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ABSTRACT

The report of physiologic resistance to DDT in
Anopheles sacharovi Favre in 1951 was the first indica-
tion of resistance in a malaria vector. Today more than
35 species are resistant to DDT or dieldrin. Fourteen
species are resistant to both compounds. A loss of
susceptibility to hoth insecticides is found in several
major vectors, such as . sacharovi in Europe, .
albsmanus Wiedemann in Central America, .1 steplensi
Liston in the Middle East, 4. sunduaicus (Rodenwaldt)
in Indonesia and . gambiae Giles in Airica. Resistance
to DDT and dieklrin relates to 2 independent genetic
factors, In some instances the resistance factor is domin-
ant; in others, the hybrid indi+‘duals may also be as

In 1951 Anopheles sacharovi Favre was reported
to be resistant to DDT following 4 to 5 vears' use of
this insecticide in a nationwide campaign to control
malaria in Greece (Livadas and Geargupoulos 1953),
This report marked the st confirmed instance of a
malaria vector developing resistance to an insceticide,
a fact somewhat disheartening to countries where
the fight against malaria had not met with the degree
of success characteristic of the eradication effort in
Greece, Since that time there has been a steady in-
crease in the number of vector species that have be-
come resistant to DDT, dieldrin and/or lindane ( Bus-
vine 1956; Browa 1958, 1960: Quarterman and
Schoof 1938; Schoof 1959), Such resistance has now
occurred to some degree in the major vectors of ma-
livia of every global area. In certain instances, a
species has become resistant to one or more of the
insecticides used in its control in one endemic area,
while remaining fully susceptible to the same com-
pound in another locale. Thus, in Central America
the vector . albimanus Wiedemann is resistant to
DDT in several countries, yet in many parts of these
countries susceptible populations prevail despite the
widespread use for many vears of this chemical in
house spraying and agriculture. To date no less than
35 anopheline species have shown resistance to one
or more insecticides. Resistance to dieldrin and lin-
dane is present in 34 species, and DDT has induced
this type of response in 14 species,

Inasmuch as the term “resistance” is interpreted
variously, let me define it at the onset of this discus-
sion. Although several definitions have heen pro-
posed for physiologic resistance, the term essentially
indicates that an insce. population has developed the
ability to survive exposure to dosages of an insceti-
cide which previously had caused the death of the
greater majority of the specimens exposed to it. This
definition excludes a population or species which never
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susceptible s the susceptible parent, The latter is more
characteristic of DHDT resistance, which  fact partially
explains its slow development as contrasted (o the ex-
plosive nature of dieldrin resistance, On the whole,
physiologic resistance has not heen a2 major handicap
to the overali malaria eradication efforts except in rela-
tively restricted situations such as oA stephenst in the
Middle East. Resistance to DDT dieldrin can be
overcome by resorting to organophosphorus compouuls,
but the latier course not only augments the cost of
malaria eradication but also involves a higher level of
technical competeney and administration than necessary
heretofore, |

had been susceptible to o given toxicant,  Some
authors may consider such populations as naturally
resistant or refractory to the insecticide invalved,
Physiologic resistinee is distingnished from hebzy-
ioristic resistance by the fact that in the former the
population can survive contact with and absorption
of the toxicant, whereas in the latter the belavior of
the population is such that its contact with the toxi-
caunt is limited. Whether behavioristic resistance i
a result of & response change cimsed by o
the insecticide or is a natural pattern ¢
is 4 moot question, principally because methods for
its detection and measurenient have not heen stamd-
ardized. Fortunately, the same does not apply to
physiologic resistance for which standardized |n.'oco-
dures and test kits have been devised, not onlv for
mosquitoes but for a host of other arthropods,

S
Nposure to
m of the species

The significance of physiologic resistance in vector
control led to an early search for metheds to deter-
mine its presence. The initial technique for resist-
ance determinations in mosquitoes was hat developed
by Busvine and Nash (i933), Anather method de-
vised by Fay et al. (1953} was subsequently revised
(Mathis et al. 1959). The components of these tech-
niques served as guidelines for the standard proce-
dure that was adopted by WO to measure resist-
ance in adult mosquitoes (Anonvmous 19607, The
prime breakthrough with the WHO technique was
the preparation of papers uniformly impregnated with
Risella oil solutions of DDT or dieldrin that remain
usable for 4 to 6 years, Coneurrent with the appear-
ance of a standard technique to determine resistance
in mosquito adults was a procedure to evaluate larval
susceptibility,  Such  techniques have been instru-
mental in detecting and confirming resistance when-
ever this phenomenon has developed in field popula-
tions of mosquitoes,



40 MISCELLANEOUS IPUBLICATIONS OF THE ENTOMOLOGICAL SOCIETY OF A MERICA

The appearance of resistance in species apparently
is governed by numerous factors including the type
of insecticide, the frequeney of exposure to the com-
pound, the genetic and physiologic makeup of the
species, the stage of insect exposed, and its hiotic
potential and hehavior. The reiative significance of
these clements is obscure in many instances. How-
ever, as to the relative tendeney of anopheline popu-
lations to develop resistance to DDT or to dieldrin,
it is quite apparent that most anopheline populations
losce their susceptibility to dieldrin much more rapidly
than they do to DDT. Such a response can, in part,
he attributed to irrvitaney of DDT to the adult mos-
quito and in part to the genetic factors involved.
Dieldrin resistance appears to he more absolute than
that of DDT, which sometimes can be thwarted by
more frequent insecticidal treatments or by increased
dosages,

Experience has shown that the genes for resistance
may or may not be present in a given population, a
fact that has been a source of confusion, suce at-
tempts are frequently made to ascribe the resistance
problem on a species rather than population  basis.
An example of this aspect is . gambiae Giles in
Africa. In West Africa this species has developed a
high level of resistonee to dieldrin, in some cases
after only 18 months of its use in house spraving.
However, in East Arica (Tanzania) such resistance
has not heen detected despite the routine application
of dieldrin to native huts over a 3000- to 4000-mile®
arca for a 3-vear period, during which time Culea
pipicns fatigans Wiedemann  (Smith 1938a), and
other arthropods such as bedbugs Cliex hemipteris
oo Smith 1958b), and lice tAnonymous 19393} he-
came resistant to dieldrin, Recently though, distinct
evidence of dieldrin resistance in . gambiae has
been found in the Sudan and Madagascar (Hamon,
personal communication) and Kenyva « Broce-Chwatt
1970,

A second exinple of the discontinuous aspect of
resistance inoa species has oceurred with o, quadri-
maculetns Say in the United States. Despite the
widespread use of DDT in treating more than 2.5
million houses over the southeastern United States for
malaria eradication in 194547 ( Bradley 1966y, .,
quuadrimaculaties never displayed any loss ol suscep-
tibility to DT, even though the concurrvent and
greater use of the swue chemical in agriculture placed
the species under additional selective pressure, How-
ever, in 1952, Kruse et al, reported that the species
was less susceptible than it had been previously to
DT larvicides used in the Tennessee Valley Au-
thority malaria-contral program, a dosage of 0.1 1b/
acre now being required vs. that of 0.05 Ib/acre pre-
viously. Subsequent work (Anonymous 1955) re-
vealed that the assumed resistance was due to other
causes, and Hawkins et al. (1958) reported that DDT
remained the insecticide of choice in the Tennessee
Valley Authority area after 13 years of repeated
applications,

In 1954 studies were undertaken at the Technical
Development Laboratories, Savannah, Ga., to select
A. quadrimaculatus for resistance to DDT. Because
the Tennessee Valley Authority had reported a loss
of effectiveness in its DDT larvicide (Kruse et al.
1952), mosquitoes were obtained from TVA, colon-
ized, and exposed to various types of DDT pressure
as adults and/or larvae. Despite selection at a 99%
level for 12 months, no loss of susceptibility could he
demonstrated that was not eliminated after 1 gen-
cration without selection. After 2 vears of negative
results, the project was abandoned on the assump-
tion that .. quadrimaculaius might well be a species
incapable of developing resistance to DDT.

In 1956 Mathis ct al. reported a dieldrin-resistant
population  of . gquadrimaculatus from Bolivar
County, Miss., in areas where the principal exposure
of the mosquito to dieldrin presumably occurred from
agricultural use of this and related pesticides. How-
ever, both DDT and DDT-chlordane house treat-
ments had been made in the area for many years.
The adults of the Mississippi populations showed no
mortality after 30-min exposure to 2 g of dieldrin/
w’, but their susceptibility to DT was the same as
that of a laboratory strain.

The fallacy of the premise that A, quadrimaculatus
could develop resistance to dieldrin but not to DDT
was clearly demonstrated 4 vears later, when the
Corps of Engineers, U, S, Army, at Savannah re-
ported that it was having difficulty in controlling .1,
quadrimaculatus with DT larvicide application at
the Clark Hill Reservoir near Augusta, Ga. ( Mathis
et al. 1960). At a key inspection site adult counts of
this species, after ranging from 4 to 40/inspection
during the period 1954-38, had risen to more than
200/ inspection in 1959 despite continued larvicidal
treatments of DDT, From 1932 to 1959 the annual
application of DDT was from 4,000 to 10.000 1b: the
amounts for the years 1957, 1958, and 1959 were
2,600, 10600, and 10800 1h, respectively. Tests of
the DDT used showed it to be fully toxic to labora-
tory strains of 4. guadrimacnlatus. However, paral-
lel exposure of larvae from the Clark Hill Reservoir
and those of a laboratory strain showed that 0.2 ppm
of DDT produced 100% Kill of the laboratory strain,
whereas 2.5 ppm killed less than 50% of the Clark
Hill strain.  Evidence of resistance to dieldrin was
apparent also from the complete kill of the laboratory
strain at 0.004 ppm as compared with the 2.5 ppm
required for 100% mortality of the Clark Hill strain,
Exposure of the adults to 4% DDT papers revealed
no kill of the Clark Hill strain vs. 100% mortality of
the laboratory strain. With papers containing 0.4,
0.8. and 1.6% dieldrin, the kills of the Clark Hill
strain ranged from 28 to 369, whereas 96% kill of
the Savannah strain was produced with the 0.8%
dieldrin paper. In the absence of any dicldrin larvi-
cidal” applications, the only source of contact with
this compound was from agricultural runoff.

The failure of DDT to control the larvae and the
confirmed resistance to this chemical in both adults
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and larvae resulted in the replacement of DDT with
i malathipn-lethane formulation. Satisfactory control
has been obtained at the Clark Hill Reservoir with
this treatment for the past 9 vears. Another instance
of DDT and dieldrin resistance in Georgia was later
reported at Hartwell Reservoir 25 miles north of the
Clark Hill impoundment (Mathis et al. 1965). Of
interest are the tests made at that time at Clark Hill,
which showed that after 2 years of exposure to the
malathion larvicides, field-collected adults had little
resistance to DDT, but the dieldrin resistance was
the same as that in 1939 ¢Table 1), thus strengthen-
ing the premise that agricultural vunoff was the
source ol resistance to this compound.

Numerous other examples of delayed development
of resistant anopheline populations or a dispersed
pattern of their occurrence are found in the literature.
Resistance to dieldrin was first detected in . albi-
manus in various parts of Central America in 1938,
and in several countries populations resistant to hoth
DDT and dieldrin were found. However, in Costa
Rica no DDT-resistant populations of o, albimanus
have been detected to date, despite the almost con-
tinuous DDT-house-spraving program that has been
in effect since 1930, o1, pscudopunctipennis Theabald
in Mexico, o, fluviatilis James in India and Ceyvlon,
and oA mintmus flavivostris Tudlow, while cesistant
to dieldrin, still remain susceptible to DDT. This
situation prevailed also with . gambiae it West
Africa until recently when Hamon et al. (190%)
demonstrated DDT resistance in A, ganbiae spocies
Avin the Upper Volta, In Greece, Turkey, Lebaqon,
and Tran, o, secharovi has shown resistance to L.DT
{ Brown 1960} : vet in Ttaly and Romania the species
remained susceptible to this compound despite rore
than 10 years of its use (Zulueta 19393, Table 2 wives
i osummary of species resistant to dieldrin aad 'or
DDT,

Thirteen species have displayed resistance 1o hoth
DDT and dieldrin, the principal examples of this
phenomenon being 1. pharoensis Theobald and .
stephensi Liston in the Middle Tast, . sacharowvi
in Furope, oA albimanus in Central America, and
A sundaicus (Rodenwaldt) and . aconitus Dinitz
in Java. The double resistance problem with ..
stephensi in the Middle East was well summirized by
Zulueta et al. (1968). The initial suspicion of DDT
resistance in this species in Sandia Arvabin in 1933
wias conlirmed in 1953 by Davidson (1038, The sub-

Table 1—Percent mortalities of o quadrimaculutus
adults collected at the Clark Hill Reservoir, Ga., 1059
and 1962, and exposed to DDT /dieldrin Risella oil papers

1959

Toxicant (56) 1902
nnT 1.0 0 18
20 1 39
4.0 0 72
Dieldrin 0.4 28 20
8 31 26
1.6 36 46

Table 2.—Insecticide resistance in . Anopheles mosqui-
toes.  Species without an asterisk resistant to dieldrin
with single asterisk (*) resistant to DDT and dicldriu;
with double asterisk (**) (o DDT only, (From Brown
(1968) with modifications.)

aconitus*

albimanus*

albitarsis Lynch
Arribalzaga*

annularis Van der Wulp*

aquasalis Curry

barbirostris Van der Wulp

coustani Laveran

cruci.ins Wiedemann

culicifucios®

filipinae Manalang

neomaculipalpus Curey
mnestozars Galbaldon®+
pharoensis*
philippinensis Ladlow
pseudopunctipennis
pulcherrimus Theobald
quadrimaculatig*
rangeli Gabaldon, Covi-
Garcia, & Lopuez
sucharopr*
sergenti (Theobald )4

Suziatilis splendidus Koizumi
funestus Giles stephense*
gambiue* strodel Root

labranchise Falieroni

1 atroparvus Van Thiel
maculipeanis Meigen
minins flacirostris

m. messeae Fallerond

subpictus Grassi*

sindatenus*

trimmndatis (Neiva & Pinto)
Tagns Dinitz

sequent soread of DDE resistance in Tran and Irag
led to the replacement of DT with dieldrin in 1937,
However, hy 1959, resistance to dicldrin appeared in
southeast Iran and soon was common in sowh Iran
and Trae. Subsequent outbreaks of malaria in Traq
in 1963 resulted in the use of DT again, sinee the
resistanee to this compound was much less than that
to dieldrin, - Suceessful results with DDT hogse
spraying extended to its general application in Trig,
and the picture of resistinee remuined  unchanged
for several years. However, in 1060, a sharp upswing
ocerrred in the DDT-resistanee level which enin-
cided with amarked inerease in o, stephensi densities
and an extension in the range of the species toward
the north.

Similar documentation for -, aconitis and . sun-
daicus is found in the reports of Soerono et al 1 1963,
b, Resistance to dieldrin first occurrved in . aconitus
in 1939 aiter 3 vears of dicldrin applications in cen-
tral Javi. Such resistance was evident thronghomt
Javie by 19620 In an areen of Jogiakarta, central
Javao where DT had replaced dieldrin after 1937,
A aconitus populations suddenly displaved a high
level of resistance to DD in 1962 that wis coupled
with dieldrin resistance,  Subsequent surveys in cen
tral Java revealed such double resistance characterized
< aconitus populations wherever they were checked.
However, in the Jogjakarta arei, no inercase in DDYT
resistance occurred from 1962 10 1963, The assump-
tion was that the tendeney of o1, aconitis 1o feed on
cattle resulted in o large number of mosquitoes not
contacting  sprayed  surfaces, thereby reducing  the
seleetion pressure of the insecticide, In oL sundaicus
the initind resistance detected was to DIV in western
Java i 19550 Dieldrin proved  highly  effective
against such DDT-vesistant populations far 3 vears,
at which time the program was temporarily halted,
Two years later susceptibility tests revealed no resist-
ance to either compound in the Semarang area. None-
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theless, subsequent studies disclosed DDT-dieldrin-
resistant strains in central andd eastern Java, southern
Sumatra, ind North Borneo, The agricultural use of
dieldrin and DDT played a role in the development
of such resistance in these species: in 1 instance the
resistance of o aconitus o dieldrin was solely a
result of the nse of agricultural pesticides,

Although the development of suitable field tech-
niques for detecting rvesistance in field populations
mide it possible to detect this phenomenon through-
ont the worll, the value of the methodology lies in
the interpretation of the dita obtained, particularly
in regard 1o the application of such findings to the
problent ol controfling the vector. Some  workers
have tended to use the data as the eriterion on which
to base the contral approach, without giving proper
attention to the fact that there are numerous factors
that frequently cause the failure 7 control measures.
Ditiicultics have arisen in deciding the relative im-
portance of slight changes in vesponse, the effect of
seison on the suseeptibility of a vector, the signifi-
cinee of the Leg, vse the Leys or Legg,. and the inter-
pretation of o reduced response “arelation to the
need 1o clinge inseeticides. Untortunately, time has
nat provided all the answers to these queries, How-
ever, today we have o much hetter understanding of
resistance and its development.

The general concept of the development of resist-
ance s that in an inseet population a small number
of individuals possess the genes that produce physio-
logic resistance, In most instances such individuals
would niot he apparvent in a popnlation, but the expo-
sure of the population to the seleetive action of an
insecticide eliminates or reduces the number of sus-
ceptible nulividuals and results in an inerease in the
monber of resistant individuals present. Whether,
and how rapidly, this type of mosquito hecomes the
dominant element of the population depends on the
inseeticide, how general the treatment s, the genetic
watkeup of the population, and upon other factors,
When only a segment of the adult population is ex-
posed, the unexposed and largely susceptible portion
mity ehilute and keep the resistance Tevel of the popu-
Ttion as a whole at w low level, The composition of
amined population of resistant and susceptible in-
dividuals is reflected in the shape of the dosage mor-
tality regression line, Suseeptible homogenous popu-
Jations show o Jinear response, whereas populations
containing o resistant element show - flattening or
plateau vesponse. The Tevel at which this plateau
effcet oceurs retlects the proportion of resistant in-
dividuals present. Laboratory studies of mixtures
containing different percentages of susceptible and
resistant individuals from which samples were drawn
at random and exposed to various dosages of dicldrin
showed this effect (Mathis et al. 19539, When the
resistant individuals represented 205+ of the caged
populations, the dosage-mortality  line showed a
platean effect at the 80% mortality level (Fig, 1),
With 40% of the population resistant, the plateau
occurred at the 60% mortality level. Thus the ah-
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sence of any inerease in kill with the inerease in dos-
age is indicative of a resistant element in the popu-
lation. The wholly susceptible sirain had a typical
lincar response, whereas the highly resistant strain
(Fig. 1, Cleveland) showed less than 105 kil de-
spite the 20-fold incvease in the percentage of dieldrin,

To answer the question of how important a change
in response is to the control effort, ene must look first
at the purpose and reliability of the technique in-
volved, The method for determining susceptibility
wias devised to give us a tool wherehy we could
determine if difficulties in the control program were
due to the resistance of the vector to the insecticide
in use. Essentially, the control fidlure is a symptom
the susceptibility test is one means of determining its
CaNse,

On any program periodic susceptibility determina-
tions will enal.ie a close check on the response of the
mosquito population to the insecticide. Reduced kills
at dosages that formerly were lethal to 90-100% of
the population indicate the need for further testing
to see whether the results are due to normal varia-
tions or to an actual change in response. The season
of the vear, temperature, number of test specimens,
nutritional state, vigor, and other factors (Shalaby
1968) may be responsible for the change in response
that occurs. \Where slight resistance to DDT is ap-
parent, discriminating dosages can be used to deter-
mine if the proportion of susceptible vs, resistant
individuals in the population is changing,
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Although the susceptibility test gives information
on one possible cause, obviously there are others, any
one of which could be equal to or greater in signifi-
cance than resistance. Inadequate treatment, poor
suspensibility of the formulation, exceptionally high
densities of the vector, breakdown of the insecticide
on the surface material treated, changes in mosquito
hehavior, all represent other possible causes of con-
trol failures. Thus, the results of the susceptibility
test must be weighed against the other possibilities
hefore any specific decision is made on the course of
action. In no case should a change be made on such
test data per se.

To stress the periodic assessment of the physiologic
response of the anopheline mosquito and not give
consideration to other chavacteristics of the insect
would be both nusleading and erroneous. The gene-
tic variability that brings about the development of
physiologic resistance may also affect other facets of
mosquito biology so the selection pressure leads to
populations that may differ in their biology from their
forchearers, In ol pscudopunctipennis in Mexico
changes that have occurred in a population are re-
ported to have caused an increase in the number of
specimens entering a treated hut and in the number
of escapees (Zulueta 1964), Such changes, coupled
with a lew level of physiologic resistance, might well
exert a deleterions effect on the efficacy of an eradi-
cation program, whereas the madified susceptibility
response in itself might be unimportant.

Considerable progress hits been made on the gene-
tic hackground of resistance, since dieldrin resistance
in . gambiae was reported by Davidson (1956) as
simple  Mendelian inheritance.  Studies on several
species (e, swndaiens, albimanns, gambiae, stephensi)
have revealed that the vesistance to DDT and to diel-
drin, and related cyvelodiene compounds, relates to 2
independent genetic factors, In most strains of .,
gambiue vesistinee to dieldrin involves  incomplete
dominance of the resistance factor so offspring from
i cross of susceptible and resistant parents are inter-
mediate in their response to the insecticide.  David-
son (1956) reported that 0.33%" and .05 dieldrin-
impregnated papers could serve as discriminating dos-
ages to separate the susceptible, intermediate, and
resistant groups. While this type of semidominance
for dieldrin resistance is general, a strain of . gam-
biae from the Ivory Coast contains a dieldrin-resistant
gene that is completely  dominant  (Davidson and
Hamon 1962), With this strain, my cross of sus-
ceptible and homozygous-resistant individuals results
in individuals that survive exposure to both 0.4 and
4.0% dieldrin papers.

The single genes responsible for DDT resistance
usually are recessive, and consequently DDT is lethal
to heterozygous individuals, Thus, resistance to DDT
presents less of a field problem, hecause the suscep-
tible individuals form a large segment of the popula-

! The standard 0.4 and 4.0% dieldrin papers in the World
Health Organization kit serve for this purpose,

tion. The reverse wevld be true for dieldrin resist-
ance. Tield experience with these 2 compounds sup-
ports this viewpoint, dieldrin resistance being rela-
tively explosive in its appearance, whereas resistance
to DDT is slow to develop to the point where control
failures occur,

Much has been written on the impact of resistance
on the chemical control of arthropods, and without
question there are numerous instances where  this
factor has led to a revamping of the chemical control
approach.  However, when we look at the effeet of
resistance on malarin-eradication programs, it is ap-
parent that to date this problem has heen of a eritical
nature in only @ few instances,

In miany cases the question resolves itsell into
whether the level of resistance is such as seviously to
hamper the control program, The initial resistance
of 1. stephensi to DDT in the Middie Fast was as-
sociated with the presence of aduits in sprayved houses
and an increase in malaria incidence. When dieldrin
replaced DIYE, the veetor practically disappeared in
the treated areas, However, within I8 manths after
dieldrin was substituted for DDT in Trag, resistance
to it also was apparent and at a level much more
eritical than that previously evident for DDT, As a
result, DDT was agiin used to curb an outhreak i
Iraq in 1903 (Zulueta et al, 1968), and the <praving
markedly reduced the densities of oL stephiensi in
sleeping quarters. Later in 1964 the use of DT was
extended to the southern and central regions of that
country., Howewver, in late 1966, the mumber of .
stephenst surviving in treated  bedrooms inereased
ahout 25 times that ohserved the previous vear. This
angmentation coincided with o decrease in the sus-
ceptibility of the vector and o rise in the malaria
incidence ¢ Anonymous 1967,

In Central America, the failure to achieve eradica-
tion apparently is due v combination of factors that
miy or may not incle o hvsiologie resistanee, sinee
the diseise persists in s where the principal vee-
tor, oL albimanns, is susceptible to DT, After the
substitution of dieldrin for DDT stimulated a0 vipid
and widespread onset of dieldrin vesistance in 1938,
DDT wis reintroduced, Despite its use alone or sup-
ported by drug therapy, high rates of malaria con-
tine to occur in many arcas, Since the failure to
eradicate malaria in the aveas where albimanus s
the vector arises essentially from the Lehavior of
albimaius and not i its resistance to DD, one
must look at the latter as possibly a contribting, but
not as a critical factor in the persistence of nudaria
in those countries,  In such situations the question
arises also as to the feasibility of the residual house
spraying technique aone ax a meians of disrupting
malaria transmission in this region,

In Indonesia, Socrono et al. (19634 reported that
DDT vesistance in oA, aconitus did not cause any ir.-
crease in malaria transmission principally becanse of
the depletion in the parasite reservoir bronght ahout
by the effective eradication program that preceded
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the development of resistance in the vector popula-
tions,

Aside from these examples, there are numerous
ather reports of resistance in important vectors (eg.,
A sacharozi and L edicifacies Giles) which had an
effeet on their control hat did net materially influence
the progress of the miadaria eradication effort.

Thus, when one considers the overall impact of
physiolugic vesistance upon the progress of malaria
eradicidion, the obvious conclusion s that in itself
resistinee particulirly that associnted with DY)
has not Deen a major stumbling block to madaria
eradication efforts, This viewpoint does not differ
gready from that expressed by Muirhead-Thomson
and Broce-Clhiwatt ¢ 1964) who stated *In general
the arcas in which this (physiologic) resistance has
developed vepresent only o small part of the total
geographic distribation of cach vector species. There
e several magor veetors of malaria which remain
completely suseeptible to DDT despite many vears’
exposure o ansecticide pressure.” The hasie assumyp-
tion that residual treatments of homes i malarious
arcis would interrupt transmission: has proved valid
with various vectors in different countries but, at the
same time, serious questions hive been raised against
it in countries where the habits of the veetors andior
of the peaple are sueh that house spraying exerts only
aslight effeet on the transmission evele. Even in
Cevlon and India, where the disease apparently ca-
pitulated to the veetor control attack, recent resur-
genees of malarin have emphasized  that constan
vigilanee is required to eradicate the disease,

Nonetheless, it most he remembered that in several
instances, 1 osistance has proved to e a eritical harrier
to the sueeess of a progiam. Such a situation now
prevadds in parts of the Middle East where DIYT ve-
sistance in oL stephensi has reached such a level that
malaria transmission has increased despite good spray
coverage, i additional spray evele, and 2 cheno-
therapentic applications (Anonymous 1967). OFf inter-
estis the inference that the 3ed ronnd of DDT treat-
ment in the Faooaren of Trag may have favored the
development of o highly resistant population of .,
stepliensi sinee, in other areas where only 2 spray
eveles were used, the resistance levels remained the
same as i the previous vears, Tlowever, as was
pointed vurin the veport ¢ Anonymons 1967, factors
other than resistiance were involved in the Fao devel-
opments. The 2nd avea where the use of DD'T might
be considered of Hmited value is Java, where o, sun-
duicus and oA, aconifus have developed resistanee 1o
it o dieldrin in several localities. However, as
reviously mentioned. Soerono et al. (19634) el
that such resistance had not serionsly influenced the
sregress of the program up to that time, The termi-
rrtion of the eradication program: sponsored hy the
Ageney for International Development in 1964 has
forestalled further evaluation of the influence of this
resistanee,

However, the fact that resistance has thwarted con-

trol of several mosquito species, including the ano-
phelines previously mentioned, makes this phenome-
non i potential and dangerous threat to any program
dependent for success on chemical control methods,
Thus, one must seek ways of preventing or retarding
resistance development or of overcoming it. To date,
only o few suggestions appear valid. One is to yve-
strict the use of insecticides to adult stages wherever
feasible, since the application of larvicides tends to
hasten the developmient of resistance, inasmuch as a
greater proportion of the population in the area of
treatment is expused to selection pressure,  \Where
larvicides must b used, and apparently this may he
the case in some areas, the campound used against
the larvae should he of a type different from that
employed against the adult (i.e., organophosphorus
vs, chlovinated hydrocarbon). A reduced number of
eyeles may also be of henefit if the situation in Traq
with L stephensi can be interpreted in that light,
Consideration might be ¢iven also to the use of 1
rather than 2 ¢ of DDT/m* where multiple eyeles are
desirable. Tt would appear logieal that in situations
where the heterozygotes are similar to the suscep-
tibles in response to DD, the selection pressure
should he kept at a level that would prevent the reces-
sive homozygous-resistant specimens from assuming
dominance in the population,

All the previonsly suggested approaches are hased
on the premise of lowering the pressure of the selee-
tive measures, therehy lessening the chanees of resist-
ance neeurring or of it reaching a eritical 1ovel, How-
ever, it must be vecognized that careful regalation of
the regime of anopheline control practices Ny not
accomplish the prevention anticipated because of the
agricultural use of insecticides. The ahsence of DDT
resistance in Costa Rica as contrasted to other coun-
tries in Central America is aseribed by some work-
ers is heing due to the limited amount of agricultural
pesticides used in that country, particularly by aerial
application. In Java the resistinee of A, aconitus and
of ol sundaicus can be attributed in part to agricul-
tural pesticides, and the same is true for . quad-
rimaculatus in the United States,

To ove.come resistance to a specific chemieal, the
obvious solution is to switeh to another type, At
present the 2 alternatives are principally DDT and
dieldrin or benzene hexachloride.  Other materials
that have heen found effective against DDT-dieldrin
resistant strains are malathion, fenthion? fenitro-
thion, and propoxur (Baygon™), Unfortunately, cach
of these compounds has o shorter residuat life than
the chlorinated hydrocarbon toxicants, and each js
much more costly.  Malathion is considered to he
promising against DDT-dieldrin resistant 1. sun-
daicus and . aconitus in Java: in Upanda it has
heen shown to interrupt malaria. The other com-
pounds are still in the experimental stage of field

#1n ahe Tath Report of the WHO Expert Commitiee on In-
seeticides on the Safe Use of DPesticides, fenthion was not con-
sidered suitable for routine indoor spraying because of the possible
adverse effect on spravmen,
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eviduation. As yet. none of these compounds lLave
been used sufficiently to know what changes in re-
sponse would occur in the vector populations., How-
ever, several calicine mosquitoes have developed re-
sistance to arganophosphorus  compounds, and the
absence of such resistance among the anophelines can
be assumed to he due largely to their minimum amount
of exposure to such pesticides.  Some reports from
Central America { Bruce-Chwatt 1970 have indi-
cited @ lowered response to madathion in o, albi-
manns which could well have emanated from the
large-seale use of organophosphorus compounds in
agricultural sprayving.

From an overall viewpoint, the conquest of physi-
ologic resistance appears to depend upon the adop-
tion of measures that will prevent the development of
super-resistant. populations. Sueh tactics would he
combined with an integrated tyvpe of control effort
wherehy biological agents, genetic mechanisms, theri-
peatic measures, and common sense would he hrought
into play to reduce the dependence that is now placed
on residual house spraving as o means of decimating
the disease. It Jikewise would lessen the chance of
resistance development and decrense the amount of
insecticidal  contaumination, Unfortunittely, the shift
to such an approach will not only increase the cost
of malaria erudication but will also involve a higher
level of technical competeney and administeation than
heretoiore required, the lack of which constitutes
already important factors in malaria eradication in
developing countries,

In summation it can be stated :

—

Physiologic resistanee to DT or dieldrin occurs
in more than 35 anopheline species, 14 of which
are resistant to hoth compounds. Divldrin resist-
ance develops much more rapidly than DD pe-
sistance, and the latter frequently is not at a high
enongh level to hamper eradication efforts. T'wo
independent genetie factors are involved : one con-
fers resistince to DDT, the other to dieldrin s
lindine, fncman: areas anopheline veetors have
remained susceptible to DT despite its nse for
periods of 1) vears or greater,

o

Physiologic resistance in itself has not disrupted
the progress of the overall global malarin eradi-
cation program except in a few specific areas such
as in the Middle Fast, where the veetors are
resistant to DDT and dieldrin,

3. Inmany areas physiologic resistance may contrib-
ute to the failure or the slow progress of malaria
eradication, but its role is compurativel © minor in
relation to other critical problems that exist in
the administrative and technical phases of pro-
gram operation and to the lacunae in our knowl-
edge of veetor binlogy,

4. Inseeticide resistance poses 1 constant threat to

programs that depend for their suceess on chemical

control measures, With increased emphasis on
other types of chemical treatment, particularly

on
-

those that place the mosquito populition under
greater seleetion pressure, the future significance
of resistance may augment considerably,

2

At the present time the principal remedy for re-
sistance is the use of alternate mseeticides, Com-
pounds that are effeetive against dieldrin- and
DDT-resistant populations include malathion, pro-
poxur, and fenitrothioon, cach of which is far more
costly ana s shorter period of residual activity
than cither DD or dieldrin,

6. The application of inseeticides for the control of
agricultural pests has been an important factor in
the development of resistant veetor populations.
In some instanee such treatments apparently have
heen the principal catse of resistanee to certain
compounds occurving in anopheline mosquitoes.
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Discussion of Paper by Dr. H. ¥. Schoof
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resistant to dicldrin, We did find that nmixtures of
BHC and nidathion, and Seldrin and malathion, did
select against dieldrin resistance, that is to say that
mosquitoes that escaped from a hat treated with a
mixture showed a lower level of dieldrin resistance
than in the general population. | do understand that
very recently WHO s showing & rencewed interest
in the use of mixtures, and | woukl very strongly
suppart this, not just a misture of 2 inseeticides, hut
perhaps 3 or even 4 Mistures of prophylactics have
heen used with considerahle suceess, and 1 was hop-
ing that Dr. Clyde might say something about that
this morning. 1 gather that some of the French work-
ers had considerable suecess with the use of mixtures
of prophylactic drugs in the prevention of the ap-
pearinee of resistance,
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Dr. Sarrri—Several Yeurs ago we made some se-
lection experiments with house flies, Musca domestica
L.: bedbugs, and cackroaches, in which we exposed
nonresistant colonies to a chlorinated hydracarbon
and an organophosphorus insceticide in mixtures in
cach generation and alternately in alternate generi-
tions,  In each instance we developed resistance to
hoth kinds of insecticide, at speed which was just
abont proportional to the selection rate at which they
were used. T question whether some of the drug com-
hinations are hased on experimental evidence that
they prevented the development of resistance under
comdlitions in which resistance developed to the com-
ponents when used separately, As you know, the FFood
and Drug Administration bas recently  withdrawn
registration of several drug combinations on the hasis
of invalid claims. T think in the ahsence of some ex-
pevimental indication that suseeptibility to 2 specifie
insecticides iy negatively correlated, their use in
mixtures in the hope that the combination will pre-
vent the development of resistance will probably be
futile and possibly wasteful, Through development of
resistance to hoth at the same time, the usefulness of
the 2 might be lost more quickly than if they had
heen used consecutively, This is, of course, in com-
plete contradistinction to situation in which one
insecticide is needed to control one species and a
different insecticide to control 4 different species, and
hoth species must be controlled with the same appli-
cation, or a combination of a quick knockdown chem-
ical and another which gives long residual action.
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Just a random mixture of insecticides doesn’t appear
to me to be very promising.

Dr. Scnoor.—Dr, Davidson was quite correct in
that WHO was giving further consideration to the
potential of mixtures at the Laboratory Director's
meeting in its last 2 sessions. But I might say also
that the idea has been received with mixed emotions,
The difficulty is in trving to evaluate this procedure.
At the last gathering it was decided that there cught
to be some work done, not only with mosquitoes, hut
also with some other insect that’s more plastic, such
as the house fly, [ can't quite agree with Dr. David-
son on use of 4 compounds. We have enough prob-
tems right now with one. If we ever get four in the
field it certainly is going to complicate some aspects,
and | think it will alse increase the costs, and that is
one of the major stumbling blocks to the use of com-
pounds other than DDT,

Dr Hastox.—The use of mixtures of insceticides,
at least against adult Anophieles, presents some difii-
culties, heeause the residual eficacy of the various
components of the mixture will he very different,
Also, in some places in the world, such as West Africa,
we have had very little selection of resistant olio-
phicles populations by health department application
of insecticide. Most, it not all, of our resi.tant popu-
lations came from BHC dusting of cocon and colfee
in the south, DDT and endrin dusting of cotton in
the middle belt, and DDT-BHC dusting of the pea-
nuts in the north, And now in the whole of West
Africa, dieldrin-resistant gambiae populations oceur
with a very high frequency of the resistant gene, For
example, in Mali Republie, where | made a survey
some months ago, we have . gambiae resistant to
DDT and dieldrin, as well as o funestus dieldrin
resistiance,  In this area no insecticide has ever been
used inside houses against anophelines, or against
any other pest of humans, Evervthing comes from
cotton dusting, and now the cotton pests ire hecoming
DDT- and dieldrin-resistant, and the agriculture de-
partment is beginning to use organophosphates and
carbamates, On cocoa 1 heard they are expecting to
use propoxuy soon. And it is probable that at least in
Africa, where malaria-control operations have heen
very nuich delayed, we shall seleet resistant popula-
tions of the vector before any application of the in-
secticides by the health departments,

Mr. JonxsoNx.—Another point that Dr. Schoof
might want to include in his list is to have a more
accurate delimitation in malarious areas followed by
selective residual DDT treatment of the houses in
areas where malaria is found and no treatment of
the arcas where there is no malaria. There have been
many countries that have sprayed evervthing whether
it had been shown that malaria was present or not.
In some countries, for example, they say “all houses
up to the altitude of 500 m shall he sprayed with
DDT.” Just recently one of our men came bhack
from Ethiopia and mentioned that there they are
doing this now, although in many areas there is no

evidence that malaria is present. If spraying such
areas can be avoided you will not only save money
but will delay development of resistanee,

Mr, Gagrrerr-Joxgs—~I think the point just made
by Mr, Johnson is a very good one. Dut if national
authorities when planning their spray operations try
to play safe by spraying, let us say all houses up to
500 m or whatever is the arbitrary altitude chosen,
[ feel that this decision must many times be dictated
by the impossibility with which they find themselves
faced of making adequate surveys evervwhere hefore-
hand. So they have to adopt some rule of thumb as
ameans of economizing on their personned, i1 you
like, or of avoiding a lot of delay hefore beginning to
spray at all. This links up with a point made by Dy,
Schoof in his closing vemarks, where he pointed out
the possible inereased importance of the anopheline
resistance problem in the future would entail more
technically competent persomel to deteet and assess
such resistance, I don't know, Mr, Chairman, if it ix
within the scope of the recommendations you wish 1o
mitke here, to deal with matters of personnel. But, |
should like to give my personal, strong support to any
plea for training and placing in the ficld in malarious
countries a lurger number of entomologists and en-
tomology technicians than we have seen since the in-
ception of the global malarin-eradication cimpaign.
I believe a great weakness all along has been the lTack
af provision for training sufficient numbers of men
and for orienting the training epidemiologically so
that we can have something different from  the
“straight™ medical entomologist whose t=nining, if it
wits anything like mine, laid the major emphasis on
comparative morphology and svstematics. OF course,
not only do we require more attention to the training
of such men, but also to theiv employment, It s
no good training men unless there is some authority
to see that those men are then deployed into the field
areas where their skill is needed,

M, Coxwav.—I should like to support Mr, Gar-
rett-Jones in his remarks, It seems to me that so
many of the comments that have heen made today
have pointed ont the necessity of seeing the malaria
control and the Anopheles situation in o total svstems
framework. What is needed is the training of ento-
mologists from this point of view, training entomaolo-
gists with a broad ccological knowledge not only of
their own eventual speciality, e, anopheline nos-
quitoes, but also of crop pests and the interactions of
sprayving against crop pests with their own activities
against malaria: a knowledge of sociology: a knowl-
edge of agricultural practices: irrigation practices,
ete. | think some moves along these lines are being
utade in some universities in this country, in Canada,
and in England, Training at the graduate level in
what is called “Systems Feology.” As a former crop
entomologist, T was very interested in hearing of the
effects of crop spraving on insecticide resistance in
Anopheles.

Also, throughout the world, resistance of cotton
insects to insecticides is hecoming so great that very
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soon spraying of cotton with insecticides will have to
be abandoned or cotton growing will have to be
abandoned.  The practice now is to spray cotton
about 2025 times season. There have heen several
major disasters, ineluding a classic one in Pery,
where all the migor pests became resistant, and even
after 235 spravs, no control was achieved and the
eotton erop wis completely lost. There is now inten-
cive pressure to chimge to integrated control for both
tropical erops and temperate erops—use of biologi-
cal comtro! agents, use of various other sophisticated
techniques—to integrate these methods into it total
svstenn of erop pest control. Tt will be important to
integrate control of both erop and medical pests so
there is o complete system over which one has con-
ol and knowledge, At any rate means must be
formd to prevent the many scientists in ditferent dis-
ciplines working against ane another,

Pr. Goveb—One of the questions which was
radsed by Mr, Garrett- Jones was the lack of competent
techmical personnel in malariology - throughout  the
workl, As we discussed proceeding from the classi-
cal insecticide measnres of control into more sophisti-
cated approaches, such as genetic manipulation and
hiotogical control, it oceurs to me that we may he
even worse off s as supply of adeguately teained
technical help. T don’t know how we are going to
resolve this problem, Does anybody have any sug-
gestions ?

Dr. Mernna.—1 think malavia-eradication programs
were primarily based on knowledge and - notions
which were developed 20 or 25 years ago. The de-
velopment of new information has not kept up with
the need for more technically trained people, espe-
cially people who are doubly trained in hiology and
ceology. Tt is extremely difficnlt to take a particular
speeies of mosquito out of its total enviranment and
deal with the organism without considering the other
Diotic and abiotic factors, | was surprised to hear
Dr. Hamon mention that in the Colombian-Venczue-
Lan area they found - unnestovart to be the veetor at
least 20 vears ago. This species is exophilic, it rests
outside i bites outside, yet residual house spraying
s continued for 15-20 vears without regard to this
hiological fact. Tt scems that most of our programs
are stereotyvped, and onee we get into o rut we can-
not get ont of it. \We need flexibility, where we can
change policies, where we can change the approaches,
according to new information as it develops,

Dr. Hasox.—=Mr, Chairman, T want to second
My, Conway's remarks and not only in malaria eradi-
cation. | know a very important progeam to be de-
veloped in West Adfrica soon in which one of the
mijor obstacles of the program will be the lack of
speciadized entomologists, Tt is a vector-horne discase
problem which is very important for economic devel-
opment of the country, and requires 18 specially
trained medical entomologists, whereas no more than
4 or 5 are availuble at the present time,

Dr. PrerscH.—~—Speaking to the point brought up
by Mr. Johnson and Mr. Garrett-Jones in reference
to dangers inherent in spraying noamalarious areas
when this possibly might he avoided, the point raised
by Mr. Garrett-Jones [ helieve is untenable. [ don't
believe that rules of thumb should he applied in
initiating programs if the basic epidemiological base
lines have not been established. The Taiwan pro-
gram was mentioned this morning by Dr. Davidson
as an exceptional and successful one in the Western
Pacific area. It took only 3 months to define the
malarious areas of Taiwan with suthicient accuracy
to proceed on epidemiological rather than completely
administrative grounds. A Rockefeller-type of spleen
and parasite survey wis accomplished using school
children throughout the island, in all the schools
throughout the island,  In other words, there are
(quite a numher of techniques that are known hut not
Judiciously emploved.  Subsequently we fall back on
rules of thumb, when the flexibility mentioned by the
other speakers, if emploved, might greatly minimize
the extent to which such rules of thumb would have
to he applied.

Dr. Scroor.—IFrom these comments concerning the
availability of manpower; if we go back 10 or 15
vears, we were talking about the same thing then. |
think we must recognize the fact that any progrim
of the magnitude of malaria eradication can't he sold
on the basis that we have to study all these different
factors hefore we come up with an answer, We also
nust recognize that residual sprayving did work very
effectively in many areas, Unfortunately, we now are
left with the hard core of real problem areas and
really don’t know how to cope with them, We started
ont with residual spraying, then brought, in drugs,
and now we are bringing in Larvicides. Pretty soon
we'll be bringing in approaches such as biological
control and genetic machanisms,  In essence, what
we are now going back to is 4 mosquito-control ap-
prosch in which we use all the tools that are avail-
ahle to control the insects. My only coneern now is
where will we get the funds to subsidize such an
activity, since even now the cost of propoxur, which
works better than DDT in areas where DDT ve-
sistance is a problem, may prevent its use in such
areas,

Dr. Mineer—I am not an entomologist, and P'm
a little confused about some of the terminology., Nat-
urally I'm not up on vour literature, hut when you
speak of physiological resistance, your definition re-
minds me of the treatment of gonorrhea, It takes a
lot higher blood level, but still under prictical therapy
we citn attain that blood level so we do not say it is
resistant, we say it is less suseeptible. Now  with
mosquitoes, vou can normally expect a 953% kill with
a 1% insecticide, and you eventually work up to 109,
Is this physiological resistance or is this less sus-
ceptibility 7 Can vou still get your kill with a prac-
tical, usable dosage? Second question: with the new
test system you described briefly, with the carbamates
and organophosphates, where vou have a 10-fold
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difference in dilution and vary the time, is this method
sensitive enough for an operational unit to alter its
program, or is this only a screen to indicate that you
need a more sensitive titration by a laboratory hefore
you alter your program?

Dr. Scuoor—Acceptance of the time method was
hased on the fact that they had enough evidence to
show that the time series would give vou essentially
the _ame type of information as the dosage serics.
Now the reason for not switching both test systems
wis the fact that all our information on DDT and
dieldrin is now hased on dosage, and there is no rea-
son to change a procedure that is already well ac-
cepted and completely satisfactory.  With the carba-
mates  and organophosphates, misinformation  was
being gathered, becanse the papers did not have any
substantial residual life as compared with DDT and
dieldrin.  As Jar as switching insccticides goes, on
the basis of a resistance test alone vou should have
additional information, because in any determination
of susceptibility a slight change in response can he
termed resistance. The point is, what does it mean
in practical terms? For example, some species show
more than 25-fold resistance hased on larvicide tests,
but actually when you go out in the field vou can
kill them just as easily as vou did before. Therefore
you must base any change of insecticides on field
observations and lahoratory test data, not on the lat-
ter alone. Now to vour Ist question about increasing
dosage. 1 think with DDT, for example, yvou can in-
crease dosage or time and you can kil the mosquito
readily with the increased dosage or time period.
Most tests are based on a limited time exposure, |
mentioned  mosquitoes from Mississippi which you
cannot kill with a 1-hr exposure to dieldrin. Yet, if
you sprayed an experimental hut with dieldrin and
left the anopheline adults in the hut overnight, you
would kill 50% of the specimens. You can also in-
crease dosage, but when you do, you increase other
parameters like cost, application problems, hazards,
and other factors. In the areas where we have put
on 2 g of DDT year after year, T wonder just how
many grams of DDT have accumulated on the wall
surface?

Dr, Roserrs.—There is one thing that hasn't heen
mentioned here that to me as an outsider is a little
curious, not having worked with mosquitoes very
much. That's the fact that all of this DDT has heen
applied in the system, and there is a tremendous
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amount of complaint with the United States. Yet it
seems that on the worldwide scene this same concern
doesn't exist. Is this observation correct ?

CoLoNEL ALTaax.—] would have to refer to some-
one clse for the concern throughout many parts of
the world, 1 know that in certain parts of the world
there is even more coneern than there is in the United
States. It has heen banned completely in Sweden,
and many other countries certainly are concerned
with the problems caused by the persistence of DD,
As far as the hazard to the environment from a
residual spray program in concerned, this is certainly
less clearly defined. It is my opinion that DDT
residual sprays applied inside buildings do not mate-
rially contribute to the contamination of the environ-
ment,

Dr. Jerpriy.—In recent vears there have heen sug-
gestions of possible biotogical advantages possessed
by strains of parasites which are resistant to anti-
malarial compounds, particularly in infectivity to the
vectors, ete. I would like to know if there are
biological advantages in the anophelines which are
resistant to insecticides but which are not directly
related to the association of the insceticide and the
vector.,

Dr. Scaoor—I{ you hadn't said that last part, |
could give you some examples, 1 think with gambiae
resistant strains have certain biological advantages
over the nonresistant strains,  But without the con-
tact with insceticides?  Mavhe 1I'd better ask Dr.
Davidson to comment.

Dr. Davinsox~I think that dieldrin resistance
imparts at least & balanced effect and possibly a slight
advantage, because as Dr. Hamon will tell you, in
many parts of West Africa, populations of gambive
show well over 507 dieldvin-resistant individuals,
even without having experienced any  inscecticides
whatsoever. T think that the development to the ex-
tent of a large proportion of resistant individuals in
the absence of insecticidal selection implies that there
are some advantageous  characteristics of  dieldrin
resistance,

Br. Scuoor—I think that with ahnost any strain
you maintain in a laboratory, removal ol the insecti-
cide as a sclecting agent will force the strain to he-
come susceptible. Obviously the susceptible strain in
these instances must hive some biological advantages,
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