VL

Universit
s of Glasgowy

https://theses.gla.ac.uk/

Theses Digitisation:

https://www.gla.ac.uk/myglasgow/research/enlighten/theses/digitisation/

This is a digitised version of the original print thesis.

Copyright and moral rights for this work are retained by the author

A copy can be downloaded for personal non-commercial research or study,
without prior permission or charge

This work cannot be reproduced or quoted extensively from without first
obtaining permission in writing from the author

The content must not be changed in any way or sold commercially in any
format or medium without the formal permission of the author

When referring to this work, full bibliographic details including the author,
title, awarding institution and date of the thesis must be given

Enlighten: Theses
https://theses.qgla.ac.uk/
research-enlighten@glasgow.ac.uk



http://www.gla.ac.uk/myglasgow/research/enlighten/theses/digitisation/
http://www.gla.ac.uk/myglasgow/research/enlighten/theses/digitisation/
http://www.gla.ac.uk/myglasgow/research/enlighten/theses/digitisation/
https://theses.gla.ac.uk/
mailto:research-enlighten@glasgow.ac.uk

EFFECTS OF AZADIRACHTIN ON PROTEIN SYNTHESIS
IN SPECIFIC TISSUES OF THE
DESERT LOCUST SCHISTOCERCA GREGARIA

by
SHAGUFTA IQBAL
M.S¢, Zoology

{University of DBalochistan, Quetta, PAKISTAN)

Thesis submitted for the Degree of

Doctor of Philosophy

May 1999

S
UNIVERSITY

of
GLASGOW

Division of Biochemistry and Molecular Biology
Institnte of Biomedical and Life Sciences
University of Glasgow

Glasgow G12 8Q0Q Scotland UK




ProQuest Numlber: 10391441

All rights reserved

INFORMATION TO ALL USERS
The quality of this reproduction is dependent upon the quality of the copy submitted.

In the unlikely eventthat the author did not send a complete manuscript
and there are missing pages, these will be noted. Also, if material had to be removed,
a note will indicate the deletion.

ProQuest.

ProQuest 10391441

Published by ProQuest LLC (2017). Copyright of the Dissertation is held by the Author.

All rights reserved.
This work is protected against unauthorized copying under Title 17, United States Code
Microform Edition © ProQuest LLC.

ProQuest LLC.

789 East Eisenhower Parkway
P.O. Box 1346

Ann Arbor, M| 48106 - 1346



THIS BOOK iS BOUND BY
M. DOWNIE & 50N
UNIT H, PURDON &T
FARTICK
GLASGOW G11 BAF
TEL: 0141-338-0333




FCLASGon
| a3
{ LiPRaty ]

o e
Vs ot



7 ;e%iﬁ ww ¢ 7
ot the %zm of CLatt, Hre 'ﬂ;}wzgg‘{wﬁ Hhe T #&mﬂffa




I DEDICATE THIS THESIS TO;

My parents Mr and Mrs. M. Igbal and to my beloved daughter Aida Ali.




ACKNOWLEDGEMENT

I would like to express my deepest gratitude to Dr. R.H.C. Strang for his constant
advice, encouragement and ever-willing help extended to me to complete this work. It
has been & great privilege to have worked with him. His co-operation and support is
highly appreciated.

My thanks are also due to Dr. L.M. Fixter for his constructive criticism und guidance to
improve my written work.

I am grateful to Professor G, Milligan for making the facilitics of the department
available.

I also express my deep appreciation to;

Dr, A, Campbell for her help in ELISA experiments;

Dr. J, Modha for his help in Western Blotting and Ouchterlony;

Mr. A. Scott for guidance in clectrophysiological studics;

Mr. J, Green for technical assistance;

Dr. J. Kusel for moral support;

All the colleagues and friends who made my stay in Glasgow pleasant;

My friend Dr. Rukhsana for her tremendous support, my husband Sadaqat Ali for his
consistent help and last not least my son Ziad Ahmed for his patience.

I acknowledge the financial support from the Comunission of Commonwealth
Universitics and The Charles Wallace Pakistan Trust.




SUMMARY

Azadirachtin A, onc of the most polar of the many terpenoids occureing in the the seeds ol
the neem tree (Azadirachta indica) has long been known to be the most potent in terms of
its toxic effects on insects. Although its exact primary mode of action remains unclear,
much research has implied that it inhibits protein biosynthesis in various insect tissues. This
then leads to many secondary effects, such as sterility, developmental failure and general
loss of biological fitness. The aim of the wotk reported in this thesis was to choose two
specitic proteins, lysozyme and vitellogenin, which could be easily quantified, and
synthesised mainly by the fat body. Previous work had suggested that the proteins
synthesised by fat body were reduced by azadirachtin. It was hoped that the synthesis of
both could be induced by appropriate chemical stimuli both in vive and in vitre. The
insect studied, the desert locust Schistocerca gregaria, is known to be sensitive to the effects
of azadirachtin, and is sufficiently large to allow ease of tissue sampling.

Preliminary studies with the uptake of [3H]-1eucine inio the proteins of fat body confirmed
that aza reduced incorporation into the acid~preciptable proteins of the tissue and of the
haemolymph by respectively 42% and 25% over a short tiine course,

Injection of bacterial lipopolysaccharide (L.PS) ;was found to double the amount of
circulating lysozyme within 24hours. Further results suggested that this originated in both
the fal body and haemocytes, Subsequent sludies concenirated on the fat body as it
yielded more maierial.

An incidental observation from this work was that Lysozyme induction and release may be a
general result of any mechanical or chemical insult to the locusts.

Azadirachtin A (3ug/g body weight) largely eliminated the increase in lysozyme activity,
reducing it to resting levels. Studies with isolated fat body confirmed that the effect of both
E.PS and azadirachtin could be shown to be direct effects on the fat body itselr,

In studying the production of vitellogenin, it was found necessary to cstimate the proicin by
immunological means. Vitcllin was purificd from maturc ovarian tissuc, and was used 10
raise a polyclonal antiserum in rabbits. This antiserum was lound to cross-reaci with
vitellogenin, and was used as the basis for various immunological assays. An ELISA assay
allowed quantitative assays of both vitellogenin in fat body and haemolymph, and of
vitellin in ovaries. Over a pericd of a month after imaginal moult, the proportion of
vitellogenin in the female haemolymph rtose from undetectable below 8 days to a
maximum of 70% of the total protein. Treatment of females al 15 and 19 days with
aradirachtin reduced the amount of vitellogenin by 62% and that in ovaries by 73% by 48
hours after freatment. These effects in vive could be largely reproduced in vitro with
isolated fai-body, using methoprene, a Juvenile Hommone analogue, as the stimulus,

In conclusion, the results presented show that azadirachtin prevented at least part of the
increased production, induced by appropriate factors, of two identified proteins. This is

consistent with previous bictogical observations of the action of the terpenoid.
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1.1 Agriculture and insects

Settled agriculture, depending on relatively few crops, was initiated about 10,000
years ago and a huge part of the world's food is produced by monoculture crops today
(Smith, 1998). According to a press release by the Assistant Director General of
International Labour Organisation in 1997, a majority of the world's work force outside
USA and Europe is involved in agriculture, (62% in Asia and 63% in Africa), (Taqi,
1996). Up to now 248,000 plant species have been identified, and more than 150 of
them are under commercial cultivation. 90% of the world's food is supplied by 20
crops: just Your of them - rice, maize, wheat and potato - supply more than half of the
world's food consumption, (Zamora, 1996). The benefits of large scale monoculture
has brought in its wake the problems of insect pests. Almost all plants are susceptible to
insect attacks.

Agriculture has & strong impact on the economy of the world, so it is important to
protect all the crops of any country from pests. Crops, grown either as food or as a
cash crop, are liable to insect attack both when they are growing and also in stored
form. For instance in China, during 1993-1995 when there was an ountbreak of cotton
bollworm, Heliothis armigera H. (Lepidoptera), this cash crop was reduced by 30% and
total estimated losses from the pest damage were 100-120 million US dollars (Wu et
al., 1997).

The practice of storing food grains began about 4500 years ago as a safeguard
against poor harvests and famines, Not only cash crops but stores of food grains are
also vulnerable to attacks by insects, Crop failures due to adverse weather conditions
and/ or pest attacks on growing or stored crops were the main cause of famines
(Schumtterer, 1995). According to a survey roport, onc third of the world’s food crop
is destroyed annually by insect pests during growth, harvest and storage (Saxena er af.,

1989). 35% of all crops arc lost during growth and 20% aftcr harvest just because of
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pests (Fox, 1997). Foad losses due to insect pests in developing countries of Asia and
Africa are higher. Arthropods, more specifically the insects, are the earth's most
numerous, diverse and biologically successful group of animals. There is evidence that
several species of insects attacked granaries and other food storage structures in ancient
times, e.g in ancient Egypt, (I.evinson and Levinson, 1985), and this is still the case

today.

1.2. Protective measures

With the advancement of science and technology every ellort is made to improve the
quality of life for man on this planet. Pest control management to minimise the food
losses is one of them. For thousands of years, until the middle of the 20th century, the
only source of pesticides was natnral plant extracts. The latter half of the this century,
however, has been dominated by various synthetic chemicals, in which there is now a

huge world-wide trade.

1.2.1. Synthetic pesticides

1.2.1.1, History of synthetic pesticides

The "first generation” of insecticides were plant metabolites, originating in folk-use, and
introduced on an increasing scale about 100 years ago. They were natural insecticides
such as pyrethrins, nicotine, rotenone or ryanodine, (Fig 1.1). The cfficiency and
selectivity of these products against inscets was somewhat limited, but they were the
best compounds available until about 1940. Around this time the synthetic insecticides,
starting with DDT, were incroduced as the "second generation" of insecticides (Forgash,
1984). They were very cfficient, neuro-active compounds, e.g the chlorinated
hydrocarbons, the organophosphates, the carbamates and the pyrethroids, (Fig 1.2).
These developments had a profound impact on agriculture. These groups of toxic

compounds dominated the insect market till 1975, as indicated in Fig 1.3,
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Fig 1.1 The structures of some of the earlier insecticides sometimes

called the "first generation" insecticides.
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Fig 1.2 The structure of some of the so-called '"second generation"
ingsecticides.

a) Organophosphorus esters

b} Carbamatcs

¢) Chlorinated hydrocarbons
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Fig. 1.3 Numbers and types of insecticides/acaricides introduced

between 1950 and 1990. Dafa from Voss and Neumann, (1992).

Neurotoxicants
[] Others
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Organophosphate insecticides have been used in crop production and live-stock
husbandry worldwide for over 45 years. Initially, the broad spectrum activity and high
potency was important, but later other aspects such as reduced toxicity against
verfebrates and environmental stability became desirable. After the achievement of
potency and efficacy, research began to focus more on selectivity and environmental
safety and the challenge then became health and the environment.

"Then the "third generation” of insect control agents, such as growth regulators like
juvenile hormone (JH I) and B-ecdysone, and dimilin and precocene IT was the outcome
of research, (Fig 1.4). These compounds, based on the unique biology of insects, are
generally selective and environmentally safe, but act slowly, allowing the insects to
consume considerable amount of their host plant before they die. They have so far

made a limited commercial impact.

1.2.1.2. Synthetic pesticides and human health

For a number of reasons including risk to human health, the past practice of neurotoxic
pesticide use cannot be sustained. Pesticides are no exception to the experience of
mankind that beneficial inventions are never free of risks. Overuse or misuse of
pesticides compromises human health, contaminates water and soils, and damages the
ecosysiemis (Islam, 1996). Tt has been reported that exposure to pesticides and
agrachemicals constitutcs one of the major risks faced by farm workers, Developing
countries consume more than 20% of the world's production of agrochemicals, which
are responsible for approximately 70% of the total cases of acute poisoning in the
working population, i.e. more than 1.1 million cases (Taqgi, 1996). The World Health
Organisation, a UN agency, estimates the total cases of pesticide poisoning worldwide
at between 2 and 5 million workers each year, of which 40,000 are fatal (press release,
1997). The use of organophosphates can cause accidental intoxication in unpirotected

and uneducated users especially in developing countries.
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Kig 1.4 The structures of some insect hormones or compounds that
interfere with the normal development of insects, sometimes named as

"third generation” insecticides.
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Not enly in developing countries but in developed countries as well, the nse of
pesticides is a cause of threat to human health. In Britain for example, sheep dips are
classed as veterinary medicines in which organophosphates are a major component.
There are 95,000 sheep farms in the UK. Despite the advice on protective clothing by
the manufacturers of sheep dips, a study produced by the Institute of Occupational
Medicine of sheep-dipping practices in the UK found that, very few operators wore the
protective clothing and many workers appeared to get soaked in sheep dips (Richards e¢
al., 1996). According to a report, organophosphates are capable of producing several
subacute, delayed and chronic neurclogical neurobehavioural and psychiatric
syndromes in Britain (Jamal, 1997). Similarly in USA, according to a study by an
Environmental Working Group, the drinking water of 4.3 million Americans had
concentrations of pesticides exceeding the standards of acceptable risk, and the worst
example was in Ohio, where one glass of water contained estimatable amount of 10

toxic chemicals (Kennedy, 1997)}.

1.2.1.3. Synthetic pesticides and environmental safety

The long-term use of these neuro-active insecticides can also affect aguatic and
terrestrial wildlife, and particularly kill beneficial insects such as bees, pest-parasites
and pest-predators. For exampie, in USA, honey bee pollination is 60-100 times more
valued than the honey they produce, and the bees are responsible for pollination of one
third of food crops of American diet. In California, the pesticides are reducing the bee
population by 2%/year. More than half of the bee population has been lost in the last 50

years and 25% in the last 5 years, due to pesticide exposure (Abramovitz, 1997).

1.2.1.4. Synthetic pesticides and insect resistance
Resistance against synthetic insecticides, is a worldwide phenomenon and one of the
consequences of excessive use of pesticides, In 1990s many synthetic pesticides are

being withdrawn because of an increase in the number of insects developing resistance

37



against them (Ruskin, 1992), or due to environmenial health hazards (Jonsson, 1996).
Ahn,Y.J. et al., (1986) reported an extremely high level of DDT and pyrethroid
resistance in the Japanese housefly, Musca domestica, In Indonesia, 56 insecticides arc
banned from being used on rice by the Government because of resistance developement
in the leaf-hopper, Nilaparvata lugens infesting rice by overusc of pesticides (Dinham,
1996). DDT was banned in USA in 1972 due to insect resistance, and concern about
health and environmental effects (Sierse, 1997), In Sweden the use of herbicides,
pesticides and fungicides has been cut by 70% since 1985 for the same reasons

(Jonsson, 1996),

1.2.2. Alternative measures
The genetic and biochemical adapability of insects threatens to undermine the
effectiveness of existing pesticides, so there is a need to discover safe, biodepradeable
subsiitutes for the synthetic pesticides. The media have driven public beliefl that most
crop protection chemicals can be replaced by less toxic technologies, including
biological products (Facobson, 1988), and the crop protection industry has shifted its
efforts to these new methods. |

The ongoing shift to new insecticides, however, contrasts with the present
situation in the pesticide market as reported in Pesticide Manual 1990 by CIBA-GIEGY
marketing, (Fig 1.5). It was estimated that the non-neurotoxic insecticides have not
gained even a 10% share of the worldwide insect control market. The large number of
neuro-active insecticides continued to dominate the market until 1990 (Neurotox, 19913,
but real safety problems limit the efficacy of neuro-active insecticides.
Research on insecticides having passed through several "ages", is now in a renaissance
of integrating chemical and biological methods for sustainable pest control, coupled
with human safety. For example, to lessen dependence on synthetic chemicals, an

Integrated Pest Management Management (IPM) approach for grasshopper control has
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Fig 1.5 Insecticides and their acute mammalian toxicities, (circles:

proportiional to sale). (Voss and Neumann, 1992),
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been encouraged in the United States with emphasis on biological control as an

important component (Prior and Streett, 1997).

1.2.3. Natural pesticides

1.2.3.1. History of natural pesticides

Since the neurotoxic synthetic pesticides are proving to to be such a mixed blessing,
there has in the last few years been a revived interest in more traditional plant
metabolites. Plants have an excellent track record in providing novel leads for crop
pratection, particuarly in the field of insecticides (Rice ef al., 1998). 1t is well known
that some insecticides of plant origin have been in use for a long time, such as
pyrethrum obtained from the flowers of Chrysanthernum cinerariifolium, whose nseful
property was known during the time of the Persian king, Darius the Great (521-486
B.C.), (Schmutterer, 1995). The plant kingdom is a vast store house of chemical
substances manufactured and used by plants for defence from attacks by insects,
bacteria and birds (Jacobson, 1988). Many plant-derived compounds from several
chemical classes have been found to possess antifeedant and/or repellant activity against
a number of insects. The Chinese are credited for discovering the insecticidal properties
of Derris species (Feinstein, 1952). In 970 A.D. The Arab scholar Abu Mansur listed
584 natural materials possessing pharmacological and poisonous properties, many with
insecticidal qualities (Schrmutterer, 1995). Similarly, tobacco plant preparations,
containing nicotine, have been used for nearly two ceunturies (Frear, 1943),
Approximately 700 plant species have reportedly been used in different parts of the
world for pest control, with uncertain efficacy (Secoy and Smith, 1983), A list of
appreximately 2400 plant species, having pest conirol properties has been cornpiled

{Grainge and Ahmed, 1988).
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1.2.3.2. Recent research and natural pesticides

Research on the biological activity and chemistry of plant origin antifeedants has been
emphasized because of their biodegradable nature and relative safety towards beneficial
organisms in the environment, (including, of course, Man), (Norris, 1986). During
past few yeurs some of plants that have shown potential in pest control are, for instance:
Chinaberry, (Melia toosenden L, and M .azedarach L.); Neem, (Azadirachta indica);
West Indian mahogany, (Swictenia mahogani Jacq); French Marigold, (Tagetes patula
L); African Marigold, (Tagiees erecta L); Custard Apple, (Annona squamosa L) and
Thunder Gold-vine, (Tripterygium wilfordii Took). T'ew of these are of commercial
interest, although some have their place in the rather short list of commercially
significant pesticides of natural erigin (Table 1.1).

Among these plant products, azadirachtin is most effective of many terpenoid
compounds from the seed extract of a tree called "Neem", Azadirachta indica, or the
Indian lilac. The tree itself displays a wide, and still growing, variety of favourable
properties, which are suitable for agriculture, industrial and commercial exploitation.
The major part of research activities concern its use in agriculture, especially its effects
on insects, (Schmuiterer, 1995). At present, the use of such extracts from different
parts of the tree is largely restricted to local farmers in semiarid, tropical areas around
the globe where the tree grows, although there is an increase in commercial use of neem

products in Sweden, Switzerland, Italy and USA.

L.3. Traditional applications

Neem’s traditional use for pest contrel has been continued in south Asia over many
generations. Now there is a need to make use of centuries of knowledge learned from
practices of our forefathers. It is observed that in last thirty five years there is a
worldwide awakening, especially among researchers, to try to understand traditional

customs, values and practices.
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Table 1.1 Natural compounds as commercial pesticides in world markets

(Naumann, 1994)
Natural product
Pyrethrum
Rotenone

Nicotine
Avermectin

B.T. toxins

Azadirachtin

Origin
plant
plant
plant
bacterial
bacterial

plant
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Example of application
garden pests

garden pests

green house

spider mites

rice fungal pests

fungal pests

garden pests &

agricultural pests etc.



This is a wealth of knowledge, western scientists want to tap. Researchers

learned neem’s pest-control properiies by observing such practices.

1.3.1. Neem in Pakistan
Coming as I do from Pakistan, I am aware since childhood, of the many uses to which
neem extracts have becn traditionally put. In the two warmer provinces of Pakistan,
(Punjab and Sindh), the neem is traditionally used to protect stocks of wheat, rice or
other stored grains from insects at farm levels, and as a household remedy for treatment
of common ailments since generations untold. Among my personal observations of
neem’s traditional uscs arc cxamples both as an inscet repellent and as a folk-medicinc.

Traditionally, the following methods are in use to protect food from insects:
. The dry neem leaves are used for pest control in simple grain
stores at domestic levels.
. The fresh neem leaves are finely ground with water to make a paste which is spread
inside the earthen container used to store the grain. This earthen container is called a
“Padolia” in the Punjab and a “Palli” in Sindh. The stored grain remains untouched by
insects for a period of six months.
. In exwemely hot weather a variety of fresh fruit is packed in baskets lined by neem
fresh leaves for display to keep the fruit fresher for a long time in fruit market, giving an
indication of antifungal properties.
. The dry neem leaves are burnt by poor people in front of their huts so that fumes can
drive away the mosquitees.
. The leaves are dried under the shade and then used to protect the woollen garments
{from damage by moth larvae.

The neem tree also serves as the source of several many home remedies, which
are thus readily available to the poor villagers who cannot afford to buy expensive

medicines. Its medicinal value can be seen in the tollowing home remedies:
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» To drink neem leaf decoction first thing in the morning is thought to be a good
remedy to cure jaundice, snggesting some anti-viral properties.

« The fresh neem leaves are boiled in water and the water is then used as shampoo for
hair-washing and protection against ectoparasites like head lice, Pediculus capiris.

. Green leaves are used as a fodder for cattle, and appear to combat worm infection in
livestock serving as an artihelmintic for caitle,

. Necem oil is considered as an antiseptic and used directly against various skin
infections, like ringworm and scabies. There is of course a large manufacture of soap
from the oil, the use of which safeguards the skin from microbial infection.

The medicinal uses of different parts of the tree are based on, “Tibb-i-Unani” a
type of treatment by herbs. The person practicing the herbal and mineral origin
medicines, is called a “Ilakim”, and is an important personality of the small village
(Sharma, 1991). Some of these activities are being substantiated by current rescarch.
Due to the medicinal significance of neem tree it is considered as “A Village Dispensary”
(Fig 1.6). In the following section, the biology and wider uses of the tree will be

considcred.

1.4. Neem tree (Azadirachta indica)

Azadirachta indica A Juss. (Family Meliaccae), also conmunonly known as,"Neem”,
“Neem” (which means "blessing" in Urdu and Hindi), is a subtropical ree native to arid
areas of Pakistan and India. The tree provides shade Lo give solace from the severe
summer heat, It may truly be called a tree of south Asia’s masses, as every family likes
to have at least one tree near the house. It grows well on marginal soils with low
precipitation and in intense heat. This might be the reason that the Muslim travellers and
settlers who came to India from Western Asia more than a thousand years ago named it
as, “Azad dirakht-i-Hind” (Free or Nable Tree of India). Neem’s botanical name,

Azadirachta indica, is derived from this title (Ahmed et af., 1989).
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Fig L.6 Traditional uses of Neem tree "A Village Dispensary”.
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1.4.1. Taxonontic history

Azadirachia indica was first described as Melia azadirachta by Linnaeus in his list of
species, Plantarum (1753). Azadirachta was first distingoished from Melia by de
Jussieu (1830), but both are closely related with only small differences, (Vander et al.,
1991). Nowadays, Azadirachta indica is considered to belong to the Melieae, one of

five tribes of the subfamily Melioidea, within the family Meliaceae.

1.4.2. Neem: origin & distribution

Neem is thought to have originated in Assam and Burma, but now it is well established
un at least thirty tropical and semi-tropical countries of the world (Ruskin, 1992).
Whercver people from the Indian sub-continent have settled, they have tried to take the
tree with them if the climate was suitable.

Durting this century, it has been introduced into many parts of Africa, especially in
East Africa. Now it is widely cullivated in the African continent as in Ethiopia,
Somalia, Kenya, Tanzania, Mozambique, Mauritania, Togo, Ivory Coast, Cameroon,
Nigeria, Guinea, Ghana, Gambia, Sudan, Benin, Mali, Niger, Burkine, Fasa, Chad,
and Senegal particularly in Iow rainfall regions (Jacobson, 1988). There is even a small
neem industry centered in Nairobi, which has just received registration for its first
neem-based products (Strang, personal comunication). It is currently under cultivation
in plantations of West Africa and the Caribbean Islands, as well as parts of central and
southern America, Ausiralia and India (Jacobson, 1986),

In the Pacific, it is known that in 19th century immigrants took the tree from the
Indo-Pak region to Fiji and now it has spread to other islands in the south Pacific
(Jacobson, 1988). The Philippines has also begun wide scale plantings of neem for
fuelwood and pesticide production

The neem tree was chosen for large scale planting on the Plains of Arafat near
Mecca in Saudi Arabia where 2-3 million muslim pilgrims congregate annually during

the Hajj, for pilgrimage to Mecca. It is probably the world's largest neem plantation
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Fig 1.7 Neem tree in the plains of Arafat, Saudi Arabia,

This is the place where the prophet Mohammed (pbuh) delivered bis farewell sermon
some 1,400 years ago. A city of thousands of tents spring up each year to accomodate
2-3 million muslim pilgrims who camp there annuaily for the Hajj. The tree provides

shade and relief from the intense heat.
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Fig 1.8 Ripe (vellow) and immature (green) fruits of Azadirachta indica

(Schmutterer, 1995),
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Ncem grows well Trom sca-lcvel to over 670m (2000 £t) and can be established in
hot and dry regions without irrigation. It grows where maximum shade temperature

may be as high as 49°C (IZOOF) but it does not stand excessive cold (Ruskin, 1992),

1.4.4. Commercial formulations of neem

The most important neem products used in numerous (rials are as follows: neem seed oil
and neem seed cake; agueous neem seed kernel and leaf extracts; alcoholic seed kernels
and leaf extracts; enriched, formulated seed kernel extracts (Fig 1.9). Almost all of
these have been used from the most ancient times. The use of large amounts of neem oil
for soap-making dates from after the Second World War. As the science of neem has
progressed, there is increasing use of pure and semi-pure extracts. Neem seed oil is
pressed from neem seeds in the cold by using an oil presser or prepared by extraction
with alcohols or less polar sofvents. Small amounts of oil can be obtained by kneading
neem seed powder by hand after adding some water (Dreyer, 1987). The very large-
scale oil extraction in South India depends on high temperatures (>1000(,‘) to ensure
good recovery of the oil. As azadirachtin has been shown to be heat-sensitive (Strang,
unpublished results), oil produced by such large-scale methods has little or no
azadirachtin. This may account for the low and variable concentrations found in many
of the poorer commercial products from India.

Neem seed cake is the residue of seed kernels after the oil has been removed. This
cake is a uscful organic fertilizer, containing some nitrogen (2-4%) as well as some
azadirachtin and other active compounds. It has been reported to reduce nitrogen loss
from the soil and to encourage nitrogen fixation when applied to rice ficlds in India, and
in Pakislan. It has also been used to maintain the soil fertility when added to the water
in rice fields in Pakistan (Akhter ef al., 1998). The first commercial product from neem
was "Margosan-O" (W.R. Gracc & Co., Cambridge, MA, USA), based on the oil, and
registered in USA in 1985, Several commercial formulations and semi-commercial

preparations arc now available Table 1.2,



Fig 1.9 Some of the commercial products of neem. The figure indicates

different applications of neem-based products.
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Table 1.2 Commercially produced neem-based pesticide products

(Parmar et al., 1993; Schmuftterer, 1995).

Trade Name

Morgosan-O
NeemAzal
Azatin-EC

Mecen
Field Marshal
Moskit
Neemgold
Nimba
Wellgro
Atign™
Azatin®

TurplchM

* TGR: insect growth regulator.

Active ingredient or

source
Azadirachtin
Azadirachtin
Azadirachtin
Azadirachtin
Azadirachtin
Oil
Azadirachtin
Kernel based
Kernel powder
Azadirachtin
Azadivachtin
Arzadirachtin

57

Application

Insecticide
Insecticide
Insecticide
Antifeedant & IGR*
Antifeedant
Mosquito repellent
Antifeedant
Pesticide
Antifungal and antiviral
Insecticide
Insecticide

Pesticide



Neem seed oil is often a starting material for such insecticides and its biological
activity is closely related to its azadirachtin content (Isman et af., 1990). As indicated
above, this is one of the drawbacks of the oil, as the azadirachtin content of oil is often
low, and it certainly vavies from baich to batch. Several companies in Germany,
Canada, India, Thailand, Australia and the United States have, however, developed
ncem oil products for feed crops (Schmutterer, 1995). Margosan-O has been registered
by EPA in 1993 for food crops.

In the last few years an enriched neem product has been developed by Trifolio-M
GmbH (Lahnau, Germany), using a simple water-extraction method to enrich the extract
for the most potent compound azadirachtin, and this will be further discussed below. A
crude concentrate called NeemAzal, containing 30% azadirachtin, is formulated into a
variety of products with detined contents of azadivachtin, Formulations are currently in
use in Swiizerland, where it is registered, and it will soon be also registered in Germany

(Schulz et ai., 1997). Examples of some commercial products are shown in Table 1.2.

1.4,5. Neem terpenoid chemistry and bicactivity

What is the nature of the active compounds in the neem extracts? Chemical study of the
metabelites of the neem tree, especially the complex terpenoids, dates back to 1880-
1890, when Indian chemists took up the isolation of active principles from its seed and
other parts (Jacobson, 1988). The tree elaborates a vast array of biologically active
compounds, which are chemically diverse and structurally complex. All of the well-
characterised compounds identified in neem belong to the class of “triterpenoids™ or
more specifically, “limonoids™, The bitterness of neem is due to the occurrence of these
timonoids (Siddiqui ef al., 1986). The term, “Limonoid”, is derived from Limenin, the
first tetranortriterpenoid obtained from citrus bitter principles in 1841. Out of over 300
lirnonoids known loday about one third are accounted for by necm and china-berry

alone (Jones et al., 1989).



Neem attracted the attention of a German scientist, Heinz Schmutterer in 1959,
during a locust swarm in Sudan, when all the vegetation was destroyed except neeim
trees (Fig 1.10), (Uvarov.B, 1977; Schmutterer, personal communication). This
incident drammatically dermnonstrated the presence of an antifeedant quality in the tree.

An antifeedant compound prevents feeding on the leaves in which it is present and
acts to deter insects (Munakata, 1975). The recent interest in neem extracts as crop
proteciants dates back to the work of Pradhan et @l  (1962), who reported that diluted
aqueous seed extracts completely prevented feeding by the desert locust Schistocerca
gregaria (Nisbet, 1992). Later in 1968 the most active antifeedant principle from neem
seeds was isolated and named "Azadirachtin", (Butterworth and Morgan, 1968), and it
waus a highly polar compound.

It has long been known that the maximal insecticidal activity of the tree is in the
sced kernels (Siddiqui ef al., 1942). In the seeds it would appear that oxidised products
are formed as ripening of seed proceeds. The most highly oxygenated group of
limonoids yet identified, and represented by the azadirachtins, is present in fully ripened
seeds (Parmer e/ al., 1993). So far, at least nine neem limonoids, of very closcly
related structures, have been given the name of azadirachting (azadirachtin A-I Table
1.3). These azadirachtins have demonstrated the ability to block insect growth affecting
a range of species, including some of the most voracions pests of plants and human
health, This group of compounds are said to be "congeners” meaning that they have
many structural features in common, and arc likcly to be derived from a single
precursor. This precursor is usually considered to be the simple, terpenoid tirucallol,
(Fig 1.11), which has only one oxygen function, although little work has been done to
explore the biosynthetic pathway of the azadirachtins. By far the most abundant of the
azadirachtins is azadirachtin A, which makes up 80-90% of the group of congeners
(Table 1.3). New limonoids are still being discovered in neem, but azadirachtin A,

which generally makes up about 10-15% by weight of the total terpenoids of the kernel,
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Fig 1.16 In Sudan in 1959, during a locust swarm all the vegetation
destroyed except Neem tree (Uvarov, 1977).
It was an observation of the sort by Dr. Schmutterer in 1959 which started off the

interest in neem research in Europe and USA.
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Fig 1.11 Limonoids from neem seeds and their putative biogenetic

precursor, tirucallol.
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Tirucallol

Azadirachtin A
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Table 1.3 Congeners of azadirachtin. Pure azadirachtins as isolated from
27 kg neem seeds (Uebel ef al,, 1979).

Name Amount Fraction
(mg) (% by weight)

Azadivachtin A 3500 83
Azadirachtin B 700 16
Azadirachtin C 4.7 0.11
Azudivachtin D 3.8 0.08
Azadirachtin E 9.4 0.22
Azadirachtin F 4.5 0.10
Azadirachtin G 3.1 0.07
Azadirachtin H <1.0 -
Azadivachtin I <1.0 -
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has been shown to be the most potent both as antifeedant and growth regulator in insects
More abundant terpenoids such as salannin and nimbin, may have some biological
activity, but are less active (Schmutterer, 1985). In commercial applications such as
those listed in Table 1.2, azadirachtin A is generally considered to be the "active
principle" for registration purposes etc. The work in this thesis was based solely on the
use of pure azadirachtin A whose characteristics will be further considered below,

Of the nine congeners, azadirachtin A comprises the major percentage,
azadirachtin B is present at concentrations up to 16% and each of the remaining isomers
(C-I) comprise less than 0.2% of the mixture (Ruskin, 1992). In this thesis, wherever

the word azadirachtin is used, it is azadirachtin A.

1.5. Azadirachtin A.

Azadirachiin A was one of the first active ingredients to be isolated from neem and has
proved to be the tree’s main agent for deterring and affecting insects. It appears to cause
some 90% of the abserved effects on most pests (Parmar ef af., 1993). It does not kill
insects immediately, but instead it disrupts their growth and reproduction (Mordue ef
al., 1993). The main source of azadirachtin is the neem sced. Examples of
concenfrations of azadirachtin in different seed origins are as follows:

a) 0.065 % w/w in Srilankan seeds (Paranagama, 1994),

b) 0.04% w/w in Ghanian seeds (Nisbet, 1992), and

¢) 0.0015% w/w in Pakistani seeds (Nisbet, 1992).

1.5.1. Isolation of azadirachtin

Several procedures have been published for the isolation of azadirachtin. Most are
bascd on modifications of the original methods of Butterworth, er al., (1968);
Nakanishi, (1975); and Yamasaki, et ¢f., {1986). The general principles of the isolation
proccss of the compound are shown in Fig 1,12, Purification has been accomplished

by successive partitioning between solvents, and by various methods of column
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Fig 1,12 An outline of different procedures involved in isolation of

azadirachtin from ground neem seed kernels.
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chromatography, as well as preparative thin layer chromatography (TLC). The methods
of column chromatgraphy include: preparative high performance liquid chromatography
(HPLC), (mainly reverse phase); absorption chromatograhy on silica; and most
recently, Supercritical Fluid Chromatography (SFC) (Jarvis ¢f al., 1998).

The isolation of azadirachtin by chromatographic methods is aided by
its high polarity in comparison with most of the other terpenoids in the kernels, although

azadirachtin A and B are very similar in polarity (Fig 1,13).

1.5.2. Chemical properties of azadirachtin

Azadirachtin A, is a highly oxidized triterpenoid with Relative Molecular Mass (Mr) of
720, {molecular formula Cs5H,,0,4), and a melting point is 1650(3. It is freely soluble
in polar organic solvents and sparingly soiuble in water (2g/1), (Butterworth et al.,
1971). This solubility in water has been made its use in traditional agriculture, in which
a plant spray can easily be produced by steeping the ground kernels overnight in water.
More recently, water extraction became the basis of a patent by the Trifolio GmbH.

The compounds identified and characterized from neem are triterpencids and all
are derived from the putative parent tetracyclic triterpencid tirucaliol, Fig 1.11 (Jones et
al., 1988), From a commercial and biological point of view azadirachtin is currently the
most interesting terpenoid from neem. The compound is stable in neutral solution but
decomposes rapidly in alkaline medium (Morgan, 1998). It is also susceptible to
ultraviolet degradation and deéomposes exponentially over time with a half life of 25
hours, when exposed to constant U,V irradiation. However, after decomposition the
resulting complex mixture of compounds retained the original growth regulatory
properties of azadirachtin (Barnby et al., 1989).

A recent study on the stability of azadirachtin in aqueous and oxganic solvents
suggests that azadirachtin in buffered aqueous solution is most stable between pH 4 and
3, at room temperature, but when comparced (o other natural insecticides like pyrethrin

and rotenone, azadirachtin is a "rather stable substance” (Jarvis et al., 1998).
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Fig. 1.13. Resolution by high performance liquid chromatography
(HPL.C) of the major terpenoids in the neem seed kernels.

The column used was a C6 silica-based reverse phase amalytical column. The
terpenoids were eiuted by means of a linear gradient of methanol in water rising from a
starting mixture of 50/50 methanol/water to 100% methanol, over a period of 10
minutes. The rate of pumping was Tmi/min. Dectection was by UV light absorbance at
220nm. Some of the major compounds are:

a: azadirachtin A,

b: azadirachtin B,

¢: nimbin and

d: salanin.

In this particular extract, azadirachtin A represents 15% of the terpenoids by weight.
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1.6. Effects of azadirachtin on insccts

The neem trec has emerged as an important source of insect control agents. The number
of inscets senstitive to neem products has now increased to more than 400 species
(Table 1.4), (Schmutterer, 1995). The important insect orders, Homoptera, Diptera,
IHeteroptera, Lepidoptera, Coleoptera and Hymenoptera have proved to be ncem-
sensitive, at least in laboratory experiments. However, the effects varied with tested
pest specics and the progeny of the material used. For example, lepidopterous species
are the most important group of harmful insects in warm climates, so the larvae have
been the main targets of necm applications, (Rossner et ai., 1987). Reported variations
in sensitivities are typical in orthopteroidae, depending on oxder of insect, species of
inscct and the manner of application of neem product. Mordue and Blackwell (1993)
cite effective concentrations (ECsp) applied as an artificial diet between 0.001p.p.m.
(Schistocerca gregariay and more than 1000p.p.m. (Melanoplus sanguinipes ).

The growing accumulation of experience demonstrates that neem products work
either as antifeedants or by intervening at several stages of an insect’s life instead of
Killing them instataneously. In this decade, when many synthetic pesticides are being
withdrawn, this kind of pest control approach is seen as more desirable. Pests do not
have to be killed instantly if their populations can be incapacitated in ways that are
harmless to people and the planet as a whole.

As previously stated, the effectiveness of the many products depends upon
azadirachtin. This is the terpenoid, isolated from the neem seed kernels, and is the basis
ol detailed scientific research work. The effects of azadirachtin on various insects are
grouped into two categories, (Fig 1.14):

u) External effects such as :
» deterring feeding,
» repelling larvae and adults,

» deterring females from laying eggs.
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Table 1.4 Number of neem-sensitive insect pest species, arranged by

order (Schmutterer, 1995).

Order Number of species tesied
Blattodea 6
Dermaptera 1
Caelifera 21
Ensifera 3
Phasmida 1
fsoptera 6
Thysanoptera 13
Phthiraptera 4
Heteroptera 32
Homoptera 50
Hymenoptera 3
Coleoptera 79
Lepidoptera 136
Diptera 49
Siphonaptera 4
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Fig 1.14 The effects of azadirachtin on insects are classified into two,

external and internal, on the basis of its responsc in insccts.
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b) Internal effects such as ;
« secondary anti-feedant effects,
« disrupting the devclopment of eggs, larvae, or pupae,
» blocking the molting of larvae or nymphs,
» disrupting mating and sexual communication,
» sterilizing adults, and
» disrupting normal cuticle formation.
Research inte the insecticidal effects of azadirachtin has been ongoing for some 35
years. The most striking effects include antifeedant, growth disruption and effects on

reproduction.

1.6.1. External effects

1.6.1.1. Antifeedant eftects

The antifeedant effect of azadirachtin towards the desert locust was the primary field
observation by Schmutterer (1959) and then the laboratory findings of Butterworth und
Morgan (1968), which first drew attention to this terpenoid. Its effect is due to the
presence of external receptors. Those receptors, mediating the primary antifeedancy
must be on the sensory parts of the antennae or the mouthparts.

Published data on the antifeedant eftects of azadirachtin and Margosan-O on insect
species is enlisted in Table 1.5 (Mordue and Blackwell, 1993). Treatment of insects by
azadirachtin does not immmediately kill them but often have an antifeedant effect,
reducing the amount of food intake, i.e. primary antifeedant effects leading to secondary
effects which lower the fitness of the insects, (Blaney and Simmonds, 1993).
Concentrations ranging from 0.001% to 4% of various ncem seed kernel extracts have
generally been found to deter the feeding of most of the insects evaluated so far (Singh,
1993). These figures confirm that different insects posscs a variable ability to sense

azadirachtin.
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Tahle 1.5 The antifecdant effects of azadirachtin (AZAD) and
"Margosan-O" (M-0) (0.3% AZAD) on a selected range of insect pest
species in laboratory and greenhouse trials (Mordue and Blackwell,

1993).

Species Treatment AZAD Antifeedancy
(p.p.m)

Lepidoptera (larvae)

Spodopiera frugiperda AZAD(fd) 1.0 92
Heliothis virescens AZAD(fd) 1.0 04
Spodopirera littoralis AZAD(fd) 1.0 95
Choristoneura fumiferana M-Ofad) 0.3 95
Heliothis virescens AZAD(ad) 0.07 50
Peridroma plorans AZAD(ad) 0.4 50
Spodoptera littorafis AZAD{(ad) 10.0 100
Earias insulana AZ.AD(ad) 50.0 100
Spodoptera litura AZAD() 50.0 37
Spodoptera frugiperda AZAD() 50.0 43
Peridroma saucia AZAD(1) 2.4 50
Ostrinia nubilasis AZAD() 24.0 50
Achoea janala AZAD() 1.0 54
Achoea janata AZAD(H) 10.0 75
Spodoptera littoralis AZAD(sp) 0.06 50
Macalla thyrsisalis M-O(sp) 20.0 41
Spodoptera frugiperda AZAD(sp) 600.0 160
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Pievis brassicae

Coleoptera

Epilachna varivestis

Diabrotica
undecimpunctata howardi

Acalymma vittatum

Lepitinotarsa

decemlineata

Hemiptera
Myzus persicae
Rhopalosiphum padi and
Sitobion avenae
Asmmetrasca decedens
Myzus persicae
Rhopalosiphum padi and
Sttobion avenae
Asmmetrasca decedens

Rhodnius prolixus

Isoptera

Coptotermes formosans

Diptera

Liriomyza trifolii

AZAD(syst)

AZAD(®)

AZAD(sp)

AZAD(sp)
AZAD(sp)

AZAD(ad)
AZAD(Y)
M-O(sp)

AZAD(syst)
AZAD(syst)

M-O(syst)
AZAD

M-O(fd)

M-O(syst)
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30.0

500.0

100.0

160.0
600.0

100.0

250.0

60.0

300.0

500.0

60.0
25.0

100.0

10.0

56

100

98
98

80

50
30
30

18

100
50
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Orthoptera

Schistocerca gregaria AZAD{D) 0.07 100
Locusta migratoria AZAD(fd) 50.0 100
Dissosteira caroling M-O(td) 150.0 82
Schistocerca gregaria AZADN(ad) 0.001 100
Milanoplus sanguinipes AZAD(ad) 1000.0 0
Eyperpocnemis plorans AZAD() 0.01 44
AZAD(®) 0.1 85
Diapheromera femoratu M-O() 150.0 75
M-O) 600.0 91
Gryllus pennsylvanicus M-O(t) 150.0 100
Schistocerca gregavia AZAD(sp) 1.0 50

Treatment applied:

fd-Giler paper or glass [ibre discs;

ad-artificial diet;

t-topical treutment Lo leaves or leaf discs;

sp-spray application o crops; syst-syslemic application.

+ Antifeedancy given in relation to control feeding. 100% represents the total abolition of

fecding at the stated conceniration.
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. The antifeedant activity has been assessed by applying a varicty of formulations in
many different ways against more than 200 species, e.g. to crops; to the insects as
sprays; topical applications; by cannulation; by injection; on simple feeding discs or
within artificial diets. It is clear that lepidoptera are extremely sensitive to azadirachtin
and show an effeciive feeding inhibition for 1-50p.p.m. of azadirachtin, depending
upon speeies. Coleoptera, Hemiptera and Homoptera are less sensitive to azadirachtin,
whereas Orthoptera show an enormous range in sensitivity from the most sensitive
species tested, Schistocerca gregaria (EC50=0.05p.p.m.), the moderate sensitivity of
Locusta migratoria (EC50=100p.p.m.) and the exlreme insensitivity of Melanoplus
sanguinipes {ECs>1000p.p.n.) (Table 1.5).

Powdered seed kemels of Azadirachta indica A. JUSS, (5% by weight of the
grain) were found to be effective repellents to protect stored wheat and lentil seeds from
pests, Like grain weevil, Sitophilns granarius L., vice weevil, S. oryzael 1.., and
cowpea weevil, Callosobruchus chinensis L. using an olfactometric method (Ignatowicz
and Wesolowska, 1996).

A spray of water and acetone extracts of the leaves of Azadirachia indica against
the okra shoot and fruit borer, Earias vittella, reduced the fruit damage by 20%,
indicating feeding inhibition (Shukla ef @f., 1997),

Neem seed kernel, seed coat and fallen leaves were extracted with water and
ethano! (Singh, 1987). The ethanolic extract was re-cxtracted successively with hexane,
chloreform and methanol. These extracts were tested for their antifeedant efficacy
against the desert locust, S. gregaria. The neem seed kemel extract was most active,
followed by seed coat and leaves. The water cxtract deterred feeding nearly as
effectively as the methanol extract indicating thereby that water is used as an effective
solvent for exiracting the seed kernel. The seed coat which constitutes about 50% of the
seed weight exhibited high antifeedant activity. Water and ethanolic extracts of the seed
kernel were evaluated against chafer beetle, Apogonia blanchardi (Doharey et al., 1989)

and found to inhibit the feeding of the beetle at 2.5 and 1% concentrations repectively.
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Although only crude extracts were used in the above work, it is clear from the
effectiveness of the polar extracts that azadirachtin was the main agent.

The more recent commercial developments have tried to maximise the azadirachtin
content. NeemAzal (Trifolio GmbH) normally has 20% azadirachtin content.
According to azadirachtin contents, three concentrations of 0.2%, 2% and 10% of
NeemAzal were tested in three series with different periods of exposure during the life
cycle of cockroaches Periplaneta americana L. The reduction in food consumption in
larvae was 15%, 35% and 60% respectively against the controls for the above said
treatments (Bohm et al., 1997). The antifeedant effect was directly related to the
azadirachtin content, and was the cause of retardation of larval growth. The females that
developed from these larvae showed a decreased ability to reproduce. In a recent study,
fifth-instar of S. gregaria, fed on barley seedlings sprayed with different concentrations

of azadirachtin and analogues, showed potent antifeedant activity (Mordue et aid., 1998).

1.6.2. Internal effects

There is no doubt that azadirachtin is an extremely effective antifeedant for
phytophagous insects. On the other hand, haematophagous insects are not responsive
for antifeedant effects. The differences in responsiveness relate to differences in the
presence of receptors on neurons in the taste sensilla. In some cases, the external
effects of azadirachtin could induce starvation in msects, and thus indirectly cause
developmental failure (Slama, 1978). For example, 8. gregaria will die from starvation
rather than fced on azadirachtin-treated crops, whereas L. migratoria will ingest enough
for toxic physiological effects to manifest thenselves (Mordue et @l., 1996). Similarly
aphids ingest sufficient amount which not only inhibits their reproduction but the

production of viable nymphs as well (Nisbet et al., 1994; Lowery and Isman, 1994),
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Reports of the physiological disorders in insects caused with treatment of
azadirachiin are widespread in literature. The reported deleterious effects of azadirachtin
tnclude: growth inhibition (insect growth regulatory effect (IGR), prevention of proper
function of the gut (which may resuit in the so-called secondary antifeedant effects),
interruption of reproduction, disturbances in larval-adult development, reduction of
fecundity, and general, ill-defined, loss of "fitness"”, usnally culminating after some time
in actual death. In the following sections, some of the above mentioned effects are

described in greater depth.

1.6.2.1. Insect Growth Regulatory (IGR) effect

'This biological effect of azadirachtin on insects is often the most obvious one.
Azadirachtin, (or unresolved polar extract of seed kernels), when applied or fed to
juvenile insects, wirests their growth. ‘The insects are either killed before reaching adult
stage or produce malformed and miniature adults, depending on the given dose.

The IGR effects of azadirachtin on different insect species are listed in Tablel.6.
McMillan ef al., (1909) were the first to report the growlh-disrupting effect of a
chloroform extract of the leaves of Melia azedarach, a close relative of neem, against
Spodoptera frugiperda and Heliothis zea. Later, Gill et al. (1971) reported that Pieris
brassicae larvae fed on foliage treated with neem kernel extract failed to develop to
matuority and most of them died during moulting.

The growth-disrupting effects of azadirachtin in P, brassicae larvae feeding on
cabbage leaves treated with the compound at concentrations which were not antifeedant
were reported by Ruscoe (1972). Final instar larvae which had fed on leaves treated
with 50p.p.m. azadirachtin were unable to complete their pupal moult.

In Homoptera the growth-inhibitory and disrupting effects of neem derivatives are
much more profound than cither the repelient or antifeedant effcets. Regardless of the

biotype, young nymphs of the rice hopper, Nilaparvata Iugens, were highly sensitive to
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Table 1.6 The insect growth regulatory (IGR) effects of azadirachtin on

insects after injection, oral cannulation or topical application (Mordue

and Blackwell, 1993).

Species

Lepidoptera

Heliothis virescens
Spodoptera frugiperda
Spodoptera littoralis
Spodoptera litura
Achoea Janara
Peridroma saucia

Bombyx mori

Spodoptera frugiperda
Spodoptera littoralis

Heliothis virescens

Spodoptera littoralis
Spodoptera frugiperda
Heliothis virescens
Hemiptera

Rhodnius prolixus

Oncopeltus fasciatus

Treatment
at the start

of instar

injection
injection
injection
injection
injection
injection

injection

oral cann
oral cann

oral cann

topical appli
topical apph

topical appli

injection

injection

Azadirachtin
concentration
ug/g(body

weight)

1.7
1.5
1.9
1.1
4.1
1.2
1.2

1.5
1.9
3.0

1.5
1.9
1.7

0.2
0.6

Moult
inhibition
morfality

(%)

15

35

50
50
50
30

S0
50
100

15

20

50
50



Oncopeltus fasciatus
Orthoptera

Schistocerca gregaria
Locusta migratoria
Melanoplus sanguinipes
Melanoplus sanguinipes

Melanoplus sanguinipes

Treatment applied:

oral cann; oral cannulation

{opical appli: topical application

topical appli

injection
injection
iijection
oral cann

topical appli
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0.14

L7

1.3

3.2
11.3
4.5

50

50
50
30
50



neem and fewer than 10% reached adulthood on rice plants sprayed with 3% neem oil.
None hecame adults at higher concentrations of neem oil (Saxena ¢t al., 1981),

Moultmg failures were observed in young pea aphids, Aphis pisum, exposed 10
hean plants sprayed with neem seed kernel extracts (Schauer, 1984). Third instar
Myzus persicae and Nasonovia ribisnigri exposed to 0.5% neem oil moulted
successfully to adults but they were generally much smaller in size than controls
(Mowery, 1992). Koul et al., (1987) found that final instar Bombyx mori larvae
injected with azadirachtin experienced a dose-dependent reduction in weight gain
resulting in a failure to pupate in those larvae which did not reach a threshold weight of
2.5g. A severe reduction in the development of ovaries of females of the earwig
Labidura riparia was observed alter azadirachtin treatment (Sayah ef al., 1996). The
effect was dose-dependent and not linked to an absence of feeding.

The growth-disrupting effects of neem seed extracts have been reported for forty-
ong species of insects covering almost every economically important order (Jacobson,
1986; Warthen, 1989). Mexican bean beetle, Epilachna varivestiy is a phytophagous
coccinellid with considerable economic importance on legumes in America. It has a
short life cycle, and consumes considerable amounts of food in the larval and adult
stages. The growth-disrupting effects of azadirachtin on larvae of E. varivestis are
typical of many uvther species (Rembold, 1988). When larvae feed on (realed substrales,
they may remain in the larval state without progressing to the pupal moult. This species
has been often used as a bicassay of azadirachtin and neein in general.

In Lepidopterans, disruption of the larval-pupal moult is frequently reporied
(Schrutterer ef ¢f., 1983; Koul and Isman, 1991). Depending on the time of treatment
and dose, larvae treated with azadirachtin or neem failed to initiate the larval-pupal molt
or melt into larval-pupal molt intermediates (JTagannadh and Nair, 1992). n noctuids
e.g Perdroma saucia, Heliothis virescens, Spodoptera exempta, pupation is disrupted by

azadirachtin at doscs as low as 0.5-1.0ug per larva, Qadri and Narsaiah (1978) injected

84



azadirachtin in acetone into the hacmolymph of last instar male and female nymphs of
Periplaneta americana. Moulting was delayed by 2 weeks, and accompanied with
disturbances during moult and subsequent mortality., Laboratory bioassays proved that
topical neem application on hoppers of L. migratoria and S. gregaria result in prolonged
nymphal development (Schmutterer, 1995). A long delay was caused when 3rd instar
nymphs of S.gregaria were kept in neem-ocil-sprayed cages. A prolonged development
period of 8. gregaria was rccorded in semi-ficld trials, similar to that in the laboratory
(Langewald and Schmutterer, 1592).

One striking fact from the data in Table 1.6, is that the insects tested have a high
sensitivity to this effect of azadirachtin, and the effective concentrations fall within rather

narrower limits comparcd to the antifecdant cffects.

1.6.2.2, Effect on reproduction

The effect of neem products en the reproduction of insects have been known since
1975, when it was reported for the first time that the number of eggs produced by
Epilachna varivestis decreased after the intake of active principles from neem seed
kernels and of azadirachtin (Steets and Schmutterer, 1975). After feeding for 5 days on
residues of azadirachtin at 50p.p.m. on bean leaves in the laboratory, treated females
laid less then 10% eggs of the untreated controls. Not only were the number of eggs
reduced, the fertility of eggs was also affected. The reproduction-reduction effects of
neem products have been reported in insects of other orders, such as Caelifera,
Heteroptera, Homoptera, Hymenoptera, Lepidoptera and Diptera (Schmutterer and
Rembold, 1995).

In the African migratory locust, Locusta migraioria, injection of 10mg
azadirachtin/female, 2-10 days after the last moult, prevented cgg-production (Rembold
and Sieber, 1981). Singh er af (1987) found that females of S. gregaria laid
significantly fewer eggs in sand, treated with 0.1, 0.5 and 1% concentration of neem

kernel suspension than the untreated controls.
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In Heteroptera, in laboratory bivassays the females of the stainer bug, Dysdercus
fasciatus, derived from Sth instar nymphs treated topically with methanolic neem seed
kernel extracts, laid on the average only 59% of the numboer of eggs of untreated
controls (Ochse, 1981). Females of the large milkweed bug, Oncopeltus fasciatus,
were completely sterilized by topical application of 8 and 16mg of azadirachtin /female
{Dorn et al., 1987). Females of the melon fly Bactrocerca cucurbitae laid significantly
fewer eggs than conirels when treated as larvae and pupae with 1.85p.p.m. azadirachtin
in the diet (Statk et al., 1990).

A remarked reduction in the number of deposited first instar nymphs of green
peach aphid, Myzus persicac, was recorded, when 250p.p.m. of Margosan-O was
applied to Vicia faba plants in laboratory trials (Grothe, 1992).

Treatment of 3rd instar larvae of Adoxophyes orana with NeemAvzal-F (apple
leaves dipped in solutions containing 3p.p.m.) resulted in 50% sterile egg-masses atter
treatment of male larvae and 37% after treatinent of female larvae (Jakob, and Dickler,

1994}, In Periplaneta americana, NeemAzal does not lead to increased mortality but
may result in a substantial reduction in the fecundity, so that the following generation
may be reduced below an economic threshold level (Schmutterer, 1990 & 1992).

In a recent study, the ovicidal effects of various formulations of azadirachtin
against the mosquitocs, Culex tarsalis and Culex quinguefasciatus were investigated by
Su and Mulla (1998). The ovicidal activity was influenced by concentrations of
azadirachtin and the age of the egg rafts.

Not only azadirachtin A and its congeners reduce the fecundity of Lepidopterous
inscets, but so do the volatiles of secd kernels. The exposwre of adults of the moth
Earias vitella to volatile substances of neem oil and neem leaves resulted in a reduction
of the fecundity of females and an increase in egg-sterility, compared with controls
(Pathak and Krishna, 1986). A pronounced reduction of egg output and egg viability
occuired in rice moth, Corcyra cephaionica, following exposure to neen: oil vapour

emanating from paper discs containing 160Ul of oil. The total number of eggs laid per
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treated female was 245.4 as against 401.2 in the control. The mean number of viable
eggs laid per treated and untreated femates was 231.6 and 360.6 respectively (Pathak et
al., 1985).

1.6.2.3. Effect on mortality

There are several reports on the mortality of adult or developmental stages of insects
after azadirachtin treatment. The reported effects are not only for pure azadirachtin bat
for different commercial fomulations used in both, ficld and laboratory trials, For
example, Margosan-O (1% aguneous suspension) tested in the laboratory, against
Eurcopean leafroller, Archips rosanus showed 100% larval mortality 48hours after
treatment. In a field trial, the same concentration was effective after 3 weeks of
application (Ali er al., 1997).

The Spodoptera maouritia eggs when treated topically with 5, 10 and 20ug of
azadirachtin, there was no effect on egg hatchability, but the hatched larvae showed high
rate of mortality during development (Jaganmadh and Nair, 1996).

In a pilot study in the Seycheiles, by Schroder and Kahnert (1997), short-term
tests on mosquite larvac with NeemArzal formulations containing two different
concentrations of azadirachtin, caused significant deaths of the treated larvae. At 15
p.p.m. of azadirachtin, 50% of the larvae died within 48hours and the mortality rate was
100% at 30p.p.m., or after three days at 15p.p.m. respectively. On the basis of these
results in protected natural conservancy of Seychelles, neem is recommended for
biological control of mosquitoes and other blood-sucking insects.

Spider mites (Tetranychidae) have a broad host range, cansing damage to many
plants in Russia, such as: cotton, fruit, ornamental and vegetables crops, and of
greenhouse flowers. Many populations of spider mites have become resistant to
synthetic insceticides. Tefranychus urticae Koch. is one of the most destictive species
of spider mites, 0.1, 0.3 and 0.5% of NeemAzal-T/S was evaluated for eggs, larvae and

adults of 7. urticae, sprayed on fig leaf disks. In adults, there was 53.3, 72.8 and 98%
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mortality, in larvae it was 38, 98 and 100% respectively, and only at 0.5% of
NeemAzal, the hatching from eggs was 27% less in comparison to the controls
(Mironova and Khorkhordin, 1997),

A high demand cxists for biological control of the Colorado potato beetle,
Leptonotarsa decemiineata Say, because it has developed resistance against synthetic
pyrethroids during recent years (Schmutterer, 1995). It has again become a major pest
of potatoes in parts of America and in some countries in Eastern Europe. Both the larval
instars and adults are destructive consuming considerable amounts of the foliage of
potato plants. Biological control by azadirachtin seems worthwhile, looking for
eventually long term cffects on development to control the beetle (Rembold, 1995). A
field spray test of 0.1% NeemAzal near Frankfurt showed 71% mortality in larvae
(Basedow and Peters, 1997). In another study, in a field trial of Align™ a single spray
in organic gardening systems of Pine Ridge Indian reservation, South Dakota U.S.A,
showed 94% of mortality for L. decemiineata (Baumgart et al., 1997).

Injection of [jg azadirachtin into red cotton bug, Dysdercus koenigii caused 50%
mortality by the seventh day of treatment. The surviving insects showed a significant
effect on reproduction behaviour, and generally no eggs were laid due to failure of
vitellogenesis. Topical application of azadivachtin severely impaired embryogenesis
(Koul, 1984),

Neem oil, when tested against larvae of Aedes aegypii and Culex quinquefusciatus
in the lab showed 100% mortality at a concentration of (.02% and mortality was 63% at

a concentration of 0.01% after an exposure for 96 hours (Sinniah ef a!., 1994).

1.6.2.4. Effect on 'fitness’

'The effects of azadirachtin within the insects, described above are quite well-defined, if
not understood. There arc a number of less obvious effects, for example changes in
biological fitncss such as loss of flying ability, immunodepression, enzyme synthesis

inhibition and splitting of biological rhythms caused due to azadirachtin treatment.
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These changes lower the biological activity of the insect, and perhaps hasten its death.
Io this respect the orders studied are; Caelifera, Heteroptera, Homoptera, Coleoptera,
Lepidoptera and Diptera. In many cases, the loss of acivity due to neem products may
have lethal consequences in the long run as affected insects cannot survive against
adverse environmental conditions as do normal, healthy individuals. The pest insects
with reduced activity may be caught much easier by natural enemies compared with
unaffected insects (Schmutterer, 1995). For example in 3. gregaria, by application of
neem oil, the eyes of the locust have reduced sense of sight and so, orientation may also
be disturbed (Nicol and Schmutterer, 1991). Similarly in Phormia terraenovae, an
injection of 0.5)g of azadirachtin into the head capsule caused irreversible visual
impairment (Wilps and Gade, 1996).

After topical application with neem oil (0.25-1ml), gregarious nymphs of the
locusts S. gregaria and L. migratoria show a dose-dependent decrease of their
crawling, jumping and ciimbing ability, and a general trend towards solitarization
(Schmutterer and Freres, 1990; Freisewinkel and Schmutterer 1991; Nicol and
Schmutterer, 1991). The adult locusts topically treated with neem oil containing 0.2%
azadirachtin while resting on ground, had 50% reduced flight petformance, and this
reduction was maintained throughout the life span of S. gregaria (Wilps et ¢l., 1992).
In consequence of this effect, the treated locusts should not be able to form swarms or,
in case of treated swarms, the locusts should not be able to fly to long distances (Wilps
et al., 19914, b).

Recently, Kollien er af {1998) has reported a decrease in the number of
Trypanosoma cruzi in fifth instars of Triafoma sordida bugs, fed with azadirachtin-
supplemented blood in comparison to the bugs fed with non supplemented blood.
‘These findings indicate the decreased ability of the vector to transmit the parasite by
simply reducing the number of parasites and the number of vectors developed into
adults. Similarly the ability of Myzus persicae to transmit potato leaf roll luteovirus

(PLRV) was studied and it was found that at a dose range of 320-2560 p.p.m. of
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azadirachtin, 55-90% of transmission was inhibited. Larval growth and mortality were
also affected in a dose-dependent manner (VachenHeuvel ef al., 1998).

Another effect, which was the subject of some of the experimental work in this
thesis, is to lower the immune response in insects after azadirachtin treatment. Insects
are subject to attack by microrganisms and parasites, and have immune reactions
employing a variety of mechanisms, including haemocytes for phagocytosis or
encapsulation, a prophenoloxidases, and a range of antibacterial proteins. In Rhodnius
profixus, apart from the prophenoloxidase systems where melanin production was not
reduced, it was found that azadirachiin at a concentration of 1.0mg/ml in the blood meal
caused a reduction in immune response within 6 days in fifth instars challenged with
Enterobacter cloaca B12 strain, thus reducing the fitness of the insect, (Azambuja et af.,

1991).

1.6.2.5. Endocrine effects

The hormonal regulation of insect growth, development and reproduciion works in a
heirarchic manner. This means that ncuropeptides from the central nervous system
control the synthesis of steroid (moulting) and sesquiterpenoid (juvenile) hormones in
peripheral glands. The most important hormones are ecdysone and 20-
hydroxyecdysone as moulting hormones, and the juvenile hormones 0-II1 involved in
developmental biochemistry and physiclogy of insects (Schmutterer, 1995).

The haemolymph hormone concentrations, as an endocrine signal, has to be
carefully controlled. The juvenile hormone balance is achieved by two types of neuro-
peptides, allatotropin and allatoinhibin, which are synthesised in the brain and then
released into the insect hacmoymph. The brain and its newrohemal organs play a
dominant role in controlling the hormone titres and mctabolism.

A major action of azadirachtin is to modify hacmolymph ecdysteroid titres, and v
cause major disorders in some phytophagous insects. Similar morphogenetic defects

could also be induced by synthetic hormone mimics and it was concluded that
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azadirachtin might function like the ecdysteroids (Rembold, 1988).

There is a pronounced effect of azadirachtin on control of ecdysteroid titre and it
was tirst observed in fifth instar of L, migratoria (Sieber e al., 1987). This cffcct was
an interference of the compound with the neurcendocrine system of the Jarvae and this
argument is supported by histological studies (Rembold ef af., 1981 and Sieber et al.,
1987). Inhibition of ecdysis in azadirachtin-treated larvae is due to interference with the
hormonal conirol of moulting. The ecdysteroid titre in the treated larvae reveals a close
relationship between endocrine conditions and morphogenetic processes. A shift, or
even complete disuppearence of the moulting-hormone titre is the result of azadirachtin
application (Sieber et af., 1987). Sicber ef al also demonstrated that, although the
overall cedysteroid titre in azadirachtin treated larvae was not reduced, the contribution
of 20-hyroxyecdysone o the peak was diminished, The peak ecdystercid level in
Tenebrio molitor pupae injected with azdirachtin was reduced by more than 50% (Macro
et al., 1990). In adult females of the carwig Labidura riparia, Sayah et al (1998)
reported the effects of endocrine and neuroendovrine system alier azadirachtin treatment.
Therc was a drastic reduction in the ovarian ecdysteroid levels in azadirachtin treated
insects. The reduction in ecdysteroid was dose-dependent and responsible for the

inhibition of vitellogenesis.

1.7. Targets of azadirachtin

The azadirachtins are the biologically most active neem seed components against insects.
On the organ level they may be directed primarily against the endocrine system, while
on the cellular level they may interfere with the expression of polypeptide patterns in a
distinct way. On the molecular level no direct interference with protein synthetic
machinery has been found in the range of its physiological mode of action (Schmutterer,
1995). Our present knowledge of the mode of action of azadirachtin speaks in favour of

the presence of highly specialized receptor molecules for the drug. As a consequence of
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its effects at the cellular level, the effect on activity and behaviour makes it possible that
neuro-transmitter pools are affected by azadirachtin treatment (Banerjee and Remboid,
1992).

The antifeedant activity has been demonstrated for several insects, and it was
found by the quantitative Epilachina bio-assay that the feeding was inhibited in a dose-
dependent manner, and diminished with reduced concentrations, and was even absent at
the concentrations which still can induce malformations and growth inhibition
(Rembold, 1988)., Azadirachtin inhibits feeding at much lower concentrations in
hemimetabolous than in holometabolous insects. On the other hand, even in the
heteropteran Rhodnius prolixus, only high doses of azadirachtin caused an antifeedant
effect when given through a blood meal, whereas a single dose of a minute amount of
the drug when fed through a blood meal, completely inhibited growth of Trypanosoma
cruzi, the casual agent of Chaga's disease in its host, R, prolixus (Garcia ef al., 1989).
Very little is known about the molecular target of azadirachtin, The present view is that
in azadirachtin-sensitive insects, a highly specific receptor protein is present, which is
irveversibly inactivated by minute amounts of this compound (Schmutterer and
Rembold, 1995). Application of high resolution two-dimensional gel electrophoresis
demonstrated for a tissue-specific modulation of the polypeptide patterns in S, gregaria
(Annaduorai and Rembold, 1993). All the studied tissues, i.e., brain, haemolymph,
suboesophageal ganglion and corpus cardiacum show a reduced number of polypeptides
in the treated individuals, which was most distinct in the brain. An analysis even 45
days after treatment showed the persistent effect of azadirachtin most dramatically in the
haemolymph pattern. This effect of azadirachtin on the polypeptide pattern suggests the
blockade of secretion of neuropeptides by low doses of azadirachtin, achieved on the
regulatory level (Rembold, 1995). This view is supported by the results of studies with
I.. migratoriq in which 2p.p.m, concentration is a physiological dose for an EDsj in
vivo, but for an in vitro study with the isolated tat body, the protein synthesis was

inhibited at a4 concentration of 200p.p.in. (Sieber and Rembold, 1983).
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An other promising result was obtained when insect cell line Sf9 showed its high
sensitivity for azadirachtin, compared with other limonoids and with a marmmalian cell
line (Rembold and Annadurai, 1993). This means that azadirachtin interacts in a high
structural specificity with an insect-specific recognition system, the molecular basis of

which is unknown.

1.8. Aims of the project

From the above sections, it is clear that azadirachtin and other neem derived terpenoids
act against many systems and tissues of insects, but there is still a great deal of
confusion about the details of effects on tissue level. There could be many reasons for
this and the obvious onc is the multiplicity of effects they produce even in one species.
In this connection, they contrast with pyrethrin and synthetic pesticides whose main and
often only immediate targets are nerve cells.

Azadirachiin has shown diverse biological effects against locusts including
antifeedant, oviposition deterrent, growth regulatory (IGR) and sterilant effects
(Mordue, 1993). The three major types of locusts have significant effect on the world's
agriculture. These are: the desert locust, Schistocerca gregaria, the red locust,
Nomadocris septemfasciata, and the migratory locust, Locusta migratoria (Chapman,
1976).

S. gregaria has been used previously for studies on neem and azadirvachtin in
particular. There are scveral reasons for this, for example, by application of neem oil,
the nymphs of harmful gregarious phase of the desert locust Schistocerca gregaria can
be transformed into the harmless solitary phase (Schmutterer, 1995). This may gain
considerable importance for locust control in future. An in vitro study of the cffcels of
azadirachtin on sperm motility of the adult male desert locust suggests the preferential

binding of uzadivachtin to sites on the organalles associated with maturing sperim tails,
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causing a reduction in the motility of sperm-bundles (Nisbet ez al,. 1997). A recent
report on ¢ytological study of testes of fifth instar of §. gregaria, removed after 20 days
of treatincnt showed atrested spermatogenic meiosis at Metaphase T (Linton ef af.,
1998). A simple preganatical reason for the selection of Schistocerca gregaria is its
large sizc which allows aliquot tissues for in vitro studies on the effects of azadirachtin
on the synthesis of identified proteins in isolated tissues.

This project was aimed to cxamine the action of azadirachtin more clearly in
specific tissues of Schistocerca gregaria in connection with protein biosynthesis. This
is a continuation of work of Paranagama (1994), who showed effects of azadirachtin on
unspecificd proteins in various tissues. The present work aims to make this more exact
by cxamining specific identified proteins, which can be induced by defined stimuli both
invive and in vitro.

The identified/selected target proteins were lysozyme and vitellogenin. As
indicated in Fig 1.14, the loss of these proteins may result in some of the important
internal effects of azadirachtin, The effect of azadirachtin was studied on their synthesis
(or release of already synthesised ones), in the specific tissues of adult female locust
Schistocerca gregaria. The general strategy was to choose proteins, whose synthesis
could be induced by an identified single compound. Experiments done in vivo were to
be confirmed in vifro to obviate as much as possible unknown hormonal and other

physiological effects.
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Chapter 2
Effect of azadirachtin on the rate of incorporation of
[*H] leucine into the proteins of specific tissues of the

female adult locust, Schistocerca gregaria.
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2.1. Introduction

As discussed in the Introduction the broad underlying aim of the work reported in this
thesis was to explore the idea that the action of azadirachtin in insects is to interfere with
some aspects of protein biosynthesis, in either a specific or gencral manuoer., The
toxicology of azadirachtin is not well understood, for example the ecdysis inhibitary
effects occur both in insect species which do not show a strong feeding inhibition as
well as in those insects which are strongly deterred by the compound. Rembold (1988)
suggested that the primary action of azadirachtin was on neurosecretory systems,
involving the production or release of neuropepetides, and the cffects observed in the
rest of the body were all derived from this. Sieber and Rembold (1981) reported an
mhibition of egg development in adult females of Locusta migratoria after azadirachtin
trcatment, The work of Paranagama (1994) suggested that the results on protein
biosynthesis are likely to be much more general, consistent with the uptake of the
azadirachtin into most of the body tissues of Schistocerca gregaria. The major tissue of
protein biosynthesis in locust is the fat body, Many of the proteins formed by this
tissue are secreted into the haemolymph including the two most closely examined here:
vitellogenin and lysozyme. Before proceeding to more exact studies of the individual
proteins, the effect of azadirachtin was evaluated for the rate of incorporation of 4 radio-
labelled amino acid into acid-precipitable protein in the fat body and haemotymph of

adult female S. gregaria

2.1.1. Protein metabolism of fat body

The fat hody is often the most conspicuous object in the body cavity of the insect. It
consists of a loose meshwork of lobes, invested in delicate connective-tissue
membranes, so as to expose the maximum of surface ta the blood. Tt performs many of
the functions of the vertebrate liver, including amino acid metabolism and making

amino acids available for protein synthesis by fat body itself and other tissues such as
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ovary and haemolymph, Itis important in the storage of reserves of fat, glycogen and
proteins and plays an important role in intermediary metabolism {(Clemants, 1959).

The pattern of incorporation obtained for the various precursors show that the fat
body is able to use a wide range of precursors for the formation of proteins. The work
presented in this chapter is to study the effects of azadirachtin in connection with protein
biesynthesis in fat body of the desert locust. As the haemolymph proteins are
synthesised by fat body, so any change in protein synthesis in fat body would in turn

affect the haemolymph protein concentration.

2.1.2. Proteins of the haemolymph

In the body of insects, there is only one tissue flnid, the haemolymph, occupying a
single cavity the haemocoel, and it implies to a combined function of the blood and
Iymph. The haemolymph of an insect accounts for between 16-20% of its total weight
(Patton, 1963). The haemolymph is rich in proteins (Wigglesworth, 1984). Insect
haemolymph proteins attract a great deal of attention as biochemical model systems
(Law and Wells, 1989). The main haemolymph proteins, lipophorin (I.P), storage
proteins (SP) and viteltogenins (Vgs) are common to most insects. They have special
functions for development, metamorphosis and reproduction. The change in
concentration of the haemolymph proteins depends on the developmental stages,
physiological conditions and reproductive state of insects (Chinzei ef @f., 1994), For
example, during moulting, haemolymph appears to act as a reservoir of proteins with an
increase of over 100% in its volume, decrease or increase of 50% in volume with
dietary levels of water or there could be a decrease of 25% in haemolymph protein
concentration with one day of food deprivation (Chapman, 1990), In insccts,
fluctnation in haemolymph proteins during the developmental stages provide an
excellent material to study the regulation mechanisms related to not only to reproduction

physiology but other cellular events of protein biosynthesis as well.
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2.1.3. Azadirachtin and haemolymph proteins

Many of the reported manifestations of azadirachtin treatment of insects may be
explained in terms of the effects of the terpenocid on proteins of the specific tissues of
insects (Mordue erf al., 1986). A large amount of data is available detailing effects of
azadirachtin on insects but reports on azadirachtin induced changes in the haemolymph
proteins of the desert locust §. gregaria are scarce. This insect has been used for a
long time as an experimental model to study the physiological and biochemical effects
of azadirachtin. However, the effects of azadirachtin are often apparent over periods of
days rather than minutes, so the rate and extent of metabolism is obviousty important to
study the effect of azadirachtin on general protein biosynthesis in fat body of S.

gregaria.

2.1.4. Cycloheximide and protein metabolisin

Cycloheximide has been shown to inhibit the protein synthesis in the systcms that
utilisc ribosomes of the 80S type (Sisler ez al., 1967; Abu-Hakima and Davey, 1977).
1t acts mainly through blocking translation (Sass and Kovacs, 1980). Cycloheximide
also inhibits both breakdown and reassembly of polyribosomes in rat liver systems
(Trakatellis et al., 1965), and in hamster cells (Stanners, 1966). The effect of
cycloheximide was evaluated on the in vivo incorporation rate of L3Hj leucine into
haemolymph and fat body proteins of the adult female desert locust S, gregaria for

comparison o the effect of azadirachtin,

2.1.5. Aims

The aim of this preliminary study was to determine if in fact azadirachtin did reduce the
incorporation of a radio-labelled amino acid into the proteins of fat body and
haemolymph of S. gregaria. The traccer chosen was [’H] leucine, which has been
previously used, and found to be a suitable amino acid for this purpose to study the

effects of cycloheximide in mealworm, Tenebrio molitor (Soltani and Soltani, 19935).
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2. 2. Materials and methods

2.2.1. Insects

Adult Schistocera gregaria, were purchased from Blades Biological I.td., Edenbridge,
Kent, and were maintained under Iaboratory conditions in metal cages at a temperature
of 26°C, and a light/dark cycle of 16/8 hours. The insects were fed on wheat grains
and fresh washed cabbuge leaves. Fresh tap water was also supplied. Cages were

regularly cleaned. Female locusts were used for all experiments.

2.2.2 Insect saline

Saline containing 10mM KCI; 140mM NaCl; 2mM CaCl,; 10mM glecose; and 100mM

sucrose was used as a simple locust physiological mediumn (Paranagama, 1994).

2.2.3. Treatment of insects

2.2.3.1. Azadirachtin treatment

Azadirachtin, >95% pure, was obtained from the Vittal Mallya Science Research
Institute, KR Road Banglore, India. When this was run on reverse phase High
Performance Liquid Chromatography, (HPLC) only one peak was present, as shown
in Fig 2.1, Azadirachtin was stored dry at 20°C, during the experimental period,
under which conditions no deterioration was apparent.

Azadirachtin was wvsuvally dissolved in ethanol, and then diluted to 10% and
5%(v/v) with water and injected in 10p] volumes to give a dose of Sug/locust into the
body of adult insects (Annadurai and Rembold, 1993), into a group of four locusts.
This dose was physiologically cnough to significantly affect protein synthesis, as
shown previously (Paranagama, 1994). Injections were made through the abdominal
intersegmental membrane using a Hamilton syringe (20ul) (Hamilton Company
Nevada.), 16hrs before the administration of mitiated leucine. Control insects received

a similar dose with 10% ethanol-water (v/v) alone.
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Fig. 2.1. Analytical high performance liquid chromatogram (HPLC) of
azadirachtin.

The figure represents the chromatography of azadirachtin by reverse phase HPLC, the
solvent wad 50:50 methanol water (v/v). The arrow indicates the point of sampie

injection.
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2.2.3.2. Incorporation of tritiated leucine
Tritiated leucine was obtained from Amcrsham International Aylesbury, Bucks. The
specific activity was 38TBqg/mmol, in 2% (v/v) ethunol aqueous solution, Adult
females of S. gregaria, from controis, azadirachtin and cycloheximide treated, were
injected with 2pCi_c3_f [SH]—leucine, in a velume of 20t diluted by insect saline, after
16hrs of az;d_irachtin treatment and after 2hrs of cycloheximide treatment, The
radiolabelled precursor was injected into the body of the locust with a Hamilton syringe
(25ul). Injections were made through the abdominal intersegmental membrane.

During the whole period of each treatment the locusts were fed on fresh cabbage

and kept under standard rearing conditions,

2.2.3.3. Cycloheximide treatment

Cycloheximide (Sigma Chem Co.), was dissolved in sterilised insect saline
(2.5mg/ml) and kept frozen at -20°C until further use. An amount of 25ug/insect of
cycloheximide, in a volame of 10l of insect saline was injected 2hrs beforc the

injection of tritiated leucine, with Hamilton syringe, into the bedy of the female locusts.

2.2.4. Uptake of radiolabelled leucine by haemolymph and fat body

In a preliminary experiment, the ratc of incorporation of radioactivity was
measured over a period of 24 hours at intervals of 2 hrs, The aim was to find out a time
course for the maximum incorporation rate of radiolabelled amino acid into the proteins
of haemolymph and fat body of untreated female locusts. The amaount of incorporated
leucine into the proteins of both haemolymph and fat body, reached at its maximum
value by 6 hrs, as shown in the result section. Following the initial experiment, the rate
of incorporation of [SI-I]~leucine into the haemolymph and fat body was measured over
6 hours to investigate precisely the effect of azadirachtin on individual tissues. As

mentioned earlier cycloheximide, a protein synthesis inhibitor, was also evaluated at the
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same time to compare the effects of terpenoid. The tissue collection in each case was

done using a method described under the following section.

22,5, Tissue sampling

2.2.5.1. Simultaneous collection of haemolymph and fat body

The insects were anaesthetised by 10 minutes cooling at --ZOOC, and then kept in ice
until used. 'The insects were carefully decapitated, without severing the oesophagus,
and the posterior tips of the abdomen then cut off, which allowed the entire gut to be
removed from body cavity. The body of the insect was then placed in the filuration
device indicated in Fig 2.2. Low speed centrifugation at 400-800 rpm (Beckman
Model TJ-6 Centrifuge) for 2 minutes aliowed the separation of the fat body. The fat
body was retained on the filter, and the whole haemeolymph passed into a preweighed
centrifuge tube. The total volume of haemolymph was determined by weighing.

The isolated fat body from each locust was transferred to a pre-weighed plastic
centrifuge tube, which was then weighed again to determine the weight of fat body. It
was then homogenised in 500 i of phosphate buffer, pH 6.2, by a fcw passes of a
teflon homogeniser, swrounded by ice slurry and then sonicated with 4 3mm Dawe
Soniprobe (Type 1130 A; Lucas Dawe Ulirasonics [td., London.) for 30 seconds.
Finally it was centrifuged for 2-3 minutes at 13,000g. Centrifugation yiclded 3 layers,
a fatty plug on the above surface, a clear middle supernatent layer and a pellet al the
bottom. Samples were carcfully removed from the clear middle layeér and processed

further for extraction of proteins.

2.2.6. Determination of protein amounts and radioactivity

2.2.6.1. Extraction of proteins from haemolymph

The individual samples of haemolymph were measurcd and mixed with equal volumes
of 10 % (w/v) trichloroacetic acid (TCA). Samples were kept deep frozen in 5 % TCA

until further processing as required.
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Fig. 2.2, A device for simultaneous collection of fat body and

haemolymph from the body of the locust.
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After thawing, the homogenaie was centrifuged for § minutes at 13,000 g, then
supernatent was removed, and the pellet washed 3 times in 5 % TCA Dby resuspension.
This process removed all the radicactivity not incorporated into the haemolymph
proteins. The protein pellet was redissoived in 0.2m? of 0.1M NaOH containing 0.1
w/v SDS. The samples were incubated overnight at 30°C before the estimation of

specific activity.

2.2.6.2. Extraction of proteins from fat body
The isolated fat body samples were processed exactly in the same way as described for
haemolymph cxcept,
i) initially it was washed 3 times by 5 % TCA
il) homogenised for 30 sec in (.5 mi of TCA (5 % w/v) using an ultrasonic
microprobe, and

i1} centrifuged for 5 min at 13,000g.

2.2.6.3. Estimation of protein
When required, protein estimation of the tissue extracts were made from duplicate or
triplicate samples by the Coomassie Blue using bovine serum albumin (BSA) as a
standard (Bradford, 1976). The concentration of BSA was 1mg/ml (w/v) in a solution
of 0.15M NaCl.

The reagent was prepared by the following procedure:
Coomuassie Brithiant Blue G-250 (Sigma Chem Co.) (100mg) was dissolved in 50 ml of
95% ethanel. To this solution 100 mi of 85% (v/v), phosphoric acid was added. The
resulting solution was dituted to a final volume of 1 litre with water and filtered twice
by Whatman No.1 filter paper.

The standard protein sotution (BSA Tmg/ml) containing 10, 20, 40, 60, 80, and

100ug of protein was pipetted into 12x100mm test tubes. The volume in each test tube
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was adjusted to 0.1ml with 0.15M NaCl. Then five millilitres (ml) of proicin rcagent
was added into each tube and contents were mixed by inversion of tubes.

The absorbance at 595nm (Ultrospec TT Spectrophotometer LKB, Biocheome),
was measurcd after 2 minutes and before 1 hr, in 3ml plastic cuvettes against a reagent
blank prepared from 0.1ml of $.15M Na(l and 5ml of protein reagent. The weight of
protein was plotted against the corresponding absorbance resulting in a standard curve,
This curve was used (o detenmine the amount of protein present in the haemolymph or
fat body samples of individual focusts of controls, azadirachtin and cycloheximide

treated groups.

2.2.7. Determination of radioacfivity into hacmolymph and fat
body proteins

The haemolymph and fat body samples were prepared as described in sections
2.2.6.1 and 2.2.6.2, and incubated for 24 hrs at 30°C. After incubation, the
final residue of each sample was divided info three parts. One part was used for
determination of protein levels by the Bradford method (1976), (2.2.6.3). The
remaining two parts were used to measure the rate of incorporation of witiated
feucine into the proteins of each sample.

‘I'he incorporation of labelled leucine into the proteins of haemaolymph and
fat body was measurcd in the remaining two parts as duplicate samples from
each locust for each tissue. The radioactivity was counted after addition of 4mi of
scintillation liquid/cocktail (Ultima-Flo.AF LSC-Cocktail, Packard.). The
samples were counted at 65% cfficiency using a WALLAC 1209 Rackbeta
Liquid Scintillation Counter.

The specific activity of the acid-precipitable proteins in each tissue was

. 1. i . .
estimated as dpm.mg ~ of protein {(with reference to the protein content).
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2.3. Results

2.3.1. Time course of incorporation of [PHi-leucine into the
haemolymph and fat body proteins of locust S. gregaria

The time course for the maximum incorporation of [3I-I]-lcucine was determined for
periods of 2, 4, 6, 8, 10 and 12hrs in the haemolymph and fat body of untreated female
adult locusts. The incorporation of [3H1-leucine into both tissues was almost linear for
at least 6hrs and then there was a decrease after this time period (Fig 2.3).

It was obvious that the incorporation of labeled amino acid into the TCA
precipitable proteins followed the same time scale with a maximum at 6hrs. This
maximum time of incorporation of tritiaicd leucine was used to assess the effects of
azadirachtin and cycloheximide on haemolymph protein concentration and fat bady

protein biosynthesis, in later experiments.

2.3.2, Effect of azadiraclhitin and cycloheximide on incorporation of the
[*H]-leucine on the haemolymph proteins

The course of the in vive incorporation (dpm.mg’! of proteins) of tritated leucine into
haemolymph proteins after 6hrs was determined respectively i controls, azadirachtin
and cycloheximide treated locusts (Fig 2.4). In controls the rate of incorporation
increased during the examined period.

In the azadirachtin injected locusts the incorporation of radiofabelled amino acid
into the haemolymph was reduced as compared to the controls. The incorporation level
of azadirachtin treated locust haemolymph was reduced 25% only to that of controls and
these values were not significantly different from each other. On the other hand, the
treatment of cycloheximide caused a statistically significant (p<0.03) decline (i.e 37%
that of controls), in the rate of incorporation of tritiated leucine into the haemolymph

proteins of locusts.
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Fig. 2.3. The rate of incorporation of [*H]-leucine into the haemolymph
and fat body proteins of the untreated locust, S. gregaria.

The time course of incorporation of [3H]~leucine into the haemolymph and fat body
proteins of the locust after injection of 2 Cifinsect into the body of the adult locust was

measured for 2-12hours. The values represent the mean (£5D) of four locusts.

The specific activity is at its maximum after 6 hours of injection.

-------- O Haemolymph
e [at body
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Fig. 2.4, The effect of azadirachtin and cycloheximide on the rate of
incorporation of [3H]-leucine into the proteins of haemolymph and fat
body of the female adult locust, S. gregaria.
The experimental locusts were injected Spug of azadirachtinflocust, (10ul volume), 16
hours before the injection of radiolabelled amino acid. The controls received the same
volume of 5% (v/v) ethanol-water, Another group of locusts was injected with 25ug of
cycloheximide/insect 2 hours before the injection of [3H]-leucine. After a period of 6
hours of the injection of 2uCi/locust into the body of each locust from cach group, the
rate of incorporation into the haemolymph and fat body proteins was measured.
The values represent the mean (2SD) of four locusts.
For both haemolymph and fat body,

a) controls

b) azadirachtin treated and

¢) cycloheximide treated.
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2.3.3. Effcct of azadirachtin and cycleheximide on incorporation of °H]-
leucine on the fat body proteins

The incorporation of [3H]-1€ucinc into the fat bady proteins was measured over 9
hours, and results are shown in Fig 2.4. Generally the level of incorporation inte fat
hody proteins was slightly lower compared to the haemolymph proteins. In
azadirachtin-treated locusts, the incorporation of radiolabelled amino acid was not as
efficient as in control locusts. There was a reduction of 42% in the rate of incorporation
of [3H]-leucine into fat body proteins after azadirachtin tweatment which is statistically
significant (p<0.05). The treatment of cycloheximide also caused a significant
decrease, 64% (p<0.05) in the rate of incorporation of tritiated leucine into the fat body

proteins of female adult locusts as compared to the control ones.

2.4. Discussion
Studies of the incorporation of radiolabelled amino acids into proteins can provide very
useful data on the pathways of hiosynthesis and metabolism. Mordue and Highnam,
{1973} used the uptake of 333 -cysteine into the neurosecretory proteins of adult female
locust Schistocerca gregaria as a mean to study the different physiological conditions of
locusts. Radiolabelled incorporation of cysteine demonstrates that the azadirachtin
treated locusts have a very low turnover of neurosecrctory proieins in corpus
cardiacum, while in controls the transport of labelled protein was at a higher level
(Subrahmanyam et af., 1989b). Radiolabelled leucine and glycine were more readily
incorporated into fat body proteins than the other precursors in the Jocnsts (Clements,
1939). A considerable ratc of incorporation of tritiated leucine into the proteins of the
fat body of the Rhodnius prolixus was observed (Vanderberg, 1963). Tritiatcd leucine
also has been used as a precursor for fat body proteins in adult migratory locust,
Locusta migratoria, (Gellissen and Wyatt, 1980). Tt was also used to study the storage
| proteins by the [at body of the larvae of greater wax motl, Galleria mellonella (Miller

and Silhacek, 1982).
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When a physiologically effective dose of azadirachtin was injected into the body
of the female adult locust, it induced an inhibitory effect on the rate of incorporation of
radiolabelled leucine into the proteins of the identified tissues like haemolymph and fat
body, suggesting a general inhibitory effect of azadirachtin on protein metabolism. The
method of protein precipitation employed here was intended to contain most labelled
amino acid which has been incorporated into the proteins of haemolymph and fat body,
and previously has been used successfully in our laboratory (Paranagaina, 1994),

In untreated locusts, the sequence of incorporation of tritiated leucine into the
proteins of haemolymph and fat body was different from the oene previously reported
by Hill, (1965) for glycine in the locust S. gregaria. The previous author found a clear
progression of label first into fat body then haemolymph, but our results suggest nearly
an equal level and time labelling for both haemolymph and fat body. The time course
for the maximuin incorporation of tritiated leucine was nearly same as that one observed
for a maximum label for the same amino acid in the larval fat body of Galleria
mellonella, (Miller and Silhacek, 1982).

The profound effect of azadirachtin on reducing the incorporation of Tabel into the
fat body is likely to be a direct effect on that tissae. This would help to explain the fact
that the observed clearcut reduction of protein synthesis by azadiraclitin in fat bedy is
not apparent in haemolymph. This observation is in agreement to the result of
incorporation of 3l&i—gl).'cil:le into the proteins of haemolymph and fat body of locusts
(Paranagama, 1994). This could be due to the fact that fat body is the site of protein
synthesis while in haemolymph the proteins are sequestered, already synthesised by fat
body. These findings made a basis to proceed further with the effects of azadirachtin
and to work with some identified or purified proteins, like lysozyme and vitellogenin

synthesised by fat body.
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Chapter 3
Suppression of lysozyme production by azadirachtin
in specific tissues of

the desert locust, Schistocerca gregaria
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3.1. Introduction
Although the primary mode of action of azadirachtin in insect tissues is not known, the
work in Chapter 2 and other sources show an effect on general protein biosynthesis in
the fat body of §. gregaria (Paranagama, 1994; Annadurai and Rembold, 1993). Itis
still not clear if the cffect is gencral or specific to only a few proteins. However, it is
quite clear that azadirachtin has a general inhibitory effect on protein biosynthesis in
differcntiated tissues of the locust, including fat body.

One of the reported cffects of azadirachtin in insects is on the biological "fitness"
of insects, or more specifically the suppression of their immunity {(Su and Mulla, 1998).
The term, "immunity" in Webster's Dictionary is defined as, "resistance to or protection
against a specified disease; or power to resist infection and ability to resist bacterial
infection is related to the biological fitness". The work reported in this chapter is about
the effect of azadirachtin on the suppression of antibacterial protein synthesis in the

desert locust S. gregaria using lysozyme as an identified antibacterial marker protein.

3.1.1L. Insect immunity

The primary defences of insects against bacterial infections are the passive physical
barriers to the penettation, like exoskeleton, tracheal system, foregut and hindgut, and
the peritrophic membrane surrounding the food bolus within the midgut lumen (Gupta,
1989). However, if these barriers are ruptured, opportunisiic bacteria may enter the
body cavity, multiply and produce infection (Russel and Dunn, 1998). ‘There is
evidence that insects defend themselves effectively from infection by combination of
two types of responses, cellular and humoral (Boman and Hultmark, 1987). Insccts
synthesise a battery of potent antibacterial proteins when invaded by bacteria (Hultmark
et al., 1981; Steiner et al., 1981). The antibacterial proteins synthesised in a response
to bacterial infection, constitute an important part of the insect humoral immune system.

It is generally accepted that in insects, these proteins are synthesized in the fat body and
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certain hemocytes, then secreted into the haesmolymph, where they eliminate the
invading microorganisms. For bacteria, which have pained access to the body cavity of
insects, to multiply and colonize the hemocoel, they must survive the action of a sct of
active antibacterial defences produced by hemocytes and/or fat body. An outline of
these defences is given in Fig 3.1, which is based on the main sources of synthesis of
these proteins, produced in the result of response. Normally all these proteins are nol
present in haemolymph but are promptly synthesized by hemocytes and/or fat body and
then secreted into the hacmolymph when insects are in acute phase. Most of these
proteins are small molecules of high pI values, exhibiting a broad spectrum of activity

against Gram-positive and/or Gram-negative bacteria (Natori, 1994).

3.1.1.1. Sources/Types of immune responses
3.1.1.1.1. Humoral response
There are a number of factors contributing to the evolutionary successes of insects, and
the ability to remove microorganisms and parasites from their circulation is one of them.
The humoral and cellular defence systems cooperate in a more or less integrated way to
decrease the chance of the microorganisins becoming pathogenic, The humoral factors
are a battery of antibacterial peptides which are induced by bacterial infections, and
include cecropins, attacins, lysozyme, diptericing, defensins and other factors (Feder ¢t
al., 1997). In practice the term "peptide” is rarely used for molecules larger than
10kDa, and the word "protein” is rarcly used for melecules simaller than insulin,
Induction and biosynthesis of the major humoral components involves the
recognition of elicitors of the insect immune system. The recognizcdlciiciwrs of the
insect immune response arc bacterial cell wall components, ¢.g. peplidoglycan and
lipopolysaccharide (I.PS), (Boucias et al., 1994). It is suggested that in the Manduca
sexta, after injection of soluble peptidoglycan from a Gram-positive bacterium, plasma
lysozyme hydrolyses bacterial peptidoglycan and produces a signal for the synthesis of

antibactertal proteins in [at body (Kanost ef al., 1988).
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Fig 3.1. An outline of the different types of immune responses in

insects.
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3.1.1.1.2. Cellular response
Insects respond to a bacterial infection with the stimulation of a cellular defence system
in addition to the humoral one. Cellular reactions include phagocytosis, nodule
formation, in some cases encapsulation, production of lysozyme and activation of the
prophenoloxidasc cascade. Prophenoloxidase is present as an inactive precursor in
haemolymph uvnder normal physiological conditions and is activated in response to
bacterial peptidoglycan (Morishima ef af,, 1992). According to Price and Ratcliffe
(1976), who have designed a classification scheme for blood cells in insects and
recognized six cell types on the basis of an investigation of haemocytes of 15 orders of
insects. These arc such as:

a) prohemocytes

b) plasmatocytes

¢) granulocytes

d) coagulocytes

¢) spherulocytes and

) oenocyloids.
There is a diversity of appearance in these cells (Fig 3.2), Different types of blood ceils
or hacmocytes have important roles in the protection of insects against invading
microorganisms. Small agents such as bacteria or unicellular fungi are phagocytised,
while larger aggregates of foreign cells are encapsulated by the cooperation of many
haemocytes. Finally, nodule formation occurs as a response to a large number of
foreign cells (Boman and Hultmark, 1987). The main types of celis involved in
phagocytosis are plasmatocytes and granular cells. Plasmatocytes also participate in
capsule and nodule formation. However, the core of a nodule is formed from the
matcrial released by granunlar cells.

Both defence systems of insects combine to fight the infections, In some

investigated cases, the phagocytized bacteria were not killed, but continued to live in a
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Fig 3.2. Variation in the shape of the different types of haemocytes in

Rhodnius prolixus (Wigglesworth, 1984),
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steady state for up to 1 week (Abu-Hakima and Faye, 1981). The next step is the
synthesis of RNA and specific proteins, which gives rise to increasing antibacterial
activity in the haemolymph. This activity continues to increase for a certain time period
which varies according to the type of infection, the age/stage and species of insect, and
then it gradually declines. For example, in the immunized giant silkworm moth
Hyalophora cecropia, the overall protein pattern and profile of newly synthesized
antibacterial haemelymph proteins was analysed by gel electrophoresis and grouped into
three: lysozymne, cecropins and attacins. Similar immune response has been found in
the tobacco hornwarm Manduca sexta, in a beetle and several flies (Boman and

Hultmark, 1987).

3.1.2, Variations in immune response

Bacterial diseases of insects have profound effects on the growth, development,
productivity and survival of insect populations. Therefore much research has been
focused on the active defenses whereby insects detect the presence of bacteria within the
body cavity. Generally, the primary active hacimolyniph-bascd antibacterial defeaces of
naive insects are a series of sequestration processes mediated by the circulating
haemocyles. In addition to mebilizing haemocytic defenses, the presence of bacteria in
the body cavity also induces the synthesis of a suite of antibacterial proteins which
accurnudale in the plasma (Dunn ef al., 1987).

Previously infected insects with elevated levels of haemolymph bactericidal
peptides were able to survive bacterial infections of a magnitude that would kil the
naive insect (Dunn and Drake, 1983). Feder et al (1997) reported the effect of 15-45
days starvation, in a significant reduction of cecropin-like and lysozyme activities in the
haemolymph of Rhodnius prelixus larvae when challenged with Enterobacter cloacae

B12.
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3.1.2.1. Haemolymph immune reponse in iusects after infection

The ¢hanges in haemolymph proteins could be a divect result of an infection or 4
physioclogical response, secondary to infection. The cellular and humoral immune
system of the insects and their response to infection is not limited to bacteria only. The
immune responses to fungal, viral or parasitic infections have also been studied
extensively. Morphological changes in haemocytes were reported in response to these
infections. In the migratory grasshopper, Melanoplus sanguipes, morphological
changes werc obsctved in haemocytes, as cells had extensive pseudopedia after
infection with an Ertomopxvirus (Miranpwi et al,, 1992), Similarly in M. sexta
larvae, certain abnormalities in haemocytes were reported when parasitized by Cotia
congregata. The plasmatocytes failed to assuine their normal spindle-like shape and the
granulocytes failed to attain their normal "fried egg" like appearence (Lavine and
Beckage 1996). Andersons et al (1990), examined the immune response of
Trichoplusia ni to injection with bacteria and/or a nuclear polydnavirus (NPD). There
have been observed alterations in haemolymph protein patterns and seme breakdown of

haemolymph proteins including induced bactericidal proteins.

3.1.2.2. Tnduction of hacinolymph antibacterial proteins

Studies of the regulations of the haemolymph antibacterial protein synthesis in M. sexta
larvae have suggested that bacteria which enter the haemolymph, are attacked by
haemocytes and hagmolymph lysozyme, which is present at low constitutive levels in
nzive larvae. This process leads to the release of fragments from the bacterial outer
envelope. These fragments in turn induce the synthesis and secretion of the suite of
proteins like lysozyme, families of cecropin like bactericidal peptides, bacteriostatic
attacin-tike proteins and the hemolin (Russel and Dunn, 1996). It is thought that these
proteins are synthesized by haemocytes and/or fat body and then released into
haemolymph (Kanost ez al., 1988). The injection of bacterial lipopolysaccharid caused

the production of a high titre of lysozyme activity in the haemolymph of beet
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armyworn, Spedoptera exigua (Boucias et al., 1994). According to Kubo et al (1984),
in the haemolymph of larvae and adult of flesh-fly Sarcophaga peregrina, there was an
induction of Jectin and three bactericidal proteins when their body wall was injured with
a hypodermic needle, and fat body was the likely site of synthesis of these proteins, In
Hyalophora cecropia and Manduca sexta, lysozyme was one of the major proteins
induced after bacterial infection (Faye and Hultmark, 1993),

‘The inoculation of bacteria in Rhodnius prolixus induced an increase in hacimocyle
numbers and nodule formation and the appearance of antibacterial peptides (Azambuja ef
al., 1991). There has been reported an increase in the lysozyme activity in the
haemolymph of Bombyx mori after injection of not only bacteria but also some other
foreign substances (Powning and Davidson, 1973). Lysozyme, cecropins and atiacing
constitute the main antibacterial componcents of the humoral immune system in
Cecropia, induced by bacterial infection or injury (Sun ef @f., 1991). TIfaye and Wyali
(1980) showed that cecropins in Cecropia silkworm pupae were synthesized in the fat

body.

3.1.3. Azadirachiin and antibacterial proteins in insects
Limited information is available regarding the effect of azadirachtin oln haemolymph
immune responses in insects, such as tofal or differential haemacyte numbers,
production of specific-humoral substances, or changes in identified haemolymph
proteins. It has been recorded that azadirachtin influenced immune reactivity of the
haemolymph protein in larvae of Riodnius prolixus when Enterobacter cloacae B12
strain were inoculated into the insects. Azadirachtin affects the immune reactivity as
shown by the following:

a) significant reduction in numbers of haemocytes and nodule formation after challenge
with E. cloacae,

b) decreased ability of insect to produce antibacterial and lysozyme activity in the

haemolymph when inoculated with bacteria,
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c¢) a reduction in ability of azadirachtin-treated insects to destroy the primary infection
caused by inoculation with E, cloacae.

An cxplanation of the above effects of azadirachtin could be that R, prolixus may have
a diminishcd ability to undertake haemolymph protein synthesis (Azambuja et al.,
1991). In our study the lysozyme was choosen as an easily-assayed antibacterial
protein. The cffcet of azadirachtin on the induction of lysozyme synthesis was studied
in the identified tissues of the female adult locust S. gregaria, when challenged with

bacterial lipopolysaccharide.

3.1.4. Lysozyme

Lysozyme (E. C. No: 3.2.1.17), is the general name given to a group of low Mr
enzymes, showing a range of Mr from different organisms of approx 3-15 (Boman and
Hultmark, 1987; and Boucias et al., 1994). The enzyme was first discovered by
Alexander Fleming in 1922. Itis a mucolytic enzym@ with antibiotic properties. The
name lysozyme was derived from its capacity to lyse bacteria. It is a basic protein,
consisting of a single polypeptide chain of 129 amine acids, crosslinked by disulfide
bridges (Stryer, 1988).

Lysozymes have been found in bacteriophages, bacteria, lower fungi, higher
plants and both invertebrates and vertebrates, In the human body, lysozyme is present
in the secretions of eye, nasal mucus, saliva and blood serum. It is most abundant in
the white of chicken eggs and this is the major source of lysozyme used commercially.
A number of the lysozymes from different sources have been isolated and characterized.
These enzymes are one of the most investigated areas of comparative biochemistry.
Since its discovery, lysozyme has been extensively studied and used as a model system
for investigating the structure of proteins, mechanism of enzyme action and molecular

evolution.
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3.1.4.1. Action of lysozyme

The bacterial cell wall is made up of two kinds of sugars, N-acetylemuramate (NAM),
and N-acetyleglucosamine (NAG). All glycosidic bonds of the celf wull polysaccharide
have a 3-configuration. So the cell wall polysaccharide is an alternating polymer of
NAM and NAG residues joined by Bl—4glycosidic linkages (Tig 3.3). Lysozyme
catalyses the hydrolysis of the linkage between NAM and NAG in the bacterial cell wall
peptidoglycan of Gram-positive bacteria, as indicated in Fig 3.3 (Stryer, 1988).

The susceptibility of Micrococcus lysodeikticus makes it particularly suitable for its

detection/assay.

3.1.4.2. Function of lysozymc
The function of lysozyme is to protect the organisms against bacterial invasion by
catalysing the hydrolysis of glycosidic bond of the peptidoglycan present in bacterial

cell wall causing cell lysis (Lemos et al., 1992).

3.1.4.3. Occurrence & distribution of lysozyme in insect tissues

It has been known for a long time that the production of lysozyme in

response to bacterial invasion is a major defence mechanism in most insect species,
especially in lepidopterans such as Galleria mellonella and Bombyx mori (Powning
and Davidson, 1973; Dunn, 1986). It has normally been found to be present in low
activities in the haemolymph of many insects such as in Spodoprera eridania, originating
from the haemocytes and/or fat body (Anderson and Cook, 1978; Morishima er al.,
1994), The introduction of bacteria or their associated lipopolysaccharides or cell wall
fragments into the body cavities of some insects elicit synthesis and release of lysozyime
into the haemolymph. Severul lysozymes have been ideatified and isolated from
insects, but the one best studied is from giant silkmoth, Hyalephora cecrepia (Sun et

al., 1991).
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Fig 3.3. Lysozyme hydrolyses the B1l-4 glycosidic bond between ¢ of

N-acetylemuramatc (NAM) and ¢4 of N-acetyleglucosamine (NA(),

(Stryer, 1988).
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In spite of the wide distribution of Iysozyme in insects, little is known about the
exact origin of this enzyme. The haemolymph, haemocytes and fat body of various
insect larvae have been reported to posses lysozyme-like activities (Dunn ez ai., 1985).
In orthopterans, the involvment of lysozyme-like activity is reported in the early
response against Gram-positive bacteria (Zachary and Hoffman, 1984). Russel and
Dunn (1990), reported fat body as a primary source of haemolymph iysozyme in
Manduca sexa.

To study the effect of azadirachtin on hemoral induction of lysozyme in Sch.
gregaria, the actual site of Iysozyme synthesis was investigated. The in vive work was
foliowed by experiments done in vitro with the fat body of the female mature locusts in
an attempt to confirm the suppression of LPS induced lysozyme-like activity, by

azadirachtin.

3.2. Materials and methods
3.2.1. Insects
Female mature adults of the desert locust §. gregaria, were used as the expernimental

insects. They were fed and maintained as described in Chapter 2.

3.2.2. Insect saline
Saline containing: 10mM KCI; 140mM NaCl; 2mM CaCl,; 10mM glucese; 100mM

sucrose; pH6.9, was used as a simple locust physiological medivm (Paranagama,

1994},

3.2.3. In vive experiments
3.2.3.1. Antibacterial response of the locust
To cxplore the nature of the antibacterial response in S. gregaria, a series of

experiments were plunned using elicitors, as detailed in following sections.
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3.2.3.1.1. Induction of response

To induce the synthesis of antibacterial proteins, two methods werc adopted:

a) Injection of heat-killed culture of E. coli

Escherichia coli strain oDHS was cultured in 10mM glucose salts medium at 37 ¢ for
24 hours in a shaker incubator. From this culture 2ml was centrifuged at 13,000g for 5
minutes to separalc the cells, The pellets were resuspended in Lml of insect saline, and
avtoclaved. A volume of 10 of this solution was injected into each locust, Injections
were made through the abdominal intersegmental membrane with the aid of a Hamilton
syringe (TTamilton Company, Nevada).

Control inscots reccived only sterilised insect saline. After injection, the insccts
were returned to the standard rearing conditions and kept for a period of 24hours before
tissue sampling,

b) Injection of Bacterial Lipopolysaccharide (LPS)

Commercially-available lipopolysaccharide from Escherichia coli serotype 026: B6
(Sigma Chem Ceo), was injected into the body cavity of locusts in an attempt to clicit
increased activity of lysozyme. The lipopolysaccharide was dissolved in insect saline
and subsequently sterilised by filtration (0.2pum Sterile Filter Assembly, Gelman
Sciences, U.K). This dissolved LPS was stored at -20°C until used.

Volumes of 3-10ul of LPS solution (10pgALl) were injected into the body of locusts, as
described above. Eacli locust received LPS up to 30-100ug LPS /insect, (Anderson
and Cook, 1979; Bouclas et af, 1994). Control insects received only sterilised insect

saline. After injections, locusts were returned to the standard maintenance conditions.

3.2.3.2. Tissue sampling
3.2.3.2.1. Haemolymph collection
Tnitially, whole haemolymph samples (5uul), containing both haemocytes and plasma,

were iaken [rotn the base of thoracic leg of the locust by means of a calibrated Spl micro
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pipette (L.LP Equipment and Services), and the lysozyme activity was estimated

immediately., No attempt was made fo separatc the haemocytes.

3.2.3.2.2. Collection of haemolymph, haemocytes and fat body

The haemolymph and fat body samples were collected in the same way as described in
Chapter 2, except that the haemolymph was centrifuged to separale the haemocytes,

The total volume of haemolymph was determined by weighing. Haemolymph was then
centrifuged at 13,000g in a microcentrifuge (Micro-Haematocrit Centtifuge, Hawksley
Iingland.) for 3-5 minutes to sediment the haemocytes (Zachary and Hoffmann, 1983;
Boucias et al.,1994). After that the haemolymph was carefully removed from the
haemocytes by means of a pasteur pipette (volume of haemolymph/locust was in a
range of 50-200ul). The pellet of haemocytes was gently resuspended by trituration
with a pasteur pipetic in isotonic insect saline to wash the cells. The haemocytes were
finally sonicated for 30 seconds or homogenised in phosphate buffer, pH 6.2, with a
specially designed wilon homogeniser (the volume of the buffer was same as that of the

original haemolymph sample}.

3.2.3.2.3. Preparation of fat body sample for lysozyme assay

The isolated fat body from cach locast was transferred to a pre-weighed plastic
centrifuge tube, which was weighed again to determine the wet weight of fat body. It
was homogenised in 500l of phosphate buffer (PB), pH 6.2, by a few passes of the
teflon homogeniser, surrounded by ice slurry and then sonicated with a 3mm Dawe
Soniprobe (Type 1130 A; Lucas Dawe Uluasonics Lid., London) for 30 seconds.
Finally it was centrifuged for 3-5 minutes at 13,000g before the supernatant was
assayed for lysozymme activity. Cenfrifugation yielded 3 layers, a fatty plug on the
surface, a clear middle layer and a pellet. Samples were cavefully removed from the

clear middle layer for estimation of fysozyme activity.




3.2.3.3. Growih inhibition of E.coli (0. DH &)

In order to see if the injection of lipopolysaccharide or bacteria causes the locusts to
produce bactericidal compounds, as previously has been shown for lepidopiera in
Spodoptera exigua (Boucias et al., 1994), the previous method was used with a slight
modification. The experiment was conducted for both male and female locusts as to
find the differences in the response or the differences in the type of treatment,

E. coli (o0 DH 5), was cultured for 24 hours in a glucose salts medium, and
100u! of this culture was poured onto autoclaved nutrient agar {Oxoid Ltd.,
Basingstoke. Hampshire England), in petri dishes under sterile conditions. Then, the
bacteria were spread evenly over the surface of the agar by meuns of a sterile glass
spreader. Wells were made in the surface of the agar with the sterile tip of a Pasteur
pipettc. Into these wells were placed aliguots of haemolymph from locusts which had
been injected with bacterial lipopolysaccharide or with a suspension of heat-killed £.
coli 24hrs before. Control wells contained haemolymph samples from lacusts which
had reccived insect saline. To ensure a positive control, one well on each plate
contained a few crystals of the antibiotic, ampicillin (Sigma Chem Co). The plates were
incubated at 37°C for 24 hours. After this time, an even lawn of bacteria had covered
the agar, except the area where growth of hacteria was inhibited.

In each experiment a batch of four locusts was used for control and treated ones
and the haemolymph samples werc collected and pooled before testing for growth

inhibition.

3.2.3.4. Assay of lysozyme activity
3.2.3.4.1. Agar gel lysoplatc assay
A semi-quantitative and visual way to deteet the lysozyme-like activity was to observe
the degree of clearing in an agar ge! lysoplate containing a suspension of Micrococcus
lysodeikricus. A 1.5% (w/v) solution of bacteriological agar (Oxotd Lud., Basingstoke,

Hampshire.) was made up in phosphate buffer pH 6.2, containing 2mg/m! dried M.
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lysodeikricus cells (Zachary and Hoffmann, 1983). This was sterilised by autoclaving
at 126°C (Prestige Medical Clinical Autoclave, England.), for 15 minutes, and allowed
to cool, before pouring in 30ml aliquots into sterile plastic & 5em diameter petri dishes.
Wells were made in the agar plate witl the sterile tip of a pasteur pipette (Fig 3.1). Into
the wells were pipetted the same volumes bat different units (0,25, 2.5, 25 and
250U/well) of solutions of commercial lysozyme of known activity. Control wells
contained samples of boiled enzyme. Similarly, aliquots (Spl) of extracts from locusts,
thought to contain lysozyme, were placed into the wells of other plates. The plates
were placed in a 37°C incubator for 24hrs. At the end of incubation period the
lysozyme had created a zone of lysis around the well. Plates were recorded by
scanning on UMAX Powerlook II aftcr manipulation in Photoshop v.3.05. The

recorded lysed zones in agar gels are shown in the resolts section.

3.2.3.4.2. Spectrophotometric method

After initial confirmation of presence of lysozyme-like activity by agar gel method, a
more quantitative method was then used to assay the aciivity of enzyme. Lysozyme
activity was estimated by a standard spectrophotometric assay based on the lysis of a
suspension of a Gram-positive bacterium (Azambuja et af, 1991). Lyophilised cells of
M. lysodeikiicus (ATCC 4698) (0.2mg/ml) were suspended in 0.1M phosphate buffer
pH 6.25. The activity of the enzyme was mcasured at 30°C by the decline in
absorbance, {or strictly speaking the light scattering) at 450 nm through this
suspension. Fresh samples (5-10ul) of homogenates derived from haemolymph,
haemocytes and fat body were added to 1.0ml of the bacterial suspension in a plastic
semi-microcuvette, and the change in absorbance followed over a period of 5-10
minutes was recorded, during which time the rate of change of absorbance was linear.
If necessary, tissue samples were diluted with insect saline or phosphate buffer pH

6.23, before adding to the reaction mixture.
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Fig 3.4. A sketch of bacteriological agar gel lysoplate setting with 1.5%
of Micrococcus lysodiekticus.,
Wells were made and used for lysis test to estimate the presence of lysozyme by

appearance of a zone of clearing around the wells.
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3.2.3.4.3. Unit of lysozyme activity

Enzyme activity is given in International Units of Activity (I.U.). One Unit of
lysozyme activity was defined as: that amount of enzyme which decreases the
absorbance at a rate of 0.001 absorbance unit /min at 30°C in 1.0 ml of the described
medium (Dunn and Dai, 1990), Rates were derived from the linear part of the recorded
curve. Final specific activities of the various tissues were quoted as U/ml of

haemolymph or U/mg wet weight of the tissue.

3.2.3.5. Estimation of protein

When required, protein estimation of the tissue extracts were made from duplicate or
triplicate samples by the method of Bradford, as descirbed in 2.2.6.3 of Chapter 2, and
a standard curve was generated. The assay was carried out in triplicate samples of
haemolymph from the locusts used in experiments. Each absorbance obtained was
converted to mg.rﬂl'1 using the standard curve. The value reported is the average of

these three protein concentrations.

3.2.3.6. Sodium dodecylsulphate polyacrylamide gel electrophoresis
{SDS-PAGE)

To identify the induced individnal proteins particularly in fat body, and locust lysozyme
in particular, SDS-PAGE was used. Electrophoresis was carried out under denaturing
conditions using a Bio-Rad Agar Mini Protean U Cell.

Under denaturing conditions, analytical gel electrophoresis of proteins of
haemolymph, haemocytes and fat bedy was carried out in 15%, and 20% gels at
pHS&.8, using a discontinuous system, with stacking gel of 3%, pH6.8. The
acrylamide/bisacrylamide ratio was 29:1. Samples (5-100.Lg protein) were solubilised
in a velume of Laemmli denaturing buffer, containing 0.1 M tris/HC] pH6.8, 20% (v/v)
glycerol, 2 % (w/v) SDS, 0.02 % (w/v) Bromophenol blue and 5 % (v/v) 8-
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mercaptoethanol (which was added just prior to use) and the mixture was immediately
boiled for 3-5 min at 100°C. The gels were run at 200 mV until the tracker dye
(Bromophenol blue) was leaving the gel (electrophoresis buffer was containing 25mM
Tris, 250mM Glycine and (0.1% SDS),

Commercial lysozyme and reference proteins (Bio-Rad) Table 3.1 of known
molecular weights (kDa), were also used for comparative detection of induced protcing

in the tissues of treated locust against controls.

3.2.3.6.1. Coomassie blue staining of proteins after SDS-PAGE

All gels were stained with 0.25%(w/v) Coomassie Brilliant Blue Rysq, in 10%(v/v)
acetic acid and destained in 10%(v/v) methanol 10%(v/v) aqueous acetic acid. After
destaining, the stained gels were scanned electronically on UMAX Powerlook 11 after

manipuolation in Photoshop v.3.05 to make a permanent record.

3.2.3.7. Azadirachtin
Azadirachtin >95% pure, was obtained from the research institute a described in

Chapter 2, and stored in the same way as mentioned earlier.

3.2.3.7.1. Administration of azadirachtin to locusts

Usually, azadirachtin was dissolved in ethanol, diluted to 10%(v/v) with water and
injected in 101l volumes to give a dose of Sug/locust into the body of adult locusts
(Annadurai and Rembold, 1993). Injections were made through the abdominal
interscgmental membrane using a Hamilton (10ul) syringe, 16 hrs before the further
treattment of LPS. Control insects received a similar dose with 10%(v/v) ethanol-water
alone. It was found that 10%(v/v) ethanol, when used as a solvent to dissolve
azadirachtin, itself causcd the apparent induction of lysozyme-like activity. So, in
another experiment 5%, and 1% of ethanol was used to administer the azadirachtin into

the body of locust. Control locusts received only the solvent.
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Table 3.1. Refercnce profeins of known Molecular weight.

Name Of Protein Mr (kDa)
Phosphorylase b 97

Scrum albumin 66
Ovalbumin 45
Soybean Trypsin 20.1
Lysozyme 14.6
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As will be reported in the results section, an alternative method of administering
the terpenoid was also tried. Perrow, (personal communication, 1996) had used a
solution of cyclodextrin in order to solubilise non-polar terpenoid, azadirachtin, in an
agueous medium. To overcome the apparent induction of lysozyme-like activity by
ethanol, B-cyclodextrin (20mg/ml) or methyl-f-cyclodextrin (100mg/ml) was used
instead of ethanol. Controls received cyclodextrin solution only.

Finally, it was concluded that 5% cthanol should be nsed as a solvent in furure
experiments for azadirachtin administration to locusts., Sixteen hours after the locusts
had received the azadirachtin, they received the dose of 100Lg of LPS as described
above, The control insects received insect saline. 24hours after LPS treatment, Ussucs
were collected and then assayed for lysozyme activity using the protocols mentioned in
3.2.3.3. During thc whole period of treatment the locusts were fed on {resh cabbage

leaves and kept under standard rearing conditions.

3.2.3.8. Cycloheximide treatment

Cycloheximide has been shown to inhibit protein biosynthesis in systems that utilise
ribosomes of the 80S type, (Sisler er al., 1967; Abu-Hakima and Davey, 1977) and ucts
mainly through blocking translation (Sars and Kovacs, 1980). Cycloheximide also
inhibits reassembling of polyribosomes in rat liver systems (I'rakatellis et al., 1965) and
in hamster cells (Stanners, 1966). Cycloheximide was evaluated for the in vive
inhibition of protein synthesis and more specifically the suppression of induced

lysozyme in specific tissues of the desert locust S. gregaria against conurols.

3.2.3.8.1. Administration of cycloheximide to locusts

Cycloheximide (Sigma Chem Co.), was dissolved in sterilised insect saline (2.5mg/ml)
and kept frozen at -20°C until further use. 25ug of cycloheximide/insect, in 10ul of
insect saline was injected through the abdominal intersegmental membrane by a

Hamilton (251l syringe, 2hours before the injection of LPS into the body of each
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locust of the group (four locusts/group). The controls received only insect saline by the
same route. After two hours of administration of cycloheximide, each locust of both
groups received 100ug of LPS in exactly the same way as mentioned in the section
3.2.3.1.1.(a). 24 hours after LPS treatment, tissues were sampled as described in

3.2,3.2.2 and assayed for lysozyme-like activity according to 3.2.3.4.2.

3.2.4. In vitro experiments
In vivo experiments were followed by the in virro plan to verify the hypothesis that the

fat bedy is the likely site of lysozyme synthesis.

3.2.4.1. Incubation medium
The tissue culture medium (GIBCOBRL, Life Technologiecs) was used as the

incubation medium for the in vitro experiments.

3.2.4.2. Tat body preparations for in vifre incubation

A group of 10 female adult locusts was precooled at 20°C for 15 minutes, and each
surface-sterilized with 70% aqueous (v/v) ethanol before dissection. The fat bodies
were dissected out from all locusts, pooled under sterile conditions, rinsed and washed
in sterilized insect saline, to remove the presence of any traces of hacmolymph. the
pooled fat body was divided in equal amounts in 4 wells of a six-welled cell culture
cluster dish, (Coaster Corporation Cambridge MA, U.S.A). The remaining two wells

were used {or a negative control.

3.2.4.3. Chemicals
3.2.4.3.1. Lipopolysaccharide

Lipopolysaccharide, from E. coli scrotype described in section 3.2.3.1.1 of thig
chapter was used for the in vitro cxperiments and the amount of LPS used was

400uLg/well.
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3.2.4.3.2. Cycloheximide
Cycloheximide (Sigma Chem Co,), dissolved in sterilized insect saline (2.5mg/ml) was

kept frozen at -20°C until further use.

3.2.4.3.3. Ampicillin
Ampicillin (Sigma chem Co.) (100ug/well), was used in vitro experiments to minimise

the chances of bacterial infection.

3.2.4.3.4. Effect of azadirachtin on lysozyme production in fat body
To investigate the effect of azadirachtin on the production of lysozyme, isalated fat
body samples were incubated with 50Hg/incubation of azadirachtin for a period of 24

howrs. The lysozyme activity was assayed in the tissue and incubation mediwm as well.

3.2.4.4. Tncubation of fat body
The ir vitro incubations of fat bodies were done three times in three steps in the tissue

culture medium. Each one is described in the following sections separately.

3.2.4.4.1. Lysozyme induction in fat body by LPS
Initially, the effect of LPS on the induction of lysozyme activity in adult female locust

fat bodies was investigated and this has been shown in Table 3.2,
3.2.4.4.2. Elfect of azadirachtin on the LPS-induced lysozyme in {at body

In second step, the effect of azadirachtin was investigated on the induced lysozyme by

LPS. The experiment was designed as shown in Table 3.3.
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Table 3.2. Step I: Induction of lysozyme by LPS in fat body

No. of well Mediom (1mi) Ampicillin Fat body LPS
(100p.2) (400ug)
1 + + - -
2 + + - -
3 + + + -
4 + + + -
5 + + + +
6 + + + +

LPS: Lipopalysaccharide
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Table 3.3. Step II: Effect of azadirachtin on the LPS-induced lysozyme

in fat body.

No of well Medium  Ampicillin Fat body LPS AZA
(ml) (100ug) (400ug) (50ug)

1 + “I- + . ;

2 + + + ; _

3 + + + + .

4 + + + + .

5 + + + + +

6 + + + T n

LPS: Lipopolysaccharide

AZA: Azadirachtin
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3.2.4.4.3. Effect of cycloheximide on the LPS-induced lysozyme in
fat body
In third step the effect of cycloheximide was studied on the induction of Iysozyme by

LPS in the fat body of locust, for comparison, as shown in the resnlt sectton. Table

3.4 indicates the layout of the experiment. For steps II and ITT, the number of locusts in
each experiment was increased to 12.

In each experiment, the tissue-culiure plate was covered with parafilm and incubated at
30°C with vigorous shaking, (Eberbach shaker, 200rpm) for a period of 24 hours
(Verno ¢f ai., 1984), at which time the samples were transferred to individual sterile

1.5ml polypropylenc conirifuge tube to prepare the tissue for lysozyme assay.

3.2.4.5, Assay for lysozyme in fat body
3.2.4.5.1. Spectrophotometric method
The fat body samples from each well and for each treatment was homogenized by a
teflon pistil, sonicated for 30sec by an ultrasonic microprobe in ice and then cenwrifuged
for 6min at 13,000g. The lysozyme-like activity was assayed for duplicate samples of
50wl each from the middle layer.

Lysozyme activity was estimated by the assay described in scetion 3.2.3.4.2 and
enzyime activity units were measured according to 3.2.3.4.3. Final specific activities

were quoted as U/ml of the homogenised samples.

The lysozyme for step IT and 111 was assayed for both fat body tissue and the
incubation medium separately, to confirm the evidence of fat body supposed to be a
source of induced synthesis of haemolympl lysozyme-like activity, in vivo, which was

increased in the presence of LPS.

145



Table 3.4, Step III: The effect of azadirachtin and cycloheximide on the

LPS-induced lysozyme in fal body.

No of well Medium Ampicillin Fat hody  LPS AZA Cyclo.
(1ml) (100ug) (400pg) (50ug) (25py)
1 + + + + : -
2 + + + + -
3 4 + + + + -
4 + + + + + -
5 + + + + - +
6 + + + + - +

LPS: Lipopolysaccharide
AZA: Azadirachlin

Cyclo: Cycloheximide
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3.3. Results

3.3,1 Growth inhibition of a Gram-negative bacterium

Antibacterial activity induced by whole E. cofi cells or LPS on the growth of Gram-
negative bacterium was tested for the haemolymph of female adult locusts. Fig 3.5
shows that there was no inhibition of growth of E. coli in nutrient agar, while there
was a clear inhibition of growth with the antibiotic ampicillin. The results for both
female and male locusts and for both types of treatments were the same, indicating no
effect on the growth of a Gram-negative bacterinm. The result for the haemolymph of
LPS-treated female adult locusts against controls is shown in Fig 3.5. There was no

evidence of induction of cecropin-like antibacterial proteins.

3.3.2. In vive experiments

3.3.2.1. Agar gel lysoplate assay for lysozyme activity using Micrococcus
lysodeikticus as a substrate

The estimation of lysozyme activity is based upon the Iytic action of lysozyme, causing
a zone of clearing as it diffuses outward from a well in the agar. A range of known
activities of the standard commercial egg-whiie lysozyme were used in the agar gel
lysoplate assay. From the results in Fig 3.6, it was abvious that there was a linear
relation between the log,, amount of lysozynie and the lysed area around the well.
Afterwards this technique was applied to estimaic the £, coli or LPS induced lysozyme

activity in the haemolymph of locusts as described in the following sections.

3.3.2.1.1. Agar gel lysoplate assay of E.coli-induced lysozyme activity
in locust hacmolymph

The agar gel lysoplate assay was used to give a preliminary indication of the distribution
of lysozyme in the female locust haemolymph. Fig 3.7 shows the differences in lysed

zones between the E.coli-treated hacmelymph and controls. Both of these observations
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Fig 3.5. Growth inhibition test for a Gram-negative bacterium in
nutricnt agar gel by hacmolymph of locust,

A group of four adult female locusts was injected by 100uig of LPS, haemolymph was
collected after 24 hours, pooled and used to test for the inhibition of growth of a Gram-

negative bacteria. Controls received insect saline,

Into wells 1 and 2 was placed Sul of haemelymph from controls, wells 3 and 4 have the
same volume of treated haemolymph and well 5 received crystals of ampicillin as

positive control.
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Fig 3.6. Lysozyme activity indication by lysis of Micrococcus
lysodeikticus in an agar gel lysoplate assay.

{a) The agar contained a concentration of 1.5% M. lysodeikricus.

Into each well was placed Spul of a solution of commercial egg-white lysozyme ranging
in concentration from 0.25U(1), 2.5U(2), 25U(3) and 250U(4)). Well 5 represents a
control of boiled enzyme. The light area around the well represents lysis of the
suspended bacteria.

(b) The areas of lysis are plotted against the log,, of the amount of lysozyme in (a).

Each point is a mean of four values.
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Fig 3.7. The lysis of Micrococcus lysodeikticus in an agar gel by
haemolymph lysozyme of female 5. gregaria. The locusts were injected
by heat-killed E. coli 24 hours before,

A preliminary indication of E. coli induced lysozyme distribution in the hacmolymph of
female locust. Controls received insect saline. The agar contained 1.5% of M.
lysodeikticus. Well 1 received boiled commercial lysozyme and well 2 commercial egg-
white lysozyme (1250 units). Into wells 3 and 4 was placed Spl of control
haemolymph while in wells 5 and 6 was placed same volume of haemolymph of teated

locust. In each experiment, the haemolymph from four locusts was pooled.
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were different from the one for commercial egg-white lysozyme and the one with
denatured lysozyme. There was no lytic activity at all in the well containing boiled
commercial egg-white lysozyme (well § Fig 3.7). Although there was some
quantitative refation in the lysed zoncs indicating lysozyme activity differences, the
method was considered to be insufficiently precise for quantative studies.

‘The experiment was repeated for hacmolymph of adult male E.coli- treated locusts, and
there were not any significant difference in the results of hoth sexes (results not

shown),

3.3.2.1.2. Agar gel lysoplate assay for hacmolymph lysozyme of LPS-
treated locusts

When the agar ge! method was used to investigate the Iytic action of haemolymph
lysozyme in LPS-treated locusts, it showed clear induction in the lytic activity after LPS
treatment (Fig 3.8). Although the method was not wholly quantitative, sull it was
obvicus that there were differences in the lysed areas of wells received samples from
controls and LPS-treated haemolymph. The lytic activity was different for the standard
and boiled commercial enzyme. There were differcnces in the lysed areas for
haemolymph lysozyme activity and egg-white one. It was difficult to stendarise the
activity of lysozyme from different sources, and there was a need w0 adopt a more
precise method to estimate the activity of lysozme.,

The adult male locusts were also used to study the effect of LPS weatment to induce the

lytic activity of haemolymph lysozyme (results not shown).

3.3.2.2. Changes in lysozyme activity in response to bacterial LPS
freatment

The above results confirmed the occurrence of changes in humoral lysozyme activity in
response to injection of bacterial lipopolysaccharide in mature females of the desert

locust S. gregarin. In future experiments, LPS was used as an elicitor to study the
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Fig. 3.8. The lysis of Micrococcus lysodeikticus in an agar gel by
haemolymph lysozyme of female S. gregaria. The locusts were treated
with (100uig/locust) bacterial lipopolysaccharide (LPS) for a period of
24 hours,

A preliminary indication of LPS induced lysozyme distribution in the hacmolymph of
female locust. Controls received insect saline. The agar contained 1.5% (w/v) of M.
tysodetkticus. Well 1 received boiled lysozyme and well 2 commercial egg-white
lysozyme (1250 units). Into wells 3 and 4 was placed 5ul of LPS-treated haemolymph
while in wells 5 and ¢ was placed same volume of haemolymph from control insects.

In each experiment, the haemolymph from four locusts was pooled,
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Iysozyme activity changes in specific tissues of S. gregarig. The lytic action of
Micrococcus Iysodickticus 1n agar gels was considered to be only a semi-quantitative
method for lysozyme activity estimation, so in subscquent experiments an alternative
quantitative method was applied tc assay the lysozyme aciivify using the same substrate

i.e spectrophotometry as detailed in materials and methods.

3.3.2.2.1. Humoral Iysozyme-like activity estimalion Dby
spectrophotometry
Investigations on humoral immunity in S, gregaria by agar gel method showed that the

inoculation with bacterial LPS induces lysozyme activities in hacmolymph.

The effects of injecting LPS into the mature females of locusts arc shown in Tig
3.9. No difference was observed between control insects which had received only an
injection of insect saline and those receiving 100ug of LPS until more than 20 hours
after the injection, At 24 hours however, although both control and experimental
insects showed an incrcase in lysozyme aclvity, that shown by the LPS-treated insects
was 80% ubove the normal, while the control was only raised by 30%. Both of these
increases in activity were statistically significantly different from the normal resting level
of 1600210 U.ml"' (P< 0.01), and the higher level in the 1.PS-ireated inseccts was
significantly different from the control (P<(.01). Thereafter, by 48 hours, the levels of
activity of the enzyme in the hacmolymph of both control and experimental insects
returned to the normal. The results showed that even the simple process of injecting
sterile suline into the locusts produced a small increase in the activity of circulating
lysozyme, but this was doubled by bacterial lipopolysaccharide. The maximum
response of LPS-treated locusts in lysozyme activity was at 24 hours after treatment.

Subsequent measurements of enzyme activity were miade at 24 hours after treatment.
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Fig 3.9. The activity of lysozyme in the haemolymph of maturc S.
gregaria after injection with bacterial lipopolysaccharide.

Each insect was injected at 0 time with 100pg of 1.PS in10ul of sterile insect saline.
Controls received only saline. Samples (Spuf) of haemolymph were taken over a period
of 5 days, and the activity of lysozyme in the whole haemolymph was assayed

immediately.

-r——qg Control haemolymph

——O0 LPS-treated hacmolymph

Each point is an average of 4 values and the vertical bars represent the £5D.

158



Lysozyme activity in haemolymph (U. (x10-2).mI-1)

304
28
26
244
22 -
20+
18 1
16
14 1
12

10+

5

T 1 T { ] 1 1 [ i"/’c’&_‘
10 15 20 25 30 35 40 45 50 120

Time (h)

159



3.3.2.2.2. Lysozyme acftivity changes in fat body afier 24 hours ol LPS
injection

To find out the source of circulating lysozyme in haemolymph, fat body of mature
female LPS-treated S. gregaria was assayed for the enzyme activity after 24 hours of
injection. The activity of lysozyme found in homogenatcs of fat body (Fig 3.10)
indicates that the level of activity found in the tissue is low compared to haemolymph.
It seemed that fat body did not respond like haemolymiph in the induction of lysozyme-
like activity. Although the level of activity rises significantly after LPS treatment, it

only increases by 32% above the untreated locusts.

3.3.2.2.3. Lysozyme activity changes in haemocytes and plasma of
locusts after 24 hours of LPS injection

It was anticipated that the hacmocytes may make up a proportion of the total lytic
activity in the haemolymph. Initially no atrempt was made to separate the cellular
fraction of lysozyme activity from the plasma, but later haemocytes were aiso assayed

for lysozyme activity (Fig 3.1 1).

The enzyme activity of haemocytes represented between 20-30% of the total
lysozyme activity of haemolymph. The cellular response to LIPS was almost a doubling
of the resting level of enzyme activity, while there was no significant change in activity
in the haemocytes of controls receiving insect saline. The [L.PS response of plasma
lysozyme activity was in an increase of 24%. In locust haemolymph as a whole, 70-

80% of enzyme activity was that of plasma.
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Fig 3.10. The activity of lysozyme in the fat hody of mature S. gregaria
after 24 hours of injection with bacterial lipopolysaccharide.

Each insect was injected with 1001Lg of LPS in 10u of sterile insect saline (3).
Controis received only saline (2). The results are the means from 4 locusts. Fat body
samples were collected, weighed, homogenised and prepared for lysozyme assay as
described in materials and methods after 24 hours of injection. The activity of lysozyme
in the samples (20u1) was assayed lmmediately. Another untreated group of locusts
was also used to find the basal level of lysozyme activity in fat body (1). Vertical bars

indicate the £5D.

161



18—

16

14

o
= [ola]
— e o

(Burn)) £poq 1eJ Ul A)14008 SWAZOSA]

e e e+ —— e e e ——— N A— .

162



Fig 3.11. The activity of [ysozyme in plasma and haemocytes of mature
female locusts 5. gregaria.

Lysozyme activity in cellular fraction was assayed in relation to initial volume of whole
haemolymph., Samples were taken after 24 hours of LPS treatinent. The values
represent the mean (£5D) of 4 locusts.

1: Basal levels of cellular and plasma lysozyme activities in untreated locusts.

2: Fractions of activities in controls received sterile insect saline.

3: Lysozyme activities in plasma and haemocytes of LLPS-treated lacusts.

In each case: [CJ plasma, and #&# haemocytes
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3.3.2.3. Effect of azadirachtin on lysozyme activity

3.3.2.3.1. Effect of azadirachtin on lysozyme distribulion in
haemolymph

The effect of azadirachtin was investigated in a preliminary experiment on the basal level
of lysozyme distribulion in haemolymph of S, gregaria. As described in materials and
mcthods, 10% (v/v) ethanol was used to dissolve the tetranortriterpenoid and then
injected into the body of the locust. The lysozyme activity was decreased by 48% aﬁer
40 hours of azadirachtin treatment as compared to controls (Ifig 3.12). This reduction
in activity was statistically significant (P<0.01) and was even 33% below the basal level
of the enzyme activity in untreated controls while in another group cycloheximide

caused a reduction of only 21% in the lysozyme activity of haemolymph.

3.3.2.3.2. Elfect of azadirachtin on lysozyme-like activity in fat body

The effect of azadirachtin on the basal level of lysezyme activity in fat body of the
mature locusts was monitored for the same time period and under same conditions as
described for the haemoelymph in the above section. There was a 33% reduction in the
cnzyme activity after azadirachtin treatment, i.e statistically significant (P< 0.01), (Fig
3.13). The deercase in activity due to cycloheximide treatment was 47% suggesting that

the fat body is a site of synthesis of lysozyme in this insect.

3.3.2.3.3. Effect of azadirachtin on the LPS-induced lysozyme activity
in haemolymph plasma and haemocytes

In order to find out the effect of azadirachtin on the induction of lysozyme activity in
haemolymph by LPS, the locusts were injected with a physiologically-effective dose of
azadirachtin 16 hours before receiving bacterial lipopolysaccharide. Subsequently, 24
hours after LPS treatment, haemolymph was collected. Plasma and haemocytes were

separated to assay the lysozyme activity. Fig 3.14 shows the etfect of azadirachtin on
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Fig 3.12. The effect of azadirachtin on the distribution of activity of
fysozme in the haemolymph of the desert locust S. gregaria.

Each locust received 5iLg azadirachtin dissolved in 10% cthanol, hacmolymph samples
collected after 40 howrs of treatment and assayed for the lysozyme activity immediately,
Controls received 10% (v/v) aqueous ethanol. In case of cycloheximide, each insect
received 25pg of cycloheximide dissolved in sterile insect saline in 4 volume of 10ul,
controls received same volume of inscet saline. The valucs represent the mzan £SD
from a group of 4 locusts in each experiment.

1: Basal level of enzyme activity in untreated locusts.

2: Lysozyme activities in azadirachtin-treated insects.

3: Lysozyme activities in cycloheximide-treated locusts.
In2and 3: T: control and £ZA treated.

166



| _ |

Am.cﬂm._s ' ) ydwdjouwoey ur £JIAOE dWAZOSA]

o

167

e



Fig 3.13. The effect of azadirachtin on the activity of lysozme in the fat
body of the desert locust S. gregaria.

Each locust received Spg azadirachtin dissolved in 10% ethanol, fat body samples
collected after 40 hours of trcatment, preparcd and assayed for the lysozyme activity.
Controls received 10% (v/v) aqueous ethanol. In case of cycloheximide, cach insect
received 25[tg of cycloheximide dissolved in sterile insect saline in a volume of 10!,
controls received only insect saline. Each result is an averages from 4 locusts and bars
indicate the £SD.

1: Basal level of enzyme activity in untreated fat body.

2: Lysozyme activities in azadirachtin-treated samples.

3: Lysozyme activities in cycloheximide-treated fat body.

In2and 3: T 3:conttol and TZA treated.
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Fig 3.14. The effect of azadirachtin on the LPS-induced activity of
Iysozme in the plasma and haemocytes of the desert locust S. pregaria.
Each locust received Spig azadirachtin (10p] volinme) dissolved in 10% cthanol 16 hours
before the LPS treatment. 100ug of LPS was injected into the body of each locust (a
volume of 10ul1). Controls received mock injections of 10% (v/v) aqueous ethanol and
insect saline. Samples collected after 24 hours of LPS-treatment and assayed for the
lysozyme activity. Controls received mock injection of 10% (v/v) aqueous ethanol.
The results are means from 4 locusts and bars indicate the £SD.

1: Basal level of enzyme activity in untreated insects.

2: Lysozyme activities in 1. PS-treated insects.

3: Lysozyme activities in azadirachtin-treated locusts.

In each case: =3 plasma and &8# haemocytes,

a: control and b: treated
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the LPS-induction of antibacterial protein. The lysozyme activity in the whole
haemolymph of azadirachtin treated locusts was suppressed by 44%. In plasma the
reduction was 32%, while in haemocytes there was a huge decrease of 98% in the
activity as compared to controls receiving 10% (v/v) ethanol and LPS. All these
differences were statistically significant (p<0.05).

In the hacmolymph of azadirachtin-treated insects, it seemed that the cellular

fraction of enzyme activity was nearly eliminated due to azadirachtin treatment,

3.3.2.3.4. Effect of azadirachtin on the LPS-induced lysozyme activity
in fat body

In S. gregaria the effect of azadirachtin on the induction of lysozyrie-like activity in fat
body in response to bacterial lipopolysaccharide was studied in the same fashion as for
hagmolymph. There was an increase of 39% in production of lysozyme after LPS-
treatment and azadirachtin reduced the induction of enzyme activity by 33% as
compared to controls which received LPS and 10% (v/v) ethanol (Fig 3.15). This

reduction was statistically significant (p<0.01).

3.3.2.4, Medium of azadirachtin administration

After a series of experiments done on the effects of azadirachtin on lysozyme-like
activity, it was noticed that there was a tfremendous rise in the activity of lysozyme in
controls when 10% ethanol was used as a carrier to deliver azadirachtin in the body of
locust. It was observed that ethanol itself was serving as an inducing ageni for
production of lysozyme-like activity. To verify this observation, azadirachtin was
administered in three aqueous dilutions 10%, 5% and 1% (v/v) of ethanol into the body
of the locust. These three dilutions of athanol alone were also injected into the body of

locusts in order to find its effect on the enzyme activily induction.
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Fig 3.15. The effect of azadirachtin on the LPS-induced lysozme-like
activity in the fat body of the desert locust S. greparia.

Each locust received Spg azadirachtin (101 volume) dissolved in 10% ethanol 16 hours
before the LPS treatment. 100iLg of LPS was injected into the body of each locust (a
volume of 10ul). Controls received 10% (v/v} aqueous ethanol and insect saline.
Samples collected after 24 hours of LPS-treatment and assayed for the lysozyme
activity. The results are means from 4 locunsts and bars indicate the £S1D.

1: Basal level of enzyme activity in untreated insects.

2: Lysozyme activities in LPS-treated insects.

3: Lysozyme activities in azadirachtin-treated locusts.
In2and 3: [d:ceontrol and L[LA geated.
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3.3.2.4.1. Effect of ethanol as a solvent for azadirachtin on the
lysozyme activity in plasma and haemocytes

The effect of azadirachtin administered in ethanol on the circulating lysozyme in
haemolymph was studied in two steps.

In first step, the effect of 10% ethanol alone was studied on the haemolymph
lysozyme against controls received insect saline for 24 hours. The injected ethanol
caused a rise of 46% in the circulating enzyme activity, while the activity increase in
response to LPS was only 34%. In the same experiment, in another group of locusts
receiving 10% ethanol and bacterial lipopolysaccharide, the rise in enzyme activity was
74% (Fig 3.16) suggesting an additive effect, which was rcduced by 42% in
azadirachtin-treated insects.

Consequently azadirachtin was injected in either 10%, 5% or 1% cthanol to the
locusts. The aim was to choose the appropriate dilution of cthanol to dissolve
azadirachtin as an injection vehicle. Fig 3.17 indicates the changes in lysozymie activity
in plasma and haemocytes when the same dase of azadirachtin was delivered in above
said (hree dilutions of ethunol. There was a reduction of 27-47% in enzyme activity by

azadirachtin treatment.

The effect of azadirachtin is to greatly reduce the combined response to LPS and
ethanel, especially in haemocyte fraction (Fig 3.17). The results show very little
lysozyme activity in haemocytes of azadirachtin-treated insects compared 10 the contrels -
in each casc.

Only in the case of 5% cthanol, there was some detectable enzyme activity in the

cellular fraction of hacmolymph.
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Fig 3.16. The effect of injection of 10% (v/v) ethanol on the level of
activity of lysozyme in the haemolymph of §. gregaria and the response
to azadirachtin,

The activity of lysozyme was estimated in the haemoelymph as whole after 24hours of
10u] of 10% (v/v) ethanol and LPS (100pug/insect in 10pd volume of insect saline)
injections in separate groups. Controls received same volume of only insect saline. In
another group, control locusts received both ethanol and LPS, while treated insects
received azadirachtin (Spg/insect in a volume of 10ul of 10% ageuous ethanol), and
16hours later received the above mentioned amount of LPS. The enzym activity was
estimated after a period of 24hours of LPS injection.

The results are means from 4 locusts and bars indicate the £8D.

1: Basal level of enzyme activity in unireated haemolymph.
2: [ Controls received insect saline.

EZA Locusts injected with 10% (v/v) ethanol.

Insecis treated with LPS.
3: 3 Controls injected with ethanol and LPS.

FZA Locusts treated with azadirachtin and LPS.
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Fig 3.17. The effect of azadirachtin solubilised in 1, 5 and 10%(v/v) of
ethanol on the level of activity of Iysozyme induced by LPS in the
haemolymph plasma and haemocytes.

The activity of lysozyme was estimated in haemolymph plasma and haemocyles 40
hours after the injection of different concentrations of ethanol alone, and as a solvent for
azadirachtin (Spig/insect). After 16 hours of azadirachtin injection, each locust received
100ug of LPS (101! velume). Lysozyme was estimated 24 hours after LPS injection.
1. Basal level in untreated controls.

2. 1% (v/v) ethanol.

3. 5% (v/v) cthanol.

4. 10% (v/v) ethanol.

In each case: [TJ: plasma and & haemocytes;
(a) ethanol only and LPS,
{b) azadirachtin dissolved in ethanol and LPS.

Each result is the average from 4 locusts and vertical bars represent the +SD.
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3.3.2.4.2, Effect of ethanol as a solvent for azadirachiin on lysozyme-like
activity in fat body of S, gregaria

The effect of azadirachtin delivered in 10%, 5% and 1% ethanol on the lysozytne-like
activity in fat body of locust is indicated in Fig 3.18. In this tissue, there was a
decrease of 25-48% in the induced activity of lysozyme in response to ethanol and LPS.
However, the rise in enzyme activity in response to LPS was not statistically significant
as compared to basal level of activity in untreated controls. There was no clear-cut
effect of ethanol in the induction of activity. The effect of azadirachtin was to lower the
enzyme activity to well below normal levels suggesting that lysozyme is synthesized in

the fat body.

3.3.2.4.3. Effect of azadirachtin solubilised in cyclodextrins on
lysozyme-like activity in plasma and haemocytes of 8. gregaria

It was clear that the use of cihanol at even low concentration caused a rise of lvsozyme
activity., To Icssen the possible rise which was due to the ethanol, cyclodextring were

used as carricr of the terpencid. Cyclodextrins are often used to "solubilise”
hydrophobic compounds for drug delivery, and thus might have 2 less toxic effect than
ethanol. To find out the best vehicle for azadirachtin delivery, the two cyclodextrins, 3-
cyclodextrin and methyl-B-cyclodextrin, were used as injection vehicles to solubilise
azadirachtin.

The total haemolymph lysozymce activity was incrcascd by 34% in response to the
combination of B-cyclodextrin and 1.PS and 90% to methyl-B-cyclodextrin and LPS
compared to the basal lcvel. Both of these valucs were significant (p<Q.01) compared
to the basal level of untrcated locust. The total haemolymph lysozyme activity was
reduced by 19% when azadirachtin solubilised in B-cyclodextrin and LPS were injected,
compared to cyclodextrin and LPS weatment. Similarly the total enzyme activity was

decreased by 21% when methyl-B-cyclodextrin was used to solubise azadirachtin (Fig

3.19).
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Fig 3.18. The effect of azadirachtin solubilised in 1, 5 and 10% (v/v) of
ethanol on the level of activity of lysozyme induced by LPS in the fat
body of S. gregaria.

The activity of lysozyme was estimated in the fat body of §. gregaria, 40 hours after the
injection of different concentrations of ethanol alone, and as a solvent for azadirachtin
(Sugfinsect). After 16 hours of azadirachtin injection, each locust received 100ug of
LPS (10ul volume). Lysozyme was estimated 24 hours after LPS injection.

1. Basal fevel in untreated controls,

2. 1% (v/v) ethanol.

3. 5% {v{v) ethanol.

4. 10% (v/v) ethanol.

In eacl case:
[ ethanol only and 100ug LPS/insect, and

EZA Sug of azadirachtin dissolved in ethanol and 100uglLPS/inscct.

Each vesult is the average from 4 locusts and vertical bar represents the £5D.
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Fig 3.19. The effect of azadirachtin solubilised in cyclodextrins on the
LPS-induced level of lysozyme activity in plasma and hacmocytes.
The activity of lysozyme was estimated in haemolymph plasma and haemocytes 4()
hours after the injection of cyclodextrins alone and as a solvent for azadirachtin
(Sugfinsect). After 16 hours of azadirachiin injection, each locust received 100ug of
LPS (10u! volume). Lysozyme was estimated 24 hours after LPS injection.
1. Basal level in untreated controls.
2. (a) Controls received B-cyclodextrin and LPS.

(b) Insects received azadirachtin selubilised in B-cyclodextin and

LPS.

3. (a) Controls injected with methyl-B-cyclodextrin and LPS.

(b) Insects received azadirachtin dissolved in methyl-P-cyclodextrin and LPS.

In each case: - : plasma and S8 haemocytes.

Each result is the average from 4 locusts and vertical bars represent the 25D,
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3.3.2.4.4. Azadirachtin solubilised in c¢yclodextrins and effect on
lysozyme activity in fat body
Fig 3.20 shows the result of the effect of azadirachtin when it was solubilised in [3-
cyclodextrin and methyl-f~cyclodextrin. There was a 33% reduction of lysozyme-like
activity when azadirachtin was solubilised in B-cyclodextrin and 42% in case of methyl-
f—-cyclodextrin. But these values when compared to the basal level of lysozyme activity
showed a lower rise of enzyme, and there was no indication that cyclodextring induced
an increase of lysozyme activity in fat body.

In the light of the results using cyclodextrins to solubilise azadirachtin, finally it
was concluded that there is no point in using these compounds as an injection vehicle
for azadirachtin delivery to study the effect on lysozyme induction, as fat body is the

possible site of lysozyme synthesis.

3.3.2.5, Selection of appropriate drug delivery vehicle

In the end, it was decided to use 5% (v/v) ethanol as the drug delivery vehicle. As
shown in Fig 3.18 and Fig 3.19, the use of 5% ethanol seemed to be advantageous for
the subsequent future experiments. Although not wholly unzmbiguous, these results
support the assumption for fat body as the likely site of synthesis of lysozyme and 1o
plan the in vifrre incubation of fat body to find ourt the actual source of lysozyme

synthesis.

Our study suggests that the lysozyme activity has been induced significantly after
LPS treatment in the whole haemolymph. However, the assay of enzyme activity for
the separated fractions showed that there was a remarkable rise in the cellular
proportion. It may be that the lysozyme is equally likely to have come from haemocytes

and fat body of female adult §. gregaria.
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Fig 3.20. The cffect of azadirachtin solubilised in cyclodextrins on LPS-
induced lysozyme activity in the fat body of S. gregaria.

The activity of lysozyme was estimated the fat body of S. gregaria, 40 hours after the
injection of cyclodextrins alone and as a solvent for azadirachtin (Spigfinsect). After 16
hours of azadirachtin injection, each locust received 100ug of LPS (10ul volume).
Lysozyme was estimated 24 hours after LPS injection,

1. Basal level in unireated controls.

2. Insects received azadirachtin solubilised in B-cyclodextrin and LPS.

3. Locusts treated azadirachtin solubilised in methyl-B-cyclodextrin and LPS.

In2and 3: T} control and {ZZ3: treated.

Each result is the average from 4 locusts and vertical bars represent the +SD.
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3.3.2.6. Effect of LPS and azadirachtin on haemolymph protein
concentration

Fig 3.21 is a representation of the effects of LPS, azadirachtin and cycloheximide
treatments on the concentration of total haemolymph proteins. The LPS treatment
causcd a three-fold rise of the total concentration of haemolymph protein above the basal
level. In control locusts, injected with insect saline, there was nearly a doubling of
haemolymph protein concentration above the basal level of untreated insects confirming
a large non-specific response to any injury,

The control insects injected with 5% ethanol and LPS showed a four-fold increase
in the total protein concentration in haemolymph due to the combined response of these
two inducers, but a single haemococlic injection of azadirachtin suppressed the
induction of haemolymph protein by 60% (P<0.01) , restoring it to the basal level of

7.6mg/ml.

3.3.2.7. Gel electrophoresis of haemolymph and fat body

As described in Materials and Methods, to detect the presence of lysozyme in
haemolymph and fat body samples, gel electrophresis was used under denaturing
conditions, In the prelimingry experiments, the 1.PS-treated huemolymph and fat body
samples against controls were analysed. Fig 3.22 is representing the resolved protein
profile of the above mentioned samples. Due to complexity of the proteins, this

technique was not used to study the etfect of azadirachtin on the induced lysozyme.

3.3.3. In vitro experiments

3.3.3.1. In vifro LPS-induction of lysozyme-like activity in fat body of

S. gregaria

The result of a prchiminary experiment of fat body incubation in the presence of LPS for
a period of 24 hours showed almost a doubling of lysowyme-like activity, Fig 3.23.

This significant rise in enzyme activity strorgly suggests that fat body is the site of
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Fig 3.21. The effect of various treatments on the concentration of total
protein in the haemolymph of S. gregaria.

The protein concentration in the samples of haemolymph plasma was estimated in
locusts which had received injections of possible indacers of lysozyme 24 hours
previously. The protein was estimated by means of the Bradford assay.

1. Basal concentration inn untreated control insects.

2. Bacterial lipopolysaccharide (LPS) weatment] (00jLg of LPS/insect.

controls injected with insect saline only.

3. Azadirachtin treatment: 5ilg of azadirachtin/insect and LPS

controls received 100ug of LPS and 5% ethanol.

4. Cycloheximide treatment: 25ug of cycloheximide/insect, controls received insect

saline,

In each casc: [1: control and [Z4: treated.
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Fig 3.22. Gel electrophoresis of haemolymph and fat body samples of
locust after 24 hours of LPS injection.

SDS-PAGE of haemolymph and fat body of adult female locust S. gregaria. Insects

were treated with 1001ig of LPS 24 hours before samples were collected. The amount
of protein in each lane was Iess than 20ug. The gel was 20% resolution with 5%
stacking in a discontinous system. A: Hen egg white lysozyme as a control, B: LPS-
treated haemolymph, C & D: Haemelymph and fat body from controls received insect

saline, F: Fat body from T.PS-treated locust and F: Molecular weight markers (kDa).
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Fig 3.23. In vitro, LPS-induction of lysozyme activity by fat body of
mature female S. gregaria, after 24 hours incubation.

Isolated and pooled fat bodies of locusts incubated in the presence of LPS, showed a
statistically significant risc in the uctivity of lysozyme, compared to controls. The
increased enzyme activity in incubation medium suggests in vivo the fat body as a site
of synthesis of circulating lysozyme of hacmolymph.

I: Lysozyme activity in fat body.

2: Lysozyme activity in the incubation medium.

In each case: [TF: control and EZ3: treated.
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synthesis for lysozyme. The presence of some fraction ol enzyme activity in the
incubaton medium supports the idea that the circulating lysozyme of haemolymph may
originate in fat body. In incubation medium, there was alse 4 vise of 74% in the enzyme
activity in the presence of bacterial lipopolysaccharide which was synthesized by fat

body and then released in the medium during incubation period.

3.3.3.2. Effect of azadirachtin on the LPS induction of lysozyme-like
activity in the fat body, in vitro

Fig 3.24 indicates the effect of azadirachtin on the in vitro synthesis of lysozyme in fat
body of the desert locust, S. gregaria. There was a statistically significant (P<0.05)
reduction of 65% in the enzyme activity by azadirachtin, compared to controls, in which
the activity was increased by 58% in the presence of LPS. In case of cycloheximide,
the enzyme activity was decreased by 63% in incubated fat body, comparable to the

effect of azadirachtin on the in vitro lysozyme synthesis in [at bady of §. gregaric.

3.4, Discussion

The experiments reported in this Chapter were performed to examine the effect of
azadirachtin on the constitutive or induced synthesis of lysozyme, a bacteriolytic
enzyme in specific tissues of locust S. gregaria, using bacterial lipopolysaccharide as an

inducer.

To achieve our aim two approaches were used: first to induce the synthesis of
lysozyme by specific elicitor in vivae and to investigate the suppression of induced
enzyme by azadirachtin; and second to verify the in vive results in an in virro system by
assuming fat body as a principal site of lysozyme synthesis to ensuring that the effects

of azadirachtinwere directly upon the chosen tissue.
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Fig 3.24. In vitro, cffect of azadirachtin on LPS-induced Iysozyme-like
activity by fat body of mature S. gregaria,

after an incubation period of 24 hours.

Isolated, pooled fat bodies of locusts incubated in the presence of azadirachtin and LPS
showed a statistically significant decrease in the activity of lysozyme compared to that of
controls incubated in the presence of LPS alone. The lowered enzyme activity by
azadirachtin was comparable to that of the activity decrease by protein synthesis
inhibitor cycloheximide,

1: Lysozyme activity induction in fat bady by LPS.

2: Effect of azadirachtin on the LPS-induced lysozyme-like activity in fat body.

3: Eftect of cycloheximide on the LPS-induced lysozyme activity in fat body.

Incach case: [ 3:controf and IEZZ]: treated.
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As described in introduction sections, insects have effective passive defences,
although, it is pussible for microorganisms o enter the body cavity of insects, multiply
and produce disease (Russel and Dunn, 1996). Many insects respond to a bacterial
infection with the stimulation of distinct cellular and humoral defence syslems, that
cooperate in a more or less integrated way to decrease the chance of the microorganism
becoming a pathogen. As a defence against bacteria, infectecd insects synthesize

antibacterial proteins.

Antibacterial proteins were originally identified in insects as an important component of
their immune response, and their synthesis is a result of combined response of humeoral
and cellular defence systems. The involvement of blood cells in defence reactions
against invading bacteria was first reported in orthopteroid insects by Cuenot in 1896.
It was suggested that in insects the major function of haemocytes may be immunologic,
involving specialized cells such as lymphocytes and plasmatocytes (Hoffmann et af.,

1979).

Once in the hemocoel, the invading bacteria are exposed to a variety of defence
machanisms They may include naturally occuring and inducible humoral factors like
antibacterial proteins. The main types of antibacterial proteins 1dentified in insect
haemolymph are: broad spectrum antibiotic peptides such as cecropins, that kill and lyse
a majority of bacteria, sepacins or insect defensing also bactericidal peptides, (mainly
active against Gram-positive bacteria), attacing, sarcotoxin iI, diptericin, coeloplericin
and the bacteriolytic enzyme, lysozyme. These proteins when iseolated, affect a limited
number of Gram-nagative bacteria (Ratcliffe and Rowley, 1979). It is generally
accepted that the antibacterial proteins are rapidly synthesized by fat body and certain
haemocytes after infection and then secreted into the hasmolymph where they eliminate

the invading microorganism (Boman and Hultmark, 1987).

198



In Drosophila melanogaster, cecropins, andropin and lysozymes are the main
antibacterial peptides (Hultmark, 1994), while Faye and Hultmark {1993) reporied
lysozyme as onc of the major proteins induced after infeetion in Hyalophora cecropia
and Manduca sexta. Russel and Dunn (1990), observed lysozyme activity in
homogenates of pericardial complex in fifth instars of Manduca sexta and a remarkable
risc in the hacmolymph lysozyme activity after injection of peptidoglycans. Previously,
in the larvae of samge inscct, it has been reported that after injection of live or heat-killed
bacteria, phagocytosis and nodule formation was followed by the appearance of
cecropins, attacins, the bacteriolytic enzyme: and additional proteins of unknown
activity in haemolymph (Hughes er af., 1983). In silkworm, Bombyx mori and wax
moth, Galleria mellonella, lysozyme is present in the hacmolymph as 4 bacteriolytic

enzyme (Powning and Davidson, 1973).

From the above description it is gbvious that among antibacterial proteins,
lysozyme is one of the better defined humoral factors identitied in many insects and s
of great importance in insect immune mechanisms. Tysozyme is a heat-stable low
molecnlar weight protein whosc activity can be readily detected, It was used as an
indicator to monitor the effect of azadirachtin on humoral defenee response in specific
tissues of the female adult locust. The age of the locusts used was 7 days after the final
ecdysis because at this age Lthe protein synthesis is at its peak. In S, gregaria, as a
prerequisite to the interaction studies on azadirachtin-LPS-lysozyme a series of
experiments were performed to address the LPS-induction of enzyme in haemolymph

plasma, haemocytes and fat body.

(ur studies with S. gregaria have showa that LPS does induce lysozyme-like
activity in hacmolymph and fat body significantly compared to controls, but the
response to LPS was poor compared to other insects like prepupae of G. mellonelia,

and larvae of B. moeri and §. eridone (Powning and Davidson, 1973; Anderson and
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Cook, 1979). These findings are in consistent to the one reported by Lackie ef al.
(1985), that S. gregaria exhibits a poor ¢ellular response to many types of injected
biotic and abiotic particles, compared with Periplaneta americana. Another study about
the response of S, gregaria haemoceyies to injected substances of microbial origin
snggested that the locust is capable of responding to microorganisms and dissolved
substances from the cell walls of microorganisms, injected into the haemocoel

(Gunnarsson and Lackie, 19835).

To study the effect of azadirachtin on the synthesis of our selected marker
antibacterial protein lysozyme, bacterial lipopolysacchride (LPS) was used as an elicitor
and injected into the body of desert locust, S. gregaria. The idea of selection of LPS as
an effective elicitor to induce lysozyme activity was supported by previous studies of
silkworm larvae, Bombyx mori. (Morishima et al., 1992), tobacco hornworm larvae,
Manduca sexta (Kanost er al,, 1988), and in beet armyworm, Spodoptera exigua
(Boucias et al., 1994). In B. movri, in vitro haemocyte culture with LPS induces gene
expression of cecropin, and LPS released by phagocytosis of Escherichia coli play an

important role in the induction of antibacterial proteins (Taniai ef al., 1997).

As reported here, in S, gregaria, the immune response found was not only
specific to LPS. The results showed that even the simple process of injecting sterile
saline into the locusts produced a small increase in the activity of circulating lysozyme,
and this was doubled or trebled by bacterial lipopolysaccharide. There are reports that
lysozyme is not only induced in response to infections like viable or heat-killed bacteria,
bacierial Ipopolysaccharide or bacterial peptidoglycan but is also present in the
haemolymph of a number of nonimmunized insects (Dunn et al., 1987; Knost et al.,
1988). Dunn et al (1985) have suggested that one of the important roles of lysozyme
present in normal haemolymph would be to release peptidoglycan fragments from

invaded bacteria which have been killed by either phagocytosis or direct action of
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lysozyme. As a result of this, the released fragments act on receptors of haemocytes

and/or fat body and trigger the lysozyme synthesis (Fig 3.25),

Present investigations on humoral immunity in §. gregaria showed that the
inoculation with bacterial LPS induces lysozyme activities effectively. Initially, 30mg
of LPS/locust in 10ml of insect saline was injected into the locust, controls received
10ml volume of insect saline in the same way. But this amount was not sufficient to
induce any statistically significant increase in the haemolymph lysozyme activity of
Jocusts. Later the amount of LPS was incrcased up to 100mg/locust (10 nu volume) to
cause a statistically significant rise in the activity of lysozyme locust haemolymph
against controls, as indicated in results. In haemolymph of female adult locust S.
gregaria, 1.PS injection caused 40-70% inctease of lysozyme activity against controls
after a period of 24 hours. These findings are nearly same as the one reported in the
LPS-infected larvae of Spodoptera exigua , (Boucias et al., 1994), and in last instar
larvae of Rhodnius profixus challenged with Enterobacter cloacae B12 (Azambuja ef

al., 1991).

The haemolymph lysozyme activity of S. gregaria was monitored tor 5 days after
LLPS treatment to select a time period with maximum humoral enzyme activity, so that in
subsequent experiments this time period would be used to investigate the depresssion of
activity by azadirachtin. The enzyme activity reached its peak 24 hours after the LPS
injection and thereafter the levels of Iysozyme activity in both control and experimental
insects returned to the resting level by 48 hours. Abu-Hakima and Faye (1981)
reported similar findings in Hyalophora cecropia. After a peak time, the antibacterial
activity declines gradually in about an equal span of time. Similarly in G. mellonella
the antibacterial activity was at its peak 18-24 hours after the igjection and at the third
day it returns to its original level (Stephens, 1962; Mohrig and Messener, 1968; Jarosz,
1979)



Fig 3.25. A hypothetical illustration of humoral induction of lysozyme
synthesis by haemocytes and fat body of S. gregaria, in response to

bacterial lipopolysaccharide (LPS).
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Initially agar gel lysoplate assay was used to confinm the induction of humaoral
lysozyme after LPS treatment of locusts, using commercial lysozyme as a standard,
Pure commercial egg-white lysozyme gives a linear relation betrween the area of the
cleared zone and log,, of the concentration of lysozyme. When actual haemolypmh
samples were used to detect the induced enzyme activity by this method, the zone-area
verses log-concentration plot was of widely different slope, and same was true for
control haemolymph samples. This difference in slopes could be caused by the
behaviour of the complex mixture of proteins in haemolymph which alter the diffusional
characteristics of lysozyme. The probable reason for this behaviour could be that the
insect lysozyme has a differnet Mr then the avian one. These findings made it
inappropriate to make a quantitative estimation of enzyme activity in real samples, so the
lysozyme activity was estimated spectrophotometrically using Micrococcus

bysodeikiicus as a substrate, and this method was adopted tor all of the reported results,

In §. gregaria, there was no evidence of any bacteriostatic agent in the
haemolymph of both LPS-treated and control locusts, when (ested for growth inhibition
of E. cofi, a Gram-negalive bacteriam. Absence of any bactericidal activity in
haemolymph suggests lysozyme as the only single antibacterial protein in S, gregaria
compared to other insects. These findings were different from the one reported earlicr
as the hacmolymph of LPS-treated Spodaoptera exigua larvae was able 1o inhibit the in

vitro growth of E. coli (Bouctas er al., 1994).

As far as the source of clrculating lysozyme is concerned, several tissue sources
have been identified in other insects. The in vive study of LPS-induction of locust
humoral lysozyme showed a remarkable rise in the enzyme activity and the separation of
activity in plasma and haemocytes indicated a 25-30% celinlar contribution of induced
activity, suggesting the involvement of haemocytes in lysozyme synthesis. The results

of lysozyme assay for fat body of adult locust indicate the presence of lysozyme-like
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activity, which was induced by LPS, but this induction was far less than the total
humeoral respons. The probable reason for this could be that the induced antibacterial
protein is released into the haemolymph after synthesis by fat body cells and fat body is
not the only source of lysozyme activity. On the other hand, in virro incubation of fat
body of S. gregaria with LPS caused a 90% rise in lysozyme activity, strongly
supporting the assumption that the fat body is the source of circulating lysozyme

activity.

From above arguments, it would be reasonable to say that in S. gregaria the
synthesis of lysozyme is a combined activity of both fat body and hacmocytes. These
results suggest interaction of haemocytes and fat body in the regulation of humoral
lysozyme, which is consistent with resulty in other insects. For example, haemocytes
of Locusta migratoria (Zachary and Hoffmann, 1984) Spodoptera eridania (Anderson
and Cook, 1979) and Manduca sexta (Dunn et al., 1987) have bean shown to contain
lysozyme, while fat body has been suggested as the major source of haemolymph
lysozyme in diapausing pupae Hyalophora cecropia (Faye and Wyatt, 1980; Abu-
Hakima and Faye, 1981). /n vitro, synthesis and release of lysozyme by {at body has
been demonstrated from both Galleria mellonelly (De Vernu et wl., 1984) and Mandiia

sexta (Dunn et al., 1985).

In 1.PS-treated locust hasmolymph, total protein concentration was increzsed
significantly, but gel electrophresis analysis did not show the sume picture. A closer
look at the pattern of proteinsg shown by SDS-PAGE indicated increase in the high Mr
proteins. Due to a complex protein profile of haemolymph, it became difficult to identify
the induced lysozyme by this method. There is a slight indication of induced proteins
but only in fat body, but there is no indication of corresponding protein to standard
lysozyme. Similarly, the attempts to detect the lysozyme after gel electrophoresis under

non-denaturing conditions completely lailled. The reason of faiture might be the



technical difficulties of using small amounts of protein to be analysed in one lane i.e not
more than 20g. While the required amount to visualisc the enzyme by PAGE was

200ug/lane and it was impossible to use this much protein.

One of the actions of azadirachtin in locust S. gregaria is to inhibit the induction of
unidentificd proteins in various tissues, including the fat body (Paranagama, 1994).
Our results show 27-47% reduction of the mature female locust humeral LPS-induction
of our marker antibacterial protein: lysozyme, when locusts were injected with a
physiologically effective dose of azadirachtin. There was a profound effect on the
cellular fraction, when the enzyme activity was assayed separately for plasma and
haemocytes. The work presented here demonstrates that azadirachtin does affect the
haemocytes of S. gregaria, contributing in significant induction of lysozyme in response
to LPS injection, This is in accordance with the findings that in Rhodnius prolixus, one
of the effects of the terpenoid is to reduce the capacity of the insect to respond to
bacterial infection (Azambuja et al., 1991). Depression of cellular and humoral
immunity in R. profixus by azadirachtin could be due to the inhibition of synthesis of
lysozyme and a reduction in number of haemocytes challenged with E. cloacae B12.
This could be explained as that azadirachtin prevents the production or release of the
antibacterial protein, lysozyme, synthesized by haemocytes and fat body of R. profixus.
In fat body of S. gregaria, in vivo suppression of basal level of lysozyme and its L.PS-
induction by azadirachtin was 33-48%. The in vifro experiments were based on the
assumption that fat body is a site of synthesis of humoral lysozyme and resulis
supported this, By LPS enzyme activity was increased 99%, but the presence of
azadirachtin caused a 70% suppression in the induced activity. fa vifro a significant
reduction of LPS-induced lysozyine-like activity by fat body cells indicates an inhibitory
effect of terpenoid on lysozyme synthesis. There is evidence that azadirachtin also has a
direct effect on identified proteins in other insects. For example, in Manduca sexta,

azadirachtin inhibits the production of trypsin by the enzyme-secreting cells of the mid
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gut wall (Timmins and Reynolds, 1992), and in Spedoptera limura azadirachtin
significantly affects the digestive enzymes such as protease, amylase and invertase

(Ayyangar and Rao, 1989).

There were some unexpected results such as a tremendous rise in the lysozyme
activity in the haemolymph plasma, when 10% (v/v) ethanol was used as an injection
vehicle for azadirachtin. There did not seem to be a corresponding increase in the
enzyme activity of haemocytes. The explanation would be that the locusts respond to
ethanol itself by an increase in soluble lysozyme, which does not seem to ariginate from
the haemocytes. The effect of azadirachtin is to greatly reduce the combined response to
LPS and cthanol especially in ecllular fraction. The overall effect of azadirachtin is to

return lysozyme activity to basal levels in haemolymph plasma and fat body,

In azadirachtin-treated locusts, the LPS-induction of total protein concentration
was suppressed by 60%. The effect of azadirachtin was to greatly reduce the humoral
response of locusts to LPS. This is in accordance (o the one reported by Annadurai and
Rembeld (1992). According to them number of polypeptides ia brain and haemolymph
of adult female S. gregaria on 2D gels after 48 hours ol azadirachtin trealment were
reduced. Thesc cffects were persistent cven 45 days of post-treatiment compared to
conwols. This is also in agreement with the one reported in Periplaneia americana. The
levels of haemolymph total proteins was decreased gradually by 25-40% when last
instars of male and female nymphs of P. americana were injecied with azadirachtin

(Qadri and Narsaiah, 1978).

A closer analysis of the results reported herc raises a question about the exact role
of haemocytes in lysozyme synthesis. A significant cellular contribution of induction of
lysozyme in haemolymph makes it clear that haemocytes play an important role in

defence regulation mechanisms. Our findings of profound reduction by azadirachtin on
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cellular fraction of lysozyme are likely due to a cytotoxic cffcet of azadirachtin on
haemocytes involved in lysozyme synthesis. This is the made of action of azadirachtin
which is currently beiag investigated. This would help Lo explain the fact that the clear-
cut reduction of lysozyme synthesis or LPS-induction of lysozyme by azadirachtin is
apparent in haemolymph. There was a huge cellular increase in lysozyme activity in
response to LPS when plasma and haemocytes were assayed separately for lysozyme
acrivity and this induction was not shown by control insects received a mock injection
of insect saline. Azadirachtin induccd a similar inhibitory effect on in vifro fat body
LPS-induction of antibacterial protcin when added into the medium. Lysozyme activity
assay in the medium alone is a clear indication of the fat body being a source of

circulating lysozyme.

The above mentioned conclusions are supported by the reported effects of
azadirachtin in locust and other insects. For cxample, cytological examinations of testes
of fifth instars of S. gregaria males after 20 days ol treatment, exhibit arrested
spermatogencic meiosis at Metaphasel (Linton ef ¢f., 1997). In another study on the
effects of azadirachtin on mid-gut histology of S. gregaria, azadirachtin caused a slow
necrosis of the epithelial cells and perhaps this effcet was associated with a blockage of
mitosis (Nasiruddin and Mordue, 1993). Usually morphological studies on dying cells
reveal two patterns of cell death, 'apoptosis' and ‘necrosis'. Necrosis is caused by the
presence of toxic agents in the cell environment. Azadirachtin did induce cytological
changes in the fine structure of epithelial cells of the gut of R. prolixus, and these
changes made the infestinal environment unsuitable for survival of Trypanosoma cruzi
(Nogucira ef al., 1997). Adipocytes and follicular epithelium structures show some
typical signs of necrosis after exposure to azadirachtin (Wyllie er al,, 1984)
Cytopathological findings in adipocytes and follicle cells due to azadirachtin are also

reported in Labidura riparia young females (Sayah er al., 1996).
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Rembold and Asnadurai (1993) demonstrated a profound inhibitory cffeet of
azadirachtin on the growth and replication of the insect cell line Sf9, derived from
ovarian celis of Spedoptera frugiperda. In this study the effccts of azadirachtin on §f9
cells compared with effects of other botanicals on this cell linc and a mammalian cell line
showed that the effect of azadirachtin was specific to insect cell line. A similar study by
Jabbar and Strang (1998) on the same cell line found that Sf9 cells are very sensitive to

azadirachtin while mammalian cclf lines were little affected.

In sumwmary, the results reported here suggest that azadirachtin interfers with
lysozyme synthesis in haemocytes and fat body cells or release of synthesised enzyme
in response to LPS in specific tissues of the desert locust. Probably the most striking
effect of azadirachtin is on the cellular induction of lysozyme, which is an indication of
a cytotoxic effect on these cells. It has yet to be proved that whether azadirachtin blocks
the cell division of haemacytes involved in protein synthesis or affects on the fat body
cells synthesising lysozyme, thus lowering the"defensive responses” of S. gregaria

bacterial infection.
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Chapter 4
Effect of azadirachtin on
vitellogenesis in Schistocerca gregraria
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4.1. Introduction

There are numerous reported effects of azadirachtin treatment on the reduction of
fecundity in ferale insects, inhibiting vitellogenesis and egg production (Karnavar,
1987; Subrahmanyam, 1990). Potentially the action of azadirachtin could be
significant in helping to control insect nurabers during different stages of development
(Ali er al., 1997; Jugannadh and Nair, 1996; Rembold, 1995). The egg is surely one
of Narture's most remarkable and versatile inventions, It is a compact self-contained
capsule containing everything necessary for the creation of a new life. In an egg, the
major source of nutrients for the developing embryo is the egg yolk which constitutes
the non-organelle content of the oocyte. In female insects, oocyte growth during the
final stages of maturation is a result of massive deposition of yolk proteins by a
process called vitellogenesis (Wigglesworth, 1984) and the major protein itself is
called vitellogenin. The process of vitellogenesis includes the production of the yolk
protein precursors in fat body, their transport to haemolymph and then sequestralion
by developing ococytes (Ferenz, 1990).

Vitellogenin is the precursor of the major yolk proteins, found in all egg-laying
animals. The term "vitellogenin" was first adopted by Pan er a/. (1969), to denote
female-specific blood proteins of insects, that bear conmimon functional characteristics
and are closely related in composition to the yolk proteins.

In majority of insects "vitellogenins” conventionally refer to a group of
phospholipoglycoproteins. Vitellogenin isolated from a variety of insects consists of
usually oligomeric polypeptides which vary in number from one in Apis mellifera to
four ar more in Periplancta americana, Locusta migraroria & Rhodnius prolixus
(Harnish e al., 1982; Kunkel et al., 1985). The native molecular weight is usoally in
the range of 300-600kDa, but vitellogenins of the higher diptera, with a native

molecular weight of 200kDa are an exception (Valle, 1993; Izumi er al., 1994). The
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molecular masses of the sub-unit proteins are in the range of 150-200kDa for large

ones and 40-65kDa for small subunits, respectively.

4,1.1. Role of fat body in vitellogenesis

Generally, the majority of insect vitcllogenins are synthesised by fat body cells of
sexuually mature females and named as "Vitellin” when sequestered by oocytes
(Englemann, 1979). The fat body of an insect generally consists of an arrangement of
lobes or sheets, which allows maximum area of contact with the haemolymph. This is
admirably suitable for rapid exchange of metabolites, Haemolymph is the only extra
cellular fluid which circulates through a poorly dcfined system of sinuses
(haemococlc) and thus baths all the organs.

Although in all the insect species studied, vitellogenin is synthesised mainly by
the fat body, the ovarics of Drosophila melanogaster (Bownes, 1986) Dacuys aleae
(Zonga et al., 1988) and Leptinotarsa decemlinealia (Kanost et al., 1990) also have the
capacity to synthesise this protein. In Stomoxys calcitraus the ovary is reported 0 be.
the sole source of vitellogenin (Chen et @l., 1987). Vitellogenins are synthesised in
large amounnts in the female insects and considered as female-specitic proteins, but
presence of small amounts of this protein has been reported in the haemolymph of

males of Locusra migraroria as well (Dhadialla and Wyatt, 1983).

4.1.2. Uptake of vitellogenin by ovary

Of sall the haemolymph proteins that are taken up in large amounts by the ovary,
vitellogenins the most extensively studied. Once vitcllogenin enters Lhe egg, it is
referred to as vitellin. Usually vitellogenin and vitellin are very similar in properties
and composition (Mundall er al., 1979; Hagedorn et al., 1979, Kunkal ez al., 1983),
with only minor differences in electrophoretic mobilities under denaturing conditions

{Imboden et al., 1983). The vitellogenin and vitellin of Locusta migratoria share
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properties in commen including SDS protein profile & amino acid composition
(Chinzei et al., 1981).

Oocyte growth depends on the uptake of vitellogenin. The vitellogenin binds to
the specific receptors on the gocyte surface and the external membrane forms oocytotic
vesicles. During their formation, the pinocytotic vesicles trap other proteins present in
external fluid and latier these proteins are taken up non-specifically depending on their
concentration in the excretory fluid.

In Locusta migratoria, the vitellogenin changes its subunit pattern during uptake
into the ripening oocytes (Chen et al., 1976), but the mechanism of this process is not
clear. It might be that the follicle cell layer enveloping the maturing oocyte is
implicated in this uptake mechanism and specific proteins of the follicle membrane may
be involved in this process (Anderson and Telfer, 1970). It is proposed that
vitellogenin binds to specific receptors on the oncytes surface and the extreme

membrane oolemma, is invaginated to form cocytotic vesicles (Felter, 1960).

4.1.3. Vitellogenesis in locusts

The desert locust, S. gregaria, has been used in many laboratories as a test organism
but unlike £.. migratoria (Girardie et al., 1998, 1996, 1992; Wyatt, 1988) relatively
little is knowun about many aspects of its reproduction. It has an enormous
reproductive potential which enables it to reproduce quickly and efficiently to form
migrating swarms. To control these swarms, it is important to understand the
physiology of oogenesis. In locusts, oogenesis consists of four perieds (Goltzene and
Porte, 1978):

i) pre-vitellogenesis, cells have large lipid inclusions, much glycogen and a contracted
nucleus;

ii) vitellogenesis [, this is characterised by abundant rough endoplasmic reticulum and
Golgi apparatus;

iii} vitelogenesis II, formation of large nucleus and multifobed nucleolus;
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iv) choriogenesis, termination phase.

During pre-vitcllogenesis, the oocyte-synthesizing structures develop and make
the translucent-white oocyte opague. Vitellogenesis corresponds to the period of
deposition of yolk proteins. The first phase of vitellogenesis roughly correlates with
the appearance of yellow cocytes and is characterised by slow growth of the cocytes,
which at this time are less than 2mm in length, During second phase of vitellogenesis,
the oocytes grow rapidly following an active uptake of yolk precorsor from the
haemolymph and in choriogenesis the oocytes membranes are produced and finally
¢gg-laying occurs.

At the molecular and biochemical levels, the yolk protein of the African migratory
locust L. migratoria, has been studied in detail (Gellissen et a4f., 1976; Chinzei ef al.,
1981). The vitellin is the major yolk protein, > 70%, while its precursor vitellogenin
is synthesised in the fat body and circulates in the hasmolymph before incorporation
into the developing oocytes (Chinzei and Wyatt, 1985; FFerenz, 1995).

Chen et al. (1976) bave shown that the vitellogenin of L. migratoria is
synthesised as a 260kDa precursor in the fat body, which gives rise tw the five
subunits before or during its release into the haemolymph, Tn many respects the desert
locust is similar (o the Alrican migratory locust, but for our study more information is
required about the vitellogenesis of the desert Jocust. Although the haemolymph
vitellogenin of S. gregaria has been purified and characterised (Ferenz er af,, 1995;
Mahamat ef al., 1997), we need to know more details of vitellogenesis to explore the

effects of azadirachtin on reproduction physiology of the desert locust.

4.1.3.1 Hormonal regulation of vitellogenesis in locust
In the majority of insccts, the process of yolk deposition requires the action of
juvenile hormone (JH). This has been known since Wigglesworth's first paper on the

hormone in 1936, and is attributed to the dependence of the follicle cells upen JH from
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the moment the formation of the ovarian follicles is complete. There are however,
many exceptions to this rule. If the JH source is removed at the outset of this period,
development of the ovarian follicles ceases just when yolk deposition ought to start.
Methoprene, a synthetic analogue can completetly replace JH and stimulate
vitellogenesis. There are ulso indications that neurosecrection from some of the
brain's neurosecretory cells is also necessary during this period (Thomsen, 1952;
Wigglesworth, 1964, 1970).

Neurosecretion is required for first phase of vitellogenesis and at the end of the
second phase of vitellogenesis when the vitellin membrane and chorion are produced
by the follicic cells. Juvenile hornone appears to control transcription of two locust
vitcllogenin genes in the fat body of L. migratoria (Wyatt, 1988). In addition to the
fat body, juvenile hormone also has ovarian targets in the locust (Goltzene and Porte,
1978), where it cnhances vitellogenin uptake in isolated cocytes (Ferenz et al,, 1981).
The requirement of the ncurchormone during the rapid growth of oocytes suggests that
the neurohormone could also control the receptor-mediated uptake of vitellogenin
(Girardie er al., 1992). Recently it has been suggested that in L. migratoria and S.
gregaria, in addition to juvenile hormone (JH), there is another gonadotropic
neurohormone called, "Ovary Maturing Parsin (OMP)", invelved to stimulate
vitellogenesis and oocyte growth (Girardie ef af., 1998).

Fig 4.1 is an illusiration of the neurchormonal regulation of vitellogenesis.
Among the regulating hormones, involved in the synthesis of specific proteins in fat
body, JH has powerful multiple role in regulating metamorphosis and reproduction
(Wyatt, 1985). In insects, to study their morphological and biochemical parameters of
development, methoprene is used as a JH mimic. It was designed to confer enhanced
stability to a structure closely resembling JH (Wyatt, 19835), and has been used
extensively to study vitellogenesis (Wang et ¢l., 1993; Kremen and Nijhout, 1998;

Zhang et al., 1993 and Girardie et al., 1998).
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Fig 4.1. Schematic illustration of the hormonal regulation of

reproduction in female l[ocust.

@ : Stimulation

( : Inhibition
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In our study, the JII analogue, methoprene, was used [or in vitro vitellogenesis

induction in fat body incubations.

4.1.5, Vitellogenin and vitellin as biomarkers

The vitellogenins and vitellins of insects provide good material for the study of
the regulation of protein synthesis, processing, secretion and uptake as well as
evolution, and the desert locust Schistocerca gregaria is a favourable inscel for this
type of study. Antibodies raised against vitellins have been shown to react with the

precursor vitellogenin synthesized by fat body (Valle, 1993).

4,1,6 Azadirachtin and insect reproduction

It is now well established that azadirachtin is not only a potent antifeedant, but has a
strong disrupting effect on growth and development of several insect species
(Schmutterer, 1990; Mordue and Blackwell, 1993). 1t has been proposed that these
effects are mainly due to interference with the synthesis and release of regulatory
morphogenetic neuropeptides (Sieber and Rembold, 1983; Rembold, 1987). It has
been suggested that the effects of azadirachtin on fertility and fecundity are due to
alterations in titres and timing of release of neuvopeptides and steroid hormonas
(Subrahmanyan er al., 1983). However, growth-reguiatory and sterilizing effects in
female insects treated with azadirachtin are thought to result from a blockage of the
release of morphogenetic peptides (Mordue er af., 1980; Rembold er al., 1987). The
hlockage of release of morphogenetic peptides in turn is responsible for altering the
ecdysteroid and juvenile hormone titres. Tawfike ef al. (1997) have reported the
relation of haemolymph ecdysteroid peaks with the progress of sgb g formation in both

LAR

solitary and gregarious females of S. gregaria. In the vast m'uguty of i msccts there is

a direct relationship between haemolymph v1telloﬁemn levels and ecdysteiold

concentration with ovarian development (Adams and Gerst, 1993).
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in L. migratoria and S, gregaria, although 75% of azadirachtin is rapidly
gxcreted after injection, a significanl proportion binds to the ovaries, testes and
accessory glands (Rembold ef al., 1988; Paranagaina, 1994 and Nisbet ez al., 1995).
Nisbet et al (1995) have reported specific time-dependent saturable high-affinity
binding of tritiated dihydroazadirachtin to homogenates of testes of adult desert locust
S. gregraria. There are reports involving cytological changes in ovaries and fat body
cells of Labidura ripari a after azadirachtin treatment (Sayah et al., 1996), and this

effect was not linked merely to an inhibition of feeding.

4.1.6.1. Azadirachtin and vitellogenesis

Azadirachtin inhibits vitellogenesis and egg production in many insect species
(Subrahamanyam, 1990), for example in the milk weed bug, Oncopeltus jasciatus
(Dorn ez al,. 1987), in African migratory locust Locusta migratoria (Rembold and
Sieber, 1981) and in Labidura riparia vitellogenesis inhibition by azadivachtin
suggests a direct cytotoxic effect on fat body cells as well as a generalized disruption
of endocrine and neuroendocrine functions (Sayah er @l., 1998). However, the
biochemical effects of azadirachtin at cellular level are still unknown. /a vive
experiments with mature females of Locusta migratoria assume that azadirachtin may
interfere with the neuroendocrine control of hormone synthesis, but the inhibitory
action of azadirachtin on ecdysteroid in vitro by ovaries of female adult cricket Grylfus
bimaculatus suggest a direct effect (l.orenz er af ., 1995).

Similarly, in mature females of the blood-sucking bug Rhaodnius prolixus,
ingestion of azadirachtin induces a dose-dependent reduction of vitellogenin levels
bath in haemolymph and ovaries, and may interfere its formation by depressing the
release of neurchormones both in vive and in vitro (Fedcr et af., 1988). In O.
fasciatus, the females which emerge from azadirachtin-treated larvae exhibit reduction

of follicle development (Dorn, 1986).
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Reports involving physiclogical or pharmacological effects of azadirachtin on
vitellogenin/vitellin titers in insects are few. The previous work done in our
laboratory, suggests that a number of effects of uzadirachtin on various tissues of
desert locust are on processes ultimately controlled by neurohormones (Paranagama,
1994).

4.1.7. Aims

The aim of this part of my project was to verily whether azadirachtin affects
vitellogenesis directly or indirectly via neurohormonal contrel, resulting in Jower
fecundity of the female locusts. [t is worthwhile to assess the action of this natural
substance as a tool to study the reproduction physiology of the desert locust S.
gregaria. Fig 4.2 indicates the possible target tissues for azadirachtin involved in the
developmental physiology of locusts. An in vitro, study was aimed to understand the
direct effects of azadirachtin on fat body vilellogencsis, eliminating the possible in vivo

hormonal influences.

4.2, Materials and methods
4.2.1. Tnsects
Adult 8. gregaria used in all experiments were fed and maintained under the

conditions described in Chapter 2.

4.2.2, Insect saline

The insect saline used was of the same compasition as given in Chapter 2.

4.2,3. In vive experiments
4.2,3.1. Tissue collection
Haemolympb and fat body was collected as detailed in Chapter 2, while ovary was

dissected out from the abdomen of the decapitated locusts,
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Fig 4.2. The possible target tissues of S. gregaria, whose proteins
might be affected by azadirachtin.

AZA: Azadirachtin.
@ ——————————— » Dotted line indicates profused effects.

@. —_ Solid line shows reported effects.
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4.2.3.2. Purification of vitellin

After a serics of preliminary experiments, a purification scheme previously used for L.
migraioria vitcllin (Chinzei, 1981), finally adopted with little modification was as
follows (Fig 4.3):

Ovaries with mature oocytes, were dissected out from adult mature females,
rinsed in insect saline and homogenized in 10 vols of cold 0.5M KCi-0.5mM EDTA-
0.2M sodiam phosphate buffer (pH 7.5), in ali-glass Potter homogenizer. The buffer
was supplemented with ImM phenylmethylsulfonyl flouride (PMSF), a protease
inhibitor.

The homogenate was centrifuged at 12,000g at 4°C for 15min in a Sorvall® RC-
SB Refrigerated Superspeed Centrifuge. ‘The clear supernatant was collected, filtered
through glass wool 1o remove lipids, and diluted six-fold with ice-cold insect saline.
The final solution was brought to 70% saturation with ammonium sulphate and
centrifuged at 12,000g, at 4°C for 10min. The precipitate was suspended in 10ml of
sodium phosphate buffer pH 6.3 diluted 10 fold with chilied water and dialysed
against distilled water at 4°C overni ght.

The precipitate was then collected by centrifugation at 12,000g 4°C for t5min
and dissolved in five times of its volume of (.2M sodium phosphate buffer pli 6.3.
In this solution the water was added until first precipitate appeared, and centrifuged at
12,000g at 4°C for 15min to remove the precipitate. The supernatant was applied to a
column of DEAE cellulose, which had been equilibrated with (0.1M sodium phosphate
buffer pH 6.3. After washing with the same bulfer unil the effluent gave A280 =
0.01, vitellin was eluted with 0.25M KCI1-0.IM sodium phosphate buffer pH 6.3.
Protein was estimated by absorbance at 280nm, using BSA as a standard. The
absorbance readings were plolted against the number of fractions. The occurence of a
single peak confirmed the isolation of vitellin (Fig 4.4).

The eluted fractions of main protein peak were analysed separately on SDS-PAGE to

resolve the individual sub-units (shown in results section Fig 4.5).
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Fig 4.3. Scheme of vitellin purification from mature oocytes of §.

gregaria.
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Fig 4.4. Purification of vitellin by ion-exchange chromatography.

The protein was eluted from DEAE cellulose colunmn in phosphate buffer pl6.3.
Samples (1ml), were collected and protein content for individual samples was
estimated by Asgy. The arrows indicate fractions shown by electrophoresis to contain

vitellin. These fractions were pooled.
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Subsequently, the fractions were pooled and concentrated by freeze drying. The
PAGE of this purified vitellin gave a single band in native conditions Fig 4.5 (b).

Over 65% of the total protein, cxtracted from ovaries, was vitellin, and 90% of
the pure protein could be recovered from low salt solution by precipitation. It was
observed that vitellin and vitellogenin tend to precipitate out when stored in
physiological solutions for long periods (Ferenz and Lubzens, 1981). Apparently
aggregates are formed, which can be seen in native yolk. Consequently, for each
cxperiment fresh solution from freeze dried vitellin was prepared.

The pure vitellin was nsed as an antigen to raise antibodies. Tt was also used as a
standard in electrophoretic analysis to detect the presence of vitellogenin in male

haemolymph.

4.2.3.3 Protein estimation
The protein concentration of the homogenised tissue samples wnen and wherever

required was estimated by Bradford (1976), described in Chapter 2.

4.2.3.4. SDS-PAGE

Samples to be analysed by SDS-PAGE were added an equal volume of 30mM Tris-
HCI pH 6.8, containing. 5%(v/v) B-mercaptoethanol, 5% (w/v) SDS, 10% (v/v)
glycerol and 0.005%(w/v) bromophenol blue at a final protein concentration of
{Tmg/ml).

Samples and prestained maolecular weight standards (BDH), (Table 4.1) were
then boiled for 3min and resolved in 12% polyacrylamide, "minigels” (Bio-Rad) with
5% stacking gel, according (o the procedure described by Laemmli (1970) and also
given in Chapter 3.

Following electrophoresis, resolved polypeptides were stained in Coomassie
Brilliant Blue to visualize them or transferred to nitrocellulose paper for Western

blotting.
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Table 4.1. Reference proteins of known Moiecularl ratio (Mr)

Nume Of Prolein Mr (x107)
Myosin (rabbit mucsle) 200
B-Galactosidase (E.coli) 116
Phosphorelase b (rabbit muscle) 97
Ovotransterrin (hen egg) 78
Glutamate dehydrogenase (bovine liver) 55
Ovalbumin (hen egg) 42
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4.2.3.5 Native PAGE
The purified sample was resolved using 8% polyacrylamide minigels (Bio-Rad), with
3% stacking according to Laemmli's procedure (1970), with omission of SDS from all

the buffers. The gel was aged overnight at 4°C before being run.

4.2.3.6. Antiserum production
Polyclonal antibodics against the puriticd vitellin were raised in two male NewZealand

white rabbits, by the following procedure:

Each of the rabbits was given an interperitonesl injection of 100ug of vitellin in
100u! of phosphate buffer pH 6.3, emulsified with 1:1 (v/v) equal volume of Freund's
Adjuvant (Complete) (Sigma BioSciences ™). After two weeks, a similar injection of
same amount of vitellin emulsified with Freund's Adjuvant (Incomplete) (Sigma

Chemical Co.) was given to cach rabbit.

After a further two weeks, the rabbits were bled and serum was prepared by
cenfrifugation at 2,000g after clotting for one hour, The sera were tested for the
presence of raised antibody by the Ouchterlony procedure and enzyme linked
immunosorbant assay (ELISA). Sera taken from the rabbits before injection of antigen

were used as controls.,

4.2,3.7. Azadirachtin treatment

in 5% aqueous ethanol and the control insects received the same volume of 5% ethanol
al the samne time and in the same way. Experiments were performed on locusts either
15 or 19 days after imaginal moult. After azadirachtin injection, the insects were left

[or 48 hours with access only to water,



4.2,.3.8. Immunological methods

4,2.3.8.1. Quehterlony immunodiffusion

Ouchterlony plates were prepared with 1.5% (w/v) agar (DIFCO, 0142-02 DIFCO
Laboratories, Detroit 1, Michigen, U.S.A) in PBS pI 6.3. The agar was dissolved
and autoclaved as described in Chapter 2. Radial immunoditfusion tests were run at
37°C for a period of 24 hours. The plates were washed for 48 hours in 0.4M NaCl
before being photographed. The haemolymph and fat body samples of both male and
female locusts were used in these tests, while ovarian samples of mature female

locusts were also tested. The purified antigen, vitellin, was used us a positive control.

4,2.3.8.2. Enzyme linked immunoserbant assay (ELISA) for
vitellogenin and vitellin

ELISA microtitre plates (Nunc Immunoplates) were coated with the purified vitellin as
standard antigen. Each wcll received 1jtg of antigen disselved in phosphate buffer
saline (PBS) pH 7.2 (in a volume of 100W), except the first line as a control received
only the buffer. Plates werce covered and kept overnight at room temperature.

Next morning the contents of the plate were discarded i plates washed twice
times with PBS and residual liquid was removed by knocking vigorously on paper
towels. In each well 100l of 10% BSA in PBS was added and left for 10 minutes at
room temperature. The plates were again washed twice and dried. The sample of
antiserum was diluted 1:1000 in PBS containing 1% BSA. With the exception of first
line of control wells containing water, all the others teceived 1001 of PBS. Then a
100u! of diluted antisera was added into line 2 and serial dilutions were made by
pipetting 100ul into the subsequent wells, diluting x 2 each time. "the plates were left
for 1 hour.

At the end of one houvr, the plates were washed, dried, and 100ul of donkey anti-

rabbit antiserum conjugated to horseradish peroxidase (HRP), (Scottish Antibody
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Production Unit, Law Hospital, Carluke Lanarkshire, Scotland), 1:500 diluted in PBS
was added into each well. The plates were incubated for 1 hour.
After washing with PBS and drying, each well received {00ul of substrate,

orthophenylenediamine (OPD) (Sigma Chemical Co.) 4mg dissolved in 10ml of
Mcllvaine buffer (18ml 0.1 M citric acid was added into 32mtl of 0.2M NayHPoy and

this was made up to 100ml with water) with 0.1% (v/v) H»O4. The plates were

placed in the dark for 15 minutes at room temperature. Lastly, S0ul of 2ZM H,S504

was added into each well to stop the reaction. Absorbance of the supernatant was read
at 492nm with a Multiskan spectrophotometer. The presence of antibody raised
against locust vitellin was confirmed by comparing the result of the sera collected

befors the injections of antigen.

4.2.3.8.3. Generation of the titre curve by ELISA

An ELISA estimate of the antigen, as described in the above section was carried out to
generate a standard curve on the basis of the known amounts of vitellin, as shown in
results section. This curve was used to quantify the level of vitellin in the ovarian
samples of female adult locusts, and ifs precurser viteltogenin in the haemolymph and
fat body samplcs of both male and female insects.

The amounts of antigen used were ranged 0.1-1.0ug/well. The experiment was

repeated four times and average absorbance rcading (A ) used to generate the

492
standard curve. The 1:1000 dilutions of polyclonal antiserum and 1:500 of donkey

HRP anti-rabbit were used throughout, for subsequent experiments,

4.2.3.8.4. ELISA estimation of the concentration of vitellogenin in
haemoiymph and fat body
ELISA was repeated for the samples of hacmolymph and [at body of female adult

locusts aged up to 28 days, in order to find out the age of the locusts when the
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vitellogenin is at its maximum level in these tissues and compared to the total protein

concentration.

4.2.3.8.5. ELISA estimafion of the concentration of vitellin in ovarian
tissues of the locust

The vitellin of locusts ovaries age 4-28 days, was estimsted by ELISA. The age of the
insects were counted from the final instar. The results of these preliminary
experiments were used to check the appropriate age of insccts for azadirachtin

weatment in later experiments.

4.2.3.8.6. Effect of azadirachtin on vitellogenin level in huemolymph
of female locusts.

A group of 12 locusts, aged 15 days were treated with azadirachtin, as described in
4.2.3.6, and monitored for two days. By the end of this time, half of the insccts were
dead, and tissue samples were collected from the remaining living azadirachtin-treated
and conirol locusts as described in 2.2.3.1. Haemolymph samples were taken by
procedure given in 3.2.3.3, immediately after azadirachtin injection and after 48 hours.
These samples provided a mean of measuring changes caused by azadirachtin
reatment. The vitellogenin level of haemolymph was assayed by ELISA. In sccond
experiment, the locusts age 19 days were chosen to study the effect of azadirachtin on
the vitellogenin levels in specific tissues of S. gregaria, exactly in the same way as for

the first cxperiment of locusts aged 15 days.

4.2.3.8.7. Effect of azadirachtin on the fat body vitellogenin of
locusts.

At the end of three days, the controls and surviving azadirachtin-treated locusts were
decapitated, and haemolymph, fat bedy and ovaries were collected from each locust as

previously described 4.2.3.1. The fat body samples were used to study the effect of
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azadirachtin on the synthesis of vitellogenin by ELISA. The vitellogenin content was

expressed as a percentage of total soluble protein of fat body.

4.2.3.8.8. Effect of azadirachtin on vitellin of locusts.

The ovarian samples of conirol and azadirachtin-treatcd insects were used to find out
the effect of azadirachtin on the level of vitellin by ELISA, and standard curve was
used to quantify the vitellin in these samples. Finally a comparative percentage was

calculated on the basis of total protein concentration of each sample.

4.2.3.9. Western Blofting

Proteins were transferred from SDS gels to nitrocellulose paper using constan: current
of 250mA for a period of 90 minutes in a Bio-Rad transblot apparatus, with blotting
buffer (0.2M Glycine, 25mM Tris, and 20% Methanol}. Non-specific binding to
filters was blocked by incubation in 5% non-fat dried milk powder in tris buffer saline
(TBS) 20mM Tris, 500mM NaCli, pH 7.4), at room temperature for 90 minutes or
left overnight. The blot was washed briefly with distilled water before washing twice
with TBS containing 0.2% (v/v) Tween-80 and twice with TBS only for 5 minutes
each,

The nitrocellnlose was then immuncblatted with a 1:1000 dilution of the antisera with
TBS containing 1% dried milk powder for 90 minutes al room temperature with
vigorous shaking (Rotatest Shaker, Luckham. England). The blot was then washed as
above and incubated for 90 minutes at room temperaiure with 1:1000 dilution of
donkey anti-rabbit antibodies (horse radish peroxide, HRP) in TBS buffer containing

1% non-fat dried milk powder with gentle stinke.

Afler final washing with TBS, the protein bands of vitellogenin were detected by

incubating the blot in 30% (w/v) of 3,3 diaminobenzidine (Sigma Chemical Co.) in

PBS pH 7.2 with 0.01% (v/v) H202 for a time period of 5-10 minutes until bands
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appearcd. Lastly the blot was washed with distilled water several times and scanned to
keep the record or was stored in dark to avoid the bleaching of visible bands, until
scanned. The experiment was repeated for various samples of haemolymph, fat body
and ovary of both control and azadirachtin-treated ones. The antigen was used as a
positive control. For every experiment protein estimation was done by Bradford

(1976), described in Chapter 2.

4.2.4. In vitro experiments
In order to find out the direct effect of azadirachtin on vitellogenesis, an in vitro

experiment with the fat body of female adult locust was carried out.

4.2.4.1, Incubation medium
The tissue culture medium (GIBCOBRL, Life Technologies) described in Chapter 3

was used as the incubation medium in all the in vitro experimients.

4,2,4,2, Chemicals
4.2.4.2.1. Azadirachtin
O
Azadirachuin stored dry at -20 C and prepared [or use as desceribed in Chapter 2, was

used in these experiments.

4.2.4.2.2. Methoprene
Methoprene was a gift from Novartis (Novartis, Produkta AG animal health Sector

AH4 CI1-4002 Basel Switzerland.).

4.2.4.3. Tat body isolations
A group of 20 female adult mature locusts precooled at -ZOUC, and each one was
surface sterilized by 70% ethanol before dissection. Ifat bodies dissected from 20

locusts were pooled in a 35x10mm plastic tissue culture dish under sterile conditions in
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a, “Microflow Laminar Hood” rinsed and washed by sterilized insect saling, to remove
any traces of haemolymph. The pooled fat bodies were divided approximately equally
into 8 wells of a sixteen well cell culture cluster dish (Coaster Corporation Cambridge

MA, US.A).

4.2.4.4. Incubation of fat body
The in vitro incubations of fat bodies were donc according to the plan indicated in
Table 4.2. The experiment was repeated four times.

The tissue culture platc was covered with parafilm and incubated at 30°C with
vigorous shaking, (Eberbach shaker, 200rpm) for a period of 24 hours (Verno et al.,
1984), at which time the samples were transferred to individual sterile 1.5ml

polypropylene centrifuge tubes to prepare the tissue for assay of vitetlogenin by ELISA.

4.2.4.5. ELISA estimation of vitellogenin in fat body material of female
Iocust incubated in vifro

The fat body samples from each well and {or each ueaiment were homogenized by a
teflon homogeniser, sonicated for 30sec by an ultrasonic microprobe, and then
cenirifuged for 6min at 10,000g. The samples from the middle layer were used for
ELISA as described in 4.2.3.8.2. The protein estimation was done by Bradford
(1976), for samples from each well and each treatment separately before assayed for

vitellogenin by ELISA.

4.3. Results

The preliminary investigation using SDS-PAGE of haemolymph, fat body and ovarian
samples of female adult locust, S. gregaria (age 4-21 day), was aimed to detect the
vitellogenin and vitellin. Due to the complexity of protein mixtures in the tissues, it was

not possible to identify the proteins in question, So artempis were mmade to [solate
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Table 4.2. The effect of azadirachtin on the in vifro fat body

vitellogenesis,

No of Medimm Fat body Ampicillin AZA Methoprene
well (tml) (100pg) (50ug) (60ug)
l + + + - -
2 + + + . -
3 + + + i -
4 + + + + -
5 + + + - +
6 + + + +
7 + + + + +
8 + + + + -+

AZA: Azadirachtin
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and characterise the vitellin for further analytical studies to identify vitellogenin or
vitellin of S. gregaria.

4.3.1. Vitellin purification

With little modilication, the technique previously used successfully for the isolation of
vitellin of Locusta migratoria by Chinzei e al. (1981) was applied to isolate und purify
the vitellin of the desert locust, S. gregaria. The purity of the vitellin was confirmed
by the presence of only a single peak in the eluted fractions from DEAE cellulose
column, as shown in materials and methods section. The isolated fractions were

analysed by PAGE to a further confirmation of purity.

4.3.1.1, Polyacrylamide gel electrophoresis of purified vitellin

The individual fractions (17-24) of the main peak eluted by DEAE cellulose column
were analysed separately on polyacrylamide gel electrophoresis under denaturing
conditions in 12% resolving gel. The protein profile was exactly same for all the eight
fractions analysed, Fig 4.5 (a). The molecular weights of the six peptides were
estimated to be 110, 97, 82, 68, 60 and 50 kDa respectively. The 68, 60 and 50kDa
subunits occurred as weak bands. As described in materials and methods, the
individual fractions were pooled, freeze-dried and then analysed by native and
reducing polyacrylamide-gel elecirophoresis. There was a single band in native gel,
indicating the purified vitellin Fig 4.5 {b). The protein ran only a short distance in the

8% gel confirming its high Mr, i.e > 5x10° .

4.3.2. SDS-PAGLE for vitellin or viteliogenin in various tissues of
female adult locusts of different age groups

4.3.2.1. SDS-PAGE for ovarian vitellin

Fig. 4.6 shows the appearance of vitellin-like protein in the ovarian sample of 7-2¥
days old fernale locusts, analysed by SDS-PAGE. The results suggest that the protein

concentration is its peak in the ovarian tissue of 21 days old after imaginal moult, and
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Fig. 4.5. Polyacrylamide gel electrophoresis of main peak fractions
eluted by DEAE celiulose column,

(a) SDS-PAGE of the eight fractions of main peak of vitellin purification as described
in text. A-H: peak fractions and I: Mr standards, The gel was 12% resolution with
5% stacking,

(b) PAGE analysis of purified and concentrated vitellin of S. gregaria under non-
denaturing conditions. A & B: vitellin,

The resolving gel was 8% with 3% stacking, and was aged overnight before run.
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Fig. 4.6 SDS-PAGE of ovary of adult locust S.gregaria.

The ovarian samples from different aged 7-28 day, insects were collected and analysed
to identify the corresponding vitellin protein sub-units, using pure vitellin as a
standard. Lane A: 7, B: 10, C: 14, D: 17, E: 21 & F: 28 days old insects respectively,
G: vitellin & H: standards. The gel was 12% resolution with 5% stacking, in a

discontinous system.
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the 97kDa protein is present in the samples of 14 & 21 days old insects while the 60kD
band is common in all samples. But a clear indication of peptides with corresponding
mobilities to isolated vitellin subunits 1s difficult due to the number of protein bands,
4.3.2.2. SDS-PAGE of fat body for vitellogenin

The protin profile of lat body of 7, 10, 14, 17, 21, & 28 days old famale adult
locusts by 12% SDS-PAGES indicates the presence of female-specific proteins, (Fig.
4.7, lanes B-G). The proteins bands are likely to be subunits of vitellogenin, the
precursor of vitellin. The result shows that in this insect by simple SDS-PAGE there
scems no similarity in vitellin and its precursor vitellogenin, synthesised by fat body.
These proteins are specific for female insects because these are absent in the fat body

samples of 14 days old male adults analysed in the same gel, lanes A & J.

4.3.2,.3. SDS-PAGE of haemolymph for vitellogenin

The polyacryamide gel clectrophoresis of hacmolymph of mature female locust aged 7,
10, 14, 17 & 21 days shows the presence of circulating vitellogenin which is
completely absent in the haemolymph of 10 and 14 days old male adult locusts, lanc D
and I, Fig 4.8. It is clear from this analysis that in mature locusts, the total
hacmolymph protcin concentration is at its peak at the age of 17 days. But it is not
easy to conclude the occurrence of any protein subunit with same mobility in

haemolymph samtples and pure vitellin used as a positive control.

4.3.2.4. SDS-PAGE for vitellogenin or vitellin in fat body and ovarian
samples of locusts

Fig 4.9 represents the presence of some common protein bands of vitellogenin or
vitellin in the fat body and ovarian samples of locusts from different age groups as
explained in caption when analysed on PAGE under denaturing conditions. The
protein band of 60kDa seems to be common in all the samples of fat body and ovarian

tissue.
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Fig 4.7, SDS-PAGE of fat body of adult locust S. gregaria.

The fat body samples of insects from different aged 7-28 day. Tissues were analysed
to identify the vitellogenin sub-units, using male fat body sumples as a negative
conirol, and pure vitellin as a positive control. Fat body samples from lane B: 7, C:
10, D: 14, E: 17, I: 21 & G: 28 days old insects respectively, H: vitellin, A & J: fat
body samples from 10 and 14 days old male locusts respectively and I: standards. The

gel was 12% resolution with 5% stacking, in a discontinous systcm.
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Fig 4.8. SDS-PAGE of haemolymph of adult locust S. gregaria.

The hacmolymph samples from 7-21 days old locusts were collected and analysed to
identify the vitellogenin sub-units, using male haemolymph samples as a negative
control. Lane A: 7, B: 10, C: 14, D: 10 days old male haemplymph, E: 17 & F: 21
days old insect haemolymph respectively, G: vitellin, H: standards and I: haemolymph
from 10 days old male locust. The gel was 12% resolution with 5% stacking, in a

discontinous system.
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Fig 4.9. SDS-PAGE of fat body and ovarian samples of adult locust S.
gregaria.

The fat body and ovarian samples of Iocusts from different age groups were analyscd
to identify the common vitellogenin and vitellin sub-units, using purc vitellin as a
standard. Lane A, B and C: 10, 14 and 21 days old ovarian samples respectively. D:
standards E: purc vitcllin, and lanes F, G and H: fat body samples of 28, 21 and 10
days old locusts respectively,

The gel was 12% resolution with 5% stacking, in a discontinous systen.
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4.3.3. Immunological techniques

The results of SDS-PAGE for all the tissue samples of female adult locusts were oo
ambiguous and not clear enough to identify the exact peptides of vitellin or vitellogenin
in real samples. So the pure vitellin was used to raise antibodies to use in subsequent
experiments to study the cffect of azadirachtin on vitellogenesis by immunological

methods.

4.3.3.1 Ouchterlony immunodiffusion

Quchterlony double diffusion tests were camriced out with male and female haemolymph
fat body and ovarian proteins against antisera from rabbit immunized against pure
vitellin, They demonstrate that purified vitellin crossreacts with female haemolymph
and fat body, but not with the male haemolymph and fat body. The absence of any
precipitation line for male samples supports the assumption that these proteins are

strictly female-specific in S. gregaria (Fig 4.10).

4.3.3.2. Quantification by ELISA

In initial experiments, presence of anti-vitellin antibodies in the antisera raised weas
detected by ELISA. Various dilutions of the antisera from: two rabbits (a and b), with
different amounts of antigen were used to optimise conditions. The peroxidase activity
of antiscra was compared to that of pre-bled sera for the confirmation of raised
antibody. There was an increase in the Absorbance in the ELISA tests between pre-
injection sera and the antiserum raijsed.

The absorbance for the antisera of two rabbits was also compared to select the
antiserum with theb highest titre of raised antibody. Fig 4.11 shows the differences in
the values of absorbance obtained with the antisera of the two rabbits by ELISA. This
experiment was repeated four times and finally the antiserum of rabbit b was chaosen

for further experiments as it gives maximum absorbance. The optimal concentrations
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Fig 4.10. Ouchterlony immunodiffusion of vitellogenin and vitellin.
Cenire well contained anti-vitellin antibodies and well 1 had pure antigen as a standard.
The precipitation line is showing identity of haemolymph and fat body vitellogenin and
ovarian vitellin from mature female locusts (wells 2, 3 & 4). There is no line of
precipitation for haemolymph and fat body samples of mature male insects (wells 5 &

6).







Fig 4.11. Characterisation of antisera to vitellin by ELISA.

This figure shows the difference in the absorbance produced by different dilutions of
the antisera of rabbits a and b. a; and b, represent the absorbance for pre-bled sera
while a, and b, is for post-bled sera. Each well contains 1jLg of vitellin antigen.
Experiment was tepeated four times. Each point is an average of 4 observations and

vertical bar indicates £SD.
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4.3.3.2.1, Generation of standard fitre curve using increasing amounts
of antigen subjecied to ELISA

Fig 4.12 indicates the results of routine ELISA with increasing amounts of vitellin (0.1-
11g), used to generate the standurd curve. The anti-vitellin antibody was used at

1:1000 (v/v) dilution. Background values have been subtracted.

4.3.3.2.2, Vitellogenin estimation in hacmolymph of female adult
tocusts from different age groups by ELISA

The level of vitellogenin in the haemolymph over a period of one month of maturity
wits estimated by ELISA. The main aim of this experiment was to find out the age of
insects when haemolymph vitellogenin is at its maximum level. The vitellogenin level
was then compared to the total amount of protein concentration for each age group.
Fig 4.13 represents the vitellogenin level of hacmolymph of 7, 10, 14, 17, 21 and 28
days old insccts compared to that of the total protein concentration of hacmolymph

from the same age groups respectively,

Vitellogenin represented 33-70% of the total protein concentration in the
haemolymph of female adult insects over the period of 7-28 days. [t was observed
that the vitellogenin content increases along with the total protein concentration of the
haemolymph as locusts.mature. Viiellogenin content is 21pg/pl of haemaolymph when
locusts are 17 days old and then rose sharply to 71ug/ul in locusts at the 21 day, and

decreased to 38ug/iil of haemolymph at 28 days.

4.3.3.2.3. Vitellogenin esfimation in fat body of female adult locusts by
ELISA

The result of estimation of vitellogenin of fat body from different age groups by ELISA
is shown in Table 4.3. In 4 and 7 days old insects it was not detectable but as the

insects grow and mature, the percentage of vitellogenin increased gradually.
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Fig 4.12. Generation of standard titre curve of vitellin by ELISA.
Typical standard curve results gencrated using increasing amounts of S. gregaria
vitellin, subjected to ELISA with 1:1000 (v/v) dilution of antiserum. Antigen was 0.1-
g,

Each point is an average of 6 values and vertical bar represents £SD. The experiment

was repeated four times.
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Fig 4.13. ELISA estimation of vitellogenin in haemolymph of female

adult locust.

The total protein concentration was estimated by Tiradford {1976) for haemolymph of
each age group 7-28 days.old, and vitellogenin in haemolymph was detected by ELISA.
Each estimate was an average of 4 values and vertical bar is for £5D.

In each case:

[ total haemolymph protein concentration, and  #6# : vitellogenin.
The age of the insects were as:

A:7 days, B: 10 days, C: 14 days, D: 17 days, E: 21 days and F: 28 days.
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Table 4.3. Vitellogenin in the fat body of female adult locusts of

different age groups

Age of locust (days} Vitellogenin % of total protein

4 )

7 .

10 1142
14 24t}
17 3443
21 3943
28 55%2

Each value is a mean of four observations S,

Locust age is in days after final moult.
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4.3.3.2.4 Vitellin estimation in ovaries of female adult locusts by ELISA
The proportion of total ovarian proteins due to vitellin varied with age. In 4 and 7 day
old insects, it was low (corresponding with pre-vitcllogenic stage), but as insects grow
and mature, the proportion of vitellin increased until it made up almost all the ovary
protein by 28 days (Table 4.4). The percentage of vitellin was calculated on the basis

of 1ug of total protein concentration by using the standard curve (Fig 4.12).

4.3.3.3. Effect of azadirachtin on vifellogenin and vitellin
The resuits of above experiments of ELISA were used to study the effect of
azadirachtin on the level of vitellogenin or vitellin in specific tissues of the desert locust

S. gregaria.

4.3.3.3.1. Effect of azadirachtin on locust haemolymph vitellogenin
The effect of azadirachtin on the level of haemolymph viteliogenin of female locusts of
lwo age groups was monitored by ELISA, in two different experiments over a period
of 48 hours
Fig 4.14 indicates a comparison of the levels of vilellogenin in both controls aud
azadirachtin-treated insects for the (irst experiment, where the locusts were 15 days
old. At this age vitellogenin made up 55% of the toal haemelymph proteins. The total
protein concentration has been also plotted parallel to the vitellogenin to show the
proportion of vitellogenin. There was a decrease of 68% (statistically significant ar
p<0.01) in vitellogenin of haemolymph of locusts after 48 hours of azadirachtin
treatment against controls.

Similarly azadirachtin treatment in locusts caused 45% reduction in the total
protein concentration compared to controls.

In a second experiment the selected insects were 19 days old at which time
vitellogenin made up 63% of the total haemolymph protein. After 48 hours of
azadirachtin treatment, vitellogenin was reduced to 40% of toral protein and the total

protein congentration itself fall to half control values i.e 65ug/tl (Fig 4.15).



Table 4.4, Vitellin in the ovarian samples of locusts from different age

groups
Age of locust Vitellin % of total protein
(days)
4 2042
7 3243
10 4244
14 5043
17 5542
21 7842
28 8944

Each value is a mean of four observations +SD.
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Fig 4.14, Effcct of azadirachtin on vitcllogenin content of haemolymph
of 15 day-old locasts.

The haemolymph samples were collected and assayed after azadirachtin freatment over a
period of 48 hours. The total protein concentration was estimated by Bradford (1976).

In each case

: total haemolymph protein concentration, and LZZI: vitellogenin,
a: control and b : azadirachtin treated.
Locusts were 15 days old at the start of the experiment and kept under standurd rearing

conditions, described in Chapter 2

263



| .
g
]
< ,_\ \\ \\\ ;
1—._....._ -
| | [ E |
% ’ § S = u

(,811) muaSeyayia pue YAWAOIORY JO WO E.LIUIIUOD UI)OL

b



Fig 4.15. Effect of azadirachtin on vitellogenin level of haemolymph of
19 days old locusts assayed by ELISA.

The treated haemolymph samples were collected and assayed for azadirachtin treatment
after 48 hours. The total protein concentration was estimated by Bradford (1970).

In each case

[: total haemolymph protein concenaion, and EZ2: vitellogenin,
a: control and b: azadirachtin neated.
" Locusts were 19 days old at the start of experiment and kept under standard rearing

conditions described in Chapter 2
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4.3.3.3.2. Effect of azadirachtin on vitellogenin Icvel of female adult
tocust fat body

The effect of azadirachtin on vitellogenin in fat body of the female adult locusts was
examined in 15 and 19 day old insects for a period of 48 hours. Table 4.5 represents
the percentage of vitellogenin estimated by ELISA after 48 hours of azadirachiin
treatment. The results are based on the observations of two different experiments,
The azadirachtin-treatment of locusts at the age of 19 days caused a considerable
reduction in vitellogenesis compared to the one in 15 days old insects. In both
experiments, the fat body vitellogenin fevel of azadirachtin treated insects was reduced

significantly (p<0.01).

4.3.3.3.3. Effect of azadirachtin on locust vitellin of ovarian samples

The percentage of vitellin in the developing ococytes of azadirachtin treated locusts was
estimated by ELISA after 48 hours of treatment (Table 4.6). It is clear that the
percentage of vitellin has been reduced tremendously (by 73%), after 48 hours of
azadirachtin treatment in 19 day old locusts, although the reduction at both 15 & 19

day old insects was statistically significant, (p<0.03).

4.3.3.4. Western blotting the effects of azadirachtin on vitellogenin in
haemolymph and fat body and ovarian vitellin

Althoungh vitellin of the desert locust was used as an antigen to raise antiserum, its
precursor vitellogenin showed cross-reactivity to antiserum as well. Western blotting
after SDS-PAGE was used to specifically detect the precise effect of azadirachtin on
the subunits of this bigh Mr protein and its precursor vitellogenin. As shown in ['ig
4.16 (b), only four subunits of 110, 97 82 and 50 kDa are visible in pure vitellin and
the common subunit with same mobility is of 97 Mr in haemolymph, fat body and

ovary ot control locusts. In azadirachtin-treated tissues there are no visible subunits of
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Table 4.5. Effect of aradirachtin on vitellogenin of fat body of female

locust S. gregaria after 48 hours of treatment.

Age of locust
{days)

i5

19

Yiteliogenin % of

fotal protcin concenfration

Controls Treated Reduction (%)
4945 3544 30
2612 112 62
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Tahle 4.6. Effect of azadirachtin on ovarian vitellin of female locust §.

gregaria after 48 hours of treatment.

Age of locust Vitellogenin % of fofal protein
(days) concentration
Caontrols Treated Reduction (%)
15 53+3 2812 48
19 62+4 1742 73
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Fig 4.16. Immunodetection of the effect of azadirachtin on
vitellogenesis in 8. gregaria, as revealed by SDS-PAGE blotting fo
nitrocellulose membrane, and reaction with anti-vitellin antisera.

15 days old female locusts were treated with azadirachtin (Splg/inscet). Tissuc samples
were collected after 48 hours of azadirachtin treatment and an