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A Xx"esearch on insecticide r sist-nce and its significance was surveyed
on UM-raaistant and susceptible -trains of 3 s ecies of mosquito,
Culex pipiens fatigans, Aed ,s -e,-Ai, ..o lie- = j -re, 4. J ...~

ac .latus nd ...« a wmwphenei.

1. t ol liqus a- Leteoting >nd me aurine resistance in adult
osquitoes was studied in rel tion to problems raised by new insecticides.
A wise range of conoentr-tions of a lathion, fenthion, fenitrothion
and "jropoxur were tested against U. fati. ;ans in the relations oi exposure

It as shown that time can be used as a dose parameter.

In studies of the storage life of W.J .0. te t papers, there was
found no evidence of deterioration of tr lathion and propoxur imp wgn; ted

papers over a eriod of a year but a consider ble decline is found

theretfter.

2. Oross-resistanos speotra to various EDI analogues and certain
other compounds were aeteiroined by 1 rvicide tests on each strain. The
effects of two kinds of synergist, JilC and piperonyl butoxide were also
investig ted in the hope that specific detoxication mechanisms would be

revealed. The overall results indie: tee that DDT-resistance

.. .echanisms
in C. . f ti,;ans, An. ou. .if., ulntus and An. stephen.-ii. depended
largely on dehydrochlorin- tion. In An. gambir.e and A. ue,pti .here is

clearly "nother _echanism responsible for DDT-resistnnce suggesting a

microsomal oiidation.

Since there are probably more than one mechanisms present to

different degrees in several strains, one cannot expect these experiments

to give very simple, clear-out r suits.

3. Radiometric measurements of the 14C marked DDT and malathion



were cade on exposed larvae and the residual suspensions, to re.sure
insecticides, "-"here v s no evidence
Mtr tion for DDI’; on the contrary, the resistant strain
a-lower more I1JT to penetrate. A definite cc rel tion between the
amount Ol picu-up of EXDT in pg pur larva and then exposed concentra tion
rved. tfith malathion, there was no difference in the percentage

raen the resistant ana s. r ins*

. In view of the high levels of SDS-resistano* hoted, some alter»
latlv - tried as larvicidese UXC is a highly potent larvi-
slde with a. LCpC value of C.005 ppa. Prolan and rulan are less effective
with LCpC of 0.00% to 0.12 ppm. The LC50 levels of some biodegradable
DOT .. Is-e.se * ngod iron. 0.C2 to 0.2 ppm and shoved distinct differences
with the species. LCpC of bioallethrIn and allethrin were rather high
and ranged .rom 0.01$ to 0.4 ppm. Bioallothzin waa about 4 tires more
potent than mllethrin and fenthion was also more potent than malathion

with LC50 of 0.002 to 0.14 ppn.

Jew oompounds affecting moulting and motaaorphoaio ".ere tested,
ihe juvenile .ormone mimic ZR-515 and t e moulting disturbance compound
(believed to inhibit chitin synthesis) FHf0-40, were the most potent
with LC5G v-lue C.CO13 to 0.003 pjm. Ton 0585, whl ch interferes with
mslsnisi tion during pup tion, waa also moderately potent, o.-rtap

Florida, phenol, aliphatic amines and UU tur tad fatty acids

we e not potent.

5. The resistant atn ins of An. quudrimacul. tus, An. Stephens!
arid C.t>. fatlimans showed highly specific nee to DOT and DID.
.ilece etr: ins depend on dehydroohlorioatloa ...echanisms.

There wts definite evidence of cross resistance to the biodegradable



were made on exposed larvae and the residual suspensions, to me; sure

pick-up and enstratlon of these insecticides. There w s no evidence

Of reduced nenctr tion for DDT; on the contrary, the resistant strain
owed boxe BDI to penetrate. A definite co relation between the

a ount of pick-up of DDT in ju per larva and then exposed concentration

wore observed. Vith malathlon, there was no difference in the percentage

penetration between the resistant and s. le wtr i»s.

... In view of the high levels of DDT-r(-ei. x rce doted, some alter-
native compounds were tried as larvicides. DDT is a highly potent larvi-
cide with an LCpO v .lue of C.005 ppm. Prolan and rulan are less effective
with LC50 of C.005 to 0.12 ppm. The LC50 levels of some biodegradable
DDT analogues ranged from 0.02 to 0.2 ppm and showed distinct differences
with the species. LC..C of blot Il.ethrin and allethrln were rather high
and ranged from 0.015 to 0.4 ppa. Bloallethrln was about % times more
potent than ullethrin and fenthion was also more potent than malathion

with LC50 of 0.002 to 0.14 ppm.

ITov cor ounds affecting moulting and metamorphosis were tested.
The juvenile hormone mimic ZR-515 and t e moulting disturbance compound
(believed to inhibit chitin synthesis) FH$0-40, were the most potent
with LC50 vrlue C.0013 to 0.C03 ppm. Hon 0585, wri ch interferes vith
melanin tion during pup tlon, was also moderately potent. (@Or.rtap
.ichloride, phenol, aliphatic amines and unsaturatsd fatty acids

were not potent-.

5. The resistant strains of An. qurdriracul tus. An. stephenei
and C.p. fatigans showed highly specific rosf tance to DDT and DDD.
Presumably these str;ins depend on dehydrochlorination leohanisms.

There was definite evidence of cross resistance to the biodegradable



analogues and v ricue other conpounds (including moulting disturbnee

.. Ao A. o e results suggested
enhanced ;ic osonal detoxic tion besides the dehydrochlorination

mechanisms.

6. Among the compounds fleeting moulting and metamorphosis,
FHB04Q shoved some ovioidal activity* All of the oompounde te-ted with
various st gee of Ixrvae were involved in the process of eedysis and the

a * te ost eisoeptible stage* The effects
were s,ec_fic in eaoh group of oompounde. The hormone mlmtoe Z2-515 and
R-t0458 exhibited their main effeota in the verv late upal ge
when the adult form had ucume very clear.

1.0n-0585 ex. reeaea its activity in unmolanized form pupa prior to
d rk ining of the cuticle* The Duphaz compounds FHX- 0 and PEQ0-38
interrupted the development oetween larvsl and upal stage» the pupae

pped inside, Aouetimes, they can split the exuviae out they
were unable to free tbmeelvee from the 1 rval shin. 3 e one
the earliest activity at the larval stage and produce.- no significant
mortality in the surviving larvae. All compounds showed relayed develop-
ment ef-ect except eedysterone. 11160-~0, FH60-38 and ZiR 515 = I#*ed
-ome sterilization activity when the adults were fed with sug. r solution

containing these compounds.

fhi- aliphatic amines can be used as ovioidee, larvicides and
pupaciaes but their potency was not .igh. Delayed development and
involvement of emerged adults were also observ d. The two fatty cids
produced morphologioal abnormalities and interfered with melanization

process, though the activity was not high.
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PRACTICAL IMPORTANCE OP INSECTICIDE RESISTANCE
1. Synthetic Insecticides and the Growth of Resistance

A new era in pest control was begun with the introduction
of DDT, the first and in many ways the most valuable of modern
synthetic insecticides. It was First synthesised by an Austrian
chemistry student, Othmar Zeidler, in 1873; tut its remaricable
insecticidal properties were not discerned until 1939» by a research

team of the Ceigy Chemical Company in Basel, under Paul Mttller.

DDT and later synthetic insecticides, because of their relative
cheapness and safety in use, achieved remarkable success in protecting
man from the pests of growing crops, of forests, of stored food,
of domesticated animals and, above all, the arthropod vectors of
many serious epidemic diseases. Unfortunately, the use of chemicals
to kill a large proportion of insects of certain species has
frequently resulted in the development of resistant strains and has
become the greatest single barrier to the completion of control
programmes. A great deal of research has been carried out on the
biochemistry, physiology and genetics of resistance, but although
the nature and development of resistance is more fully understood,
it has never been possible so far, to reverse, or even to halt the
process. Thus, in regions where pests have developed extensive resis-
tance to a given insecticide, so that the latter has had to be
abandoned, it has never been possible to re-introduce the insecti-

oide, with success.



The practical response to resistance has been to change to
an alternative insecticide, but this has begun to fail by the steady
extension of resistance to alternatives. It is only to be hoped
that a thorough understanding and a wide background of knowledge
of the major resistance mechanisms will enable the use of new alter-

native insecticides for overcoming the resistance problems.

In the special sense, commonly used by applied entomologists,
the word "resistance” usually means that a population of an origin-
ally susceptible species has lost its susceptibility and become
tolerant of doses of insecticides which would prove lethal to
individuals in a normal population of the same species. This
phenomenon is a change in the insects themselves, and is brought
about by a selection of abnormal individuals, as a result of the
use of the insecticide over a period of time. The survivors in the
successive generations under treatment become more and more diffi-
cult to kill with that insecticide. The mechanisms responsible for
most types of resistance are not general ones, to protect the
insects against all insecticides, but are specific to a particular
group of compounds. There are various groups of such compounds.
Thus, insects made resistant by DOT selection pressure are cross-
resistant to compounds allied to DDT, but not to cyclodiene
derivatives or to gamma BHC (Beard, 1960» Mount, 1965). |Insects
made resistant by selection with dieldrin or related compounds
are cross-resistant to the other chbrinated cyclodiene derivatives

and also to YBHC (or lindane) but not to DDT and its relatives.



(Busvine, 1954» Metcalf, 1955b)« Organophosphorus resistance is
developed only by organophosphorus selection pressure. Insects

with resistance to both BBT and dieldrin are not normally cross-
resistant to organophosphorus insecticides. But it is noteworthy
that selection of houseflies or mosquitoes with organophosphorus
compounds sometimes results in a high BBT resistance and high cyclo-
diene resistance in houseflies (Brown and Abedi, 1960} Winteringham

& Harrison, 1959)* This phenomenon is not yet fully understood.

Apparently, the earliest example of resistance dates from 1908,
when ABpidiotus permicions (San Jose scale) developed resistance to
lime sulphur in Wasington State, U.S.A. Over the next 40 years,

a small number of cases occurred, involving resistance to HCN,

lead arsenate, sodium arsenate, tartar emetic, selenium, cryolite,
and retenone in the pre-BBT era. DDT-resistance was first observed
in the houseflies in 1946 in the region of Arnas, Sweden, 2 years
after its introduction into the area for residual spraying (Wiesmann,
1947)* Since then, the problem of resistance among the public

health and veterinary pests has continued to grow and has come

to involve a large number of species and extended to numerous insecti-
cides and most geographical areas. Buring that period, BBT was the
most widely used of the Ffirst group of modern insecticides. When

BBT resistance became serious, alternative insecticides were intro-
duced for the control of the resistant strains. Among these, YBHC
and dieldrin were playing important roles since they combine high
potency with long or fairly long residual action and are not irritant
to mosquitoes like BBT, allowing the insects to settle long enough

to pick up a lethal dose. They are also reasonably safe to man



and animals. Unfortunately, many insects soon showed high degree
of resistance to those compounds dissipating the hope for replace-
ment of DDT. Following the growth of dieldrin resistance, various
long-residual organophosphorus compounds were introduced; but these
too, showed early incidence of resistance. By 1960» about 139
species of public health and agriculture pests have developed resis
tance to insecticides. These species belong to different orders*
Diptera, Hemiptera, Coleoptera, Lepidoptera, Thysanoptera, Siphon-

optera, Orthroptera, Anoplura and also the Acarina.

At the present, there axe about 9 types of resistance, three
of them being the most important; DDT-resistance, dieldrin or
cyclodiene resistance, and organophosphorus resistance. The known
cases of the development of resistance are 96 species with DDT
resistance, 141 species with cyclodiene resistance and 34 species
with organophosphorus resistance (Brown, 1971)« The growth of
resistance has increased each year as has been reviewed by Busvine

01970) in Table 1.

Table 1. The growth of reported cases of insecticide resistance.

Years
Number of cases
of resistance 1946 1956 1958 1960 1967 1969
Public health pest; 2 20 50 81 97 102

Agric\u.tural and
veterinary pesta 8 - 52 - 127 228



The status of insecticide resistance, however, has been
reviewed by several scientists: Busvine (1954, 1956a,1957, 1969,
1970)j Brown (1958a, 1961, 1971); Hicks (i960); Hamon & (iarrett
Jones (1965), Bruce-Ghwatt (1970); and Schoof (1970). All infor-
mation indicated that the greatest increase of resistance was
in the period of use of the chlorinated hydrocarbon insecticides
and particularly the oyclodiene derivatives, during the decade of
the 1950s. Since then, the increase in species is not quite so
rapid, although the number of resistances per species and their
distribution is enlarging. This effect is probably due to the
organophosphorus and carbamate insecticides as replacement for DDT

and dieldrin.
2= The Impact of Resistance on Agricultural & Veterinary Pest Control

Before turning to a closer examination of the effects of resis-
tance on the control of public health pests, one may note that the
Food and Agriculture Organization has tried to make a similar assess-
ment of the status of resistance in regard to agricultural and
veterinary pests (F.A.0., 1970). The situation is similarly serious
and thought to be steadily deteriorating. Of the primary foods,
rice is threatened by resistance of two major pests: the stem
borer (Chilo su.pressalis) and green rice leaf hopper (Nephotettix
cinctjeeps). Stored cereals are in danger from resistance in several
beetle pests, especially Tribollum castaneum. Various field crops
are at risk due to resistance in root maggot flies (Hylemya spp.);
the Colorado potato beetle (Leptlnotarsa decemlineata); the potato
tuber moth (Phthorimea operculella)5 the peach-potato aphid (Hyzus

persicae) and the codling moth (Laspeyresia pomonella)



Apart from food pests, the main crops of several areas are
seriously threatened. For example, fcotton, by resistance in cotton
leaf-worm (Spocoptera littoralis), pink bollvorm (Pectinophora gossypii)
and cotton bollworm (Heliothis spp.). Also cocoa in Vest Africa,
from the capsid (histantiella theobroma). Likewise, tobacco from

resistance in Protoparce sexta.

Fruit and greenhouse crops in many countries are severely
troubled by resistance in spider mites (Tetran.- chus spp.). Among
veterinary pests, the most serious resistance is in cattle ticks
@Boophilus) and sheep blowflies (Lucilia cuprina). Enough has
been said, perhaps, to indicate briefly the magnitude of these

problems in agriculture and veterinary practice.
5. The Impact of Resistance on Disease Vector Control

(¢uantitAtive information on the numbers of species with strains
developing to various types of pesticide is useful, but rather
limited in its practical interpreation. Thus, a single 'case"
of resistance may refer to a species of limited distribution, with
mere "nuisance" importance; or it could refer to an important disease

vector, with very wide distribution.

Again, resistance to a single group of pesticides may be rela-
tively unimportant if effective, safe and cheap alternatives exist.
Therefore it is very desirable to assess the global position in
regard to the actual impact of resistance on the use of pesticide

to control disease vectors from time to time.

In an attempt to assess the situation in regard to the control

of medieally important insects and the development of resistance in
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these vectors, a questionnaire prepared by the World Health Organiza-
tion was sent out to over 100 health authorities throughout the
world. The information has been collected widely and was compiled
with the help of vector control experts closely in touch with the
field situation in various parts of the world. The attempt was to
give a clear picture of the impact of insecticide resistance on
control of vector-borne diseases and are summarised by Busvine A

Pal (1969). Control is severely limited by resistance to organo-
chlorine insecticides in Culex pipiens fatigans. vector of Bancroftian
filariasis; and the housefly, vector of enteric and ophthalmic
diseases. Some insecticides are still the best means of controlling
these vectors; for instancy, anopheline mosquitoes, vector of malaria;
Aedes aegypti. vector of yellow fever and haemorrhagic fever; Xenopsylla
cheopis, plague vector; human lice, vectors of typhus, bed bugs

and various culicine mosquitoes which are serious nuisances from
their bites have been moderately handicapped by resistance. Control
of other insect-borne disease such as the blackflies of the genus
Phlebotomus, vector of various leishmaniasis; the tsetse flies,
Glossina spp., vectors of sleeping sickness and Triatomid bugs,
vectors pf Chagas’ disease have not, so far, been handicapped by
resistance; uut there is some evidence that this is on the way,

since a cyclodiene-type resistance in Bhodnius prolixus has arisen

in Venezuela.
4. Resistance in Mosquitoes,

By 1970 the number of species of insects that had developed

resistant populations had increased to 224« Furthermore, the geo—



graphical area where resistant populations had previously been found,
had enlarged to some extent and the number of insecticides had

also become greater to embrace all three types, namely, the organo-
ohlorines, the organophosphorus compounds and the carbamates. Research
workers indifferent disciplines have collected a considerable amount
of valuable information in this field. Details of resistance in
vectors and vector-borne disease species concerned have been reviewed
by Busvine & Pal (1969)« all the literature relevant to insecticide
resistance in many species of arthropods have been covered extensively

by Brown & Pal (1971)«
A. Anophelines and Culicines

As a result of the simplicity of detecting emergent resistance
and the consequent wide use of the standardised tests, supported by
the World Health Organization, a very clear picture of the changing
states of resistence in mosquitoes throughout the world can be estab-
lished. Among the Diptera, not less than 57 species of anopheline
mosquitoes have developed resistance, 35 of them to dieldrin and 15
to HOT. On the other hand, 24 species of culicine have become resis-
tant» 16 to DOT, 12 to dieldrin, 10 of them to both classes of

chlorinated hydrocarbon and 9 to organophosphprus compounds.

Apart from Aedes aegypti and Culex Ffatigans. most culicine
mosquitoes are troublesome autdoors and have always been attacked by
larvicides; whereas adulticides are used against anophelines, which
mainly transmit malaria indoors. Larvicides tend to have a greater
selective effect because they affect a much larger sample oi the

wild population. This was especially true of various American



nuisance mosquitoes including Jhe salt marsh breeders: Aedes sollic”ans.
A» taenkﬂn.Y%hus and the flood -water breeders in California: Aedes
nigromaculis. A. melanimon and Culex tarsalis. Both groups have

been extensively and vigorously attacked by aerial spraying and have
developed through all three main types of resistance.

Some laxviciding was practised at the begining of malaria control,
with synthetic insecticides. Later, the W.H.O. co-ordinated Programme
for Global Malaria Eradication, adopted a house spraying policy. The
selective effect of adulticides due to the smaller proportion of the
wild population affected, which depends on the degree of endophily
and anthropophilly of the species; and with DDT, the selective effect
is still further reduced by the irritating property which can expel
the mosquitoes before they acquire a lethal dose. It appears from the
foregoing results that both factors held back incidence of DDT-resistance
in anophelines and in many oases, resistance was ascribed to the
larvicidal action of extensively used agricultural insecticides.

The pattern of growth of resistance in anophelines and culicines
are similar in that, in both cases, BBT resistance began first and
was foiled by a big expansion of BHC-dieldrin resistance, especially
in anophelines. Finally, resistance to organophosphorus insecticides
developed, especially in oulioines. The total incidence curve in
both types of mosquito is sigmoid and the period of most rapid growth
in numbers of species involved has apparently been passed. The order
of ajjpearance of different forms of resistance reflects the initiation
of wide use of the insecticides concerned. The observations reveal that

resistance to dieldrin or BHC could develop to the distinctive high



levels in 2 or 3 years because of the partially dominant genes involved;
whereas DDT-resistance is inherited through recessive genes, so has
tended to grow slowly over a dec de or more. These observations may
not explain the growth of organophosphorus resistance, which is nearly
always dominant, but is not quick to develop. Deleterious effects of
resistant gene in the homozygous state is suggested to be involved, in

this case.

The present status of resistance in both types of mosquitoes may
be summarised below.

1. No case of resistance extends throughout the overall species
concerned.

2. Even when DDT-resistance has developed, DDT may continue to
have some effect from its irritation. In contrast, BHC-dieldrin
resistance develops to the point that renders dieldrin virtually useless.

3. In most cases, resistance has only developed to either DDT
or the BHC-dieldrin group, so that an alternative long residue insecti-
cide is available.

4. In some problem areas where double resistance has occurred,
organophosphorus or carbamate compounds such as malathion or propoxur

can be used as an alternative.
B. Species used in this investigation

Three species of anophelines, Anopheles ganbiae. An. auadrimaculatus.
An. stephensi, and two species of culicines, Culex fatigans and Aedes
aegypti. were used for various studies. The world distribution of
resistance in these species was described as iollows.
(i) Anopheles gambiae.

Africa Hegion. In this area, double resistance of the main



vectors make it more difficult for the control and eradication and is
only overcome by a highly effective insecticide, such as HCH or CIS 35«
lies stance to HCH and dieldrin in An. gambiae. the serious vector of
malaria, has been widespread in Africa for a decade. Dieldrin resistance
in this species was first observed in 1955» in Nigeria, and the number
of adult An. gambiae returned to its original level within 2 months

of insecticide application. In Ambursa (Nigeria) DDT susceptibility
was observed but was slightly resistant to malathion while the
original dieldrin resistance gave cross-resistance to gamma HCH

and aldrin. The first definite case of DDT resistance appeared in
large numbers in Senegal and Upper Volta in 1967; these areas had

been treated with residual DDT once a year from 1955 to 1960. DDT

may be a suitable alternative in the forest regions but could not
interru t malaria transmission in the savana areas and no economic
alternative dompounds are effective for the control in most countries
in the African continent. liven where An. gambiae remained DDT suscep-
tible, nevertheless, its characteristic of being so irritated by DDT
when it enters houses to bite and of leaving sprayed surface before
receiving a lethal dose of insecticide made it difficult to interrupt
malaria transmission by means of DDT residual deposits. An. gambiae
is perhaps the raoso DDT irritable of all anophelines and is more
quickly irritated than an. funestus. Neither HCH nor dieldrin has

this irritating effect.

In Hast Africa, until recently, dieldrin resistance in An.

gambiae was confined to some parts of Kauagascar and in many places



dieldrin residual control continues. Recently, however, both species

A and B of the ,;ambiae complex in Kenya have developed resistance.

(ii) Anopheles ouadrimaculatus

American Region. In North and Central America, DDT resistant
An. quadrimaculatus has been revealed for some time and double resistance
to both DDT and dieldrin can occur. This resistance happened after
the successful conclusion of the malaria eradication campaign. A
population with strong DDT resistance and a considerable dieldrin
resistance was discovered in 1959 in Georgia. Another DDT resistance
case was reported in Maryland. Double resistance to both DDT and
dieldrin was also observed in part of north-eastern Mexico, which had
been treated with DDil residual sprays for 2 years. The DDT resistant
An. quadrimaculatus proved to be cross-resistant to DDD and methoxy-
chlor, but a purified DDT resistant strain was completely susceptible
to dieldrin. On the other hand, a purified dieldrin resistant strain
was cross resistant to other cyclodiene derivatives and show in the

order aldrin ~ dieldrin chlordane”. endrin.

(iii) Anopheles stephensi

Dasuern Mediterranean Region. An. stephensi is the widely
distributed and important malaria vector in the Persian Gulf Region.
Double resistance on the part of this species caused serious problems
in malaria control especially in the oil-bearing regions of Saudi
Arabia and in southern Iran resulting in a recrudescence of malaria.
DDT was used successfully .intil resistance appeared in 1957? dieldrin
was substituted and was much more eiiective. Nevertheless, dieldrin
resistance occurred widely after about 2 years and became more serious,

causing a recurrence Of malaria. DDT was re-introduced in 1963 and was



effective for 3 years. In 1966 and 1967 DDT resistance level was
increased especially in certain localities in the south. This double
resistance brought back malaria and an alternative insecticide such

as propoxur (OMS 33) may be needed.

The emerging of DDT resistance in numerous localities of West
Pakistan in An. culicifacies and An. stephensi does not, however,

appear to change the situation of malaria contni.

South-bast Asia Region. In urban districts, An. stephensi
developed double resistance to DDT and HCH, and control was continued
by oil or Paris Green. In Nepal, DDT resistance appears in several

species of non-vector anophelines.

(iv) Culex pipiens fatipans

This species is normally rather more tolerant of DDT than the
other culicines. Moreover, it breeds in polluted water, in which it
is more difficult to kill the larvae with DDT. Culex p. fatigans
develops DDT resistance readily and can become equally resistant to
dieldrin and BHC. Resistance to both organochlorine insecticide groups
has developed in most parts of the world and various organophosphorus
compounds have been substituted for the control of this vector of
filariasis, including incipient resistance to these in some places.
Certain populations of C.p. fatigans have shown a resistance to
organophosphorus compounds in the field, but this disappears when the
mosquitoes are colonized in the laboratory« On the contrary, C. tar-
salls, the vector of western equine encephalitis, developed a specific

malathion resistance that has been thoroughly studied in the laboratory.

American Region. In N. America, insecticides have been mainly



used because of nuisance from bites« Resistance to organochlorine
insecticides is common in the U.S_A»; and elsewhere(in Colombia,
Brazil and Peru, for exampl”~. Incipient organophosphorus resistance

has been reported, in the U.S.A.

Eastern j.ed: terranean Region. Double resistance to DDT
and dieldrin occurred in the C. pipiens Complex species in the United
Arab Republic, but had a moderate effect on field control by DDT
and a serious effect on field control by dieldrin. However, the
number of cases of disease has not increased and no resistance to

organophosphorus compounds or carbamates has been observed.

African Region. In the Congo, where DDT and HCH had been
applied as residual insecticides for many years, a slight resistance
to HCH-dieldrin and a very high resistance to DDT was indicated. On
the other hand, a dieldrin resistant but DDT susceptible population of
C.p. fatigans vias reported in Mali. In Upper Volta and Ivory Coast,

there is high HCH-dieldrin resistance with slight DDT-resistance.

Resistance to malathion and diazinon vias observed in Cameroon
after application of malathion sprays for 2-3 years. In West Africa,
there was no correlation between the level of DDT and dieldrin resis-
tance and those of the organophosphorus compounds except trichlorfon.
A negative cor elation was shown with the tolerance of diienphos.

In East Africa strong dieldrin resistance and intermediate DDT resis-
tance were widespread. The number of mosquitoes was increased and the

second spray had been less effective than the first in general situation.

South-Kaot Asia Region. Resistance to both organochlorine
insecticides has impeded the satisfactory control of C.p. fatigans,

according to the National Filaria Control Programme in India. Since



i960 trials of new insecticides and larvicides in oil film have been
carried out. The WHO Filariasis Hesearch Unit in Rangoon, Burma,
has succeeded well by using fenthion, emulsifiable concentrate for the

control of C.n. fatigans larvae.

In Ceylon, DDT resistance had developed first and then been followed
by the rapid development of resistance to HCH and dieldrin. In Malaya,
high levels of HCH and dieldrin resistance have developed in C.p.
fatigans, but its susceptibility to DDT was normal. In Kuala Lumpur,
larvae of C.p. fatigans showed an indication of resistance to fenthion
although it ted not been applied as a larvicide. In China the popu-

lations of this sjacies had developed double resistance to DDT and HCH.
(v) Aeues aegypti.

This species is perhaps the most important culicine, as a
potential vector of urban yellow lever and a sporadic vector of

haemorrhagic fever and similar viruses.

American Region. In the neo-tropics, especially in the
Caribbean islands and northern South America, the eradications were
obstructed by double resistance to ogranochlorines and these populations
have occasionally developed malathion tolerance. |In the U.S.A., trials
of safe organojphosphorus compounds that can be applied to drinking

water have indicated promise of difenphos.

Airlean Region. In West Africa, BHC-dieldrin resistance is
common in most big cities and DDT resistance in restricted areas.
Neither DDT nor HCH could be recommended for controlling yellow fever

epidemics. Resistance to diazinon has been observed at Congo.

South-East Asia and Western Pacific Regions. The spread of

haemorrhagic fever due to dengue and chicicungmnza virus types trans-



mitted by A. aegypti Ffirst started in the Philippines in 1964.
Larger outbreaks followed and the disease has since spread westwards
to Vietnam, Cambodia, Malaysia, Thailand, Burma and as far as India.
Many control schemes are being tried for controlling dengue viruses.
Small scale pilot control projects have been carried out in Bangkok
and Singapore, but widespread resistance to DDT is due to the general
use of this insecticide. Accordingly, malathion is being employed

for example in ultra-low-volume sprays from aircraft.
RESEARCH ON RESISTANCE AND ITS VALUE

The serious consequences of resistance have stimulated many people
to investigate the problem. At first the subject seems to concern only
applied entomology, but later on, it involved other disciplines,
especially genetics and biochemistry. The challenge of the problem
attracted the attention of experts in these fields, resulting in
contribution to greater knowledge on resistance. In the past three
decades, there have been numerous researches on all aspects of resis-
tance, including the detection and measurement of resistance, the
physiological, biochemical and genetic bases of resistance, and counter-

measures to resistance.
1, Detection and measurement of resistance

In facing the challenge of insecticide resistance in the respective
fields of public health and agriculture, the first essential counter-
measure is to develop standardised methods for detecting and measuring

its presence in field populations.

The first sign that resistance may have developed comes from the

failure to control by the insecticide. Such field observations are not



conclusive, since so many factors can be involved; for instance,
incorrect application, defective insecticide, unusual climatic con-
ditions or elimination of parasites. In order to exclude all other
factors, reliable and accurate tests are needed that -will measure solely
the susceptibility of insects. Furthermore, to obtain comparable and
meaningful results for workers in different countries, internationally
stanaardised tests are very desirable. This is especially true for
insect pests with very wide distributions. However, during 1947-1955
there were no standardised tests for resistance and a considerable
variety of methods were in use. Early work showed how widely different
could be assessments of resistance made by different techniques;

(Busvine, 1956b)and this drew attention to the need for standardisation.

The initiative in developing tests for insects of public health
importance was taken by the World Health Organization. Methods suitable
for different insect vectors and other pests were agreed at meetings
of the W.H.O. Committee on Insecticides from 1956 onwards. As regards
insect pests of agricultural and veterinary importance, the first
moves were made by a committee of the Entomological Society of America,
in 1960. From 1969, however, the matter was taken up by the Food and
Agriculture Organization, which has similarly approved standardised

test methods for international use.

Principles. The usual method of detecting and measuring resistance is
to treat uatches of a target population with serial doses of insecticide
to obtain proportional mortality data and must be compared with a

normal or standard population of the same species. The evaluation

of results was based on the interpr*._tion of log-dose/probit lines

and may be supported by concurrent results from genetics investigations.



As a general rule, the log-dose/probit mortality response for a normal
population is established first, with extensive tests. From these

data, it is usually possible to choose a single dosage level which may
be expected to kill all normal individuals of the species examined,
under specified conditions. This critical dose can be used as a monitor

to check samples of wild populations for incipient resistance.

When resistance is suspected, more extensive tests are necessary,
over the whole dose-response range. IT there is a slight change
in the susceptibility of the population which is not due to the develop-
ment of resistance, the line will move slightly without change in slope.
The appearance of a plateau of the regression line indicates that a
part of the population has become resistant and if genetical data are
available, discriminating dosages may be available to distinguish the
three genotypes. Furthermore, the different characteristic inflexions
of the dosage mortality lines may show whether resistance is due to a
single recessive gene, a single dominant gene, a single incomplete

dominant gene or two dominant genes, or perhaps multiple genes.

Techniques. 1In regard to the method of exposing insects to toxicants,
two main types of technique have been used. In some cases, especially
with the larger or more robust insects, it has been possible to apply
doses to individual specimens, by the so-called "topical application”
method. In other cases, the insects are merely placed in a treated
environment so that they may pick up a dose which is presumably related
to the local concentration. This general method includes all tests in
which the insects are confined on treated surfaces as well as those in
which they are immersed in solutions or suspensions of toxicant, or

gaseous concentrations of toxic vapour. The lethal effect is usually



determined by mortality at a standard interval after exposure. In
some cases, the proportions paralysed (or "knocked down'™) may be noted

at a given interval of exposure.

In the investigations to be described, two methods of assessing
susceptibility or resistance levels in mosquitoes have been used; one

for the adults and the other for the larvae.

Adult iLCSiruito Resistance Jest

A method for adult mosquitoes was first developed by Busvine A
Nash who used filter papers impregnated with DDT in Risella oil
(Busvine & Nash, 1953; WHO Bxpert Committee on Malaria, 1954)» This
method made it possible to establish base line susceptibilities of all
mosquito species and the W.H.O. standard test method was based on this
principle. The test papers were impregnated in such a way as to give
the same results as the Busvine & Nash test. This method for adult
mosquitoes has been almost universally used in malaria eradication
programmes and provided most valuable information» However, in recent
years, the introduction of organophosphorus and carbamate insecticides
has complicated the detection of resistance by this method. Whereas
only two types of test paper (DDT and dieldrin) were required to detect
resistance to organochlorine insecticides, it is not possible to choose
one or two organophosphorus or carbamate compounds which will indicate
resistance to other members of the groups concerned. The prospect of
supplying a complete range of all those compounds would have been

impossible, especially in the view of their relatively rapid deterioration.

A possible way round this difficulty which was suggested at the
1968 meeting of the W.H.O. Insecticide Committee, would be to use a

small number of concentration levels (probably two) and expose for



different periods. This would alter the criterion of toxic action
from dosage to exposure time. It haa already been shown that, for
organochlorine insecticides, over a considerable range, the relations
between concentration and exposure time for an equitoxic effect are
inverse (Busvine, 1958). This was later confirmed and shown to be
due to close relations between exposure time and the dose picked up
by mosquitoes exposed to impregnated papers (Pennell et al., 1964;
Ariartnam & Brown, 1969» Hamon & Sales, 1970). Accordingly, the
V.".H.O. Expert Committee on Insecticides prepared standard concentra-
tions of organophosphorus and carbamate compounds which were despatched
for field trials and laboratory testing, in regard to lasting powers
and the relations between time and concentration for equitoxic

effects. Experiments on theue matters will be described later.
Ilosquito larva resistance test

The W.H.O. standard test for resistance in mosquito larvae
was developed rather early on the basis of several rather similar
methods of assessing larvicidal potency. These depended on preparing
suspensions at different concentrations by adding a small volume of
acetone- or alcohol- solution of chemical to a large volume of water.
Fourth instar larvae were then exposed for 24 hrs. Brown (1957)
mentioned several techniques used in the early 1950s and then dis-
cussed the importance of various items in the test. Largely on the
basis of this evaluation, the W.H.O. adopted its standard method,
which was published in the Report of the Expert Committee for Insec-
ticides (1957). Since then, the test has been very extensively used

and many aspects subject to further examination.

In the W.H.O. standard method, the test should be performed in



glass vessels with water depths about 2.5-7»5 cm. Some workers

had used disposable waxed paper cups or plastic cups in order to

avoid the wasning and decontaminating of glass vessels for re-use.

This practice does not affect the results obtained with organophosphorus
compounds, but with DDT it causes a marked difference (Curtis, 1961;
Jones, 1967) owing to flocculation of the colloidal particles by
cancellation of the zeta-potential that kept them apart (Hawkins

& Kearns, 1956).

With regard to the larval density, if there is an increase in
number above the level of 25 larvae/250 ml, the mortality is greatly
reduced; but a decrease in larval density below this figure does not

make much difference to the mortality obtained (Brown, 1971).

This larval test for resist nee is most widely used for culicines
(Brown, 1958b)and the effects of variable exposure time have been
summarized by Brown (1957). With some sensitive anophelines, a test
of shorter exposure time followed by a 24-hr observation period in
clean water are often desired to avoid high control mortality and
pupation during the period. Details of the techniques and factors
involved in testing insecticide are covered extensively by Busvine

(1971

2. Senetjcal Research

Genetioal investigations may be of practical value in indicating
the possibilities of potential resistance in wild populations of
vector species, from the prevalence of resistance genes. Also, from
the dominance status of such genes, the likely rate of spread of

resistance can be forecast. Furthermore, analytical genetics has



helped to learn more about the relative importance of different

resistance mechanisms and the possibilities of their being overcome.

The first study of the inheritance of DDT resistance was done by
Harrison (1951) in houseflies. At that time the lack of fundamental
genetic information on vector species hindered further work in studies
of resistance. However, it was clearly revealed that resistance is
an innate and inherited character and does not develop by exposure to
sublethal doses. These preadaptations are gene alleles which are

heredity units carried by chromosomes.

The number of genes raponsible for resistance to a certain
compound was investigated by various workers in the following decade.
The first genetic work on resistance in mosquitoes was done by David-
son (1956; 195S5)» Nguy & Busvine (i960) were the first to study the
inheritance of organophosphorus resistance in the houseflies» In
almost all cases, the results were assessed from segregation in
progeny of mass crosses and showed that major resistance mechanisms
were normally inherited through Mendelian inheritance of single
autosomal gene pairs which may be dominant, intermediate or recessive.
Thus, DDT resistance was found to vary in different strains, but it
is usually recessive in anopheline mosquitoes; dieldrin resistance is
nearly always intermediate (Macdonald, 1959); while organophosphorus

and carbamate resistance is nearly always dominant.

Great progress followed the isolation of morphological marker
genes, which were used to indicate the existence of different types
of resistance gene in different linkage groups (Hiroyoshi, i960)

and the possibility of several alleles at some loci (Agaki & Tsuka-



moto, 1953, Crow , 1957)» Furthermore, the genes for resistance could
now he located in particular positions in the linkage groups. Moreover,
by separation of individual recessive marker genes and corresponding
resistance genes and recombination, it became possible to assess

their individual and joint action (Sawicki and Farnham, 1967). Following,
the studies of X-ray induced mutations made it possible to assign

the linkage groups to specific chromosomes of houseflies (Wagoner,

1967). Among mosquitoes, marker genes have been used to determine

linkage groups in A. aegypti (Kimura and Brown, 1964) and in C, pipiens

(Todano and Brown, 1967).

At the present, over 40 examples of monofactorial inheritance
of resistance, in different species, have been demonstrated. The
outcome of these advances in genetics is that it has been possible to
isolate, and study separately, multiplicate resistance genes which
are the genetic mechanisms for protection insects against the same
toxicant. These various genetic factors for any type of resistance
strongly reinforced each other and their combined effect resulting in
multiplying rather than additive. These multiple mechanisms involved
have been unravelled. Tsukamoto (1969) suggested that detoxication
may involve a series of metabolic steps under control of separate genes.
IT the first step goes at a lower rate than the next step, a preliminary
genetical analysis will indicate only single gene inheritance. On
the other hand, Busvine (1971*) mentioned that changes in all steps will
be cumulative and that conjugation to produce soluble excretion end
products might be controlled by a gene. Other genes waich may be

involved might control the supply of co-factors.

2«



3. Toxicological Research

In an attempt to reveal the mechanisms responsible for insecti-
cide resistance, genetic studies are supported by toxicological
investigations, which have become more and more sophisticated with
the introduction of advanced techniques and wider application of
statistics in the interpretation of data. The various ways to

reach understanding of the toxicology of resistance are as follows:-
A. Resistance Spectra

Very early in the study of resistance, it was realised that
there were forms of resistance specific to groups of insecticides;
e.g. DDT and analogues; VBHC and oyclodiene compounds; organophos-
phorus compounds. Further useful information could be obtained
by examining the relative resistance levels within such main
groups. The patterns of such relative levels are known as 'resis-

tance spectra'.

Strains which have only one single common defence mechanism
are expected to show consistent resistant spectra and are likely
to appear in inbred laboratory colonies. Resistance that developed
in the field due to sustained insecticidal pressure usually involved
several multiplicate mechanisms, giving the blurred spectra with

specificity obscured.

Using the homogeneous resistance and susceptible strains
selected for laboratory investigations, it is possible to obtain

further information from "resistance spectra"™ which may be used

24



to discover the types of protective mechanism involved. Clues to
resistance mechanisms are gained by finding the particular compounds
to which high resistance developed. It is also useful to observe
how the degree of resistance is affected by molecular changes in
analagous compounds. Thus, DDT resist nee depending on a dehydro-
chlorination mechanism, would vary in resistance to a series of

DDT analogues according to their ease of metabolism (Busvine, 1951).
Analogues with deuterium on the 2-carbon atom (Barker, i960) and on
ortho chlorine on one phenyl ring (Sternburg et al., 1954) were
proved to be refractory. This mechanism cannot cope with Prolan or
with dianisyl neopentane which appeared to be immune (Busvine, 1955)«
Resistance to these immune compounds would indicate other types of

defence mechanism.

Organophosphorus resistant spectra are more likely to be complicated
and difficult to interpret because a variety of defence mechanisms
are known to be involved. Only when a single highly specific mechanism
is present would one expect a simple consistent patterns e.g. in
malathion-resistance depending on carboxyesterase metabolism. This
degradation would not extend to other organophosphorus compounds
lacking carboxy radicals (Busvine et al., 1965). Other spectra
in this group showed higher levels of resistance to ethyl or methyl
esters (Busvine, 1968a) In complete contrast to this highly specific
resistance mechanism is the mixed-function microsomal oxidase.

Resistance to naphthaline vapour is believed to be due to this

oxidation (Schonbrod et al., 1965).
B. Effects of s,nerglsts

In another toxicological test for resistance mechanisms, the
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compound affected by resistance is mixed with various synergists known

to inhibit s ecific detoxication enzymes. Allied to inferences drawn

from resistance s ectra are the indications from the effects of syner-
giata. Tha effectivenesb of diff«rant synergists towards resistant strains
of insects is likely to vary in a manner that reflects the critical
metabolic athway on which resistance de.ends. A synergist more active
against a resist nt strain than a normal one gives evidence of an altered
or enhanced detoxication mechanlaa. rhe type of mechanism can be pre-
dicted from the specificity of synergists. In some cases, the syner-

gist has a molecular form resembling the toxicant, so that it is relatively
e sy to inugine how it could block specific detoxio tion enzymes.

Such synergists 11 login synergists. Exuplee

U"IC (which resembles Didl); this inhibits dehydrochlorination; another

type com rises non-toxic phosphorus or carbamate esters which wynergise

certain org nophosphorus compounds.

The action of synergists which do not resemble toxicants is rather
more obscure, though it a;-ears that they too block detoxifying enzymes.
An example is WAHF anti-resistant which appears to inhibit dehydrochlori-
nation. Also, there is a large class of synergists which inhibit
microsomal oxhd tion enzymes, ecr examples, the .etu, lenedioxy phenyl
compounds, the axyloxyalk; Ir-inines, the thiocyanates, the propynyl aryl
et lore, aii. the 1, 2, ™ benzothiadiazoles (Casida, 1970)» Enhanced
synergism in resistant strains indicate a reliance on such mechanisms
as a first step in detoxication (Sun and Johnson, i960) before more
extensive biochemical inv ::ti .tions are attempted. l.any compounds
would become available as insecticides if detoxication oould be pre-
vented by the use of synergists, brooks and Harrison (1964) showed

that many cyclodiene analogues are qu te toxic if the degradation



is blocked by sManez«

Since many forms of resi t nee de end bn detoxic tion :cohaniens,
it is theoretJcally possible to overcome resistance by appropriate
synergists. Busvine (1972) pointed out ths three pr otioal Ii litationa

of svnorgists for this purpose.

1. ) jist-Inasotioi e jombination proved to be
able to overcome high levels of resistanos in the laboratory, hut resis-
tance eventually re-a e red, probably by virtue of alternative defence
oc anisms such as insensitive physiological targets and reduced
enet ."tion. Alters* tively, ii re t n one dstoxloation msohanism
vert involved, several synergists ight he neo , and this would

complicate the -atoxic tion sys ;ems.

2. Some safe insecticides which have low toxicity to mammals
because of inherent detoxic tion systems might have these inhibited
by the synergists used against insects (for example, anti-carboxyest.rase

synergists for on)# “is would increase hIMTd mammals.

J. Even if a s: tosfactory syi gj --insecticide combinetion
could he found, it would oe rather difficult to a el; for field use accor

ding to its insoluble property.
C. ,educeo. Ierneur.”.._tion

That reduced penetration of inseotioides through the cuticle of
the insects might be a o; use of resistance was suggested in 1947 by
WISSB\Utt. he noted that EDT-resistant nouseflieB had a thicker tarsal
and pulvillar cuticle tlian the normal strains; this might delay the
entry of poison and explain differences in knockdown between s sceptibls

and resistant insects. It did not, however, ex lain the specific



resistance to DDT at a time when other organochlorine insecticides with
very similar physical ropertiss v re still effective. Subsequently,
it as shown that differences in penetration rate were not of the same
order of magnitude as the high resistance levels generally found. A
loss of interest in the role of delayed enetration in resistance

-ijht be due to the bove reasons.

decently, with more dot: ohed lIcncvled " of resistance, the idea of
reduced enetration has been reconsidered. An understanding of the
physiochemical and biophysical factors involved in enetration of
insecticide is not only essential to interpret the comparison of actual
doses, but also explain the detoxication mechanisms relevant to resis-
tance. The possible influence of penetr: tion in association with some
defence mechanisms on effective resistance was shown by Winteringham
and Hewlett (1964) and later on DDT resistance was proved to be linked
with delayed .enetration (El Basheir, 1967). It as suggested t. t
reduced absorption w s = mechanism involved in a DDT-resistant str in
of Culex oiuiens quinnuefasciatus. A mechanism delay ing entry of insec-
tioide into the houseflies has been genetically isolated (Sawicki and

Farnham, 196b; Plapp and Hoyer, 1968).

liore recently, it has been shown thrt reduced penetration, under
orthodox genetic control, may be quite i portant ior magnifying the
effect of detoxication mechanisms (Sawioki, 1970). This effect of delayed
penetration on entry of insectioides into insects was relatively small
and was not important in insects lacking metabolic mechanisms for
breaking down insecticides5 but it could have large effects in insects
that have detoxifying mechanisms; i.e. the enetration delaying iactor

then acts as a genetioal modifier (jSawicki and Lord, 1970). All



investigations, generally, indicate € tr tion, metabolism,

toxicity and resistsnee ara closely linlcad. .owever, the effects seem

to be so complex th t no at”empt has been made to develop a theoretical
tnent of these results. Furtnermore, the lack of knowledge in this

area offers rich dividends to future investigators.
1. Oloc..*.mical Studies of .etabolis

The outstanding discovery of DOT dehydrochlorination in houseflies
was made with a relatively simple technique* The Soheo ter-haller
colorimetric method was used to s:.ay the amount of DOT and DDE in

ted houseflies* Since then, ntial advance biochemical tech-
niques have become more widely used.>The adoption of the new methods
was developed step by step especially in radiochemistry and paper
chromatography which was improved to thin layer chromatography and later

chromatography (GLC)= From i960 onwards, advances in understanding
of detoxic tion pathways responsible for resist nee involved the detec-
tion and measurement of ...otabolites formed both in vitro and an vivo.
Homogenised tissues ?re extracted with polar and non-polar solvents
to se ai te t c ."ain classes of metabolites. The pH levels are changed
whara d .irable, to alter ionisation and hence partition solubility.
Gas chromatography was employed for separ tion and identific tion of
metabolites, and found convenient for chlorinated compounds (Busvine and
Townsend, 1963; Brooks and Harrison, 1964), and later with the more
refractory oryonophosphorus metabolites (ityte and Howland, 1968).
This technique has the advantage of being .-ble, theoretically, to record

all metabolites.

On the other hand, the wider availability of radioactively marked

insecticide (e.g. 14C, =“Cl, 5H and Jicisr) and the convenience of
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Mnaitiv* scintillation counters has tended tc re-esttbliah t t popu-
larity of radiochemioal techniques. In this case» separation of the
.et uolites has seen :ccomplished by thin layer chromatography or
electrophoresis (Feroz, 1971) and the spots identified by their Rf
values (Brown, 19%$8). In addition, information on unknown compounds
may be obtained from mass spectrometry and infr -rod spectrometry
(dealers and Guthrie, 1972). Furthers , It is realised that primary
metabolites -with free hydroxy 1 ¢jroups may be conjug ted with sugars or
other polar molecules, from which they must be freed by hydrolysis
(e.g. reatmsnt with glucccida.se, glucuronidase, sulphatase or phos-

phatase) before identification (Shrivaetr.va et al., 1969} 157C).

The results obtained so f; r from these investigf tions have revealed
detoxic: tion mechanisms of considerable complexity. Some possible DDT
de. -rodation pathways are shown In Figure 1. The commonest defence
against DDT seems to be by dehydrochlorination to DIE which was the
main metabolite in many resistant fly strains and in several species of
culicines (jcinrura et al ., 1969) and anophelines (Perry, 1960). Sub-
sequently, evidence of resistant spectra and the action of synergists
strongly indie te another etabolic thvay is involved, probably
depending on microsomal oxiaase systems under separate genetic control
(Oppenoorth, 1965). Dicofol seems to be the main DDT-metabolite in
Droaopi.ila mele.nogaster in both r slstsat and normal strains (Tsukamoto,
1961) and may also occur in other sxcies. Degradation to DDD has
been detected in larvae 0l Crlex ipieris ihtlgans in Australia (Hooper,
1967).

E. k j;ochomistr:/ of Enz.ynes Involved

another type of research concerns the enzymes responsible for
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detoxication. Homogenised insects are fractionated by centrifugation.

A lot of enzyme activity is usually found to reside in the microsomal
fraction; but some soluble enzymes may occur in the supernatent after
exposure to 100,000 x g. Much attention has been paid to microsomal
mixed-function oxidase enzymes because of their wide capabilities

in initiating metabolism of toxicants. Thus, they can oxidise phosphoro-
tnipnaten to phosphates, hydroxlate dimetbylphosphoramiaates,

methyl carbmates, napthalene and DDTand epoxidise aldrin to dielclrin.
She first two and the last of these processes result in potetiation of
the insecticide, but $he others result in detoxication. The importance
of these enzymes in resistance was first recognised in 1965 (Schonbrod
et al.) and advances in this field are being continued (Oppenoorth and
Houx, 1968 ; Oppenoorth et __al., 1971).

These microsomal enzymes require 1IADP as a co-factor and involve
cytochrome Pi+50; they are antagonised by pyrethnmm synergists (i.e.
methylene dioxyphenyl compounds; Casida, 1970), by SK525A and by norip
insecticidal phosphorothionates (Oppenoorth_et_al., 1971). Other
enzymes may also be located in the microsomes including esterases which
are not 1IADP or oxygen dependant and are inhibited by different types
of synergist, for example some organophosphates. In addition, there
are soluble enzymes demonstrable by agar gel electrophoresis; but these
do not seem to be involved in detoxication. She well known DDT
dehydrochiorinase in the houseflies appears to be a small globulin
(Lipke and Kearns, i960). Some studies of analogous enzymes
have been made in mosquitoes in regard their substrate specifi-
city and glutathione requirements. However, there are distinct

qualitative differences in these respectB (Kimura and Brown, 19645



Kalra et si., 1967)* XHT-dehydrochlorina*# has been found in triatonid
though BDI>Miltant strains are not Jc-.owm. 5) sted

tr.e possible competition of denydrochlorinase with a hydroxylase

system for 1IADPH. This would explain why DDE and dicofol-type meta-

bolites do not usually co-e.iet; the balance is usually one way or the

other.

The v;ork on enzyme induction begun in i960. It has been observed
that certain organochlorine insecticides stimulate the activity of
microsomal oxidase systems in mammalian liver, and evlder.ee for similar
induction as been obtained in insects. It was suggested that the
capacity to respond in this way to DDT might enhance resistance in
certain strains of houseflies. Inter it has been shown that disldrin
is a more powerful stimulant than DDT (".hiker and Terriers, 1970;

and Gasida, 1970). It was used on dieldrin-resistant flies and
enhanced their metabolism of a variety of quite different insecticides.
The effect was apparently due to increased oxidative effect and was
accompanied by acceleration of protein synthesis as shown by a more
~apid incorporation of ~C-labelled L-isoleucine. Addition of dieldrin
to the in vitro prepa ations had no effect, suggesting that the induction
was not merely a direct action of microsomal structure. The practical
significance of enzyme induction in relation to resistance is not clear,
since the rather massive doses of stimulant are unlikely to be acquired

in the field.

All interesting progress researches in biochemical toxicology
discussed so far concerns detoxication systems. Early searches for
changes in vital enzymes, which might be targets of toxicants, were

unsuccessful. Only two well-established cases of changed target
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enzyme systems have been discovered. Both involve acetylcholinesterase
of reduced sensitivity to organophosphorus compounds and both occur in
acarifies. Evidence of this was found in one form of resistance of
Boophilus mtcroplus (Wharton and Roulston, (1970). The other case
concerned the spider mite, Tetranychus telarius (Smissaert, 1964).

There is some evidence of redmced target sensitivity as a cause of
one BDT-resistance mechanism. This is suggested by an observed decrease
in the sensitivity of exposed nerves and of labellar taste receptors to
DDT. If, in fact, there is a change in the physiological target, it
might involve reduction in the formation of a charge-transfer complex
between DDT and a component of the nervous system. Possibly the DHf-
receptors may have a changed configuration. Further information may develop
from studies of the steric properties of DDT, recently reported by
Holan (1969, 1971).

4 . Research on Ways of Countering Resistance

During the past two decades, there have been extensive researches
on resistance in different disciplines. But although the advanced
understanding of the nature of resistance has improved diagnosis,
prognosis and epidemiology of the trouble, it has never reached the
stage of any simple and conveient cure. The rapid development of
resistance, together with the potential enviromental hazards of many
insecticides need a more enlightened approach to new types of insecticides.
Some possible ways that may be helpful to cope with resistance are
summarized briefly as follows.

A. Continuing Use of Existing Insecticides

(1) Restricted use df insecticides

It has been known that resistance is provoked by excessive use



3S

of insecticides, bo far as the prevention of resistance is concerned,
the most hopeful way is to restrict the use of effective insecticides
and combine t wi h alti rna.tive .et"nods of control. For endemic
diseases, control at a level sufficient to revent transmission is

required.
(ii) Synergists

The possibility of adding appropriate synergists to su press
detoxication enzymes is unlikely to be successful due to multiple
mechanisms '"re involved. As one is blocked, nr.othe may be developed.
Nevertheless, it can provide a clearer picture of the problems which
will be useful for further investigations. In recent ,,ers, attention
has been focused in microsomal enzymes and their Inhibitors* Several
reviews have been published dealing with detoxication in insects and with
the as pects of aynsrgiatio tion. effects of synergists on the
metabolism and toxicity of anticholinesterases were reported jy Wil-
kinson (1971). The role of .aetabolism and the possible use of syner-
gists were also dealt with by Oppenoorth (1971)* In relation to DDT, a
major interest at the present time is to devise compounds which are
effective against insects but will disappear from the environment
in a reasonable time. This usually means that chlorine has to be removed
from the molecule. There is recent evidenoe (Focht and Alexander,

1970) that if some of the chlorine atoms can first be removed by
anaerobic XOOHHI1 , than aarobio organisms can degrade the simplified

structures.

There is a difference betv.®en resistance due to DDT dehydrochlori-

nase aci the oxidative resistance, s oan be seen by the use of syner-



3C

gists, it was indicated that IOK, an an logua syne glit( oan he used
resistance
to suppress DDTAiIn a strain of houseflyj but this
insffeotiva against another .train which requires sesamex, an inhibitor
of mixed function oxidases, as a synergist for DHL1. It is oonmon to
use synergists of this type, rather that , to
prevei -fons in vivo. Cne good reason for this is that many
insecticides contain several sites that i e v Inerable to oxidation and
it nay not he possible to modify the molecule to prevent attack at all
these sites while retaining the overall --_ructural .requirements for
toxiolty. Bj using -n igent, the synergist, oxidation at many
or all sites can be suppressed simultaneously without altering the ..ole-
oular structure (Brooks, 1573)« The commercial lose of synergists has
so far been economical only with pyrethrina. ovever, there are a
number of problems a .sociated with the practical use of mixtures of
compounds, and itremains to be seen whether the use of synergists will

find more f:.vcur then the use of a single biod jrasable compound.

B. nmnc rcicu. jr .u micct aides

As each type of reeie nos bsgi n to develop in recent decades,
the only alternative available seemed to be a substitution of an
alternative not involved in the already developed resistance. In some
oases, double or treble resistance has gradually reduced the number
of effective alternatives. This is a Very serious matter, because at
least one alternative insectioide should be available, especially for

e. ergency use against vectors of epidemic diseases.

Clearly, there i3 a need for new types of effective insecticides not
involved in any known type of resistance. Sojfar, extensive empirical

searches for such new tyres has not been outstandingly successful.



The most extensive organised se; rch for new compounds suit ble for
vector control vaa or ;aniaad by ths W.H.C . about 10 ye rs “go. Over
2000 co pounds were examined, each one being subjected to a series of
seven evi luatlon st ges. Three of those ere performed Jn the laboratory
and four in the field. Details of each stage were described by Wright
(1571)- By meeting the criteria for eaoh successive st. ge, a oompound
advances to the next higher level of testing» until fina ly it qualifies
for large-scale field evaluation* Seven laboratories vere as r.H.O.
reference centres and perform the irrvestigations requ red for stages
I-1V. Six W* 1*0* field research units working in six different countries
are responsible for the studies required at advanced levels of evalua-
tion. The locations of these unite o also listed by Wright (1971).

ho very new compounds emerged iron this extensive work, but it did

sort out the most suit ble of existing insecticides for mosquito control.
Valathion and propoxur are the _ost effective compounds, but they seen
to be detoxified by some In ects. The nev synthetic pyr.-xhroids sere
proved to be useful to prevent transport of mosquitoes by aircraft
especially the infected ones (Brooks and Bvans, 1971)* They are as
effective as the n tural product against insects and no obvious hazards
to man. They are found to be l.ore stable and superior to the natural
pyrethrins in knockdown effects (Nishizawa, 1971)» Moreover, these
comoounds do not need synergists. Resistance to them is possible,

but unlixely to develop from this sage.

The development of biodegradable analogues of HDT is of interest
(Holan, 1971 ). Detailed metabolic pathways have been worked out

(Metcalf et al.. 1971) in flies and mosquitoes. These DDT analogues
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have no indication of environmental hazards and insensitive to dehydro-
ohlorination. Their biodegradability de;ends on liability to oxidative
métabolisa b it c ihibited by synergists. Hovever, it eeame to

have a narrover ictivity and costs more t ion DSXT*

Recently, a biodegradable non-toxlo liquid "Innol G" was shown
to spread as a monolayer on wu er surfaces and suppress mosquito pupae
(McMullen and Hill, Ip71)* Some alternative lurvioides whioh were
synthetio from the attraction of garlic (imonkax and Reeves, 1970)
and mucilaginous seeds (Beeves and Garcia, 19S9) were also demonstrated*
Furthermore, v rious types of allphatio si ines including ammonil» salts,
pri 1 , Li alines, beta smines and beta di mines have

shown proad.se as larvicides and pupicides (Mulla et al., 1J70).

liller and ..addock (1970) reported some _..os-ible new ovicides for
mosquitoes. Cert in phenols whioh were particularly effective appear to
act as inhibitors of tyrosinase and prevent melanization during embryo-
genesis, so that the eggs die or only weak larvae hatch. Recently
deriv tives of petroleum with specific and uniform compositions have
been developed for control of mosquitoes (Hicks et al.. 19&7» 196D,
1969). Applications of these control agents Can be expected to achieve
maximum effectiveness in the shortest time when employed against field
populations consisting predominantly of 4th-stoge 1 rvae and pupae
(Micks et al .. 1972). Pathological effects in mosquito larvae 0X] osed
to hypoxia and to pextolsum hydrooarbon was found, indicating that these
deriv. tives of etroleum may initiate their larvicidal action by roducing
irreversible hypoxia. (Berlin and ..iexs, 1973). Rorecver, these
compounds markedly retarded the development of all instars of Aedes
ae, ; uti and (Julex ripions ibtjpans (HiOxs, 1970). Selection with etro-

leum derivative agents suggests that resistance to these compounds
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is not likely to occur (Licks and Caddy, 1575)*
0. tive 70 In.; t c:dec

The effective use of insecticides Las encountered resistance and
pollution. It is unlikely that any new insecticide will rovide an
entirely m feial story alternative, if it has i long residual action.
There are intensive ex mination of altern tive control methods, not
involving toxic ohemloals, hy the co-ordination of V.h.C. and F.A.O.

These possibilities were reviewed by Busv ne (1968b) and they are grouped

as below.
i. lological JonlLrd
a. -.-tlro.iod ; coxex nd r tors.
The control by aasites xnd predators is demanding in
scientific xesearoh and .ther resources. Its economic success is

hard to predict due to the limit tion of known types of p r-site and
predator s.ecies. Furthermore, a pos iblllty exists that the target

est might ohangs it; biology to become immune to its enemies»
b. . Uu-oblal c ntiol

Attempts hove been .ade to utilize pathogenic organisms such
s _.i"lus ti.urin,melends, 3. popilliae -nd h. lenti,..orbus for the con-
trol. Some viruses, fungi, protozoa and nematodes h ve also been tried
end Shown promise, nevertheless, the. o e many problems to overcome.
Apart from difficulties in dissemination, the possible toxic hasards to
mammals must be carulully investigated. Also, a few 0Oasee of resistance
seem to have appeared already.

C. jJirt.-. .l _twit var.k.ti 1

The plants protect themselves by discouraging insects from attacking
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them« Physloal md chemical means are employed to suppress or destroy
seots. This eth d ol" pest control are veil established but

further success may result f: . so hitfeioated studies«
d. substitution of a vector -ctor

Suppression by insecticides on one species cm change the
environment wr ich make it suitable for another strain or related s ecies
to become dominant, i"his has thrown light on pest replacement as a
means of be tisfaotory elimination of one pest fj .nother. Results

envi: - -ed by this idea are not e ally foreoast«
e. .leriutic oolitrel

A method which has reached the level of practical field trials
is the release of strains of a pest species, genetloally Incompatible
with the local strain, thus producing sterility. Further developments
could follow if artificial races were produced with incompatibility

due to chromosome inversions, translocations, polyploidy, etc.
ii. Che icrl control (oth.r then by toxicants)
a. .. exlentc a. terrents

Mty compounds have at one time or another been investig ted
as repellents for bloodsucking insects and deter ents for other insects.
Jhe ideal compounds have not yet been discovered because after .._plica-
tion they are rapidly ru bed off, absorbed, or w shed away by perspira-
tion. It ..ass been suggested that repellents could be used to confuse

and mislead insects searching for hosts.
b. P;ioro::iones

So far, there aro two types of pheromones which could be useful,

sex attractants and general aggregating agents. The former could con-



ceivably confuse and nullify mating instincts of pest populations

but so far have not oeen practical in the Tfield.
c. .inti".,otics

lI.ode of action of certain antibiotics have been sygested that
they might interfere with the biosynthesis of chitin and moulting process,

".educed fertility and caused sterility has also been observed.
d. 1l..act . r .ones

Two types of insect ..ormone have been intensively studied in
recent decades: the _.oulting hormones (ecdysones) and the juvenile
hormone. Carroll Williams has advocated their use for post control,
calling them the "Third Generation of PestioidesW (1967). *ie demonsurnted
that treatments with these hormones t critical stages of the life cycle
of insects leads to ab Orealities and death. Unfortunately, the develop-
ment of moulting hormones for this ..uroose has encountered difficulties,
notably their lack of enetrating insect cuticle. .ore success has been
obtained with juvenile hormones and mim cs(analogous synthetic compounds).
For example, it is known that applic-tion of juvenile hormone or active
analogues to insects will succeed at periods when natural hormone is
absent Or present at low titres. |In t is Way, intermediate forms in
metamorphic moults or abnormalities in embryogenesis are resulted and
most of these are ultimately lethal. A low dose of these hormones c n
also be mixed to break the adult eproduotive diapause by stimulating
viable egg production,ﬁzfﬁzéﬁer one oan cause the disruption of embryonic

development.

A large number of inj ction and implantation studies have been

carried out to establish the relationship between the two types of hormone.



, jhat the proportion of on*
hormone xo t ie o .her la probaMj tha deciding factor (Schnal, 1971»
Laufer and Calvert, 1.72). 1Inj tlon of juvenile lormon* dli 1
balance in favour of this homono .nd the 1-rve.l life of Insect created

oan be extended one ot two moults xo jive -o-c lied
Wi , 1 ). ,
As far aa Lt La no n, Diptera c nnot prod
1 rv 3 inatars, and any * lie tion of juvenile hormone in tha laat
..n, In effect, on xl.e adult met« orphoala and not on
pupation, f"he pupa itself is o longer enaltlT# In mosquito#a.
Similarly, injection of loolting hormone causes premature pupation
resulting in "Dw rf" adults, usually sexually immature and incapable
of breeding* Other functions, such as cuticle tinning and hardening
which are de endent on these nor..ones are usually affected by any chanje

normal in the blood titre of these hormones (Robbins et al., 1966»
Wright and Ka; lanls, 1970; Traplcel et al., 1972). Research into all tha
possibilities of these new hormone alt motives to insecticides is not

yet very extensive. Nevertheless, at least one tj of juvenile hormone
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mimic has become oonmeroii Uy vallabl# in the U*8*A* (ZR 515, or Zetecon).

It was hoped that hormone mimics would provide an answer to the
problem of resis anoe and that resistance could never develop to such
compounds, because they were required by the insects for normal develop-
ment. L~ ely, it m s sen found that an insecticide resistant
strain of the flour beetle, brilbolluin c tsaneurn. also inliibite resistance
to e r ngly otiv# juvenile hormone analogues (Dyte, 1972). Another
ex; jnple of cross resistance to a juwx nils hormone analogue ZR-515 in

some resist nt houseflies hae been observed (Cerf end Cieorghiou, 1972).
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Related to the oross resistance which eppe rs to oe on the way, is a
lack of adequate studies on the degradation of these hormones and
their mimics. Phe complexity of the «.cdyaone detoxification system
makes it an unlikely candidate for -.rac-ical insect control (Watkinson

and Clarke, 1975). It is tc be hoped that - kin ri learoh work e_ill

continue on this line.
iii. Ph. sical Control
m . Dehydrants

About 1950, a dust u ich has dehydr-ting effects on insects
m i disc; vowed in Oe many. L ter work in hritain showed that its action
de .ended on abr- ding the waxy layer of the insect cuticle. In the
early 1960s new dusts de ending on absorption of cuticular waxes were
developed In the V.8.A. Despite Initial remise, this method does not
seem to have proved verj widely useful, pos.ibly because of the in-

convenient nature ox dust trc tments for residual control.
b. lonising r dration

Short nave radiations such as x-rays and Y-rays oan Kkill
insects but this If not often feasible in practice. Heavy doses of
x dlation 1lswags cell nuclei and ar wore or jess rapidly lethal. At
r latlon levels oonaidarabty lover, inseots oan be sterilized, without

gr .atly involving their longevity or vigour.
iv. k:.di W." n ilontro?.
a. ..adiation-induced sterilization _

X-rays or Y-rays cr.n sterilize insects without altering their

longevity nd sexual vigour of the male jr.sxcts. .he sterile males re



released into wild populations( ant Lth wild iemalea, whioh thus
produce no offspring! ind mi nj female inseots will mate only once.
Success depends on overwhelming the wild insects with vigorous sterile
R lei anda artificial rearing on a v at scale. lies ize
numerous investig tiona of the possibilities of this method, it has
only been found feasible with one species of insect; the screw-worm

fly of Central America.
Ler .t nnts

The ise of henosterilants is another modern altern; tive method
of sterilizing males prior to n lease. They oan also be used, in baits,
to ste ilize wild insects; and in this case, the extendin® ting effect
should be more rapid, since both sexes would be sterilized. Never-
theless, one difficulty of this method is that, at doses below those
causing actual sterilization, the c. ipounda ve nut: genic effects

which could be highly dangerous to man and domestic animals*

Chemosterilants can also be used to produce sterile males for
release (Instei d of r dlatlon treatment)* rut the same difficulties

exist in the way of general apjlic.’tion, as with radiation sterilization.
0. fa; plni-:

Traps an still marginally useful in pest control; for example,
to assess density of wild insect populations. The attr. ctiveness of
modern traps has been improved by the use of ultra-violet r fiction,

rele se of carbon dioxide, and various at r ctinj ohamloals or pheromones.
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SUBJECTS INCLUDED Hi THE PRESENT INVESTIGATIONS

The research types which have been investigated and which con-
stitute the experimental portion of this thesis all concern aspects
of insecticide resistance in mosquitoes. They are as follows.
1. Problems concerned with the resistance of adult mosquitoes to
organophosphorus and carbamate insecticides.

A. The use of time as a dosage parameter in the standardised
test for resistance inadult mosquitoes. Investigations of the relations
between exposure time and concentration for equitoxic effects.

B. Lasting powers of organophosphorus and carbamate impregnated

papers during storage.

2. Defence mechanisms against DDT in larvae of resistant strains of
mosquitoes, as indicated by the following.

A. Relative resistance levels of DDT analogues varying in
liability to degradation by different pathways.

B. The effects of synergists believed to inhibit specific

DDT-detoxifying enzyme systems.

C. Radiometric measurements of the pick up of marked DDT

and malathion by normal and resistant larvae of different species.

3. New larvioidal compounds for control of resistant strains. These
included compounds believed to act on hormone systems concerned with
moulting and metamorphosis as well as some miscellaneous new insecti-
cides. The subjects investigated were as follows.

A. Potency of the new compounds and the possible extension of
DDT-resistance mechanisms to them.

B. Preliminary investigations on the mode of actions of certain

new compounds
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MATERIALS

1. KoB.tuitoes
Fourteen strains from five species of mosquitoes -were used
these present studies as follows.

Anopheles ~ambiae Complex species A.
1. UV 19R5 DDT and dieldrin resistant strain.
2. IBAD Susceptible strain

Anopheles stephensi
3. STIAM 2A DDT and dieldrin resistant strain
4. 2Ra " " " " "
5. 2Rb " " " " "
6. STSS DPI Susceptible strain

Anopheles quadrimaculatus
7. (DTA DDT resistant strain
8. QUA Susceptible strain

Culex pipiens f. ticans
9. Lagos R DDT resistant strain
10. Lagos L Susaeptible strain
11. Rangoon Resistant strain
12. Tanamarive Resistant strain

Aedes aegypti
13. T8 DDT resistant strain

14. N Susceptible strain

The UV 19R5, IBAD, STIAM 2A, 2Ra, 2Rb, STSSDP1, QJJTA and QUA

strains were obtained from Dr. G. Davidson, the Robb Institute of

Tropical Hygiene



A. -aimwholes ,rr-unbiae Complex onecies A.

UY 19R5» A DDT-resistant strain of species A which also is
resistant to dieldrin. This colony was isolated from eggs obtained
from DET-resistant wild caught females from a suburb of Bobo Dioulasso,
Upper Volta. The mosquitoes survive ng from 4% DDT for 6 hours were
used to establish a colony at the Hoss Institute in Februaryf 1969.
Mosquitoes from this colony continued to show high mortality on 4/

DDT for 1-hour exposure for several months.after colonisation.
However, further selections were made, resulting in a population showing

only a low mortality after 1 hour to 42> DDT.

Y/hen the colony was first obtained for this study, the LC"q
of larvae for DDT at 24 hours exposure was only 0.03 ppm. It was
decided to select for DDT (as described later). The selections were

done for 10 generations when the LC”~ reached about 5 ppm.

IPAD. The susceptible strain originated from lbadan, Nigeria,
and was colonised at the laboratory of the Ross Institute in 1966.

The strain is s\*eptible to both DDT and dieldrin.
B. Anopheles stephensi

STHAM 2A. This strain, which is resistant to both DDT and
dieldrin, originated from Mamlaha, lIrag, and was brought to the
Ross Institute in 1966. There, selection pressure was performed =n
the laboratory by exposing the mosquitoes to 4$ DDT for 4 hours.
After receiving this strain, | applied further DDT selection for
larvae to obtain a homozygous resistant colony reaching an LC» of

about 5 ppm.

2KA. This 1is a selection from the STMAH 2A strain by intraspecific

inversion from the basic arrangement of chromosome 2. The inversion



occurred on the arm B of chromosome 2, Including zones 12 and 1J.

Uhls strain is more resist- nt to DDT than SOIAIL 2A.

2llb. This is another selection by chromosome inversion from
the S11LAM 2A strain, involving- a larger segment (zones 15 to 16)
of the same chromosome. On investigation of the resist nee spectra
of these two "inverted" str ins, no interesting differences from
STKAM 2A were observed. Therefore they were not used in further

investigations.

STSSDP1. The original strain w. s obtained from Delhi and was
started in tie Halaria Reference Laboratory, Horton Hospital, Epsom,
Surrey, in 1947» and has never been in contact with any insecticide.
In 19h0, a sub-colony was started at the Ross Institute. When the
colony was obtained for this study, ihe larval LC”q for DDT was rather
high, so "knockdown selection™ for susceptibility was applied as

described later.
C. Ano ;"heles quadrimaculatus

OPTA. A population selected from a cross between a susceptible
strain from South Carolina, acquired in 1955» and a DDT and dieldrin
resistant strain from Hartwell Dam, Tennessee, acquired in 1964.

The population is homozygous for the marker stripe. Further selections
for DDT were done during the initial generations for this investi-

gation.

Q.UA. An insecticide-susceptible strain selected from the same
two populations as QDTA. The larvae and pupae of this strain are

unstriped



D. Culex pipiens fatigans

La,-os» The original strain was collected around Lagos, Nigeria.
This strain has been a laboratory colony at the Hoss Institute since
i960. A sub-colony of this strain was colonised in the Entomology
Department, The London School of Hygiene and Tropical Medicine in
1965. Selections we e made in order to get both DDT resistant and
susceptible strains for this study. The LC”"q for resistant strain

was 5»4 ppm 2nd for susceptible strain was C.005 ppm.

Rangoon. A DDT resistant strain derived from Dr. K.1.D. Sharma,
National Institute of Communicable Diseases, Delhi, India. The level

of larval tolerance was about 10 ppm with 24 hours exposure.

Tananarive. Another DDT-resistant strain of C. fatigans was
obtained from Dr. R. Subra, Office De La Recherche Scientifique Et
Technique Outre-Mer, (0.-STUM-BP434)1 Tananarive,(Madagascar). The

Lc,, level of larval tolerance was 1.3 ppm at 24 hours exposure.

E. Aedes ae,:/Dti.

Tg (Trinidad T" or Trinidad T). A DDT-resistant strain from
Dr. R.J. Wood, Department oi Zoology, University of Manchester.
The strain derived from a single mating of Trinidad 30 (Wood, 1968).
It was used to demonstrate the RDDT2 gene in adults and the RDDT"
gene in larvae. It is very resistant to DDT, the LC~AQ of the larvae
was 17*5 ppm.

1. This susceptible strain is of the type form of the species
(Mattingly, 1957). 1t originated in West Africa in 1926 and has
been maintained at the Entomology Department, London School. of Hygiene

and Tropical Medicine since then, without exposure to insecticides.



2. Insecticides, etc.

It will be convenient to ¢iroup the compounds tested under
the following headings. A, DDT and its analogues; B, other
conventional insecticides; C, hormone-type compounds; D, miscellaneous
substances. The chemical formulae of most of these compounds are

shown in Figures 2, -
A. DDT and its analogues

In addition to DDT, tests were made with compounds not susceptible
to dehydrochlorination. These included Prolan and Bulan and various
biodegradable analogues (as described by Holan, 1971 and T-.etcalf _et
al., 1971).

(1) pp DDT» I1,1,1,-trichloro-2,2-di-(4-chlorophenyl) ethane

(i) pp DDD: 1,l1,dichloro-2,2-di-(4-chlorophenyl) ethane
@Gl “Prolan®. 1,1-bis(p-chlorophenyl)-2-nitropropane
av) "Bulan®™ I,1,bis(p-chlorophenyl)-2-nitrobutane
) 1,1-bis(p-eibhoxyphenyl)-2-nitropropane
(Vi) 1,1-bis(p-ethoxyphenyl)-2-nitrobutane
VI  I-(p-ethoxyphenyl}-1-(p-athylthiophenyl)-2-nitropropane
V11l) 1- (p-ethoxyphenyl)-1- (3 ,4-methylenedioxyphenyl) -2-nitropropane
(IX) 1- (p-othylthiophenyl) -1- (3,4-methylenedioxyphenyl) -2-

nitropropane
B. Other Conventional Insecticides

(X) Dieldrin (HbOD)I,2,3,4»10 ,10-hexachloro-6,7 ,epoxy-1,4 ,i+a,
3,6,7,8,8a-octahydro-emo-1 ,4-endo-3 ,8-dimethanonaphthalene
(Xi) damma BHC. Y-1,2,3>4»5»6-hexachlorooyolohexane
(XI1) Fenthion. Dimethyl 3-methyl-4-methylthiophenyl phosphorothio-

nate



XI11) Kalathion. S-~1,2-di(ethoxycarbonyl) ethyl7dimethyl phos-
phorodithioate.
X1Iv) A lethrin. () 3-allyl-2-methyl-4-oxycyckopent-2-emyl(-)-

(cis + trans) dr;, snnthemum-monocarboxylate
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xVv) Bioallethrin. (i)-allethronyl (+) trans /IRf3H"7-chrysanthemate

C. nemone-type Compounds

The substances tested included compounds chemically analogous to
natural hormones and certain other new insecticides which appear to
have similar action. In the first c tegory, can be laced
"Altosid" and '"R-20458" wnich are juvenile hormone mimics and
ecdysterone, which is 20-hydroxy ecdysone. The second group comprise
""Mon-0583" and two similar compounds, "PH-60t40" and '"PH-60i38".

Xvl) "Altosid" or "ZR-515" (marketed in U.S.A. by Zoecon Co.)
Isopropyl (2E,4S)-11-methoxy-3,7,11-trimethyl-2,4-dodecadi-
enoate.

(XV11) "R-20458" (patented by the Stauffer Co., U.S.A.)
4-ethylphenyl-6,7-epoxy geranyl ether.
(XVIIT1) Ecdysterone. 20-hydroxy ecdysone.

(XIX) Mon-0585 (Discovered by Monsanto Chemical Co.). 2,6-di-"-
butyl-4-(a,a-dimethylbenzyl)phenol.

(XX)  "PH-60S40" (P tented by Philips-Duphar, Holland) 1-(4-chloro-

phenyl)-3-(2,6-difluoro-benzoyl) urea.

OX1)  "PH-60i3b"™ (Philips-Duphar, Holland). 1-(4-chlorophenyl)-

3-(2,6-dichlorobenzoyl) urea.
D. liisceJd laneous Compounds

This group is rathe heterogeneous. It includes XXII Cartap



hydrochloride, based on a toxic substance found in a j..arine annelid,
pereistoxin (see Sakai et al., 1967) an<* various organic compounds
,-u-gested for mosquito control in recent years. These fall into the
following groups. M XX111, XX1V and XXV, aliphatic amines (see
Hulla et al., 1970 and Cline, 1972). (2) XXVI and XXVII unsaturated
fatty acids (see (fuarashi, 1971). () XXVIII, XXIX, XXX and XXXI,

phenols and anti-oxidants. (See Miller & Haddock, 1970).

(XX11) Cartap hydrochloride (marketed in Japan by Takeda Chemical
Industries). 1,3-di (carbamoylthio)-2-dimethylauino propane
hydrochloride.

XX111) "Duomeen TI" Rn—ENH (CHS)MHQ Rn_g is an alkyl chain
derived from tallow, with the diamine attached 2 carbons from
the end.

(XX1v)  "Duomeen L15". Rn_2HH(CH2)5NH2 + 0O0C.~" - .Rn_2 is
a 15 carbon alkyl chain with the diamine attached 2 carbons
from the end.

(XXV) Alamine 11. Oleyl amine C~AII” Hg.

(XXvl) Trans-2-octenoic acid

(XXvVIl) Trans-2-nonenoic acid
(XXvVIi11) Butylated hydroxyanisole
OXX1xX)  Cinnamyl alcohol
(XXX) 4-Chloro-2-cyclopentyl phenol

(XXx1) Para-phenyl phenol



formulae of the tested compound

FIGURE 2. Structural
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FIGURE 2. Continued
B.Other conventional Insecticides

33. GAMMA-BHC

CL-HC CH-CL
CH-CL
CH, O, ” - . CH,
CH3 O. p——0 —0  —S—CH,
Xm MALATHION
XU FENTHION
ch3°
0 > - P - ° - GHCOO C2H5
CH.
ch2coo c2hb5
30X ALLETHRIN
CH,
CH
>C= CH— CH.
CH, |J>CHCO.OCH C.CH2. CH =CH2
CH CH, co

CH,

Z27 BIOALLETHRIN

Miscellaneous Compounds,
X50T CARTAP HYDROCHLORIDE
CH -S- CNHj



FIGURE 2. Continued.

C. Hormone - type compounds.
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METHODS

Adults and larvae of the mosquitoes employed in these studies
were maintained in two insectaries at a temperature of 26°C and a
relative humidity of 70-805;. The illumination in each room was
from three 24 inch, 20W cool white neon strips, and the period of

light in the rooms was controlled by a time switch, set to give

12 hours of light per day.

The adults were kept in cages measuring 12"x12"xI2M (approx.
50x30x50 cm). Access to the cage was through an 8 inch circular
opening with a 12 inch sleeve attached, which was securely knotted
when out of use. This size cage was ideal for maintaining strains
of mcMuitoes under laboratory conditions. The larvae were reared
in polythene bowls 30 cm in diameter and 13 cm deep, containing about

3 litres of tap water.
1. Rearing l.ethods
A. Anopheles soecies

Adults were supplied with 20"« glucose solution on a lint wick
which was changed twice a week. A few days after emergence, mating
occurred, TfTemales were blood fed twice a week, by placing on the
top of the cage a guinea pig which was anaesthetised with sodium
nembutal. Anaesthetic administered intra-peritoneally at the rate
of 1 ml for each 5 Ib of body weight. The feeding period was about
30 minutes per cage. Newly emerged females sometimes required two
blood meals before the first oviposition. Eggs were laid about 3
days after the blood real. An enamel egg bowl, 11 cm diacffer,

lined with filter paper (Whitman No. 1, 15 cm diameter) was provided.



It was half filled with water and was placed in the cage 3 days after
the blood meal. Adults fed on Monday and Friday produced e;g batches
on Thursday and Monday. The egg bowl was taken from the cage and

was covered by a 14 cm square clear plastic plate. The eggs hatched
within 1-2 days. About 200-300 of first instar larvae were reared

in the larval bowl containing tap water and a 4 cm square piece of
turf was added into the bowl in order to provide nutriment for the
larvae. The bowls were then labelled and covered with the bead-
weighted "Terylene"™ netting. The larvae were fed with small
quantities of finely ground Farex (a baby food which added vitamins
and minerals) twice daily. Over-feeding was avoided, to prevent

scum forming and high mortality in early larval stages. The water

was changed when necessary.

When the larvae pupated, they were transferred to a plastic
drinking cup and put into a cage for emergence. The pupae cup was
covered with a perforated zinc oone 17cm height, 14 cm diameter at
the base and tapering to a 2.5 cm opening at the top. The cone
prevented accidental drowning of auults during mating and also
making it difficult for gravid females to lay their eggs in the pupae
cup. Newly emerged adults had no trouble finding their way out of
the cone. The duration of development from egg to adult was about
10 days. In order to prevent the contamination of the strains,
adult cages and the corresponding egg, larval and pupal bowls were

all carefully labelled to this end.
B. Culex pipiens futigans.

The adults emerged about 2 days after pupation and were supplied

with 5% sugar solution soaked in cotton wool which was changed twice



a week. The sugar pad was removed about 8 hours before the feeding
time in order to let the mosquitoes have a full blood meal. Adults
fed once a week on a 3 day old chicken, which was restricted in a
small cage and was introduced into the mosquitoes®™ cage. The chicken
was left overnight with the light turned off. A new sugar pad was
replaced on removal of the chicken. About 3 days after the blood
meal, a plastic bowl measuring 15 cm in diameter with tap water was
placed in the cage for oviposition. The egg rafts hatched within

24 hours later and about 300-400 of the first stage larvae were
transferred to each larvae bowl. The larvae were fed twice daily

on a mixture of dry yeast powder, Bemax and liver powder in the ratio
Itlil. The larval development lasted about 7 days. When the pupae
appeared, they were removed daily and placed in a pupal cup which
transferred to the moqquito cage. The pupal cup was covered by the

perforated zinc cone as described before.

C. Aedes aegypti

Adults were fed with 5% sugar solution soaked in cotton wool
in a sugar cup. Four days after emergence the females were given the
blood meal. The sugar cups were removed the night before the females
were fed on a guinea pig which was anaesthetised with sodium nembutal.
The guinea pig was placed on the top of the cage for 30 minutes and
sugar containers were lI"eplaced on removal of the pig. Three days
after the blood meal the sug; r cups were removed and replaced
with a 75 ml beaker 1/3 filled with water containing an inverted
cone made from an 11 cm diameter Whatman®s No. 1 filter paper.
The tip of the cone was immersed in the water. Around the side of

the beaker, the slips of filter paper were lined for oviposition too.



Eigl;s laid by stock mosquitoes were kept on the filter paper in
the egg bowl container for 3-4 days so that the larvae are ready to
hatch when the eggs are immersed in water in order to allow adequate
time for embryonic development. The filter papers with the eggs
attached were (try in the room. These eggs can be kept for other

generations and further experiments.

The eggs were immersed in 5 cm of tap water in a 13 cm diameter
plastic bowl. Almost all of these eggs hatched within one hour.
About 200-300 of newly emerged larvae were transferred o a larval
bowl containing about 3 litres of tap water. The larvae were fed
on desiccated mammalian liver powder (Armour Pharmaceutical Company
Limited) by sprinkling over the surface of water and mixed well by
hand. The air was bubbled gently through the water in order to
prevent surface scum forming. The water can be changed if it becomes

necessary.

The duration of larval development lasted about 4-7 days. When
the pupae appeared, they were sieved and transferred to a paper cup
about 5 cm in diameter and about 8 cm deep, with clean water and
inserted into the cage. The pupae cup was also covered with the

perforated zine cone.
2. Testing Methods
A. Standard test method for adult mosquitoes

In the standard test for relation between time and concentration
and in the investigation of storage life of treated papers all the
tests were performed with two or three day old unfed females of

Culex plpienB fatigans from the laboratory colony. Mosquitoes
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were exposed to the impregnated papers at a series of appropriate
exposure times ranging from 7.5, 15, 30, 60, 120, 240, 480 to 960
minutes. For each concentration and time four replicates of 25
insects were usually employed. Two replicates of control were used
for each performance. After exposure the mosquitoes were transferred
to the control tube (W.H.O. test kit) and a piece of cotton woo

soaked with sugar solution was placed on the gauze end. Mortalities
were recorded after 24 hours, mosquitoes unable to walk being counted
as dead. Mortality percentages were corrected by the Abbott's formula,
The LT50 and LCpO values were estimated graphically from the log-

dosage-probit regression mortality line.
B. ht; ndard test for mosquito larvae

The testing procedures were carried out according to the W.H.O.
standard test for larvae (W.H.O. 1963) with some modifications.
Before the tests were conducted, the larvae were sieved, rinsed and
transferred into a small bowl with clean water. Groups of 25 early
fourt instar larvae were exposed in 249 ml of water containing 1 ml
of acetone solution of insecticide at desired concentrations. The
dose of insecticides supplied provided a series of 2-fold dilution.
After preliminary tests, each insecticide at serial dose of 5-7
concentrations producing 5-95% mortalities were chosen for determin-
ating the rank of susceptibility of the available strains. The test
containers were . eglass dishﬁ%easuring 1 cm diameter and 7*5 cm
deep. After addition of insecticide solution, the contents of the
glass were stirred with a glass rod. No food was provided during
treatment. Mortality was assessed 24 hours later, and larvae which

pupated during the period of observation were not considered in
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calcu]lk;ing. Moribund, larvae were also recorded and added to the

dead for calculation of percentage mortality. When checking the
results with anophelines, the larvae should not be disturbed, because
this causes them to dive to the bottom. Larvae persisting at the
bottom of the glass were counted as dead and those at the surface

were scored as alive. Controls, treated with 1 ml acetone, were
maintained in every test and were utilized in correcting the experi-
mental results by Abbott®"s formula. At least 2 replicates for each
concentration were performed and 3-4 such replicate expetiments were
repeated on different days. The LC50 values were estimated graphically

from the log-dosage-probit-regression mortality line.
C. assessments for the new types of compounds

Initially, the standard W.H.O. test procedure for larvae was
used to compare the larvicidal activity. The hormone mimics and
certain other compounds with analogous activity were tested with
exposures longer than 24 hrsj in some cases continuous exposure
to low concentration was investigated. The effects on development
were clssified as descrilad by Spielman & Skaff (1967) ant™ adapted
for additional effects, as shown in Figure 3 . Adults which emerged
were also counted, andr emoved daily, bach experiment was concluded
when all specimens had died or completed its development# The sur-
viving adults were fed# The number of eggs laid and hatched larvae
from each female were counted in order to assess for a sterility
effect. Comparative tests were set as controls. Following larvae
generations were treated in the same way and observed for further

sterile effect and development of resistance.

D. Selection for resistance

The following general procedure was used to select strains of
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high and homogeneous resist nee, in all species

About 100-200 glasses were prepared for each generation.
The larvae were allowed to contact with DDT for 24 hours. At the
end of the exposure time the number of dead larvae were recorded
and all of the survivors were rinsed with tap water, and transferred
to clean water in a rearing bowl to continue their development.
About 2500-5000 larvae were tested per generation at a selection
level of 50-60% mortality. The selections were done every generation
until the LC50 of the strain reached a stable resistant level, then
the further tests were performed. The selection procedure were also

continued in each generation.
E. Selection for susceptibility

Two different methods were used for removing 'contaminating”

resistant individuals from susceptible colonies.
(i) A simple sib-selection method

This method was feasible with Culex pipiens fatigans. The
egg rafts were reared separately in a plastic bowl containing about
1 1. of water. When the larvae become fourt instar, 25 larvae
from each bowl was exposed to a discriminating dosage of DDT (.05 Pl4
and only batches of larvae from egg rafts showing 100% mortality
were used for production of the next generation. By repetition
of this procedure, a pure strain of susceptible colony could be

established.
(ii) Knock down aethod

For other mosquitoes such as anopheles species and
Aedes aegypti, the eggs laid are scattered so the knock down method

was applied for selection. This was more convenient than separating



eggs from individual fed females

Approximately 150 early fourth instar larvae were introduced
into the large enamel bowl (diameter 16 cm and depth 10 cm) con-
taining 1.25 1. of appropriate discriminating dosage of DDT solu-
tion. The larvae were exposed for 2 to 4 hours, then the contents
of the bowl were poured into a glass funnel (diameter 20 cm). The
funnel which is supported by a retort stand, contains a 45 cm glass
plunger, occluding the stem with a ground glass joint and rising above
the water surface. As larvae are paralysed (“knocked down'™) by
initial DDT action”™ they fall to the bottom of the funnel and can
be removed by gently raising the glass plunger. This does not
disturb unaffected larvae at the surface. The knocked down larvae
are collected in a net sieve, rinsed several times with clean

water and transferred to a rearing bowl for further development.

F. Determination of micro amounts of insecticide picked up by

mosquito larvae.
(i) Bioassay test

The basic method of bioassay was to use highéy susceptible

in bowls water

first instar larvae to assess concentration of DDT”after groups of
fourth instar larvae had been exposed]in them. The pick up by the
fourth instar larvae should approximate to the difference from the

original concentration to which they had been exposed.

Susceptibility tests of first stage larvae were performed in
order to obtain a standard concentration-mortality line. Batches
of 50 first instar larvae were exposed at a range of concentrations
of DDT in beakers containing 50 ml of water and 0.2 ml of appropriate

acetone solution of DDI. Each concentration assessment consisted of



3 replicates and each test vas repeated at least 3 times. Mortality
vas assessed after 4, 8, and 16 hours. Average percentage mort-

alities vere determined and plotted against concentrations.

For the actual bioassay, groups of early fourth instar larvae
of resistant and susceptible strains were exposed in beakers containing
50 ml of vater and 0.2 ml of DDT solution at varying concentrations
from 0.005 up to 0.1 ppm. After 16 hours, the treated larvae vere
removed and the number of dead larvae vas recorded. Batches of 50
of first instar larvae of susceptible strain from the same species were
put instead and were exposed for 4, 8 and 16 hours. Each test
consisted of 3 replicates and was repeated on dilferent days.
Controls, treated with acetone, were maintained in every test.
Mortalities were recorded subsequently and the concentrations were
determined from the standard concentration curve. Then the pick up

by the resistant and susceptible larvae can be calculated.
(i) Radioactive test

As an alternative (and more precise) way of determining
the pick up amounts of insecticide by mosquito larvae, DDT and
1~C malathion were used in this study. The object was to obtain
radiometric measurement of insecticide (@) externally on larvae,
(b) internally in larvae and (c) in the test suspension after removing

the larvae.

The actual quantity of insecticides present in the radioactive
samples used was not known exactly. Therefore it was necessary to
assess them by bioassay. Very exact information was not required,
but it was necessary to prepare suspensions giving approximately

known expected toxic effects. It was essential to have some results



with exposures producing negligible mortality in the susceptible
strain; otherwise difference in pick up might be due to differences

in tolerance, rather than the cause of them.

Batches of 20 early fourth instar larvae of resistant and suscep-
tible strains in 99 nil of distilled water to wiiich 1 ml of different
concentrations of the radioactive insecticides had been added.

After 4, 8 and 16 hours the mortality was recorded. The LC50
values were estimated from the mortality carves and the required

doses were then chosen for further experiments.

At the same time tests were run with known concentrations of
ordinary insecticides, for comparison. Controls treated with acetone,

were maintained every test.
(@) External pick up.

At indicated times after treatments, the larvae were removed
from the test solutions using a nylon net sieve, and then transferred
to the counting vials. [Initially, n-hexane was used to strip off
external adsorbed insecticide from the larvae; but it was found
inconveniently volatile and methanol was used.instead. They were
then rinsed with 5 ml methanol, which was enough to cover them,
and after gentle washing for a few seconds, the methanol was removed
by pipette and transferred to another counting vial. This process
was repeated so that the 20 larvae were washed with a total of 6 ml
methanol. The rinsed larvae were transferred to a Hunt ampoule and
frozen in liquid nitrogen to facilitate grinding. The counting
vial was rinsed once more with 5 ml methanol and the rinse added to
the 6 ml previously collected. The total external rinse volume was

9 ml. The methanol rinse was evaporated to dryness in a vacuum



desiccator overnight
() Internal pick up.

In order to avoid loss in a separate homogenizing tube, larvae
were put directly into round bottomed centrifuge tubes and homogenized
with a ground glass pestle. Four ml of methanol was added and mixed
by further homogenizing. The liquid was then centrifuged for 5-

10 minutes until the supernatant was clear. It wao then transferred
to a scintillatbn counting vial. This process was repeated being added
to the same counting vial. The contents were then evaporated to

dryness in a vacuum.
(c) -Residue in suspension.

A 50 ml aliquot of the water in which the larvae were exposed
was pipetted into a separating funnel and extracted 3 times each
with 10 ml _n-hexane. This process was repeated with the remaining
volume of water. In all tests, the containers were rinsed carefully
with n-hexane, since control tests showed that considerable amount of
insecticide was located on the surface of containers rather than
in water solution or suspension. The extracts were kept in the
35 ml vials with a plastic screw cap, containing a piece of aluminium
foil. At first, the hexane extractions were evaporated in a rotary
evaporator. This procedure was inconvenient, so a Liebig condenser
was used with the "quick-fit" equipments and evaporated from a water
bath. The residue was transferred to the counting vial by 3 washes
of 3 ml diethyl ether and left overnight for evaporation Ly*fc.
The next day, the counting vialB were put into vacuum desiccator

and evaporated to dryness»

After the evaporation process9 the residues in counting vials
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from external and internal larvae and from the water were each diss-
olved in 10 ml of scintillating solution (0.5?t (Ww/v) butyl PBD in
toluene) and shaken well to ensure the completion solution. The
counting vials were cooled in the liquid scintillation spectrometer
(Packard model 5314) for 1 hour prior to the start of counting.

The radioactive samples (~C) were counted for 2 minutes at about

65&> efficiency.
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All the tests were performed with two- or three-day-old unfed
females oi Culex 1-piens fail :ans from the laboratory colony, at a
series of appropriate exposure time;;. For each concentration and
time four replicates of 25 insects were usually employed. After
exposure the mosquitoes were transferred to the control tube (W.K.O.
test kit) and mortalities were observed alter 24 hours. Mortality
percentages were corrected by Abbott"s formula. The LT50 and
LC50 values were estimated graphically from log-dosage-probit

regression lines.
A. concentration-tine idations

So far as organochlorine Insecticides are concenned, it has
long been known that, over a considerable range, the relations between
concentration and exposure time for an equitoxic effect, are inverse;
i.e. C x T = constant (Busvine, 1958)- This was later confirmed and
shown to be due to close relations between exposure time and the dose
picked up by mosquitoes exposed to impregnated papers (Pennell
et al.. 19645 Ariartnam & Brown, 1969)» Some preliminary data
with organophosphorus and carbamate papers, suggested that
exposure time would provide a suitable "dosage'" variable, (Hamon &
Sales, 1970). Adequate data for the newer compounds is, however,
needed and, accordingly, experiments have been undertaken with a
wide range of concentrations of malathion, fenthion, fenitrothion

and propoxur p.pers supplied by W.H.O. lor this purpose.

The results are set out in Table 2, together with I/T50 and LC50
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V."JIE 2. Kesults (Percentage Kortalities) of Exposing Batches of Culex P. fatigans to WHO papers,

for Different Periods,

(estimates of LC50,

at Various Concentrations

LT50 or CxT values based on a very few points,

are given

cases, a line was drawn with a slope parallel to other comparable ones).

Cone.

lenitrothion

RO O
[0 N

Fenthion

Malathion

0.01
0.04
0.16
0.80

Propoxur éig

LC50
CcT

7.5

22

2.3)
(17.5)

31
92

1.9

14.3

97
100

.48
3.6

15
0
79

1.2
(18.0)

25
87
100

16.5

2
44
82

3.8

57

100

.28
4.2

Exposure times (minutes)

30

13
100

(-56)
(16.8)

12
83
99

.62

21
98
100
1.9

57

64
100

3.3

60

0
88

(-28)
16 .8)

8l
100
100

=36

21.6

11

99
100

51

88,

.046
2.8

120

20

99

.145

17.4
85

100

.18

21.6

34
100

.48

58

90

100

.023
2.8

240

80
100

(.07)
(16.8)

64
100

(.09
(21.6)

79
100

.17
41

32
100

(.012

Qa

480

99

100

33

73

in brackets.

960

100

99

97

In such
IT
50 CT
168 16.8
42 16.8
10.5 16.8
means
17.2
222 22.2
108 21.6
48 19.2
21 16.8
10.7 17.1
(4.8) (15.6)
means 18.8
19.0
500 90.0
192 38.4
108 5/4.0
66 52.8
32.4 41.8
16.0 51.2
9.0 45.0
means A7
51.8
300- 3.0
72 2.88
22.8 3.64
(3.84)
(4.80)
means 3.63
3.22



values estimated from them. It is possible to calculate C x T values
in two ways: from LT50 * concentration, or from LC50 x time. The
values estimated in these two different ways were not found to be
substantially different. It therefore seems likely that effect is

related to both v~iables in the same way.

In order to test this statistically, it was assumed thaty = a +
p~Mog C + Pglog T wherey - kill in probits (or logits) and p~ and
Pg are slope constants. These were calculated from the data and compared
a joint slope constant, p™ wherey = a + Pjlog (C.T).

Slope coefficients found

Insecticide R

Pi P2 P3
Fenitrothion 5.28 5.22 5.21
Fenthion 6.56 5.80 5.55
Kalathion 5.26 5.20 5.21
Propoxur 5.35 3.36 3.36

It will be seen that slope values within each insecticide group,
re sonably consistent, suggesting that a joint slope value would

fit the data.

The various sets of data were tested for goodness of fit to the
concentration x time hypothesis and evidence of heterogeneity was found
in all cases, except for fenitrothion. jExamination of the results
showed, however, that the discrepancies responsible were random, without
indications of a systematic trend, except perhaps in the data for
fenthion. Here there was evidence of lower CT values for short ex-
posures to high concentrations, than for long exposures to low con-

centrations

I+
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In short, it can be said that the lethal effect was telated to CTn,

mvhere n = 1 ; except for fenthion, where n = 0.91.

Com;., rative results of other workers

Comparable estimations of concentration x time values have been

made by other workers who have very kindly allowed me to quote some

of their data, most of wnich are unpublished.These are assembled in
Table 3» In most cases, it will be found that the values obtained by
keeping time constant and varying concentrations are not too different
from those got by varying tne exposure to one or two s tandard concen-
trations. Also, there is reasonably good agreement in the estimates
of different investigators for respective mosquito-insecticide com-
binations, when it is remembered that some differences in experimental
conditions are inevitable. Thus, the data came from widely different
localities and in most cases the temperature was not given (and probably

not controlled).
Conclusion reg rding concentr tion-time relations

Assembled results showed tome evidence that mortality is equally
dependent on concentration and exposure time in the mosquito resistance
test. This does not necessarily mean that in future assessment of
resistance should be based on a concentration—-time product, since however

good the evidence mentioned, this brings in an extra variable.

Resistance checks for organophosphorus and carbamate insecticides
should be made on the basis of equilethal exposures to standard concen-
trations, as proposed by the W.H.O. Insecticide Coimittee. The evidence
I have adduced should tend to establish the validity of this pro-

cedure and its equivalence to the equitoxic concentration basis of the



+ 3» Concentration-Time Values for Various Mosquitoes Exposed to

Different Insecticides

Mean CT:
o With constant
Insecticide Species Locality Ref.*
Cone. Time
Culex p. fati”ans London 1 16.8 17.2
Culex p. fati”ans U. Volta 2 26 39
Culex p. fati”ans Thailand 3 19.4 16.2
Fenitrothion Culex p. fatigans Taiwan 4 19.0 36
Aedes ae«ypti U. Volta 2 12.0 12.0
Aedes aeifypti USA 5 12.0 11.8
Culex p. fai/ifhans London 1 18.8 19.0
Fenthion C. tritaeniorhynchus Korea 4 29 24
Aedes aep;ypti USA 5 16.2 15.8
Culex p. fatiiians London 1 48 52
C. tritaeniorhynchus Taiwan 4 47 66
C. tritaeniorhynchus Korea 4 29 24
Malathion
C. annulus Taiwan 4 93 28.2
Aedes ae”jypti U. Volta 2.6 61 69
Aedes ae«ypti USA 5 36 35
Culex p. fatiRans London 1 3.6 3.2
Culex p. fatigans U. Volta 2 3-2 4.1
Propoxur C.t. suminorosus Taiwan 4 10.8 10.0
Aedes ae”pti U. Volta 2 7.2 55
Aedes ae«ypti USA 5 6.3 5.5

I"This thesis (Table 2)
2. Sales and Kouchet (1973)
3. WHO ARU (Aedes Research Unit) Thailand

4. W1l0 JEVRU (Japanese Kncephalitis Virus Re. arch Units) Taiwan and Korea

3» Dr. H.F. Schoof and Dr. A.D. Flynn, U.S.A.

6. Hamon and Sales (1970)
1 wish to thank various workers for permission to quote unpublished data
of references 2 ,3»4,5»



earlier "tests with orya.nochlorine insecticides. Furthermore, the
general orders of magnitude of the CxT products found for various
insecticides could provide a guide for initial teets on susceptible
strains of mosquitoes. It seems that malathion values range mostly
concentration

from 25 to 70 (the constant A figure for C. annulus is dubious)5
values for fenthion and fenitrothion range mostly from 15 to 40;
values for propoxur range from 5 to 11. Results giving values far

outside these limits should be somewhat suspect, possibly due to

deterioration of the i pregnated papers.
B. Sfera, e liie of ~alubhion and pro ;-oxur mpers

One convenient aspect of the adult mosquito resistance test for
organochlorine insecticides, is the long persistence of the papers
used. This may not apply with some newer org- nophosphorus and carbamate
papers. The experiments to be described were intended to evaluate
the shelf life of papers impregnated with malathion or propoxur.

This was an ad hoc study of practical value to W.H.O.; but certain
basic principles of testing procedure were involved. WHO arranged for
the preparation of large batches of papers impregnated with either
malathion or propoxur in February 1971« Half of these were stored
under normal room conditions (say about 20 C) and half were kept in

a refrigerator. At intervals of two to three months, samples were

supplied for determination of insecticidal potency.

Hach series of papers was tested over a range of two to five
exposure periods (as appropriate), with lour to seven replioates oi
25 mosquitoes for each period. The results were obtained aB I/T50
values; but they have been converted to CxT indices and set out in

Table 4. Several comments may be made.



1) There is no evidence of extensive deterioration in the potency

of either type of paper.

2) Unfortunately there is considerable variety in the results of
different assays, which must be ascribed to variations in tolerance of
the mosquitoes. This seems to have ""ffected the whole generation of
mosquitoes used for each assay, since all the estimates on one occasion
(e.g. after 7 months) tend to be high, while those on another occasion

(i.e. 13 months) tend to be low.

3) All the results with the 0.0I"i propoxur papers of the original

batch gave abnormally low CxT values. This would suggest a faulty
impregnation, at too high a rate; and the interpretation was con-
firmed by the results of tests on additional batches, which gave more
reasonable results. Since no very large changes in potency could be
detected in storage up to 13 months, other tests were made with propoxur
papers which had been kept in storage (room conditions) up to six

years. These results are given in Table 5»

The values for freshly impregnated papers were calculated from
all propoxur data in the tests of CxT relation plotted as C x T
values against mortality, with expected kills read off irom a
regression line fitted to them. It will be seen that there is not
much evident loss in potency after one year, but a substantial fall

ther™"ter.

The general conclusion from these results is that decline in
potencj of malathion and propoxur papers over a period of a year is
not excessive, with storage under European room conditions. It is

true that Brengues A Sales (1967) found significant difference in
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- LN oF  Concentration-Time Values for 50% l.ortality of C«p» fatigans

Exposed to I-lalathion or Propoxur Papers Stored for Various Periods

Concentration x Time values

Original batch New batches
Insecticide Cone. Stored* stored (months) stored (months)
2 4 7 10 15 1.5 1
5.0 R 70 50 60 55 55 50 50
N 65 55 63 45 50
Halathion o R 45 50 70 65 55 60 48
0.5 F 48 52 73 58 48
0.1 R 5.0 2.0 2.1 3-6 2.1 4.8 1.6
) * 2.4 2.1 2.5 3-9 2.8 - -
Propoxur 861 R 0.3 0.35 037 0.60 <50 1.5 2.2

#Stored in: R = room
F < refrigerator

i"AliLS 5. Percentage Kills of C.p. fatigans by PropoxurmPapers, Stored for
Various Times

(Numbers used per entry: 125 for 0.1% and 60 minutes; 100 for 0.025% and
60 minutes; 50 for 0.025 and 100 minutes)

Concentration (f9) 0*1 0.025 0.025
Exposure (minutes) 60 180 60
Storage

Nil 87* 48* 1=
1 year 92 36 13
2 years 66 17 10
3 years 18 14 4
4 years 13 14 6

5 years 13 4 6

6 years 2 3 5

~Expected kills, based on data in Table 2



mortality of Aedes aegypti exposed to propoxur and fenitrothion

papers with different lengths of storage, iheir most striking difference

was in nine-month-old propoxur papers even though the papers had been

kept in a refrigerator. Nevertheless, these investigators found

several discrepancies in their results, which they suggest might
have been due to unsatisfactory standardisation or faulty impreg-

nation of the papers.



2. DEFKITCE iaiidliMilSi iS AGAIHST DM? IN LARVAE Oi" K ,SIS"i"A.;T STRAINS
JRPRHEP_ujiec® o part 91 ,tho investigations

The sub-colonies of susceptible and DDT-resistant strains of 5
species of mosquito were established from the original colonies as
described earlier and further selections were applied to obtain homozy-
gous resistant and susceptible colonies by the methods described.

As a result, the susceptibilities of some of the strains, as determined
in fourth instar larvae by the standard V.H.O. method (WHO, 1963)
changed. Table 6 gives the initial LCgCr values when the strains were
obtained, the values at the time of this investigation (test LC.q),

and the number of generations of selection for each strain.

Table 6. DDT LC~q values for the various strains of mosquito at the

time of colonization and at the time of these studies.

Generations
Initial LC50 of Test LC50
Species Strain ppm. selection ppm.
An. gambiae UV19R5 0.03 10 6.0
XBAL 0.009 7 0.004
An. stephensi STKATI2A 2.8 6 4.1
STSSDP1 0.3 6 0.08
An. ciuadriinaculatus QDTA 0.21 6 3.6
QUA 0.005 3 0.004
C.p. fatigans Lagos R 0.04 12 5.5
Lagos S 0.04 12 0.005
Rangoon 8.0 3 11.0
Tananarive 1.0 5 1.5
A. aeiMrpti T8 12.3 3 17.5

N 0.02 3 0.0175



B. Cross-Resistance Studies
(i) Presentation of I&suits

A very large number of tests was needed to establish the
patterns of cross-resistance in different strains. For each assc-ss-
ment of a resistance level to a particular compound, It was necessary
to establish a regression line (and from it an LC™0 value) for both
normal and resist; nt strains. By the conclusion of the investig, tion
thé following numbers of such comparisons were available for considera-
tion. Witii Culex pipiens fatigans (3 strains) 25, 19, and 13, total
57» with Anopheles quadrimaculatus, 23; with An. stephensi, 12; with
An. ,;ar,biae. 25? with Redes "u-gypti, 25. In all, this amounts to 142.

measurements of resistance levels.

Clearly it is not desirable to reproduce all the ex erimental
data accumulated for this purpose. Two examples will be quoted as
illustrations: the tests with BUT ahd with Prolan against C.p. fatigans.
The summarised results of the tests are set out in Tables 7 and 8;
and they are shown graphically in Figures 4 and 5. In nearly all
cases, the regression lines for resistant strains were straight
(except during the course of selection to derive a mord homogeneous
resistant strain). Accordingly, it seems justifiable to use the LC™O
values for assessing resistance levels. These are shown in Tables 9
to 13. For ease of interpretation, the resistance patterns have been

shown as histograms in Figures 7 to 13»
(ii) Int".r rotation of Recults

It will be useful to consider the results from two stand-
points: (a) according to the characters of the various resistant strains,

and (b) in relation to the various compounds examined.



- bleJL. LC50 of 4 strains of Culex pinions fati,zans 1 1XVM exposed

with DDT for 24 hours.

Joncentra mHumber of Humber of

tion larvae dead Mortality
Strain ppm tested larvae f LC50 pprr
Lajos R 20. 200 194 97.0
16 200 180 90.0
10 182 152 79.17
8 172 120 69.7 6.0
4 152 56 56.8
2 200 16 8.0
1 200 4 2.0
Rangoon 40 200 196 98.0
20 200 160 80.0
10 200 102 25.5 11.0
5 200 24 12.0
2 200 2 1.0
Tananarive 8 200 198 99.0
4 200 191 95.5
2 200 109 54.5
1 200 41 20.5 1.5
0.5 200 5 2.5
0.25 200 2 1.0
lc.. "os S 0.05 200 200 100.0
0.025 200 180 99.0
0.0125 250 220 88.0
0.00625 250 184 75.8 0.005
0.00512 250 68 26.7
0.00156 200 15 6.5



Table 8. LC50 of 4 mtrains of Culex pipiens fati,;ans larva«

exposed with Prolan for 24 hours.

Concentra- Humber of Humber of

tion larvae dead Mortality
Strain ppm tested larvae S LC5CPpm
L: @B R 0.025 150 150 100.0
0.0125 196 158 89.7
0.00625 200 89 44 .5 0.007
0.CC512 200 6 3.0
V.00156 150 0 0
Rangoon 0.1 150 0 100.0
0.05 198 167 09.4
0.025 200 70 35.0 0.051
0.0125 200 5 2.5
0.00625 0 0 0
Tananarive 0.2 200 200 100.0
0.1 200 160 80.0
0.05 200 79 34.5 0.07
0.025 200 8 4-0
0.0125 200 0
Latos S 0.02 150 150 100.0
0.01 144 136 94.4
0.005 156 66 48.5
0.0025 135 20 14.8 0.0048
0.00125 150 1 1.3

0.00625 150 0 0






Figure 5- Dosage mortality regression lines of 4 strains of Culex pipiens fatigans
larvae exposed to Prolan

m— « Lagos R 4——-sTannarive

X- - - -X Rangoon 0- e++1-0lagos S



(@ O+ =ct rIsUcE clI" Strains
Oulu.. iiuo-ns I t: Jis

Three distinct strains were examined, respectively, from
Lagos R, Tananarive and Rangoon. Tiieir resistance spectra are shown
in Figures 7 to 9» Their r distance levels to LUTvere all high, being
x 1100, x 300 and x 2200 respectively. (Accuracy of v lues at these
high levels is questionable, because thephysical constitution of high
concentrations of DDT suspensions is difficult to st ndardise).
Iloderate cross-resistance to DDD (about x 40) was noted in the L; gos R

colony, which was the only strain tested.

Cross-resistance to the biodegradable DDT-an logues was low in all
cases; and usually also to Prolan and Bulan. The highest level in this
group wasX5” resistance to Prolan by the Rangoon strain. The inference
of these facts is that these strains depend for DDT-resis