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It is now 13 years since DDT was
introduced as a powerful agent for mos-
quito control. At half-time, that is 7 to 8
years ago, the insecticide-resistance situa-
tion was sumimarized by Hess, in his two
review papers. The saltmarsh mosquitoes
of Florida were DDT-resistant in treated
areas, but still susceptible to BHC or di-
eldrin.  The irrigation-water Adedes of
California had become DDT-resistant in
treated areas, while the Culex were be-
corning resistant to BHC and the cyclo-
diene group of insecticides. Culex pipiens
in central Italy had added chlordane-
resistance to DDT-resistance, while a de-
cline in DDT susceptibility of this species
had been noted at Toledo, Ohio. There
was no real DD Toresistance in Anopheles,
limited to slight changes in 4. guadrimacu-
latus in Alabama and Florida, premoni-
tions in A. sacharovi in Greece; and be-
havioral changes in A. albimanus in
Panama.

* Invitation Paper on the Special Topic of In-
secticide Resistance, 16th Ann. Mtg., 1960,

Now, after the lapse of a further 7 to
8 years, the resistafice picture in mosquitoes
has become much more serious, particu-
larly in Anopheles (Table 1). No less
than 21 species it this genus have now
developed resistance to one of more of the
chlorinated hydrocarbons used as adulti-
cides on the walls of buildings. Of this
number 7 species have developed resist-
ance to DDT, and 20 to dieldrin. In fact,
A. sundaicus is the only species in which
DDT-resistance alone has been developed;
all the others have developed dieldrin-
resistance in different populations of in
the DDT-resistant population itself, Di-
eldrin-resistance is strikingly intense, so
that there is no doubt about it. For
example, we all remember the question
whether 4. guadrimaculatus had developed
DDT-resistance in the southeast; by the
time it was decided that it was a local
slight increase in tolerance, intense dieldrin-
resistance had developed in Mississippi.
The Greek A. sacharovi, whose increased
DDT-tolerance took such a long time to
prove, now shows strong dieldrin-resist-
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TABLE r.—Resistance to DDT and dieldrin by anopheline mosquitoes.”

DT A, sucharovi

A, sundoicns

A stephensi

A. subpicius

A. albimanus

A. pharoensis

A. quadrimaculatus
Dieldrin A, sacharovi

A guadrimacidans

A gambiae

S

. subpictus
. coustani & A. pulcherrimic
Ao albimanus

A

. peeudopunctipennis
. aquasglis
. cutdicifacies
. vagus
. barbirostric & A. anmylaric
. sergenti
. fuvietlis
stephensi
A. minimus flavivostric
A. pharoensis
A. albitarsis
A. labranchiae

P

RSN

. Greece, Lebanon, Tran, Turkey
34, fava, Burma

. Arabia, Iraq, Tran, S, Inda
. North India, W. Pakistan
58, Salvador, Nicaragia, Guatemala, Honduras

1959, Egypt

1959, Georgia, Maryland, Mexico

19352, Greece ;

1053, Mississippi, Maryland ;

1955, Nigeria, Liberia, Ivory Coast, Upper Volta,
Dahomey, Camerotih, Sierra Leone

1957, | eylon, N. India

1957,

1958, lor, Guatemala, Nicaragua. Hondiras
Jamaica, Eciador, Mexico, Br. Honduras,
Citba, Dorriinican Rep,

1958, Mexico, Nicaragiia, Peru

1958, Trinidad, Venezuels

1958, E. Indiz

1958, Java, Philippines

1938, Java

1958, Jordan

1958, Arabia

1959, Iran

1959, Philippines

1959, Egypt

1059, Colombiza
1959, Moroceo

“Date given is first year of occurrence.

ance. The Mexican A. pseadopunciipennis,
which had not lost any of its DDT.
susceptibility in over to years of DDT
spraying, went resistant to dieldrin within
4 few months of its introduction in the
state. of Morelos. The development of
dieldrin-resistance in already DIDT-resist-
ant populationis of A. stephensi around the
Persian Gulf presents a riost serious set-
back to the world-wide malaria eradica-
tion program, as does the presence of high
DDTtolerance in the dieldrin-resistant
populations of A. albimanus in Central
Amierica.  More than 5 percent of the
eradication program is now confronted
svith resistant Anopheles, and this gap in
the protective umbrella of insecticides is
becoming larger.

In addition to physiological resistarnice,
where populations have come to survive
a lethal dose, there is behavioristic resist-
ance, where populations have come to
avoid taking up a lethal dose. Behavioristic
resistance may be of two types. One is
exemplified by A. albimanus in Panama,

which derives from a hyperirritable re-
sponse to DDT which causes them to leave
the deposit prematurely; the other is ex-
emplified by A. cruzii in southern Brazil
and A. puncrimaculy in Colombia, popu-
lations of which have developed the be-
havior of resting outside instead of inside
houses.  The matter of behavioristic resist-
ance, however, dermands more exact study
before it can be chardcterized adequately.

No less than 14 species of culicine mios-
quitoes have developed resistance to DDT
or other insecticides (Table 2). The worst
problem is the tropical house mosquito,
against which the chlorinated hydrocar-
bons have been applied as larvicides as
well as adulticides. This Ciulex guingue-
fesciatus, or C. fatigans as which it re-
mains more generally known, is coming
to rival the house fly in that there are
now few parts of the world where it has
not increased its natural DDT-tolerarice to
palpable DD T-resistance, or developed re-
sistance to BHC, dieldrin, chlordane or
toxaphene. DDT-resistance has developed
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TABLE 2.—Resistance to three insecticide groups by culicine mosquitacs

DDT group

BHC-Dieldrin gp. Organophosphorus gp.

India 52, Reunion 53
Venezuels, Taiwan 56
Puerto Rico 57

S. Australia, Panama 58

Culex fatigans
(quinguefasciatuss)

C. pipiens Ttaly 47, Mass.

N.J. 55, Japan. Cal. 59
C. tarsalis Cal. 51, Ore. 56
C. coronata Panama 58

C. poicilipes, C. nebulosus, C. tritaeniorhynchus
Aedes aegypti Trinidad, Dominican Rep. 54
Venezdela 55, Haiti 56
NE Colombia 57
Puerto Rico, Jamaica,
Guadeloupe 59

Fla. 47, Del. 51
Florida 49
California 49
California 51

A. sollicitans

A. taeniorhynchus
A. nigromaculis

A, dorsalis
Prorophora confinnis,

Cal. 51, Malaya,
India 53, E. Asia 52
S. America 56

W. Africa 57
Panama 58
Zanzibar 59

Cameroun 59

Ttaly 50, Israel 55
France, Japan 59
California 51 California 56
Dahomey 59

Pucrto Rico 59

Fla. 51, Del. 59
Florida 51, Ga. 59
California st
California 51
Mississippi 54

Florida 52%
Florida 52%
California 38

P. discolor

# Slight increase, of 4—10 times the normal LCs.

in another species of Culex in Panama, and
dieldrin-resistance in 3 species in Dahomey.
The DDT-resistance of C. zarsalis has
spread from California to northwestern
Oregon, but not to Utah. This species is
increasing its dieldrin-tolerance in Weber
County, Utah, and its heptachlor-tolerance
at Eugene, Oregon. DDT-resistant larvae
of C. pipiens have been discovered in test-
ing surveys in parts of Massachusetts, New
Jersey and California but evidently have
not developed into a problem in Ohio or
Nlinois. Dieldrin-resistant larvae of this
species have developed in Jerusalem, Israel,
at Narbonne, France and are suspected at
certain  points in Massachusetts; while
larvae of the variety C. pipiens pallens have
been reported to have become resistant to
chlorinated hydrocarbons at Nawasaki city,
Japan.

The DDT-resistance of the salt-marsh
Aedes larvae of Florida was very soon
supplemented by resistance to the other
chlorinated hydrocarbons such as BHC

and dieldrin. A type of dieldrin-resist-
ance with some cross-resistance to DDT
was recently discovered in A. taeniorhyn-
chas in Chatham County, Georgia. The
increased tolerance of DDT that developed
in A. sollicitans in Sussex County, Dela-
ware, could be gradually lost if this in-
secticide was discontinued or substituted;
however, BHC-resistance has developed in
Kent County in r959. In more northern
regions the slow voltinism and high dilu-
tion factor from surrounding untreated
areas evidently account for the absence
of resistance, as found in a survey of Aedes
canadensis and  other species made in
southern Ontario in 1953 Meanwhile,
agricultural insecticides are evidently main-
taining the resistance of the irrigation-
water Aedes and Culex in California, since
it is just as strong outside the Abatement
Districts as inside them. “A reduced sus-
ceptiblity to both DDT and dieldrin was
detected in A. dorsalis in Salt Lake
County, but otherwise there has been no
change in the Aedes larvae of Utah,
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A strong dieldrin-resistance, with no
cross-resistance to DD, developed in the
rice-field mosquitoes Psorophora confinnis
and P. discolor in Bolivar Cotinty, Mis-
sissippl, just one year after dieldrin was
applied to controf them. Tt was suggested
that perhaps cotton insecticides had pre-
disposed these populations to develop the
resistance so rapidly.

In 1954 it became cvident that a strong
DD -resistance had developed in certain
parts of Ttinidad in larvac of the yellow-
fever mosquito, dedes acgypti. This
DDT-resistance has been  subsequently
found elsewhere in the Caribbean ares
and in the northern states of South
America.  Last year a most serious de-
velopment was discovered; at Isla Verde,
near San Juan, Puerto Rico, larvae of A.
aegypr had become strongly resistant to
dieldrin as well as o DDT.

Resistance  to the organophosphorus
compounds which have been substituted
as mosquito larvicides is now developing
in certain  areas.  Malathion-resistance
first developed in the Culex tarcalis of
Fresno County, California. Next, para-
thion-resistance  was  discovered in  the
Aedes nigromaculis of Kings and Tulare
coutities. Increased tolerances to malathion
and EPN have already becn reported for
the salt-marsh mosquitoes in  Brevard
County, Florida.  Recently malathion-
resistance has developed in larvae of Culex
fatigans at Duala, Careroun.

The recognition of resistance as an
ingredient of control failures became pos-
sible with the appearance of consistent
test methods for susceptibility levels. Now
the tests for adult mosquitoes and mos.
quito larvae have been standardized on
a world-wide basis, and test kits are avail-
able and have been widely distributed.
"The application of these tests and the wse
of these kits in recent years has played
an essential part in telling us just how far
resistance has developed in vector control
programmes. These tests have also proved
themselves valuable tools for the more
basic  genetical and biochemical studies
of resistance conducted in the world's

laboratories.  The role of WHO (The

World Health Organization) in these de-
velopments is probably Familiar to most
of us.

In assessing the future, we must first
be sure to have a correct understanding
of the fundamentals of the resistance
phenomenon. It does not derive from
inicteased adaptation during the lifetime
of the insect: expostre to multiple harm-
less doses does not increase the tolerance
of that individual to the insecticide. It
detives from selection of the normally
mote tolerant individuals in the popula-
tion, and therefore requires the mortality
of the more susceptible elements. In no
case has it proved possible to induce re-
sistance without mortality in the strain.
Insecticide-resistance is a Darwiiian phe-
nomenor, and derives from the pre-adapta-
tion to resistance already existing in a
small segment of the population.

These pre-adaptations are due to genes.
It was first found that dieldrin-tesistarce
was inherited in Anopheles gambine as if
it was due to a single gene, dllelic with the
normal and without dominance.  Simi-
larly DDT-resistance in Aedes aegypti was
found to be due to a single gene allele
without dominance, the F; heterozygotes
being intermediate in resistance. DIT-
resistance in Anopheles cundaicus was
found to be explicable by a single reces.
sive gene. The allele for dieldrin-resist-
ance of Anopheles gambige was found to
pre-exist in untreated areas in the interior
of West Africa, where between 0.05 and 12
percent of these mosquitoes were hetero-
zygous for it. One cycle of dieldrin
spraying could transform such populations
so that they comprised approximately go
percent resistant hotmozygotes. The resist-
ance hazard of a species, then, depends on
whether it contains some individuals carry-
ing the appropriate resistance gene. At
tempts to evaluate this hazard by submit.
ting laboratory colonies to insecticide
pressure have been of limited value be-
cause they tested only a fraction of the
gene pool of the species. It is a truism
to say that a species is susceptible because
it contains few or no resistarit genotypes.
The reason that the resistant genotypes
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are normally scarce is because they have a
lower survival rate than the susceptible
pnes in insecticide-free conditions.  We
have obtained 2 laboratory demotstration
of this fact in a Malayan strain of dedes
pegypti which rapidly develops DDT-
resistance unider selection pressure but as
rapidly loses it under DDT free conditions.

Field experience and the performance
of tests for cross-resistance have shown
DDToresistance s separate  from
Idrin-resistance in mosquitoes, as in
house flies and many other insects. DDT-
resistance extends to its analogues methox-
yehlor and  DDD;  dieldrin-resistance
extends to other cylodiene derivatives such
as chlordane, heptachlor and toxaphene,
and also rather surprisingly to gamma-
BHC. As to the mechanism of DDT-
resistance in mosquitoes, it is still an open
question whether it is related, as it is
in the house fly, to its detoxification by
dehydrachlorinase to DDE.  The mecha-
nism  of dieldrin-resistance remains d
mystery even in house flies; at least the
associated BHC-resistance of Anopheles
panibige was not correlated with an in-
creased detoxification or decredsed cuti-
cular absorption. Tt is however known
that an increase in the fat body of adult
Inopheles maculipennis will greatdy in-
ciease their dieldrintolerance. With re-
gard to malathion-resistance, we have ob-
tained laboratory evidence with Culex
torsalis larvae that it is cotrelated with a
lower level of the toxic metabolite ma-
laoxon and a greater production of non-
toxic water-soluble derivatives. much as
has been found in the house fly.

There is yet another type of resistance;
this is a non-specific vigor tolerarice ex-
tending to insccticides in general. Char-
acteristically it develops slowly and does
not reach very high levels; genetically it
derives from accumulation of multiple
genes of non-specific and comparatively
slight effect. It is probable tha the
changes formetly observed for A. quadri-
maculatus with DDT in Alabarna may
have been of this nature. Another mem-
ber of the maculipennis group, namely
A. sacharovi, has reached a plateau of

DD T-tolerance in Greece, where DDT is
siill moderately effective. Tt is extremely
important to know whether any changes
detected by susceptibility test indicate
vigor toleranice or incipient true resistance.
[f the dosage-mortality lines remain paral-
le] as they move to the right, and if simi-
lar increases in LCzo are shown to differ-
ent insecticices, the probabilities are that
it is a case of vigor tolerance. I on the
other harid the d-m line becomes shallower
it slope, or even more becomes flat at the
higher concentrations, trise resistance 1s
indicated,

n a number of species there now exist
populations which simultancously shosw
high  dieldrinresistance  and  moderate
DDTtolerance, e.g. Anopheles albimanus
in central  America, An. sachgrovi in
Greeee, An. quadrimacrdosas in Maryland,
and Aedes aegypti in Puerte Rico. We
have been attempting to separate the
dieldrin-resistance from the DDT-resist-
ance in the Puerto Rico strain by a com-
bination of back-crossing and  pressure
from one ot other of the insecticides; we
find that the two resistances remain as
a single entity, and are probably due to
a sihgle gene on chromosome 2. Micro-
scopical examination of the chromosomes
themselves is much more difficalt in
Adedes than in Anopheles; although cer-
tain chromosorie inversion types have been
associated with DD Totolerance in Anoph-
eles atroparvus, it is by no means clear
whether they have anything to do with
specific DDT-resistance.

The cross-resistance pattern dictates the
choice of substitute insecticides. As a
general rule, mosquitoes that have become
DDT-resistant as a result of DDT pres-
sure remain susceptible to dieldrin or
BHC. Indeed the DDT-resistant .dn.
sundaicus in northern Java have remained
susceptible to dieldrin for several years.
But DDT-resistance predisposes many
species of mosquitoes to a rapid develop-
ment of dieldrin-resistance, as was the ex-
perience with Aedes and Culex in Cali-
fornia and Florida, with An. sacharovi in
southern Greece and An. stephensi in
southeastern [ran. Sometimes the dieldrin-




June, 1¢60

Mosotiro Niws 113

resistance of adult Jmopheles forces a re-
turn from dieldrin to high doses of DDT,
as i Greece and also in An. albimanus
in Fl Salvador. For control of culicine
larvae, certain OP compounds have been
substituted. Tt is cold comfoit to know
that the OP-resistances now developed in
Culex taralis and Aedes nigromaculis are
specific to malathion and parathion e
spectively, without cross-resistance between
the two compounds. However, we have
developed by laboratory selection 1 mala-
thion-resistant strain  of Aedes aegypss
which, like the house fly in similar cir-
cumstances, has a cross-tolerance to the
carbamate Sevin and a very high cross-
resistance to DDT,

And so we go marching on, making
things more difficult for ourselves. s
thers anything we can do to throw re-
sistance into reverse?  If we can find
compounds whose cross-resistance is nega-
tively correlated with DDT, we can ex-
pect that the more DDTotolerant survivors
of a DDT selection will he more sus-
ceptible than normal to this compound.
Vice versa, the survivors from selection
with this compound will be the more
DDT-susceptible individuals, and so the
compound should be able to restore DDT-
susceptibility to a heterogeneous DIVT-
resistant strain.  Such negatively-correlated
compounds have cropped up from time
to time for house flies or Drosophila,
IXTP, an organophosphorus preparation,
was one for house flies; but attempts to
repeat the results met with failure. CBA
(cetyl bromoacetate) was another for
house flies, but this negative correlation
was not found in experiments on field
strains.  Apparently CFA (cetyl fluorace-
tate) has given better results, on Anopheles
larvae as well as house flies. PTU
{phenylthiourea) is a good one for
Drosophila, since PTU-susceptibility is
tied to the same gene as DDT-resistance
and vice versa; unfortunately PTU is non-
toxic to house flics. We have tested PTU,
CBA and CFA in our own laboratory on

various strains of Aedes aegypri with the
following resultss CFA has shown no
negative correlmmn with DT resistance,
while CBA and PTU are not larvicidal,
Despite all these disappointments, nhega-
tively-correlated compounds offer at present
our only hope of throwing resistance in
reverse, and we should continue to look
for them by empirical testing or by basic
biochemical research.

As we peet into the futire, we can only
hope that such compounds will dpp((ar
Meanwhile we can hang on and make
the tost of what we have. The basic
principle is to practice economy. Feonomy
in extent of the area treated will reduce
the resistance hazard by leaving a greater
prr)portion of untreated popuht!on to

dilute the resistant genotvpes left in the
treated arca. Economy in choice of in-
secticide  means avoiding o premmature
switch to a substitute insecticide until
susceptibility tests with the standard in-

secticide indicate it is absolutely neces-
sary; thus we can delay our sage from
one insecticide-resistance to the next, Tak-

ing 2 hint from cockroach control, we
can retiifn to ceftain older, less effective
insecticides that do not have a record
of resistance, such as paris greeni for
Prorophora control in Flotida, and Thanite
for Culex control in FEgypt. More stiess
will be laid on environmental and biologi-
cal means of control, even though the
former will be more expensive and the
latter less effective than the use of in-
secticides,  The susceptibility levels of
populations under treatment will be fol-
lowed and theit cross-resistances prohed,
while more basic research will investigate
origing and mechanisms of resistance.
Those responsible for management will
thus be sufficiently well-informed that
their anti-mosquito operations will avoid
the errors of rigidity on the one hand
and panic on the other. I[n these ways we
can buy time to continue the search for
definite means of counteracting resistance.




