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number of eggs retrieved from the untreated was: I55E, that is, over 76% of all
retrieved eggs (figure 5.3). While those from tteated ones were 5+13%d 2+1SE for
19mg aza A and 9.5 aza A (1& 5X10°) respectively. Although the numbers for the
lower concentration are unexpectedly lower, thees wo significant difference found

between the treated ones.

18 -
&
> 16 - T
<
S 144
@
o 121
(@)
g 10 1
S g
[}
o] 6 ]
£ T
Z
o 4
S 2. =
()
>
< 0 T T
C 19 9.5
AzaA. Conc. (mg/Kg)

Figure 5.2: The effect of treatment with NAT pellets onoviposition and larval

survival of CRF (No-choice Test).

Figures represent the averages of eggs and laetaeved from 4 of either treated or
untreated (Control) pots. There is a significaffiedent (p<0.01) between the control and
the treatments, but no statistical significantetéince between treatments.

157



b)
Figure 5.3: Effect of NAT pellets NSKE on survival of cabbage fants infected with
CRF.

Examples of plants treated with pellets contagrama A (a), and that of untreated (b).
Root damage by CRF maggot resulting in plant death.
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5.3.2 Aphids (Glasshouse experiment).

a) Fecundity of aphids on cabbages loaded systelly with NAT.

As described in the Methods section, the pelleddd with NeemAz&T were
introduced into the soil in the pots either 10 odd&ys before individual aphids were
tethered in cages to either the upper or lower daabbage leaves. The insects were left
for 5 days before counting the number of aphidednh cage. The results are shown in
Figure 5.5.

Aphids on untreated plants showed an increasenmbets, which was the same for both
experiments. In one case the individual femalestlmn upper side of the leaf had
increased to an average of 5.8 + 0.3, and in tbenskexperiment the number was 6.0 +
0.5, i.e. the same level of population increadeoith cases.

Where plants had grown in treated soil for 5 daysg rate of reproduction by
parthenogenesis was reduced. At the lowest coratemirof aza A used, the reduction
was only 20% compared to the controls and was tadisscally significantly different,
but at the two higher treatments replication wasaost completely prevented. Both were
highly statistically significantly different fromhe control (p> 0.01). Only in 1.9 mg/kg
was there any population growth at all. There wasncrease in numbers at the highest
level of treatment and only a small average in@ea$ 0.5 aphids/cage at the
intermediate concentration, which was not staadlifc different from the highest
concentration.

When the plants had grown in soil for 10 days keethe aphids had been introduced to

the leaves, the results were almost identical lglesst concentration was omitted). At
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the highest concentration, there was no populatiorease at all, and only a doubling to
2.0 £ 0.2 aphids/cage in the intermediate concBoira
Another result of possible significance from theagiical point of view is that no

differences were found between aphids caged oagper or lower sides of leaves.

@ Upper

W Lower

Average Aphid No.
w

c 19 9.5 1.9

Aza.A Conc. (mg.Kg?)

Figure 5.4a: The survival and fecundity of individual Myzus persicae on leaves of
cabbage treated with NAT pellets.

The numbers represent the averages (+ SE) perccdggs after individual aphids were
placed on either the upper side (“Upper”) or lowele (“Lower”) side of a leaf. Pellets
had been added to the soil 5 days before the imttaxh of the aphids. Control plants (C)
were not treated with pelleted neem extract. Tewlts marked (*) are significantly
different from control values at p=0.01.
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Figure 5.4b: The survival and fecundity of individual Myzus persicae on leaves of
cabbage treated with NAT pellets.

The experimental conditions were almost the sam@se in Fig. 5.5a, except that the
pellets had been introduced into the soil 10 dagferke the aphids were placed in the
cages. The lowest concentration of aza A (1.9 mgkmjl) was omitted as ineffective.
The results indicated (*) were significantly diféeit from the control values at p=0.01.
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5.3.3- Cabbage white butterflies Pieris brassicae).

5.3.3.1- Glasshouse

a) Hatching.

Cabbage white butterfly eggs placed onto plantssoil treated with neem pellets
containing two different concentrations of aza A, [&r cage, all hatched, but, as per
table 5.2, those on treated cabbage failed to pobtethe second instar. After 4 days all

those exposed to treated cabbages died. 14, (A0%Yyed in the untreated ones.

Aza A conc. Time of exposure | Number of living | Survival (%)
(mgkg™* soil) (Days) larvae
0 (Control) 3 20 100
7 14 70
19 3 20 100
7 0* 0*
190 3 20 100
7 0* 0*

Table 5.3: The effect of treatment with NAT pellets on survivd of newly hatched
cabbage white caterpillars.

40 eggs, 20 per cage were fed on 5 cabbage platitsowwithout soil treated with
pellets containing NAT pellets, and control (unteeB. The results indicated (*) were
significantly different from the control values.
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b) Survival and development.

After hatching on an untreated (control) plant ldr@ae were allowed to feed on neem-free
cabbage plants for 7 days. On tieday caterpillars were sorted into 2 groups accart
their developmental stages 29239 4" instars. 22 of % in star were removed then
transferred into plants (6 plants in each cageyvgrmto soil with neem pellets containing
9.5 mgkg aza A (5X10°M) for 5 days as that of survival experiment. Setgroup (19)
of 6 in 2% and 13 in % instar were transferred into cages with planthwiéem pellets
containing same amount of aza A concentration §8gkg") (5X10°M). After 24 hours
those in the %instars (figure 5.3, 18) moulted int8 & star stage. 4 remained in tHRia
star. After 48 hours they stopped feeding and fathem all had fallen off on the floor.
After 72 hours all died. For those of the smalliges, table 5.4, only 2 from"2in star
group and 1 from'3in star stage remained in their previous staghs.&st moulted into

next developmental stages. But after 72 hours elewlead.

Aza A conc.| Time of | Living larvae in instar: | Total survival
(mgkg® soil) | exposure (days) | 2"/3¢ 4" 8 pupae| rate (%)
9.5 0 19 22 0 0 100
1 3 16 18 0 86
3 0 0 0 0 0
0 (Control) 0 12 8 0 0 100
1 4 12 4 0 100
3 0 6 12 0 90

Table 5.4: The effect of NAT pellets onthe survival of large cabbage whiteP.
barassicae L. caterpillars of 4" and 5" instar.
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5.3.4 Field Experiment.

5.3.4.1 Cabbage Root Fly infestation.

The forecasts in the graph of egg lying fore¢kgjure 5.11) shows late emerging flies of
second generation in the spring peaked in thevdek of July. That is when 50% have
emerged/laid eggs. The plants were transferremfiatd in the second part of July to

meet CRF at its peak emergence.

a) Field Experiment.

An extra plot was set up to estimate CRF migratno the trial plot. Soon after cabbage

had been transplanted into the trials plots, CRRexd to migrate in. The average number
of CRF of soil sample collected from the site fétvieek was 2 (+ SE). The number

doubled for the ¥ week. From there it started to decline gradually.

Average number egg lied

1 2 3 4 5

Time (weeks)

Figure 5.5: Oviposition by CRF. The figures are the means (+ SE) recorded in
untreated soil planted with cabbages at the tést sier the period of 23 July td"6
September.
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5.3.4.2 Aphid Infestation.

After transplanting, the plants were allowed 7 deyy®ecome established, and to allow
the release from the pellets of the a.i. By thiseti aphid infestation was evident on
cabbage plants. In sampling no preference was miadie species of aphids, though all
of them were from either Cabbage aphitevicoryne brassicaé.) or Peach potato
aphid Myzus persicag).

In addition, due to continuous wet weather during 5 weeks of the experiment, the
number of aphid was lower than might have been. @terage number of aphids
between the treated plants and the untreated (dshtwwvere compared employing one
way un-stacked ANOVA. There was no significant eliince between the treated plants
and the control for the first three weeks of thpeziment (Figure 5.7). From th& dveek
onwards the average numbers of aphid infestationthm untreated plants were

significantly higher than the treated plants (p49.0

165



Aphid infestation on the cabbage over six weeks.

4.0 -
3.5 1
3.0
2.5 4
2.0 A
15 -
1.0
0.5 |
0.0 |

M control

O Neeml

Mean aphid No.

1 2 3 4 5 6
Time (Weeks)

Figure 5.6: The effect of treatment with NAT pellets on aphid mfestation of

cabbage

The results represent the average (+SE) numbeplofis on individual plants “Neem 1”
indicates treatment with the hydrophilic pelletsl@g.nf- Control plants received no
pellets.
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5.3.4.3 Flea beetle level of damage.

The level of damage (Figure 5.8) by flea beefby{lotreta nemorunt.) on the treated
plants was not different from the control on tfietdio weeks, but there was a significant
different between the feeding behaviour, accordmghe leaf damage, of flea beetle
specie on the treated and untreated cabbages ffome8k onwards. The beetle damage

on treated plants was statistically lower (p<0i&)n the untreated ones.

C D

Figure 5.7: The Levels of Flea beetle damage
The images above were used as a reference in egpihe severity of leaf damage due
to flea beetles: A=Level 1; B=Level 2; C=Level 3s[kvel 4.
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3.5

2.5 o Control
® hydrophilic
1.5 O hydrophobic

Average leaf damage
N

0.5

1 2 3 4 5 6
Time (Weeks)

Figure 5.8: The effect of treatment with NAT pellets on the leel of leaf-damage to
cabbage by flea-beetle.

The level of damages were categorised into 1: lamabe; 2: medium damage; 3: high
damage; and 4: severe damage. (See Figure 5.8plamhis were growing in soil treated
with either the hydrophilic pellets (“Neem1”) oretthydrophobic pellets (“Neem 2”).
Control plants were in soil which had received redlgts. The histogram gives exact
means with + SE.
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5.3.4.4 Plant Growth.

The growth trend of cabbage plant was based ornnttrease in leaf number per plant
over six weeks (Figure 5.10). There was no sigaificdifferent between the growth of
treated and untreated plants over the first fouekse On the B week the average
number of leaves per 10 plants per plot of tregtadts was 11 while those of untreated
was 9 (Figure 5.10), and after performing an uhsdcone way ANOVA statistical

analysis was significant at p< 0.05 value. On then@ek the difference in leaf number

was also statistically significant p< 0.05.

12 1 @ Control
B Neeml

O Neem2

Average leaf No.

1 2 3 4 5 6
Time (Weeks)

Figure 5.9: The effect of treatment with NAT pellets on the gravth of cabbage plants

The figures are the average number of leaves (p8Eplant (n=10). Plants were grown in soil
treated with either hydrophilic (‘“Neem 1”) or hygtwobic (“Neem 27) pellets. Control plants
grew in untreated soil.
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5.4 Discussion

As stated in the Introduction to this final chaptée work reported was the final test of
the effectiveness of the NeemAZal delivered in pellet form to protect cabbage fgan
against both soil and foliar pests. The strategy twwamake preliminary green-house tests
against the pests which were available in cultar8AC Edinburgh, or which could be
easily obtained from other sources. The final expent was a large field trial to see if
the results obtained in the greenhouse could redeaped under realistic conditions.

The greenhouse trials were carried out and thdtsess will be discussed below, were
positive and showed a statistically-significanttpobive effect of aza A. Unfortunately,
all field trials depend on the weather, and thetherain July and August 2008, in the
east of Scotland was poor. As the figures in TabBeshow, the rainfall in July was 60%
higher than the long-term average, and in Augusag almost twice the 30-year average
for that month. This meant that the expected levielstation of most pests did not occur.
It also meant that collecting data in the waterkygonditions was almost impossible.
Only aphids and the flea beetles showed any ineréashumbers. No results were
collected for the lepidopteran pests, and it waspassible to assess the effect of CRF.
Limitations of time, finances and material meardtthh was not possible to repeat this
large scale trial. The conclusions for individuaksts discussed below are mainly based

on the greenhouse studies.
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Month Sunshine(h) [Anomaly*(%) |Rainfall (mm) [Anomaly *(%)

July 140 89 104 140
August 90 60 162 194

Table 5.5:Rainfall and sunshine data for the East of Scotlandébr July and August
2008 *The data are expressed as a % of the 30 yeaage. (Data from Meteorological
Office: www.metoffice.gov.uk

5.4.1 Cabbage root fly.

The degree of deterrence of oviposition by the foéiband “no choice” methods can be
used to derive two coefficients of deterrence: dtigk” (R) deterrence (choice), and
“absolute” (A) deterrence (no choice). These ardeddtogether to give “total” (T)
deterrence, (T=A+R) (Nawraet al, 1982). According to these authors this gives an
arbitrary classification of deterrence as follow&0= weak; 51-100= moderate; 101-
150=good; and 151-200=very good. Total ovipositieterrence when the concentration
of a.i. was 9.5 mg.kg-1 was 98, and that at 19md.keps 100, i.e. the same degree of
deterrence for both concentrations. This places Azat the top of the “moderate”
category, and just short of “good”. The fact thath concentrations produce the same
level of deterrence suggests that there is an uppeshold for level of deterrence.

The choice and no-choice methods are most comnbmmdtory based ways used to test
the host preference. Papaj & Lewis (1993) showed #gyg laying female of some
phytophagous insect species gain experience wlegnldly their eggs for the first time.
This might be true in CRF ovipositional preferendéostal (1993) showed that
combinations of physical and chemical stimuli greatfluence the oviposition dDelia

radicumL. Also, when the period of depravation of natymeferred) host is increased
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heightens the chances of accepting available (prede one: behavioral threshold
(Barton-Browne and Withers, 2002). This is impottpaint to consider in the CRF no-
choice experiment and probably required longer goerof exposure, because, as
mentioned earlier a chemical stimuli might deteavgd female of CRF to oviposit on to
neem treated soil for the shorter period. Theraasprevious work reported on neem
effect on oviposition of CRF, but Hellpap and Metga(1996); Ayyangar and Rao
(1989) reported that NSKE inhibited female tobacetworm,S. litura from oviposition.
The neem-seed terpenoids in NAT in a pelleted saréiave shown strong systemic
ovipositional effect on CRF. The number of eggd laithe treated soil was only half of
that of the control in the choice test, and evavefein the no-choice test. The proportion
of live larvae after 10 days shows an even greditfarence, with very few in the treated
soil, compared to a survival of almost 100% in ¢batrol. It is not clear if this is due to
failure to hatch or to larval death, but the oeedfect is to give a high level of
protection to the plants. Almost all the plantsnirantreated pots were killed due to
destruction of the roots, while all of the treapddnts were all growing normally. There
are no previous reports on the effect of neem-saé&acts on CRF, but some other soil-
based pests have been studied. The results prédegre are consistent with the earlier
findings of Meadowt al, 1999) on the effect of NAT on turnip root flyD€lia floralis
Fabr.) larval development. There are also sewvevdks on neem formulations applied as
systemics on other plant insect pests (Hummel. & leeberg, 2003; Kumar and
Poehling, 2006; Pavela and BAjrnet, 2005; Schultestin, and Sauerborn, 2006;
Sundaramet al, 1995; Thoeminget al, 2003; Thoeming and Poehling, 2006), and all

strongly proved effective control potency. Thoemigigal 2003 reported that NeemAzal-
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U (a formulation of NAT specially designed for Isand hydroponic use), when applied
at 10mg/kg aza A systemically into soil, reacheel fibeding site of larvae of western
flower thrips, Frankliniella occidentalison bean plants with a maximum mortality of
over 50%. Thoeminget al, (2007) reported the same effect of 100% movytalit larvae
of Liriomyza sativaBlanchard (Diptera: Agromyzidae) when N/A U aintngl7%

aza A drenched in a potted soil. This suggestdsthieaf' instar of CRF larvae is more

susceptible in this stage.

In the “no choice” experiment, when CRF was leftlay eggs on either treated or
untreated plants over 10 days, the effect of CRiggo&s feeding on roots led to the
control plants were almost all dead compared ¢ardated ones which were healthy and
alive (Figure 5.4). This is an indication of setyenf CRF feeding on young seedlings of
3 to 4 leaf stages @rassicae such as cabbage, plants (Bligaard, 1999). Intiadcdlithe
damage sustained by untreated plants points tbigirenumber of eggs laid, pupated and
feeding on the plant root. There are some suggestioat ovipositional preference of
CRF to untreated soil is to do with insect’s gustasystem. In the process of locating its
host, insects central and peripheral nervous sy8Bs and PNS) may have a important

role in CRF’s behaviour in avoiding neem treateitl €hapman, 1999).

On the experimental plot, the trend of egg laying ®RF over 5 weeks has been
monitored and compared to that taken from othet plathe Midlothian areas (Figure
5.11). Even though the number of eggs retrieveah fsoil sample at the experimental site

is not as high as that of the Chapel Farm, Haddm@RF egg count, still this confirms
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CRF migration to the experimental site. Both showedks of egg numbers during the
2" week of JulyNevertheless, unlike the glass house, no signifisgmptoms of CRF
feeding damage has been physically observed ofielldecabbage. This might be due to

eggs laid in the field did not hatch as conditiensh as temperature were not favourable.
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Figure 5.1Q0 Chapel Farm, Haddington CRF egg countFrom 11 Jun to 3 September
2008. (Data courtesy of A. Evans SAC, Edinburgh.).

5.4.2 Cabbage White Butterfly.

In glass-house experiments, the pellets detd?Prdatassicadarvae of different stages of
development (from™ to 4" instar) from feeding, retarded development, anded first
instar 100% mortality. The results found in thisrkvagreed with that of (Gill and Lewis,
1971; Hummel and Kleeberg, 2003; Osman and Po#);19eljasen and Meadow, 2006;
Meadowset al, 1999). The work reported here suggests that reeenponents, of which
aza A is the main active ingredient, applied ingtetl form to the soil, can be released

and subsequently taken up by plant in an amountatia as an antifeedant and growth

174



retardant five days after when first applied thusTNvas persistent in soil and resulted in
100% mortality to the caterpillar. The effect of WAof which aza A is the main active
ingredient, orP. brassicaas confirmed in an earlier findings of Pierid pestucifers P.
rapaeandP. brassicag susceptibility to neem formulations. Chiu (1988ported single
foliar application NSKE protected cabbage frémrapaefor 21 days. This ensured that
young cabbage plants could be protected fRanbrassicadarvae for at least 3 weeks.
Some authors have noted phytotoxicity at higherceotrations (Nisbet, 1992; Karelina
et al, 1992). It's important to note that cabbage whiatgae fed on the treated cabbage
seedlings for the first 12 hours caused some danmayee leaves, but plants recovered

from this, and it did not affect their growth.

In field conditions, the severe weather conditiohsontinuous rain and low temperature
made adult cabbage white inactive. No adults derpdlars of P. brassicaewere

observed in the field area.

5.4.3 Aphids.

The clip cage has long been used to by entomotogistl experimental ecologists to
study plant-insect interactions, and to measurelogical parameters such as
development fecundity, fertility and mortality ratét’'s a way to secure individual insects
to specific plant leaf part (Crafts-Brandner et 8099; Muiiz and Nombela 2001; Moore
el al., 2003). It's important to make sure that the chge does not affect the insects’,
(here aphids’), life span and reproductive behaylMufiz and Nombela, 2001), and

cages must be designed according to the size nfidodl insect pest under investigation.
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However, there are some reports showing that tige t@s confounding effect on the
experimental results. Crafts-Brandrmtral, 1999 reported that insect clip cages caused
physiological effects, such as up-regulation obabphyll content of the leaf tissues due
to the shading effect of the cages that causeddlested areas of sample leaf to show
symptoms of senescence. In another finding, Moekreal., 2003, found that the
mechanical pressure produced long-lasting effeotéeaf growth. This suggests, when
observing insects behaviour such as fecundity uditfarent treatments only same type
of clip cages has to be comparatively used inradittnents. No such effects of the cages
on leaf growth or appearance were observed in tr& veported here.

The systemic effect of azadirachtin on survival agproduction behaviour of aphid was
investigated, and in confirmation of previous répofound to be effective in preventing
infestation. Nisbeet al, (1993) found that azadirachtin was taken upesygtally by the
tobacco plant, and caused inhibition of feedinghof persicae They also found the
confinement of the aphid in cage or tethered htke lor no effect on the feeding
behaviour of the insect, and found that initialhsécts imbibe phloem from treated
plants, to produce a primary or secondary antifeedtect (as explained on 1.6.1-C on
page 33)Pavela and Barnet (2005) also found aza A in aeanation of from 0.5 to
5mg aza AL}, when applied systemically in soil can reducepbpulation ofBevicoryne
brassicaeup to 70%, and the effect was dose-dependentsairee result was found in
the greenhouse experiment reported here, as aphidseated plant leaves (upper or
lower) failed to reproduce, and the majority ofiinduals were either dead or in dying at
concentration of 5xI0M (9 mg aza Akd) and abovelslam (2005) also reported, in an

experiment that a fortmulation of NAT applied inswil systemically, led to high
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mortality and significant population reduction Af fabae. He also found the effect on
the mortality rate oA. fabaewas on younger nymphs more than older ones. Tine s
true in the work reported here, even though, dutiegselection period, aphids were not
discriminated according to age. At the concentratib 1.9mg aza AK{ of soil, there
was no effect found on the aphid fecundity andrtite of reproduction o¥. persicae
was almost same as that of untreated controls.efdrey; this suggests the application of
concentration of active ingredient (aza A) that@ or below is not sufficient to control
the aphid.

The bad weather in the field experiments meant tivate was no great infestation of
aphids. Numbers observed were low. Neverthelegsetivas an indication that adult
aphids found in the untreated plots were signifilgalmigher that treated ones for the last
three weeks of the experiment. So, despite the dambers, the field results tend to
confirm the greenhouse experiments and the resuifirevious authors. There are certain
things that need more work in order to achieveebddvel of protection. As this work has
been only one trial, more work is to be done iddfisituation due to lots of rain
experienced during field trial period neem leacheday from the granules. Also,
different formulations of the granules and diffdrestes of application must be tested in

the field situation.

5.4.4 Flea beetle.
A systemic effect of NAT was also shown in the levkflea beetle damage assessment
on the treated cabbage plants. The damage dBertemorumi. was indiscriminate for

the first 2 weeks, but the beetle, like aphidsntagoided the leaves of treated plants.
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Also, due to the fewer infestations of flea beethel aphids treated cabbage plants grew

better than untreated ones only in the last twokaee

In deciding the rate of application of the pellatssoil in this Chapter, sufficient was
added to give a purely nominal concentration in sod water of between TOM
(1.9mgkg" soil) and 10 M aza A (19mgkd soil). In fact the a.i. is slowly released and
the actual concentrations measured in Chapter & werch lower, at their maximum
about a factor of 10 lower. The concentration mess$un the leaves was lower still,
again by a factor of about 10. This means thattmeentration of aza A in the leaves of
plants growing in soil treated with the pelletdikely to be about 100 fold lower than
might be expected, i.e. about ®@®. This still seems to give protection againsteirts

attack.

In conclusion, aza A release from the pellet matrie the soil and its subsequent plant
uptake has show a promising insecticidal effectantrolled glass-house and in field
situations. The result in the field experiment vebdlave much clearer under good
weather conditions. This paves the way for a maeher scale of pelleted version of

neem- based plant protection products applications.
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5.4 Push-pull strategy.

The work presented here has confirmed that aza #rasulated in NeemAzal®-T has
antifeedant, repellent and anti-ovposition quadite pest insects. This would make it a
good candidate for use in “push-pull” strategiesnsict control. Push-pull is a way of
manipulating insect pests through repellant/ ditracstimuli simultaneously to minimize
their infestation on the target crops or animalda¢Bwell et al, 2004). Certainly
azadirachtin has been suggested as a push comporsich a strategy (Duraimurugan
et al, 2005; Liu TX and Liu SS. 2006; Nisbet al, 1992). Neem formulations are the
most widely studied as an ovipositional deterremtomag plant-derived products to
reduce/prevent egg laying of species that causeagamhrough that or their
maggots/larvae are pestiferous such as @rka radicumL., thus possible/important in

push-pull strategy (Coolet al., 2007).
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Chapter 6

6.1 Final Discussion.

The work reported in this thesis was aimed at armernial goal, and was intended to be
part of a long-term project to develop a marketabteluct for plant protection in the UK
and elsewhere. At the moment no neem plant protegroduct has been registered in
the UK, but the company NeemCo., who have sponstinisdwork, intend to register
neem-seed kernel extract in this country by the@&@D10. This project was part of the
preparation for that registration, allowing expege and collaborations to be built up.
Both of the other companies involved: Trifolio Gmiwho supplied the NSKE, and
Germains Technology Group, who did the pelletingtloé NSKE have been very
generous, and both will be involved in the long¥tef the pelleted product is marketed in
the UK.

Although no neem plant protection product has yetrbregistered in the UK, such
extracts are available in many other parts of tbddv The plant protection products are
extracted from the seed kernels and are of twostygigher based on the oil which makes
up 40% of the weight of the seeds, or on polarestlextracts which are enriched in the
limonoid aza A. This is the active ingredient ascresent in only low concentration in
the oil, but makes up 20-50% in the latter extralite preliminary analyses of various
enriched extracts reported in Chapter 2 confirntfezse figures, and showed that the
commercial products have a range of proportionghef a.i.). The NSKE used most
throughout Europe is that produced by the Germanpamy Trifolio-M GmbH and, as

stated throughout the thesis, is called NeemAZa(NAT). Analysis showed that it
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contained more than 40% w/w aza A. This was usexifhout the reported work, as it is
this extract that will be registered in the UK, amidl be used in any PPP sold here.

It is properties of aza A that decide the effecie®gs of any PPP based on neem, and
these have been investigated in this project. Tiytical and purification work in
Chapter 2 showed that it is not very easy to pugfthough the development of reverse-
phase flash and high performance chromatography ntaasier than was the case when
only conventional silica chromatography was avaddalas the polarity of terpenoid
means that it comes quickly off a reverse-phasenaonl A high level of purity was
obtained with an efficiency of 0.002%. It is unlikéhat azadirachtin A will ever be used
as a PPP except in a crude mixture. Another rautdtaining pure aza A is by synthesis,
but as this involves about 70 steps, this can neserconomical. Large companies do not
like pesticides from natural sources, and so it maythat NSKE will remain a niche
product produced by small companies.

One of the aims of this project was to obtain guaime information about aza A at all
stages in soil and leaves etc. Analysis of aza feadly only possible by reverse phase
HPLC and this was used throughout the work, emplpyhe recently accepted method
by CIPAC, which worked well. No previous reportsrédeen measured concentrations
of the a.i. in soil and leaf water, so as to g@icture of the release and uptake of the
compound.

One of the most important characteristics of aza that it is non-toxic to vertebrates and
“beneficials” (organisms used for biologogical aohbf pests) so is generally thought of
as being “good for the environment”.

There is no doubt of the lack of toxicity towardemmals. Various neem PPPs have
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been registered in the USA and many of the couwniethe EU for almost 20 years
without any adverse effects being reported. In ¢barse of the rigorous registration
procedures, the acual and chronic effects on livimgmmals was so slight as to place
azadirachtin in the least toxic category (1V) o§pedes.

Thisin vivo work at the whole animal level has been more ribgeorroborated within
vitro work with cultured cells. Salehzadeh et al (20@3d mammalian cell lines derived
from liver, lung and kidney and found that cell idien was inhibited only when the
concentration of aza A exceeded™l®. A study using human glioma cell lines
(Akudugu et al., 2001) found that cell replicatinfs inhibited at 3-5xI0 M. These
findings contrast sharply with the observation thatious insect-derived cell lines are
inhibited at concentrations of aza A below®1d (Salehzadeh et al, 2003). There seems
no doubt that the large difference in sensitivaza A between mammals and insects, lies
at the cellular level.

There are no toxicity test information of commellgiased neem materials on birds, but
when 10% NSKE were incorporated with Japanesd gudi feed over 20 weeks, egg
laying rate and its quality were not significandlffected (Elangovaet al, 2000). When
Margosan-O was approved in USA as pesticide fodfooops single oral dose of
16ml/kg body weight to mallard duck did not causducement of any adverse effect
(Schmutterer , 2002). Also, when a feed contairlig0 to 7000mg/kg of Margosan-O
of the diet to the same bird for 5 days has notshany adverse effect (Johnson, 1996a,
b).

As for the fish LGp in rainbow trout was determined and 160mg/L of N&Tor 96hrs,

was considered low acute toxicity (Grunert. 1996djhough neem based formulations
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have greater margin of safety to fish (young salmnis toxicity is mainly due to carriers
or emulsifiers (Waret al, 1996).

In September, 2009, the EU Directive 91/414/EEC basome a Regulation (so far
without an identifying number). In the Introductijothe Regulation states that
“substances should only be included in plant protet products where it has been
demonstrated that they present a clear benefitplant production, and they are not
expected to have any harmful effect on human amdairhealth, or any unacceptable
effects on the environment&za A should fit these criteria very well.

One stated aim in the new Regulation is that ashnascpossible biological control and
IPM should replace chemical control. Use of azan AFM depends on it having minimal
toxicity towards beneficials. The results of semld and field trials have shown that
neem products in which aza A is the a.i exhibitimal side effect on non-targets
including predatory insects and nematodes (Schreufté990). Saxenat al, (1981)
showed that hymenopterous prasitoids are lesstigerito neem products than preditors.
He also suggested azadirachtin application favtmsards the parasitoid as it inhibits
pupation in caterpillars. There is some evidenad til formulations of neem product
show stronger side effect to nontargets (Schmuift@@02) but this will not be relevant
to semi-purified products such as NeemAzal®-T whgohtain high proportions of aza
A.

In light of the many reports of the plight of thertey bee, and the suspicion that the
systemic neonicotinoid Imidacloprid may be involiadhe problem, it is important that
any future systemic PPP be non-toxic to bees. baf8889); Leymaret al, (2000)

Schmuterer and Holts, (1987) reported azadirachigsn’t negatively effect the workers
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of honey beeA. melliferg but repetitive applications of neem formulationay effect
the nectar thus indirectly influence the honey theyduce or cause some problem to the
brood. This is an area which may require furthedpt

Overall, it can be concluded that neem formulatiaressuitable for use in IPM schemes,
as their effect on non-targets and beneficialgr@némal.

However, as indicated in Chapter 3 there is eviddahat aza A is slightly phytotoxic.
When it was shown that one of the targets of tmtioid is likely to be tubulin, which
means that it acts as an antimitotic, it might meweat it affected plant tubulin also. The
results reported in that chapter proved that it litdbe an antimitotic effect on newly
germinated plants, although there is no proof ih& due to an effect on tubulin. The
effect was only shown at a high concentration af Az > 5X10% so in practice it may
not be important. It might prevent the use of seedtment with the NSKE, however.
On the other hand, there is some evidence in Chéptbat over the growing season,
treated plants grew slightly better than contrMaybe lack of insect predation is more
important than phytotoxicitylmidacloprid, a neonicotinoid, also used systencal
inhibits germination and growth, but is widely uspdesumably because its insecticidal
effect outweighs this disadvantage.

As far as this project is concerned, the most ingmdrcharacteristic of aza A is its
solubility in water. This allows it to move easiip soil water, and enter plants
systemically. Very few insecticides are able to kvior this way. The threat to pollution
of ground-water is prevented by the short halfdiiféhe soil. The trouble with this is that
if the limonoid is just drenched onto soil, it wilbt have long to kill soil pests and enter

plants. It was hoped that pellets might give a stelease mechanism to give longer
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effect. This was proved to be true. Although thekweith the “hydrophobic” pellets was
not completed, it was clear that the release otahgenoid into the soil could be delayed
by the composition of the pellets. Any product niigave different types of pellet to give
protection over the whole growing season, which ldidoe an improvement on repeated
spraying. Further improvement of stability of fodations in soil enviroments is
necessary in order optimise the delivery of the &his could be achieved by modifying
the formulations, such as product that containg kg, and granular carrier polymer to
meet required performance such as optimum reledseand profile.

Although the terrible weather in the summer of 2@@ant that the results from the field
trial were limited, the application of pellets toilsclearly gave protection to the cabbages
from the pests. In the greenhouse trials, the N8I&E very successful against the CRF.
This is the first time that such results have beeported against this soil-pest. It
demonstrated that the pellet method can protedhstghoth soil and foliar pests, and
should be true of other soil pests also such asweevil.

As discussed earlier in the thesis, the main ugsotar NSKE as PPP is by spraying an
emulsifiable formulation of NAT in sesame oil, @l NeemAzal-T/S. The work here
and from other sources suggests that this mayentdtdomost effective way to use the a.i.
Added to the soil, it has the potential to protibet plant against soil-borne pests, as well
as foliar. There are various ways of introducing tlrpenoid to the soil, such as simple
drenching, drip-irrigation etc. but the advantagesing pellets is that the presence of the
active ingredient in the soil can be prolonged. Tésults here showed that with the
hydrophobic pellets, the a.i. in soil peaked afi@r days, and was still 30% of the

theoretical maximum concentration at this time. Tibll experiments, although limited

185



due to weather, indicated that azadirachtin A viilgpsesent in cabbage after 5 weeks.
Another possible systemic use of NSKE is in hydropaultivation, which is becoming
very important for producing high-value crops swsh peppers for the UK and other
markets. The great advantage of hydroponics is ttatconcentration of a.i. can be
determined exactly, as was done here, and moniteggdarly.

At the moment, aza A is in the process of assedsfoernclusion in Annex 1, which
will allow its use for the foreseeable future. Agsng that it is included in the list of
acceptable a.i. then it is likely to have a maikethe UK similar to that in the countries
where it is registered. The obvious market is thgaoic market. Currently this is in

recession, but is likely to revive in the next fgears

6.2 Ideas for further research.

1. One obvious potential application of the pelletitgchnology is to use
NeemAzaf-T in seed pellets to give the young plant immediatotection from
insect attack. The problem with this is that the'kvo Chapter 3 indicated that
the a.i. is phytotoxic at a high concentrationslpossible that there is a level of
aza A which might be non-phytotoxic while still gig some protection to the
plant. This is a development which might be furtteplored.

2. While the work in Chapter 3 suggested that aza ghirthave its antimitotic affect
by preventing tubulin polymerisation, this can obly proven by studies at the
molecular level, using, for instance, the methoapleyed by Salehzadett al
(2003). This work would help to prove that the magtion of aza A is against

tubulin, which is present in all eucaryotic celtswould be of interest to find why
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it is less effective than anti-mitotic herbicides\d if they bind at the same sites
on the tubulin molecules.

. There are obvious areas of study which would exarthe possible role of aza A
in specific IPM, and push-pull strategies in pauc.

. While aza A is generally thought not to affect meaathering insects, including
bees, this may not be true if the a.i. were torbpleyed as a systemic insecticide.
This would be a very important study.

. The field work using different sorts of pellet wasly of limited success, due to
the weather. Clearly this would be an area whialiccbe repeated and extended

in the future.
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Appendix A. Summary of the concentrations of azadirachtin A apped in
hydroponic media, and soil, and measured in soil @hleaf water in the experiments
reported in this project.

Type of |Formulation| Aza A added | Pellets added Theoretical Actual max. b/a | Actual max. | c/a(%)
Exp. of Aza A to soil to soil max. conc.of | conc.of AzaA | (%) | Conc.in or
(mgkg-1 soil) | (mgkg-1 sail) Aza Ain in soil water leaf water |c/b*(%)
soil/leaf water | Or hydroponic
medium

Hydro- |NeemAzal®-T n.a. n.a. n.a. 1.0x10™ 1.0+1x107° 10*
ponic__|(powder) 1.0x10° 1.0+£1x10™ 10*
Pot NeemAzal®-T 19.0 n.a. 1x10™* 8.0+1.0x10° | 80 n.a.

(powder)

Hydrophilic 130 1x10™ 4.2+1.0x10° | 42 n.a.

Pellets

("Neem 1"

Hydrophobic 19.0 130 1x10™ 3.0+ 1.0x10° | 30 n.a.

Pellets

("Neem 2"

"Neem 1" 1.9 13 1x10° n.a. n.a.

Pellets 9.5 65 5x10° n.a. n.a.

19.0 130 1x10™* n.a. 4.0£2x10° | 4
190.0 650 1x10° n.a. 6.5¢2x10° | 7

Field  ['Neem 1" (g.m?) (g.m?)

Pellets 1.5 10 approx.1x10™ n.a. 3.1+3x10° 3
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The concentrations of the a.i. azadirachtin A usdtie work reported in Chapters 4 and 5 were
based on the findings about the phytotoxicity & liimonoid in Chapter 3. These suggested that
at 10-3M azadirachtin severely affected the groattmewly germinated cabbages and sugar
beet.

Consequently, the concentrations used after thaé \abmost all aimed to produce a lower
concentration in the soil water. The exceptionhattwas a hydroponic experiment when a
concentration of I8M was used to see if this concentration also affé@liants at a later stage
of growth. In soil-water most of the experimentsmed to produce a maximum theoretical
concentration of 16

The calculations of maximum theoretical concertratiin soil water were based on the Know
amount of aza A in the formulations used, and thewn amounts of water in the Soil in pot

experiments. When the pellets were used, this ¢tieal maximum could not be ac achieved,
due to slow release and biological breakdown ofalieln fact, when the crude NSKE was

simply added to the soil, and aza A measured aftenours, the concentration found was 80%
of the possible, almost what might be expectedh wirapid solution in the soil water and a
half-life of 1.6 days.

Unsurprisingly, the two pelleted formulations reéedlin lower maximum soil concentrations
although these were still quite high at 42% and 30%

The concentrations of the a.i. in the leaf-water @nsistently only about a tenth or less of the
concentration around the roots, and this is truebioth hydroponic experiments and pot
experiments.

In the experiments with insects the quantitiesetligis added to the soil in pots and field were
intended to produce a maximum concentration irstileof 10°M or less. In fact, the soil
concentration will have been at least a factomar lbwer than the calculated maximum. When
the concentration in the leaves was measured, theseyood consistency between the field and
pot experiments.
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Appendix B
FIELD DATA SHEET
Title:-

Week No:-
No | Green peach Cabbage aphid Cabbage white Cabbagmt fly Flee
A Nymph | Adult | Winged Nymph Winged Larvae | Adult ?ggtzlle
1
2
3
4
5
6
7
8
9
10
No | Diamond back moth Other Slugs Damage of leaves ( wth (No. leave
insects
Egg Larvae | Adult 1,2,3,4
1
2
3
4
5
6
7
8
9
10
Comments:-

Signature:-
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