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The purpose of this paper is not to provide a summary of the sc:.en’oifie work
on insecticide resistance; that has been excellentl,y ‘done in a recent paper by
Dr R, L. Metcalf (Physiol. Rev. 35, 197, 1955). - The intention is to provide a
speculative discussion on certain points of practlcal interest, indicated by the

following questions.
vmét is meant by insecticide resistance?
Hoﬁ_ishouldlresistanée bé detected and measured? ... .
How does resistance arise?
. Can resistance be prevented?
Can resistan;;e vl‘ae lovercome?
What was the occurrence of resistance in the past?
What is the present situation regarding recsistance?

What are the future prospects of resistance?
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Lo et

For a long time applied entomologists have used the term “resistance". to refer
to a natural characteristic of a species. In this sense, we could say that Culex

fatigané is more resistant to DDT than Anophelesvgambiae. In recent years, however,

the word has been widely used to describe strains or races, within speciés, which -
are abnormal in being less susceptible to insecticides than the original or natural
. population of the species. In fact, such strains usually, if not invariably, arise
following the extensive use of insecticides and the selective mortality resulting.
For the remainder of thie paper, the word will be used in the secondary or special

MY GNLWOLLOL
sense.

Physiological resistance denotes enhanced capacity to survive a poison.

Behaviouristic resistance implies the avoidance of lethal contamination with

a poison.

In an analogous way, one mustvdiétinguish natural behaviouristic resistance,
characieristic of the original behaviour of a species (e.g. avoidance of DDT by
A. g blae), from "developed" behav1ourlst1c resistance, as shown by stralns of

A, alblmanus 1n certaln areas following intensive use of DDT.

HOW SHOULD RESISTANCE BE D&TECTED AVT M]EZASURED'7

The first indication of ;n01p1ent resistance has usually come from field
workers, who see that pests are not being killed by treatments which ought to be
effective. However, there are several possible causes for failure of iﬁsecticides
in the field and it is desirable to verify or exclude the possiﬁiiitylof physio-
logical resistance as soon as possible. The proper course is to make comparative
measurements of susceptibility levels under conditions as standard as possible,
This should also give an indication of the magnitude of the resistaﬁce. Tﬁe test
method can be quite simple, but it must rest on sound principles; which will now be

considered, Sy -

Condition of the insects iy T O TPt ot S S P SR V)

The susceptibilities of insects normally vary very much with age, state of
nutrition and the temperature. Unless such thiﬁgs are standardized, to some extent,
any test method will give such variable results; that only very gross types of
resistance can be demonstrated.
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. The .difficuliy is not so serious in cascs where insects from treated and
untreated localities can be reared together and treated side by side. However,
when comparisons are to be made from one year to another or from one country to

another, the difflcultles of standardization require careful con31deratlon.

A partlal -solution may be in making relative measurements of susceptibility to
two different insecticides. (A pronounced change in the ratio of susceptlblllty

to two compounds may indicate re51stance to the one being used in the fleld )
In regard to mosquitos, the follow1ng points may be noted:

(2) larvae. Most experimenters find larvicide tests give very variable
results, probably because larvae change their age and physiological condition
rapidly. Susceptibility of normal larvae will alter considerabi§‘§ﬁ*%ne~ﬁ

course of a single day,'especially with the onset of moulting.

(b) Adults
(i)' Males are almost always much more susceptible than females,-
(1i) Unfed females are more susceptible than fed ones. Onset of -
hibernation is 1likely to afféct certain species.

(iii) Susceptibility to DDT will increase at lower temperatures.

Conditions of the test

Mcasuremenus of resistance have been made in many dlfferent ways, the two main

types of test being by dosage or by time of exposure. ,

Measurements based on time of exposure to a residue (or aerosol) suffer from the
fact that they are based on the improbable assumption that dosage increases

regularity with time of cxposure.

In methods based on dosage received in a standard treatment, batches of insects
are exposed at different levels, to obtain a dosage-mortality curve. Dosage can be
applied:

(1) By topical application. This is a2 satisfactory method, but difficult to
do with mosquitos, owing to their fragility. Different species vary in their
sensitivity to handling,
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(i1) By exposure to o standard aerosol, ot various’concentr££§ohs. This is
difficult to carry out except in a well-cquipped laboratory.

(iii) By exposurec to standard residues. This is usually the most convenient
and satisfactory method.

Different methods of measurement may record quite different degrees of
resistence for a particular strain. This is probably due to the fact that the
actual pick-up or penetration of insccticide is not well related to the *dosage™
recorded, cspccially in some kinds of test. This is particularly true of dosing
by exposure to dry deposits of insecticides and to some extent by topical applica~
tion of volatile solutions. The rates of pick-up and (or) penetration fall of with
the higher "“dosagesM.

The cluc to "unreal® dosage is given by the slope of the probit/dose curve for
a normal strain. A mcthod which gives a very flat regression line should be sus—
pected. Curves have been published which represent variation of several hundredfold
in susceptibility levels within 2 single population. This is probably an artifact
of the method, for other bioclogical characters seldom show this ranges of variation in

a population.

HOW DOES RESISTANCE ARISE?

If resistant strains develop as a result of sclective mortality due to wide use
of insecticide, the possibility of a strain emerging and the épeed with which it will
develop depends on three factors:

(1)  thc numbers and choracter of resistant genes in the original population;
(ii)  thc intensity of selection, i.e. the megnitude of the population exposed
and the proportion killed;

(iii) the number of generations per year of the treated insect.

The first two points require rather careful consideration.
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(1) If we think of an insecticide continually killing off the more
susceptible members of a population it seems obvious that a more resistant race will
result from the Msurvival of the fittest" (in a rather:speciél sense). However,
though we 2ll know that individual insects vary in susceptibility, we alsc know that
much of this variation is duerto chance accidents of environment and is not inherited.
If all variations were of this type, nb amount of seléétion wbuld‘raisé the level of

resistance.

Probably some variability of susceptibility in all,insécts depends on genetic
constitution, though it may be indirect. For cxample, Hereditable variability in
size or resistance to starvation, desiccation and so forth, could all influence
resistance to insccticides. These characters, however, would be unlikely to vary
enormously. Regarding size, for example, it is unlikely that a face more than two
or three times normal could ‘be developed by sclection.. Thercfore natural indirect

characters scem unlikely to give rise to very grcat degrees of resistance.

On the other hand, certain species possess genes promoting specific physiological
resistance to particular insecticides.  Thesc genes.arc quite unbeneficial as far
as concerns normal existence in the absence of insecticides. They may even be
slightly harmful, which would explain why they are rare.  But when a large popu~
lation containing a few individuais~possessing these genes is suddenly exposéd to
the abnormal selcctive action of widespread insecticides, the effect is dramatic.
The proportion of individuals with resistant genes riées rapidly, and; where multiple
genes are prescnt, thelr combination in the progeny will prove even more immme ‘o
the insecticide than the parents, | .

It must be admitted that much of the foregoing argument is somewhat speculative
because very few pcople have made extensive investigationS“of the range of variation
existing in populations of 1nsects Eggggg'wide use of 1nsecticldcs. I think, however,
that these thcories arc reasonable, and 1f S0, 1t is clear that happcnings in the
vast natural populations in the field may not alwqyg be p0831ble to duplicate in thec

‘relatively small inbred populutlons in a laboratory.
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(i1) With rcgerd o thc intensity of sclection, it is clear that if only a small
proportion of 2n insect population is coming into contact with insccticide, and if
the survivors mix and breed with the gencral mecss, the dilution effceet will tend to

prevent the cncrgence of & resistent strain.

However, with thc modern mcthods of using insccticides whdlesale,'if has Ecen
possible to rcach a high proportion of inscet popﬁlations over considerablc areas.
For examplc, if all the villagcs in a certein district are sproyed with.DDT, it is
likely that most_ of the flies and mosquitos which habitually infest humen dwellings
will be affected. Possibly this is morc likely to occur with insects of medical
importence as conparcd .with agricultural pests, which would cxplain the more frequent

occurrence of cascs of rcsistance among the former.

CAIl RESISTANCEZ BE PRuVIATTED?

One obvious way to avoid resistonce is not o usec the insecticide conccrned.
This is not guitc so pointless as it secems, for I havc heard it reasonably suggestcd
that in countrics where typhus is an cver-present threat,, DDT should be savcd for
epidemics and not used as a gensral hygicne mcasure, short of a complcte eradication
‘ageinst licec.  Intermittant use, it was said, would tend to build up resistence among

lice and thus lessen thc value of DDT for preventing z typhus cpidemic.

When thc regular usc of insecticide is ncecssary to control endcemic discesc
(e.g. in enti-melarial work) it may be desirablc to rcstrict the attack to the adult
stage. It has becn claimed that simultaneous usc of insccticide against lervae and
adults is pronc to devclop rcsistancc morc quickly then usc ageinst adults only.
This scems quitc possible, in view of the greater proportion of the population exposed

to selectivc action, especially in the wholcsale application by aerial sprayinge.

An opposite policy has also becn advocated, somctimes supported by rather
obscure logic, It is suggested that resistancc develops from inadequatc dosing and
that hcavy applicatioqs'should bc used to prevens it. However, this is only certain
to be true wherc thc inscecticidc produces complctc cxtcrmination. Otherwise it is
difficult to scc why & hicher mortality should not produce more rapid selection for

resistance,
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Another possible woy of preventing resistance yhigh has been proposcd is to
alternatc treatments with different insceticides, This is only likely to succced if
%he 'resistancc .to the first'insecticidc declines fairly rapidly when it is discon=--
tinued or superccded, Incidentally, we must remember that rcsidual insccticides such
as DDT do not nccessarily ccase %o have an cffcet as soon as their use is discon-

tinued, but dcelinc in activity gradually,

It is twue that if the selcctivc influencc -of an inseccticidal treatment is
removed, many lahoratory colohies decline in resistance in the course of a year or
so. The decline is presumebly due to the fact that thé genes responsible for
resistance arc cithor linkcd ‘with other unfavourable genes or clse themselves have
additional cffects which are unfavourable. For cxample, a number of DDT-resistent
strains of housefly have been found to have slightly longer life cycles than normal.
This is not & serious disddvantagc, but it hight'wéll be the sort of thing responsible
for slow climination of resistant members of the population-in the absence of
insecticides. e

Sincc the decline in resistance appeers to bc a slow process, therc docs not

appear to be much hope of altcrnating between different kinds of insecticides.

An alternativc suggestion haé bcen to usc mixtures of different kinds of
insecticides at the same tinc. The possibill ties of this dcpand on whether suscepti~
bility to the two substances is positively correlatcd, qultc independent or negativcly
cerrclated. Tn the vlrst placc the mixturc will*achlcvc nothln or at the most the
Mixiure will act like a slightly increascd dose of the strongcst insecticide. In the
second casc therc will also be littlc additional cffact. If, however, 1t happened that
the order of susccptibility to compound As is the reverse of that to compeund B,
then the mixturc hes distinct possibilities. Tor the resistant survivors from poison

As will be cxterminated by substance B

Howcver, wc havc still to have the existencc of two compounds of this type
demonstrated.
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A7 RESISTANCE BE CVZRCOME?

Increasing doscge

when an insect can deveclop 2 specific physiological resistance - such as that of
the housefly to ccritain kinds of chlorineated hydrocarbons - the level of ‘tolerance
mey be raised scveral hundred times. Obviously it is not feasible to attack them b
increasing cdosage, for one is not ablec to contaminate them with cnough poison to

compensave for the increased resistance.

Houcver, it.is quitc possible that direct and specific resistance mechanisﬁs,
do not exist in all typcs of inscet for all types of poison. Wherc a specific.
resistance. docs not exist, it is still possiblc for an insect to develop resistance
through indircc% factors (c.z. cnhanced "vigour") but, as alrcady cxplained one would
not.cexpect this form.of resistance to rcach very high levels. In such 2 situation it
may be possible to atdain permanent control by incrcaéing dosage. .{(Possikly this nay
nave occurrcd in thc Tenncssee Vallcy, where the dosc nccessary to kili:é. quadri-
mzculotus larvac hes apparently increascd in rccent ycars, but satisfactory control

is still obtaincd.)

Increasing dosage is not always as simplc as it may appear. Fpr cxample, if wo.
consider residual well deposits of insecticide, it may be casy to double the débosit,
But this mey not substantially affect the contamination of the mosquito which alights
on it. Hadeway and Barlow (Bull. cnt. Res. 41, 603, 1951) found no significant
increase in I:ill of mosquitos by rates of deposit above 3 mg DDT per sq. £t (rhé

heavy deposits ncecssary in the fiecld arc to give longer action, not greatcr immediate
toxicity.)

Hore eficetive than incrcasing rates of application of residual insecticides may
be improvemcnts in formulation, timcs or places of spraying, etc.

Changing insccticide - . " . 2, Sl e

When pronounced forms of resistance have developsd, onc can changc:to another type
of compouné in thc hope thet the pecst will not be able to become resistant to that too.
However, apart from thc qucstion of whether that will eventually happen or not, thg

choice of reclly suitable altcrnative insecticides is not as great as might appcar.
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Many of them can bc groupcd into classes, and resistance developed to one mcmbor of

the group autometically providss a defencc against the others.

WHA'? WAS THE OCCURRENCE OF RESISTAIICE TN THE PAST? . -

As all know, rcsistant stréins are not an cntirely réécnf‘ocouféencg. The
earliest cxamplcs arc the Californien scale inscets to which I have referred, which
developed raccs roesistant to limc sulfur and to HCN. ,Thése date from seme fifty
years ago. levertheless, despite the fairly cxtensive use of insecticides sinee then,
the number of instances of resistance prior to 1940 is guite small, not more than
two or thrce, if one excludes doubtful cases and artificially’induced,laboratory

strains.

In the last decade, therc has been a considerable increasé in the numbcr of cascs
of resistance. IHMany of thesc are concerned with synthetic chlorinated hydrocarbon
insecticides. It is not clcar whether this is bccauseﬂihéée'éompbuhds are morc liable
to permit resistance mechanisms to develop in insects or ﬁhethefféheif’vcry cxtensive

use had rcsulted in the prescnt situation. Possibly cach factor is partly rcssconsible.

WEAT IS THE PRESENT SITUATION REGARDING RESISTAKCE?

It is difficult to make an exact statement on the occurrence of resistant strains
at the presenttinc, Lecausc the information available varies so much in detail and
precision, -On onc hand, we have the clmost universel oxample of the housefly, which
has been the subject of numcrous seientific investigations, and at the other cxirenc
are verbal reports, based on genercl imprcssions, which have appearcd in print with

the rcferencce "personal communication®.

"' The following list is slightly conservative, since it only includes cascs
supported Ly publishcd datas '

Resistant strains of insects of medicel importance

(i) The housefly (Y. domcstica; M. vicina) DDT (1947) World wide
' chlordans etc, (1948) ]
(i1) Culox pipions complex
- C. autogenicus - DDT (1947) Italy
C. fatigans _ DDT (1953) Réunion

C. Fatipens | BHC (1954) India
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(iiiJ Salt marsh brecding culicincs \
4Edcs tacniorhvnchus ) L
i, sollicitons ) DDT (1950) Florida
. nigromaculis ) DDT (1950) California
Culcx tarsalis ) chlordane cte. (1951) ]
(iv) Anophclcs quadrimaculatus DDT (1952) Tenncssce
(v) Anophcles sacharovi DDT (1953) Grocee
chlordane etc.(1954) u
(vi) Anopheles sundaicus DDT (1954) Java
(vii) AEdcs acgypti DDT (1954) Trinidad
(viii) Pcdiculus humanus DDT (1952) Xorca
(1953) Egypt
(ix) Blattella germanica chlordanc (1953) Texas

(x) Cimcx lectularius DDT (1953) israel

TTHAT RE THD FUTURE PROSPECTS OF RESISTANCE?

It is cvident thet the ability to develop rcsistence differs considerably from
The rather
rapid, ubiquitous and extrencly high levels of resistancc shown by the housefly

cxposcd to chlorinated hydrocarbon insceticides is clcarly cxceptional.

onc species ol inscct to another and also depencs on thc insccticide used.

Pcrsonally,
I have alweys been impresscd by thc anomaly of this rcsistance and have been inclined,
pcrhaps wrongly, to undercstimate the gravity of thc thrgat of resistancc in other

specics. Howcver, while it still scems to be truc that the cnormously high,

specific typc of resistancc is rarc, it must bc cmphasized that quite low lovels of

recsistence nay have scrious practical conscquences.

The practical importance of cnhanced resistance depends on the margin of
effectivencss possiblc with thc insceticide trcatment uscd. Now, the control of
mosquitos (and pcrheps other inscets) by residucl wall trcatments docs not appecr to
have o lerge margin of cffcetiveness. Quitc apart from resistant raccs, therc have

always been somc spccies of low susceptibility to DDT, such as Culex fatigans;  and

othcrs, like Anophcles gambiac, which werc casily irritatcd and often cscaped with

a2 non=lethal dosc..
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Mcesurcments of rcosistancc of A, sacharovi in Greecc sugzcst that quite a smell
level of resistance (i3 to X5) may result in survival of thcsc mosquitos. It is,
of coursc, casy to increcase a well deposit by thesc amounts (though perhaps not
cconomically possible); but this may not clter thce dosagc picked up by the mosquito.

From what has bcen said, then, it would scem that considcrable risks of
immunity to inscciicides cxist in cascs wherc an insect pest has a naturally low
suseeptibility and the margin of safety is alrcody small.

In attenplting to prediet the futurc importance of resistancc, one - is handi-
capped by the fragmentery nature of the information about present examples. Therclfore
it is very dosirable to cstablish the following facts for all cascs of suspected
resistance:

(i) The lcvel of rcsistancc should be mcasured and its geographical cxtend

detcrmined.

(ii) Thc typc of rcsistancc should be invcstigated to distinguish betwcen
spceific forms (probably dcpending on some biochemical mecchanism) and gencral
immunity (possibly duc to indircect causcs, such as "Wigour", thicker cuticlc ctec.)

(ii1) If physiological rcsistance has bcen cxeluded, the possiblc cxistencc of

a racc showing bchaviouristic changc should be investigated.



