Bull. Org. nwnd. Santd 1957, 16,
Bull. Wid Hith Org.

1203-1218

PROGRESS IN PHYSIOLOGICAL STUDIES
OF INSECTICIDE RESISTANCE
L. E. CHADWICK
Professor ofEntomology and Head of the Department of Entomology,
University of Illinois, Urbana, Ill., USA;
formerly, Chief, Entomology Branch, Medical Research Directorate,

Army Chemical Center, Maryland, USA
SYNOPSIS

This study deals first with the progress recently made in investigations on the mode of toxic insecticidal action of DDT, lindane and
other chlorinated hydrocarbons, pyrethrins and related chemicals,
and organo-phosphates, and secondly with resistance mechanisms to
the same insecticides.
The author feels that, although good progress is being made
towards understanding the physiological mechanisms of resistance,
the gaps in present knowledge, the types of insecticide to which
resistance is developing, and the number of medically important
species involved lead inevitably to the conclusion that the general
outlook for insect control is deteriorating. He considers that what is
now needed is not so much continuation of the present empirical
approach to the problem of resistance as intensification of basic
studies of the biology, ecology and physiology of the insect species
concerned to provide a foundation for more rational alternative
control measures.

Several reviews of the mode of action of insecticides and of the physiological basis of insecticide resistance have appeared during 1955 and
1956,9' 13, 15, 26-28 and the relationship of chemical structure to mode of
action has been discussed by Martin.14 The three most recent of these
papers 9. 13, 14 cover the literature through June 1955. Another such survey
would be superfluous at this time, and this report will attempt instead to outline the principal research trends and accomplishments, to indicate the more
obvious gaps and the chief obstacles to further progress, and to assess the
possible impact of the work done on the solution of the practical difficulties
that resistance has imposed. With few exceptions, references that document
the details cited below are to be found in the review articles already mentioned and will not be relisted here.
Mode of Toxic Action
We are still ignorant of the precise etiology of the lethal action of any
organic insecticide and, as already noted elsewhere,3 we can hardly hope to
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cope effectively with the physiology of resistance while this situation holds.
Fortunately, a vigorous though somewhat limited attack on these fundamental questions continues. The present position with respect to the
insecticides of most pressing interest in relation to resistance may be summarized briefly as follows.
DDT

Agreement to-day is nearly general that the toxic effects of DDT are
not due to inhibition of any vital enzyme system since, in the few cases
where some degree of inhibition has been demonstrated, parallel results
have been obtained with non-toxic derivatives. The present consensus is,
however, based largely on in vitro studies with crude tissue homogenates,
giving results which are not necessarily an accurate reflection of in vivo
events. It is therefore possible that refinement of in vitro techniques may
yet bring some revision of the present outlook. Further clarification of these
questions by additional in vivo studies is also entirely feasible, and would
be desirable.
The unstabilizing effect of DDT on insect nerve has been amply demonstrated. It is clear also, at least in the cases most thoroughly studied, that
the threshold for this effect is lowest in peripheral sensory nerves, associated
end organs, or both. Similar effects on motor axons have been observed,
though usually at higher concentrations of DDT. No evidence convincing
to the writer of a direct action of DDT on phenomena at the synapse has
been produced, although some physiologists feel otherwise.
The peripheral effects reported account satisfactorily for the early
symptomatology of DDT poisoning in insects. By themselves, they do not
explain the later stages of poisoning, characterized by prostration and
death.
The most attractive hypothesis advanced in explanation of the initial
unstabilizing action of DDT is that entry of the insecticide into the lipoprotein structure of the nerve membrane destroys the capacity of the membrane to maintain, between nerve and environment, the normal ionic
balance that is essential to normal function. This hypothesis, first stated and
supported experimentally by Welsh & Gordon,25 has recently been
elaborated in considerable detail by Mullins 17 in a theoretical model, to
which he has given characteristics, consistent with present knowledge of the
structure and functioning of cell membranes, that reconcile many of the
facts now known about the toxic effects of DDT and other chlorinated
hydrocarbons, about the action of DDT synergists, and about resistance.
(See Kearns 13 for a concise critique of this theory.) The chief weakness of
this imaginative and stimulating synthesis is that the present model is
essentially inaccessible to experimental test. Thus, although the theory
provides the most convenient framework yet available to which to refer
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data concerning mechanisms of toxicity and resistance, the model is not and
cannot be sufficiently specific to give direct help in solving such practical
problems as, for example, precisely what changes would be required in
the DDT molecule in order to produce a compound that would have an
unstabilizing effect on the nerves of DDT resistant flies.
A promising lead toward comprehension of the lethal as distinguished
from the initial excitatory action of DDT stems from the discovery by
Sternburg & Kearns 21 that the blood of Periplaneta in the prostrate stage
of DDT poisoning contains toxins other than DDT. An active effort to
isolate and identify these substances is under way in Kearns's laboratory,
and co-ordinated neuropharmacological studies on the materials are
planned by Roeder and associates at Tufts College.
The following information has been made available in part from unpublished data through the kindness of Dr Kearns. Certain of the observations are only tentative and require verification by further experiment.
Progress toward chromatographic separation of one or more active constituents of cockroach blood has been made. The principles are water soluble,
dialysable, stable to heat after but not before dialysis, and readily oxidized.
In the absence of any means of chemical identification, a bio-assay has been
developed that depends on the ability of the toxin to cause a characteristic
pattern of discharge in nerve cords excised from untreated cockroaches.
Toxins with similar properties, and which may be identical, have been
found in the blood of cockroaches prostrated by repeated electrical stimulation or poisoned with pyrethrum. The toxin has not been found in specimens prostrated after treatment with lindane, chlordane, etc. The active
material is apparently neither any known DDT derivative nor a choline
ester. Cockroach blood that contains the material may be abnormal in
other respects; it is also toxic to other insects, including DDT resistant
houseflies.
These observations tempt one to the following, possibly premature,
speculations. First, the lethal effect of DDT may be due not to DDT
itself, but to the toxin that is released in the advanced stages of DDT
poisoning. Secondly, since an apparently similar material is found in the
blood of specimens prostrated by excessive electrical stimulation or by
pyrethrum, the material may be given off at the central synapses under any
abnormally intense barrage of incoming impulses, whether induced by DDT
or by other means. In this case, the substance might be merely the normal
synaptic mediator, which has not so far been identified in insects. Successful
chemical characterization of this toxin, or toxins, would then open the way
to rapid advances in our understanding of insect neuropharmacology,
and possibly to the synthesis of a wholly new class of agents with highly
specific toxic action against insects.
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Lindane and other chlorinated hydrocarhons

Although it is possible and perhaps likely that several distinct modes of
action are represented among the chlorinated hydrocarbon insecticides
other than DDT, so little is known about them that they may conveniently
be grouped together for the purposes of this report. Included here are
lindane, chlordane, heptachlor, aldrin, dieldrin and toxaphene.
There is considerable evidence that the mode of action of these compounds differs from that of DDT. The pronounced negative temperature
coefficient usually seen in DDT poisoning is lacking, as are indications of
direct effects on peripheral nerve and sensory receptors. Insect populations
that have become resistant through selection by one or another of these
agents generally show a high level of resistance to other compounds of the
group, but not to DDT and related compounds. Similarly, selection by DDT
or its analogues does not immediately confer resistance to lindane, chlordane, etc. However, prior selection for resistance to DDT does enhance the
rate at which resistance to lindane etc. develops subsequently; and vice versa.
Thus it seems that there may be common factors in the mechanism, or in the
inheritance, of resistance to the two chemical types despite certain fundamental differences in their mode of toxic action.
Evidence that the primary site of action is in the central nervous system
has been produced for lindane, aldrin and dieldrin. Giannotti, Metcalf &
March 8 have also shown an in vivo conversion of a considerable proportion
of applied aldrin to dieldrin, an observation that parallels the demonstration by Perry, Mattson & Buckner a that insects metabolize heptachlor to
the more toxic epoxide.
Pyrethrins and related chemicals
These compounds are believed to behave as nerve excitants. They are
faster acting than DDT, perhaps less selective as to the type of nervous
element first affected, and the discharge that they cause in ascending nerve
does not include the typical DDT trains. Pyrethrins may be regarded as
stimulatory rather than unstabilizing. Their toxic effects are readily reversible in the absence of synergists; and the temperature coefficient of paralytic
action is positive, although lethality is enhanced by low temperatures. That
pyrethrins kill by an indirect effect is at least possible (see, for example,
the observations of Earle,5 cited by Kearns 13). Ingram 12 has shown that
insects poisoned with pyrethrins applied to a restricted area of the body
lose water at an accelerated rate over the entire surface, even under conditions where there is no muscular hyperactivity and no increase in respiration. However, controls desiccated over P205 survived a greater water
a

In a verbal report to the Annual Meetings of the Entomological Society of America, Houston, Tex., 1954.
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loss than was measured in specimens killed by pyrethrins, so that death
is not dependent merely on water loss or on depletion of energy reserves as
a result of sustained convulsions. The observations of Kearns and coworkers suggest, as in the case of DDT, that the lethal effect of pyrethrins
may be due to liberation of a toxin in the blood. This possibility is being
explored further.
It is generally and probably correctly assumed that pyrethrins are
rapidly metabolized in the insect body to non-toxic materials; and that
this accounts for the ready reversibility of symptoms following an effective
but not overwhelming dose. Some progress in identifying the break-down
products has been made. There is also evidence, both circumstantial and
direct, that certain synergists act by interfering with the metabolic degradation of pyrethrins and allethrin. Inasmuch as the welter of effective synergists
includes compounds of exceedingly diverse chemical structure, it is hard to
conceive of them all acting through a single biochemical mechanism.
Observations that provide a model for another type of synergy have
been reported by Smyth & Roys,20 who found that when stimulating
substances such as toluene vapour were applied to the legs of flies that had
been pre-treated with a small dose of DDT a much greater level of afferent
neural activity was obtained than would have been predicted from simple
summation of the effects of the two agents acting separately. In additional
unpublished experiments, these workers observed similar potentiation of
DDT by a variety of other stimulating compounds, including pyrethrins;
and they suggest that some of the solvents used in insecticidal formulations
may enhance the effectiveness of DDT in this way.
The prime obstacle to clarification of the mode of action of pyrethrins
and their synergists, as with most other insecticides, is-apart from a
scarcity of competent and interested workers-the lack of adequately
sensitive methods for the isolation and identification of these compounds
and their metabolic products in insect tissues.

Organo-phosphates

Notwithstanding reasonable doubts raised in some quarters, the bulk
of information available still supports the view that cholinesterases (ChE's)
play an essential role in the normal functioning of insect central nervous
synapses. So far as is known at present, all organo-phosphates that are
directly toxic to insects are also active inhibitors of ChE; and, conversely,
all ChE inhibitors, of whatever chemical structure, whose solubility characteristics permit them to reach the synaptic site of action, produce marked
symptoms of nervous dysfunction in insects. Thus, despite continued failure
of investigators to demonstrate either a physiological role of acetylcholine
(ACh) in insect nervous function, or any prophylactic or therapeutic effect
of atropine in insects poisoned with ChE inhibitors, one may still conclude
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logically that the lethality of the organo-phosphates is due primarily to
their potency as essentially irreversible inhibitors of ChE.
In subscribing to this broad statement, one must however recognize
that the organo-phosphates also combine readily with a variety of other
proteins. Some of these are enzymes whose presence in high titre in insect
tissues indicates a presumptive role in normal physiology, even though the
nature of this role is at present almost wholly obscure. A suspicion that
inhibition of such enzymes by organo-phosphates may contribute to the
toxic action of these agents is surely appropriate, but such a mechanism
cannot be accepted as demonstrated until the vital significance of the
enzymes in question has been established.
Recent research appears to have established the presence of ACh in
insect nervous tissue, by means of chromatographic and direct chemical
methods. The usual inactivity of exogenous ACh is thus more puzzling
than ever. To some, this constitutes evidence of a barrier that prevents
penetration of added ACh to the synaptic site of mediation, a view supported
by the brilliant demonstration of Twarog & Roeder 24 that reproducible
abnormalities of synaptic transmission can be obtained by applying ACh
under precisely controlled conditions to the desheathed last abdominal
ganglion of the cockroach. The fact that even in these experiments relatively
high concentrations (10-4 to 10-3 M ACh) were still required merely suggests
to some workers the presence of additional unidentified barriers; while
others prefer to believe that the physiological mediator is not ACh but
some unidentified compound or compounds.
An extreme view is that neither ACh nor ChE has anything to do with
synaptic function in insects, and that the neurotoxic action of organophosphates is due to some entirely different mechanism. No early solution
of these problems is forecast unless (a) the blood toxin of Kearns and
co-workers turns out to be the natural mediator; and (b) this material is
successfully isolated and identified. In connexion with this subject, it may,
however, be of interest to call attention to the numerous striking pharmacological similarities between certain insect synapses, such as those from the
cercal nerves to the giant fibres in the last abdominal ganglion of the
cockroach, and the synapses between the motor neuron collaterals and the
Renshaw cells in the spinal cord of the cat, which have been studied intensively by Eccles and associates.6
Following the lead developed by Hoyle,'0' 11 Twarog & Roeder 22, 23
have recently shown that the sheath surrounding nerve fibres and ganglia
in Periplaneta acts as a barrier to penetration of various ions and drugs.
ACh at concentrations as high as 10-2 M is without effect on the intact
nervous system. However, application of ACh at concentrations not less
than 3 x 10-3 M to 5 x 10-3 M to the desheathed last abdominal ganglion
causes an alternation between bursts of impulses and reversible block,
while, after treatment with eserine, lower concentrations of ACh, down to
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10-4 M, are similarly effective. These are the first observations that consistently demonstrate a pharmacological action of ACh on insect synapses.
No axonic effects were observed, even in the desheathed preparation. The
concentrations required are still comparatively high, and therefore leave in
question the specificity of the synaptic action of ACh, or, alternatively,
suggest the presence of some additional protective barrier that is not
destroyed by removal of the outer sheath.
In summary, this reviewer concludes that ChE is unquestionably important for insect nervous function, even though its exact role is in doubt;
and that the primary toxic effects of the organo-phosphates are very clearly
correlated with inhibition of this enzyme. Supplementary actions of these
insecticides are perhaps significant, but their importance remains to be
demonstrated. The chemical nature of the synaptic mediator is unknown,
although a substance that is almost certainly ACh has been isolated from
insect nervous tissue. There is some prospect of clarification in these areas
within the next few years.
Recent experience has not borne out the hope that intensive study of
insect ChE's would uncover peculiarities that might permit synthesis of
inhibitors with high specificity for insect as opposed to vertebrate enzymes.
It is true that differences with respect to substrate and inhibitor specificity
have been found among the ChE's of different insect species, within the
same species, and between insects and mammals; but it is also true, by and
large, that the similarities are more conspicuous than the differences; and,
in any case, our knowledge of enzyme-inhibitor chemistry is still too meagre
for practical application.
Nevertheless, the empirical approach has brought about the development of a number of organo-phosphates with a highly encouraging toxicity
differential. Elucidation of the physiological basis of these developments
has hardly been attempted, although it would seem to constitute a field of
investigation combining exceptional fundamental and practical interest.
Further improvement of our position with respect to compounds of this
type is needed, and could surely be anticipated if the basis of the favourable
differential were more fully understood. Since it has been demonstrated
with a number of related chemicals that they are not themselves especially
potent anticholinesterases but are metabolized to active inhibitors in vivo,
it would seem logical to seek an explanation of differential toxicity in terms
of differing capacities, among insects and vertebrates, for the metabolism
of compounds of this type. A prerequisite to this approach would be the
development of a more comprehensive and thorough understanding of
intermediary metabolism in insects than we now enjoy. Some effort along
these lines is already being made, but a considerable intensification would
seem justified in view of the urgent practical needs and because of the likelihood that the knowledge acquired would be applicable to several other
aspects of the resistance problem.
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Resistance Mechanisms
In the past several years, the emphasis in research on resistance mechanisms has increasingly been placed on study of the biochemical processes
whereby insecticides are degraded in the insect body. The effort has been
productive and leaves no doubt that detoxication is an important factor
in many instances both of acquired resistance and of natural tolerance;
but one also gains the impression that the significance of detoxication is
sometimes overstressed in relation to the resistance problem as a whole.
Maintenance of perspective on this question is imperative if one is to
avoid disappointment when the attempt is made to apply basic information
about resistance mechanisms to the solution of practical problems. This
reviewer has no wish to minimize the role of detoxication mechanisms in
resistance or to disparage the brilliant research that is rapidly expanding
our understanding of them, for we may rightly take pride in what has been
accomplished and we must continue to push forward here with all possible
vigour. Nevertheless, we must recognize too that where other types of
resistance are involved, as has been demonstrated in some cases, remedial
measures directed solely towards circumventing detoxication will fall short
of complete success. If proof of this trite conclusion were needed, it is
supplied by the consistent failure of the intensive efforts that have been
made to find materials that could be added to DDT to render it lethal to
DDT-resistant flies. In the USA, upwards of 7000 compounds of diverse
chemical structure have been tested in this connexion, without discovery
of a single practically useful agent. Let us therefore continue to analyse
detoxication mechanisms with all possible thoroughness and ingenuity, but
let us also place proper emphasis on other factors in resistance where these
exist. Only by so doing can we hope to provide the practical entomologist
with the help he so sorely needs.
The principal possible physiological mechanisms of resistance were
outlined by Chadwick 4 as follows:
Disposal

A voidance

(a) Behaviour
(b) Gross structural changes
(c) Reduced absorption

(d)
(e)
(f)
(g)
(h)

Storage
Excretion
Metabolism
Lowered sensitivity
By-pass systems

These alternatives are obvious, and others who have considered the problem
have ordinarily organized their discussion along somewhat similar lines. In
accordance with what has been said above, the aim of the physiologist
should be to determine in each instance of resistance which types of mechanism are concerned, their relative importance where more than one type is
implicated, and the precise physiological or biochemical basis underlying
all mechanisms involved.
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An excellent comprehensive review of detoxication mechanisms in
insects has been published by Smith.'9 The metabolism of insecticides in
particular has been further discussed by Hoskins & Gordon" and by
Kearns,13 who also give consideration to other physiological aspects of
resistance. In the summary below, the various possible mechanisms will be
kept in mind, and the information will be sketched separately for each of
the principal chemical types, as was done above in the section on mode
of action.
DDT

Proven mechanisms of resistance to DDT now include only three of the
eight possibilities listed above-namely, changes in behaviour, reduced
absorption, and rapid metabolism of absorbed DDT to non-toxic products.
It is possible that improved storage away from the vital sites of action,
reduced sensitivity at these sites, and the use of by-pass systems contribute
to DDT resistance in certain cases, but no evidence so far produced compels
recognition of these alternatives.
Changes in behaviour that minimize contact with DDT residues have
been reliably reported for several species of mosquito and for some strains
of housefly. Where this is the sole mechanism of resistance, the obvious
remedy is to ascertain the present behaviour pattern and apply the insecticide
accordingly, if to do so is practical.
The resistance of some strains of housefly is due in part to a reduction in
the rate of absorption of DDT. No investigation of the detailed cause of
this change has been made, no remedy has been found, and it seems unlikely to this observer that any remedy will be found in the near future, apart
from the use of a different toxicant.
The ability of houseflies to metabolize DDT to DDE appears to be a
major factor in their resistance in all cases that have been studied, since no
resistant strain has been found that lacks this ability.
The process depends on an enzyme designated as DDT-dehydrochlorinase by Kearns and co-workers. This enzyme is present in varying titre
in all individuals of resistant strains, but has not been detected in adults of
susceptible strains, some of which are nevertheless reported as performing
in vivo the conversion of DDT to DDE at a low rate. Susceptible larvae
possess the enzyme in moderate titre. A high degree of purification of the
enzyme has been achieved. According to recent unpublished data from
Kearns's laboratory, the best preparations apparently consist of not more
than two protein fractions, separable by ultracentrifugation, both of which
are enzymically active. Reduced glutathione is a necessary co-factor for in
vitro measurements of activity.
A number of chemicals are known that decrease the rate at which DDT
is changed to DDE in vitro and in vivo. The most effective of these have
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structures resembling that of DDT, and are usually assumed to act as
competitive inhibitors of the dehydrochlorination reaction, although other
interpretations are also possible. As already noted, none of these adjuncts
has restored the efficacy of DDT against resistant flies to a practically
useful level. Some compounds have given encouraging results temporarily,
but increased resistance to the combination has always developed within a
few generations of further selection. The theory has been proposed that
resistance to the combinations results from a further rise in titre of dehydrochlorinase, above levels attainable when selection is with DDT alone, but
this suggestion has not yet been fully confirmed.
According to information published by Brown 1 and by Brown & Perry,2
DDT-resistant salt-marsh Aedes and Aides aegypti are also able to metabolize DDT. In the case of mosquitos the product is DDE, as in flies, but
with lice (according to unpublished information from A. S. Perry) the
metabolite is a water-soluble acid that responds to the Schechter-Haller test.
The investigator has refrained from identifying it as DDA, although this
would seem to be a possibility. Alternatively, it might be a conjugation
product of this or some other DDT derivative, as suggested by Smith 19
in other connexions. In these experiments with lice, no DDE has been
recovered. This observation could be reconciled with the data from flies by
assuming that louse tissue-extracts contain, in addition to DDT dehydrochlorinase, another enzyme or enzymes capable of attacking DDE as
rapidly as it is formed and converting it to the unidentified acid derivative
that has been found. Such a process seems reasonable, but is as yet
undemonstrated.
There is at present little agreement as to what metabolites of DDT other
than DDE may be produced by resistant flies. When DDT dehydrochlorinase acts on DDT in vitro, only DDE is formed. Added DDE is not
attacked by this enzyme and can be recovered in toto; However, increasingly
poorer recoveries, as DDT plus DDE, are obtained over longer periods
from surviving DDT-treated flies. This fact, together with data from
experiments with radioactively labelled DDT, continues to suggest the
production of compounds, some apparently water-soluble, other than DDE.
Smith 19 considers some form of conjugate likely. Current evidence tends to
refute earlier indications that DDA might be formed.
The possibilities that storage away from vital sites or reduced sensitivity
at these sites might play a part in DDT resistance of ffies still exist. However,
Kearns 13 has rightly emphasized, as Fletcher 7 had suggested, that present
data do not demand either of these interpretations. If the detoxication
system is located at the site of action, and if the system is able to deal
effectively with whatever DDT may reach the site, the presence of large
amounts of DDT elsewhere in the body is no hazard. Ability to metabolize
what reaches the vital sites of action permits the resistant fly harmlessly to
accumulate in the general body-tissues otherwise lethal amounts of DDT,
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and the presence there of excess DDT is not necessarily evidence of an
improved storage capacity. Also, a sensitive site thus protected by local
detoxication will appear insensitive. This last point may strike some as a
mere matter of definition; but physiologically there is a great difference
between the presence of a detoxifying enzyme and, for instance, a change in
membrane characteristics that would allow a nerve to maintain normal
stability in the face of unchanged DDT. The physiological or biochemical
countermeasures required could be quite different in the two situations, so
that the distinction may have practical as well as fundamental importance.
Though the scheme outlined by Kearns is itself still somewhat hypothetical,
it draws support from the demonstration that DDT dehydrochlorinase is
present in the nervous tissues of flies ;16 and, on the principle of simplicity,
one hypothesis is preferable to three. The suggestion of Fletcher7 and
Kearns 13 should therefore be adopted until positive evidence, not explicable
in terms of detoxication, proves increased storage or reduced sensitivity to
be a significant factor in resistance.
Since there is at the moment no convincing proof that DDT poisons by
inhibiting an enzyme, many workers feel that there is no foundation for
the notion that enzymic by-pass systems may be important in DDT resistance. This conclusion should not be accepted too lightly. We know
that DDT can cause partial inhibition of cytochrome oxidase of flies, both
in vitro and in vivo, and also that some DDT-resistant strains possess a
higher than normal titre of cytochrome oxidase, a more active flavoprotein
electron transport system, or both. As cogently argued by Hoskins &
Gordon,9 such an increased oxidative capacity could have survival value for
an insect suffering both partial inhibition and heavy oxygen demand as a
result of the hyperactivity induced by DDT poisoning. This argument is in
no way weakened by demonstrations that the inhibitory effect of DDT on
cytochrome oxidase can be duplicated in vitro by DDE and other nontoxic derivatives; in fact, since DDE is liberated mole for mole when DDT
is detoxified one might reason that resistant flies would surely need increased
capacity in their oxygen transport systems. Logically, then, the question
of the significance of such by-pass systems in DDT resistance would seem
still to be open. However, the fact remains that correlation between level
of DDT resistance and titre of cytochrome oxidase is far from perfect,'8 as
is true also, incidentally, of correlation between level of resistance and
dehydrochlorinase activity; and, furthermore, many highly resistant strains
show no hyperactivity whatever on exposure to DDT, so that they have no
obvious need for improved oxygen transport. For these reasons, one must
conclude that, if this proposed by-pass mechanism i-- important in resistance,
it is by no means generally so in all strains. The burden of proving its
significance in any particular instance must, of course, rest with those who
put forward this interpretation of their findings; and to date no such proof
has been offered.
10
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Lindane and other chlorinated hydrocarbons
Although resistance to these materials is now widespread, relatively
little is known about the physiological mechanisms concerned. Slower
pick-up and absorption of lindane by resistant flies have been reported, but
the authors felt that the reduction was insufficient to account for the degree
of resistance observed. Lindane, toxaphene and chlordane are broken
down more rapidly to unknown but non-toxic compounds by strains of flies
resistant to these agents than by susceptible strains; and it seems likely,
therefore, and by analogy with what is known about DDT resistance, that
detoxication is a significant factor here.
Heptachlor and aldrin are metabolized to the corresponding epoxidesheptachlor epoxide and dieldrin, respectively-which are more toxic than
the starting materials; in fact Hoskins & Gordon 9 have suggested that
heptachlor and aldrin may be toxic only by virtue of this conversion.
A curious observation, unexplained at present, has been made by Perry.a
He found that heptachlor-resistant flies could be killed by applications of the
epoxide. However, when heptachlor was applied, it was metabolized to the
epoxide, yet the flies survived.
The dearth of progress in determining the mechanisms involved in
resistance to this class of compounds is due partly to the difficulty of chemical
analysis. Theoretically possible routes of degradation are in general considerably more varied than is the case with DDT, and satisfactory micromethods are lacking for the separation and identification of many of the
numerous potential break-down products. Perhaps largely for such reasons,
relatively few workers have concerned themselves with the problem.
Pyrethrins and related chemicals
What has just been said about the technical difficulties of work with
the chlorinated hydrocarbons applies equally to insecticides of the pyrethrum type. Besides, there has been little stimulus hitherto for the study
of resistance mechanisms with compounds of this class, for resistance to
pyrethrins has only recently been reported as a practical problem. We
now know that marked resistance to pyrethrins has been acquired in the
field by at least one strain of cockroach (P. americana). As reported
previously,3 a laboratory strain of housefly with moderate resistance to
pyrethrins has been developed, and has now been maintained by artificial
selection over a period of some eight years. Nothing is known of the
resistance mechanisms in either of these cases.
Organo-phosphates
Until lately, resistance to compounds of this class has been slow to
develop and of small magnitude, both in the field and in the laboratory,
a

1955.

In a verbal report to the Annual Meetings of the Entomological Society of America, Cincinnati, O.,
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with exception of the experience with certain greenhouse mites. Now,
however, reports of greater resistance are beginning to come in from areas
where some of the newer phosphate insecticides have replaced the chlorinated
hydrocarbons in fly control. A strain of flies selected by exposure to Dilan
at Savannah had considerable resistance to Bayer 21/199 (Resitox) but
only slight resistance to DDVP. This particular strain had had no previous
exposure to organo-phosphates. These developments, though not altogether
unexpected, are to say the least disquieting, considering that rather heavy
reliance has been placed on the organo-phosphates for future fly and mosquito control in situations where resistance has eliminated DDT and the
chlorinated hydrocarbons from further consideration.
As yet, no indication has been provided of the resistance mechanisms
involved. The salient facts concerning DFP resistance of moderate degree
in a laboratory strain of Musca were reported previously.3 The conclusion
reached in this case was that barriers to penetration were a significant factor,
though insufficient to account for all of the resistance observed. Earlier
indications that enzymic destruction of DFP was involved were not confirmed, although this possibility was left open. Whether these limited
findings are at all applicable to the phenomena now being encountered with
such insecticides as diazinon, parathion and DDVP is questionable. There
can be no question, however, as to the urgent need for definite information
about the basic facts of the situation that now confronts us.
Practical Considerations

As shown by the account given above, creditable progress is being
made towards understanding the physiological mechanisms of resistance.
However, the many gaps left by currently available information are also
apparent. Until more of these can be closed, it will be premature to expect
much in the way of promising leads towards a cure for resistance or towards
means for its prevention. Meanwhile, unfortunately, the practical problem
continues to broaden rapidly, both as to types of insecticide to which
resistance is developing and as to the number of medically important
species involved. Thus, despite the valiant efforts of those who are devoting
themselves to basic studies in the field, one can only conclude that our
general position is deteriorating.
Control of resistant species has been maintained hitherto only through
successes in the empirical search for new agents. How long can we continue
to depend on such assistance? Although a definite answer is of course impossible, the long-term outlook can hardly be regarded as encouraging.
Within the past fifteen years we have witnessed the rise and fall of DDT
and of the more potent chlorinated compounds that replaced it. All efforts
to reactivate them have fallen short of success. Hesitantly, we have flung
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the organo-phosphates into the breach, only to perceive already the first
signs that they too will not long be with us. With what shall we replace
them? The pyrethrins too are vulnerable. Considering the thousands of
compounds of diverse structure that have been evaluated as candidate
insecticides during the last two decades, no one dares suppose that the
number of chemical types at our disposal is limitless. It should also be
remembered that the organo-phosphates did not spring into being overnight,
merely because of the rather rapid decline of DDT and its immediate
successors. Behind the present organo-phosphate insecticides lie nearly
twenty years of the most energetic research and development, including
a fair share of the basic effort. Will it take another twenty years to produce
their necessary substitutes? That we can afford to wait so long is doubtful.
And what is to happen thereafter? One must judge that, although some
time can probably be bought with the new insecticides that the empirical
approach will find, the speed with which resistance develops is such that to
rely solely on this source of help will lead to ultimate defeat, be it ten,
twenty or a hundred years from now.
Knowing that we face inevitable limitations in this direction, our only
recourse is, clearly, to put more effort than at present into other approaches
to a solution; for what we are now doing along these lines is obviously
inadequate. We need an immediate expansion and intensification of all
basic studies. To them we must look for a direct answer to resistance, if
indeed such an answer exists. In them too we may anticipate finding leads
to new chemical types with specific activity against the vital functions of
insects. Even though past experience suggests that relief from this source
may be only temporary, as with any new agents however discovered, we
are in urgent need of the additional time that any such developments will
give in which to work towards a permanent solution. And finally, should
the worst come to the worst and resistance prove to be an inevitable accompaniment of the use of insecticides, we shall more than ever require all the
fundamental knowledge we shall have accumulated about the biology,
ecology and physiology of the species concerned; for only on such a foundation will the development of successful alternative control measures be
possible. Thus, whether our aim is to overcome resistance or, if need be,
to learn to live with it, the research requirement is the same.
As for more specific recommendations, it would seem that the basic
work we have been doing is good of its kind, though quantitatively insufficient. One might estimate that some four or five times the present effort
directed to the basic aspects of resistance physiology would come close to
keeping us abreast of adverse developments at the rate they are now occurring. There is, however, considerable likelihood that real gains are to be
made outside this somewhat limited field, in areas of insect function that
are not directly concerned in present resistance mechanisms. At least equal
encouragement should therefore be given to such studies; and some means
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should be devised for sifting from the resulting data those details with
potential application to control problems. Despite a certain amount of
excellent research that is going on in various institutions, the present
programme of work is outstandingly weak in these respects; yet only if
some such steps as those here recommended are taken will we be able to
view the future with confidence. These are the practical lessons that physiological studies of resistance mechanisms now provide.

R1tSUM1E
Malgre les efforts des chercheurs pour elucider le m6canisme de la toxicite des insecticides et celui de la resistance des insectes, la gravite du probleme pratique s'est accrue.
Le nombre des insecticides auxquels les insectes se sont accoutum6s et celui des especes
d'insectes d'importance medicale chez lesquels une resistance est apparue ont augmente
au cours des dernieres annees.
La lutte contre les insectes resistants a pu etre soutenue pendant un certain temps
grace a la d6couverte, empirique, de nouveaux insecticides actifs. En 15 ans, l'on a vu
le succes puis le declin du DDT et des hydrocarbures chlores employes a sa place. Deja
apparaissent les premiers signes de r6sistance aux composes organo-phosphores qui se
sont partiellement substitues aux precedents, et l'on ne voit pas maintenant par queUles
substances on pourrait les remplacer. Les pyr6thrines elles-memes suscitent une resistance
chez certains insectes. En fait, la resistance se developpe si rapidement que la lutte contre
les insectes pourrait etre compromise si l'on devait s'en tenir aux seules recherches empiriques pour la gagner de vitesse. Or, il n'est pas possible de dominer la question de la
resistance des insectes aux insecticides tant que l'on ignore le m6canisme de I'action
letale de ces substances. Les recherches faites jusqu'A maintenant ont des bases qualitatives serieuses qui ont donne quelques resultats interessants. Mais elles sont quantitativement insuffisantes. Pour expliquer les faits a mesure qu'ils se manifestent, il faudrait
quatre a cinq fois plus de chercheurs, disposant de methodes assez precises de dosage
et d'identification des substances toxiques et de leurs derives dans les tissus des insectes.
L'auteur expose ce que l'on connait actuellement du mode d'action du DDT, des autres
hydrocarbures chlores et des composes organo-phosphores. I1 en vient ensuite au mecanisme de la resistance. Le processus de d6toxification a fait l'objet d'etudes approfondies,
qui n'ont pas donne de resultats pratiques appreciables. Plusieurs autres processus,
biologiques et physico-chimiques, entrent en jeu. I1 faudrait chercher dans d'autres
directions que celles qui ont et6 explorees jusqu'a maintenant. Toutes les etudes fondamentales doivent etre rapidement intensifiees. C'est sans doute grace aux precisions
attendues sur l'6cologie, la biologie et la physiologie des insectes, que l'on decouvrira
le moyen de les detruire. Soit que l'on cherche a trouver un remede a la r6sistance ou a
la tenir en echec sans la supprimer, des recherches de base s'imposent, auxquelles on n'a
accorde encore que trop peu d'attention.
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