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Possible Reversal of Resistance
J. KEIDING 1

The author discusses the factors influencing reversal of resistance to DDT, BHC and
diazinon, as revealed by the experience of the last 15 years in the control of the housefly on
farms in Denmark. Supplementary data from the literature on the stability of resistance
in field populations of other insects are also taken into consideration and the genetic
mechanisms involved in the development and reversal of resistance are examined. The
author concludes that reversal often results in a heterozygous population with few highly
resistant insects. If the heterozygotes are sufficiently susceptible, resumption of the use
of the insecticide may give good controlfor a time, but resistance tends to return quickly.
The earlier the development of resistance is detected and the insecticide withdrawn, the
more rapidly and completely does reversal take place. Regular surveys of susceptibility
are therefore necessary, preferably by methods distinguishing between homozygous and
heterozygous resistance. When resistance occurs and another insecticide is substituted,
reversal may be promoted by choosing an insecticide that selects against the resistant
genotypes. In practice, this is difficult to achieve and there is more often a positive corre-
lation between the two insecticides, so that the substitute insecticide slows down or prevents
the reversal of resistance. The author refers briefly to methods of counteracting this effect
and to the possible influencing ofreversal by using methods ofcontrol other than insecticides.

INTRODUCTION

Ever since resistance to insecticides was first
observed, the possibility of reversal of resistance
has been discussed. This was natural at a time when
there were few effective insecticides, but now that
such a wide range is available it might be asked
whether there is any need to care about reversal
of resistance when switching from one insecticide
to another.

I think there is, for very often it would be of great
interest to be able to return to the use of the first
insecticide. Reasons for this might be that it was
more effective and less expensive than possible
substitutes, that a great deal of practical experience
had already been gained with it, or that, for certain
" difficult " species like Musca domestica or Culex
fatigans, the number of suitable alternative insec-
ticides is insufficient.

This paper will be restricted mainly to the practi-
cal aspects and possibilities of reversal of resistance
in field populations, with particular reference to
the prospects of being able to resume use of an

1 Scientist (Zoologist), Government Pest Infestation
Laboratory, Springforbi, Denmark.

insecticide in an area where the species to be con-
trolled has once developed or is developing resistance
to it. This involves a discussion of factors in-
fluencing the reversal in field populations and of
the possibilities of promoting it.
There are numerous records of reversal of resist-

ance in laboratory colonies kept without insecticidal
pressure, both when the resistance had developed
in the field and when it had been produced by
laboratory selection. Partial or complete reversal
is much more common than persistence of
resistance, in spite of the colony being completely
isolated from dilution with susceptible insects.
However, the factors operating in such relatively
small and artificial populations without strong
natural selection may be quite different from what
actually happens in the field (Crow, 1957; Milani,
1958).
On the other hand, the laboratory results show

that under certain conditions resistance is not
stable.
There are scattered records on reversal or reten-

tion of resistance in the field after discontinuation
of an insecticide, but few systematic investiga-
tions.
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In Denmark, the development of resistance has
been followed in a great number of housefly popu-
lations on farms, and since 1955 studies have also
been made of the stability of resistance after the
replacement of one insecticide by another in the
fly control programme or in field trials of new
insecticides and methods. Although these studies
concern only one species in one area, the results
may have a wider application.

I shall therefore try to draw some conclusions from
the experience of the last 15 years, particularly in
regard to reversal of resistance to DDT, BHC

(and chlordane), and diazinon, representing three
different types of resistance mechanism.
The use of insecticides for fly control in the

period 1945-1960 and the year in which resistance
first developed are shown in the accompanying
table. It is estimated that each year represents
about 10 generations.
The fly season lasts about 5 months. The exchange

of fly populations among most farms is believed
to be relatively small, but quantitative measure-
ments are lacking. In most years there have been
few entirely untreated farms. From 1955 to 1962

HOUSEFLY CONTROL ON DANISH FARMS, 1945-60

Pyre- Resitox
DDTa; BHC a Chlor- :thrins+ Para- Diazinon a (Bayer Dipterex Malcl Thioureaedane a synergiststhis C 21/199) a thion

1945 +

1946 +++

1947 +++r

1948 +++R +

1949 + ++r ++

1950 +++R +++r

1951 +++R ++ +

1952 ++ ++ + +

1953 . + + +++ ++

1954 + +++ ++

1955 + +++r ++r +R

1956 + ++ +

1957 + +++ +(R) +

1958 +++ + ++ +

1959f + ++ + ++ +r +

1960f * + ++ ++ + +

________________l__ l_______________________________ _________
a Residual sprays, recommended dosages: DDT: 0.1-0.5 gfm';

0.25 g/m2; Resitox: 0.4 g/m'.
b Space sprays.
C Impregnated tapes (2.8-4.0 g parathion per m2 of gauze).
d Paint-on baits (6.5 % Dipterex or 7 % malathion).
e Larvicide.

gamma-BHC: 0.1-0.2 g/m2; chlordane: 1-2 g/m2; diazinon:

f In 1959-60 other insecticides (including ronnel, Baytex, malathion, and dimetilan) were used on a small number of farms for
field trials (see text and also Fig. 2 and 3).

+ used on relatively few farms.
++ used on many farms.
+++ used on the majority of farms.
r= resistance of practical importance has been found in a few places.
R = resistance now occurs on most farms compelling the use of the insecticide to be abandoned.
(R) = high resistance develops during the season in nearly all places where the use of the insecticide is continued.
r, R and (R) indicate only the first year in which this particular resistance was found.
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representative samples of flies were collected on a
considerable number of farms (in 1955, for example,
on about 100 farms) and their resistance determined
-mainly in the Fl-generation bred in the laboratory.
Most of these findings have been published only in
summarized form (Keiding, 1959, 1960, 1962a,
1962b and 1963).

CHLORINATED HYDROCARBONS

Resistance to chlorinated hydrocarbons has
been determined principally by measuring the time
taken to cause paralysis in flies exposed on treated
paper, but topical application and other dosage-
mortality tests have also been used to make sure
that knock-down had a reasonable relation to
mortality.
As far as possible, we have tried to determine the

proportion (or the presence) of characteristic levels
of resistance by comparing the results with those of
crossing experiments and tests under practical
conditions.

DDT-resistance seems to be due mainly to a
single gene (kdr) with low penetrance (semi-recessive).
Thus the heterozygotes are rather susceptible, and
only the resistant homozygotes can be clearly
distinguished in the tests.

BHC-resistance has also proved semi-recessive
in our tests, but no clear single-gene inheritance has
so far been demonstrated. However, time/knock-
down curves or dosage/mortality curves very often
show a heterogeneity with a resistant section clearly
segregated from the rest.
With chlordane, crossing experiments also failed

to show a simple single-gene inheritance, but again
segregations in F2 and in natural populations
indicate the action of a major gene, which here is
semi-dominant, so that the hybrids (F1) between
the susceptible and highly resistant flies are rather
resistant.
Now, in 1955, after the chlorinated hydrocarbons

had been replaced for 2-6 years by other types of
fly control (mainly the use of tapes impregnated
with parathion and, on a smaller scale, application
of diazinon sprays), the resistance tests gave the
following results:
With DDT some homozygotic DDT-resistant

flies could be found in practically all fly populations,
but usually the proportion was small (1-15 %O). This
group of DDT-resistant flies was clearly distinct
from the large group of phenotypical, rather sus-
ceptible flies which included both the heterozygotes

and the homozygotic susceptible flies. No attempts
have been made to calculate the proportion of
genotypes in the latter group.
These results showed a clear reversion: whereas

previously the majority of flies had been highly
resistant they were now, for practical purposes,
susceptible, and in terms of LDI60 the decline would
have been very striking. However, the important
thing is that the resistance gene was still present in
considerable frequency.
With BHC (lindane) and chlordane the picture

was very similar, the fly populations showing
incomplete reversion, resulting in heterogeneous
populations very much like the F2-hybrids in a
crossing between highly resistant and susceptible
flies. The important difference was due to the fact
that the hybrids are susceptible in the case of BHC,
and fairly resistant in the case of chlordane.
The next step (in 1956) was to investigate the

effect of DDT and/or chlordane on farms with
reverted fly populations. As might be expected,
the initial effect was good (especially in the case of
DDT), but it lasted only 3-6 weeks, after which the
fly numbers rose quickly and samples again showed
a high percentage of highly resistant flies (Fig. 1).

In most cases, however, this return of high
resistance was followed by a new reversion during
the winter season (1956-57)-in the case of DDT
there was often a return to the original level of
about 10% phenotypic resistant flies. When such
farms were treated with mixtures of DDT and
organophosphorus compounds in 1957, there was
a second reappearance of high DDT-resistance,
but only very little reversion during the following
winter.

In recent years we have investigated DDT- and
lindane-resistance 10-12 years after the use of
chlorinated hydrocarbons, but we still find the
same heterogeneous picture with the usual small
proportion of highly resistant flies. In farms
where high resistance to organophosphorus com-
pounds has developed as a result of strong pressure
by residual sprays, a high percentage of DDT-
resistant flies will be found, whereas resistance to
BHC is less affected.

ORGANOPHOSPHORUS COMPOUNDS

In our flies, resistance to diazinon (measured by
topical application) seems to depend on one or two
major semi-dominant genes (see also Oppenoorth,
1959, Oppenoorth & Van Asperen, 1961), but
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FIG. 1
REDEVELOPMENT AND REVERSAL OF DDT-RESISTANCE IN 8 HOUSEFLY POPULATIONS ON FARMS, 1956-1957a

Group I Group 11
A02 A A |2 A A A D A |C, +D A A C2I +D A A I C2PD A A_ C2.D A
1956 57 1956 57 1956 57 1956 1956 57 1956 57 1956 57 1956 57

0

040

Form 51 153 156 157 39 41 49 152

Collected & 234 74 174 164 244 27, 8
244 16 2 J7 31/J1737 441 26 12 174 164 31/ 3,

GenerationCc 0 1 1 1 1 2 1 1 2 1 3 l 1 11 2 1| l1 1 2 2 1 1
wHo 3346

a Treatments in 1958 (previous treatments roughly as shown in the table on page 52):
June-July July August

Group I: DDT 0.5 glm' chlordane organophosphorus compounds
(1 or 2 treatments) (1 treatment) (1 treatment)

Group II: chlordane I gim' DDT
(1 or 2 treatments) (1 treatment)

b Date collected for investigation.
c Laboratory generation in which resistance was measured.
A - flies collected before Insecticidal treatments.
Di (Do) = flies collected after one (two) DOT treatments.
Cs (C2) = flies collected after one (two) chlordane treatments.
e n percentage of DDT-resistant males as determined in the knock-down test (not paralysed after 4 hours).
0 = percentage of DDT-resistant females as determined by topical application (survival dosages of 12.8-51.2 pg of DDT

per fly).

modifying factors may complicate the picture.
Fig. 2 and 3 show the results of susceptibility tests in
(1) a Danish strain (203D), supposed to be homo-
zygous as to diazinon resistance (70 times normal),
(2) a susceptible strain, and (3) the hybrid (F1) strain
between them; results with several field strains
are also shown for comparison.

Failure of fly control (reduced residual effect)
occurs as soon as resistance reaches the intermediate
level corresponding to the hybrids (about 20 times
normal), and becomes very pronounced when a
significant proportion of the population has reached
the presumed homozygous level.
The investigations that we have conducted during

the last 7 years indicate that the important factor

in the development of diazinon resistance in the
field, both under diazinon pressure and afterwards,
is the stability of this intermediate resistance, which
we believe to be of a heterozygous nature. If this
assumption is generally true for our field strains,'
the development of diazinon resistance would
follow the following course:
During the first years of diazinon resistance

(1955-57) usually only the heterozygous level was
reached. Some (partial) reversion would often take
place when diazinon pressure was relaxed-for
instance during the winter-but reapplication of

I Another possibility is that different resistance levels
are due to the action of different genes and their combination
(see also Oppenoorth & Van Asperen, 1961).
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FIG. 2

RESISTANCE TO DIAZINON IN THE F, OR F2 GENERATION OF FLY SAMPLES COLLECTED ON 14 FARMS IN ONE AREA
IN 1959 a

F I 1 - ~~~~~~~~~~~~~~~~~~~~~~~~~Rtngeofir
FARMS 49 51 39 167 215 216 218 219 217 152 155 157 resas ance

156 41 ~~~~~~~~~~~crossing

b Residual spray with wettablepowder. A = after treatment.~~~~~~~~~~~~eperient

ABA }~~ARRT
:sBAIIIA

c 1.0 o d
2.0.8 Bi cL IlttIIjI

|=:DDs RrD0 rT=Lg.Rr=hbi fR n r

O CLI 0.4

0.2

0f 0u
on 0.1

0.20 -

.

0.04 -___Dmeio
raha Dimetilan Drtln Dipterex Maltho1959 stips bat ~-Bnytex IMalathion ThionreaC Sit nitati bum"ai

211958 Cetyl bromncetated -(D D T) Thinuren c D D T )Sanitation - (D D T

w10 33047

a Treatments for the period 1945-55 are roughly as shown in the table on page 52. However, in 1956-57 residual sprays of both
organophosphorus compounds (diazinon or a Chlorthion analogue) and chlorinated hydrocarbons (chlordane and DDT) were
used experimentally on farms 39, 41, 49, 51, 152, 153, 156, 157 and 167.

b Residual spray with wettable powder. A = after treatment.
c Larvicide on dung heaps. B = before treatment.
d Painted on metal screen. RR = strain 203 D; rr = strain ENO and other susceptible strains.

1-13L5; 0= LDso; [or I= LDns. Rr = hybrid of RR and rr.

diazinon would raise the resistance to its former
level and often beyond it, so that at the end of the
season the population might contain a mixture of
resistant homozygotes and heterozygotes. The
homozygotes would normally disappear during the
winter, but if the process was repeated, the mixture
of homozygotes and heterozygotes might become
stabilized (e.g., at a resistance level of 30-50 times
normal) so that, when diazinon was withdrawn,
reversion took place very slowly or not at all
(Fig. 2 and 3).

This has been the case in recent years, whether
the alternative treatments have consisted of residual
sprays containing other groups of organophos-

phorus compounds (malathion, Baytex,1 ronnel) or
of tapes containing carbamates (dimetilan). Some-
times it has been observed that malathion, Baytex
or ronnel residual sprays used over a period of
some years will raise the resistance to diazinon.
In other cases, the equilibrium has been at the
heterozygotic level, especially where paint-on baits
(Dipterex2 or malathion) have been used.

It seems as though a stable condition is being
reached, similar to that with DDT, and I do not
think it is correct that organophosphorus resistance
per se reverts more easily than chlorinated hydro-

1 Proprietary name for fenthion.
2 Proprietary name for trichlorfon.
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FIG. 3
RESISTANCE TO DIAZINON IN THE Fi GENERATION OF FLY SAMPLES COLLECTED ON 13 FARMS IN 1960a

a Previous treatments as for Fig. 2. LD
b Residual spray with wettable powder.
c Impregnated tapes. A = afi

~~~B= be

d Paint-on bait. RR = sti

e Larvicide on dung heaps. Rr = hy

carbon resistance, as has been frequently stated
(e.g., March, 1959). This belief was based mainly
on observations on laboratory colonies or on newly
acquired resistance,
With malathion a development similar to that

with diazinon has taken place recently.
In some farms where malathion residual spray

has been in use since 1959, a distinct group (35-45 %)
of highly resistant flies (lethal dose more than
50 times normal) appeared in the tests at the end
of the first or second year while the rest of the
flies were rather susceptible, being all killed at
dosages below 10-20 times normal. During the
winter, a reversion took place, and all or most of
the resistant flies disappeared (Fig. 4). In the
course of the next summer, resistant flies gradually
appeared again if malathion was re-applied, but
usually the percentage at the end of the season was

)5; 0= LDso; J or T LD95.

ter treatment.
fore treatment.
rain 203 D; rr = strain EN0 and other susceptible strains.
brid of RR and rr.

not greater than the year before (Fig. 5), and both
laboratory and field observations indicated that the
fertility of the surviving flies was low.

In 1962, in the third or fourth year of malathion
treatments, the high malathion-resistance has become
established in at least two farms; the highly resistant
flies, surviving 500-1000 times the normal LD50,
have a normal fertility, and in one of the farms the
usual reversion did not take place during the pre-
ceding winter (Fig. 5).
As the genetics of malathion resistance in the

Danish flies has not yet been investigated, it is not
possible to interpret the resistance levels in terms of
genotypes. Oppenoorth (1959) and Nguy & Busvine
(1960), working with an American malathion-
resistant fly strain, found that the resistance depend-
ed mainly on one dominant or semi-dominant
gene.
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FIG. 4
SEASONAL REVERSAL OF MALATHION RESISTANCE IN FLY SAMPLES COLLECTED IN 1959 AND 1960 FROM FARMS

153 AND 216a

2 4
jg of Malathion per 20 mg fly

80
WhO 3349

a Malathion residual spray at 2 g/m2 applied for first time in the summer of 1959. Resistance determined by topical application
tests on Ft females bred in the laboratory. Pretreatment malathion resistance of strain 153: LDso = 2.3 pg/fly; LD.s = 5.3 pg/fly;
no survivors at 9 pg/fly.

-x strain BPM (a susceptible laboratory strain) strain 216 e - October 1959

strain 153 q - October 1959

--A_- strain 153 r - March 1960

RESISTANCE AFTER CESSATION OF INSECTICIDAL

PRESSURE

The instances of reversion in field populations
discussed above took place when the insecticide
to which resistance had developed was replaced by
another type of contact insecticide. The substitute
insecticides included various groups of organo-
phosphorus compounds, a carbamate and synergized
pyrethrum, applied as residual sprays, space sprays,
impregnated tapes or toxic baits. Complete removal
of insecticidal pressure occurred only during the

--_ _)-- strain 216 f - May 1960

unfavourable season for breeding. This is a common
situation in many vector and pest control pro-
grammes where resistance interferes with control
but use of insecticides continues.

In addition, we have some field observations
(from 1958-60) on stability of resistance when no

insecticides have been used for one or two seasons
(control by sanitation only) or when the insecticidal
control was of an entirely different type (use of
thiourea as a larvicide). However, where there had
previously been a revival of " old " resistance to
chlorinated hydrocarbons and diazinon and this

U-

0

-

0

a
It
0
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FIG. 5

SEASONAL VARIATIONS IN MALATHION RESISTANCE IN FLY SAMPLES COLLECTED N 1960-62 FROM FARM 153a

2 4
,ug of Malathion per 20 mg fly WtIO 3350

a The application of Malathion residual spray was continued during the summer months of 1960 and 1961 (cf. Fig. 4).
-X strain EN0 (a susceptible laboratory strain) strain 153 y - September 1961

-0- strain 153 v - October 1960

--0-- strain 153 x - April 1961

had become established over a period of several
years, there was again no indication of a rapid
reversion to susceptibility, but rather a tendency
for the resistance to stay at the level attained or
slowly revert to intermediate-presumably hetero-
zygous-resistance (Fig. 5 and 6).

REPORTS BY OTHER WORKERS ON STABILITY

OF RESISTANCE IN THE FIELD

Musca domestica
In California, DDT-resistance continued to

increase two years after DDT had been replaced by
BHC, but fell off appreciably in the third year owing

strain 153 z - April 1962

to greatly reduced usage of residual insecticides
(Metcalf, 1955). Replacement of chlorinated hydro-
carbons by organophosphorus compounds was

followed by a decline in resistance to chlorinated
hydrocarbons. However, March (1958) has com-
mented that field experience indicates that sub-
stitute insecticides not only maintain the original
level of resistance but have a tendency to increase it.
I have seen no details to support this statement.
Hansens (1960) used organophosphorus sprays

(diazinon, ronnel, etc.) for more than 5 years in
New Jersey dairy barns and found that, when
resistance to diazinon or ronnel developed, resistance
to DDT, lindane and other chlorinated hydrocarbon

to
0

-a

C4)0

a

1t
0
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compounds increased almost to the point of com-
plete immunity (Forgash & Hansens, 1959).

This peculiar cross-resistance phenomenon has
also been observed in houseflies in other areas, and
in certain mosquitos (see also the paper by Brown
in this Supplement, page 41).

Pfivora & Radova (1962) and Vostal et al.1
report from Czechoslovakia that resistance to DDT
and BHC reverted to normal susceptibility within
2 years when the use of chlorinated hydrocarbon
compounds was suspended.
The reversion and rapid redevelopment of BHC-

resistance in Egypt has been mentioned by Brown
(see this Supplement, page 45).
Knutson (1959) found that a 45-fold dieldrin

resistance developed in an isolated farm at the end
of the third year of dieldrin treatment and increased
further to 100-fold over a period of two years with
no insecticidal treatment; the reproductive poten-
tial also increased compared with the pre-spray
level.

This and other studies (e.g., Gratz, 1960) indicate
that dieldrin-resistance is often accompanied by a
peculiar high reproductive power which is not found
with other insecticides and is therefore particularly
stable.

Mosquito larvae

Resistance to chlorinated hydrocarbons used as
larvicides against Culex tarsalis and Aedes nigro-
maculis in California has persisted even after a
change-over to organophosphorus compounds. This
may be due to agricultural treatments with chlori-
nated hydrocarbons, as mentioned by Brown (see
this Supplement, page 45).
On the other hand, heterogeneous parathion-

resistance recently developed in A. nigromaculis
reverted from 68-fold in 1958 to between 2- and
24-fold in 1959 (at the LD%0 level) when ethyl-
parathion was partly replaced by methylparathion
(Lewallen, 1960). The usual field dosage of para-
thion (0.1 lb/acre) failed in 1958, but was effective
in 1959.
A partial reversal of DDT-resistance in Aedes

sollicitans larvae was found 2 years after substitution
of BHC in Delaware, but in Florida resistance to
DDT (and other compounds) increased when DDT
was replaced by BHC (Brown, 1958).

1 Vostal, Z., Kratochvil, I. & Legath, V. Unpublished
paper presented at the Symposium on the problems of Control
of Epidemiologically Important Arthropods and their Resist-
ance to Insecticides, Prague, November 1961.

Anopheles adults 1

In A. culifacies near Bombay, partial reversion of
dieldrin-resistance occurred one year after DDT
had been substituted (see also the paper by Brown
in this Supplement, page 45). Infiltration of suscep-
tible individuals may have played a role.

In West Africa, A. gambiae shows retention of
resistance or even an increase in the percentage of
dieldrin-resistant homozygotes and heterozygotes,
apparently in the absence of any insecticidal pres-
sure for several years. Only one case of rever-
sion (in Northern Nigeria) has been discovered
recently.

In southern Iran, DDT-resistance in A. stephensi
was discovered in 1956/57 after several years of
spraying. A partial reversion took place when DDT
was replaced by dieldrin for 3 years, but resistance
rose again quickly when DDT was re-applied in
1960.
On the north coast of Java (Semarang) DDT-

resistance in A. sundaicus appeared in 1954/55;
dieldrin was then substituted and the species dis-
appeared from the area. It reappeared in 1959 and
was then susceptible to DDT. It is hard to judge
whether this was due to reversion of the population
or to re-invasion from untreated areas.

In the south coast of Java, dieldrin-resistance
seemed to follow the same pattern as in West
Africa: rapid development (in one year) and long
persistence in the absence of insecticidal pressure.

Body-lice
In a village in the Srinagar area in India body-lice

were resistant to DDT and BHC in 1958, but when
no insecticides were used they reverted to suscepti-
bility in less than 2 years.2

CONCLUSIONS FROM FIELD OBSERVATIONS

(1) High resistance to an insecticide A in a field
population will generally show a significant and
often rapid decline after there has been a change to
an insecticide of another resistance group, or after
insecticidal treatments have been stopped.
The stability of resistance to A is a function of

the length of time during which the insecticide is
applied and the degree of insecticidal pressure

1 Hamon, J. & Garrett-Jones, C. (1962) Unpublished
mimeographed report WHO/Mal/336.

2 Narasimhan, D. (1960) Unpublished mimeographed
report WHO/Insecticides/1 18.
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with A (the " age of resistance ") and is due to an
adaptation to the environment gradually acquired
by the resistant genotypes (including the hetero-
zygotes).'
The result of reversion will often be a hetero-

geneous population with few highly resistant insects,
the majority being at the hybrid level and in many
cases believed to be heterozygous for one or two
major resistance genes (this situation may be
interpreted as a balanced polymorphism, due, for
example, to higher survival rates among the hetero-
zygotes).

Retention ofa high percentage ofresistant homozy-
gotes in the field seems rare if not sustained by
insecticidal pressure.

Resistance in the early stages of development may
revert more completely.

(2) If the heterozygotes are sufficiently susceptible
(i.e., resistance recessive as in the case of DDT and
BHC), the partly reverted population may be con-
trolled when the insecticide is used again, but usually
resistance reappears quickly (in one or a few genera-
tions). However, it will often be followed by a new
reversion if the insecticidal pressure is relaxed, for
nstance during the winter.

FACTORS INFLUENCING THE REVERSAL OF RESISTANCE
AND THEIR PRACTICAL IMPLICATIONS

From the genetical point of view, reversion in
la rge populations is the net result of selection against
the resistant genotypes plus dilution with susceptible
insects from untreated populations.

Back-mutation can probably be ignored. In
small populations random genetic drift may also
play a role.
The most important for practical considerations

is the selection factor, and how it might be used to
promote reversion.

(1) The first thing to consider is, how well do the
resistant insects (and genotypes) compete with
susceptible ones in the absence of insecticidal
pressure? As stated previously, the adaptive value
increases as a rule with the age of the resistance.
Therefore the earlier resistance to insecticide A
is detected and A withdrawn, the better the chance
of reversion and re-use of the insecticide. This
might be of interest in cases where it is important

IAn important exception to this rule is dieldrin-resist-
ance (in A. gambiae, etc.).

to keep an insecticide in reserve to stop new out-
breaks of a vector-borne disease.

(2) When considering the substitution of insecti-
cide B, it is very important to know whether, under
the given conditions and with the type of application
envisaged, it will select against or for the genotypes
resistant to A, or whether it will leave them un-
affected.

(a) In the first instance, where B selects against
the genotypes resistant to A, there is negative
correlation between A and B. If this is complete,
i.e., if resistance to A always involves susceptibility
to B, and if B is economical and practical to use,
the reversal of resistance should take place as easily
or more easily than its development and it should
be possible to use the two insecticides alternately
or as a mixture to prevent further interference from
resistance.

This " ideal " combination of insecticides has yet
to be discovered. Brown (see this Supplement,
page 45) has mentioned PTU and related com-
pounds, that show a true (genetical) negative cross-
resistance with DDT, but only in certain strains of
Drosophila, owing to the pleiotropic action of the
resistance gene.
With a deeper understanding of resistance

mechanisms it might be possible to develop an
insecticide B that is activated by the detoxification
mechanisms responsible for resistance to insecticide
A (Winteringham, 1962). Such a compound would
be universally active, but only towards resistance
depending upon this mechanism, and there are
indications that resistance to one compound (e.g.,
DDT, diazinon) can be brought about by different
mechanisms. Moreover, there is also the possibility
that modifying genes may alter the effects of A
and B independently (Milani, 1962).

Finally, the practical aspects (cost and suitability
for field use) have to be taken into account. Thus,
solving the resistance problem by the use of nega-
tively correlated insecticides is not an easy task
(Ascher, 1962).
On the other hand, compounds showing only

incomplete negative correlation, depending, for
example, on linkage or active only under certain
conditions, may be of some use.

In view of the interest in negative correlation as
a solution to the practical resistance problem, I
should like to point out that it is not enough to
find that one or more strains resistant to A are more
susceptible to B than are some normal strains. The
correlation has to be verified by suitable genetic
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tests, taking the heterozygotes into account also,
and by selection experiments with populations
containing a mixture of genotypes, preferably
within the same strain (Keiding, 1958 and 1962b).
Finally the effect on heterogeneous populations
should be tried under field conditions.

(b) In practice, the substitute insecticide B will
usually be somewhat less toxic to individuals
resistant to A than to normal insects (positive
correlation), with the effect that reversion will be
slowed down or stopped. This effect may be counter-
acted, just as the development of resistance may be
retarded, by applying the insecticide only where
and when it is really necessary, e.g., during the
period of transmission, and stopping the treatments
during the unfavourable period (the winter, the dry
season, etc.).
Another method is to concentrate the insecticide

at strategic points (e.g., as impregnated tapes or
poisoned baits for flies), so that it is the fortunate
individuals rather than the resistant ones that
survive and reproduce (see also Winteringham,
1962). This principle might be used for other vector
species (e.g., insecticide-impregnated cloth for
Culex fatigans). With such spot-treatments there is
a risk of behaviouristic resistance developing, but
this might be reversed by changing the location of
the treated surface.

(c) Finally, I do not think that the many ways of
controlling vectors without the use of insecticides
have been investigated for a sufficiently long period
to determine how reversion would be influenced by
selective forces that a priori should not favour
resistant genotypes (e.g., sanitation, source reduc-
tion, change of habitat, biological control, use of
sterilization, attractants and repellents).
The aim should be to reserve the use of the cheap

and quick-acting insecticide for emergencies.

INFILTRATION OF SUSCEPTIBLE INSECTS

The greater the number of untreated habitats for
the target species in or around a given area the
better are the possibilities for reversion. The
principle must be to concentrate the insecticide to
the necessary places. Infiltration of susceptible
individuals from neighbouring areas may have been
of importance in the reversion of dieldrin-resistance
in Anopheles culicifacies in a district in India.1
Moreover, attention should be given to the manipu-
lation of the populations when they are at a mini-
mum, for instance during overwintering. The release
of suitable types (e.g., susceptible flies selected for
winter-conditions) would have the greatest effect at
that time, and we have repeatedly seen how reversion
in flies does take place during the winter.

GENERAL CONCLUSIONS

The prospects of resuming the use of an insecticide
A to which resistance has once developed are not
good, unless it is withdrawn at an early stage and
unless the hybrids are amenable to control. This
requires regular surveys of susceptibility in order
to detect early signs of resistance, preferably by
methods distinguishing between homozygous and
heterozygous resistance. It is unlikely that a
genuinely fresh start can ever be made.
However, even in the case of a well-established

resistance, A may be usefully included in the pro-
gramme at certain points, when susceptibility
surveys show a sufficient degree of reversion. In
the meantime, A should not, as far as possible,
be used in mixtures or alone against household pests
or other insects.

1 Rao, T. R., Bhatia, S. C. & Deobhankar, R. B. (1960)
Unpublished mimeographed report WHO/Mal/270, WHO/
Ins/ 1 14.

RtSUMI

L'auteur discute les facteurs d'un retour, partiel ou
complet, a la sensibilite normale au DDT, au HCH et au
diazinon, a la lumi&re des experiences effectuees depuis
15 ans sur la mouche domestique dans des fermes
danoises. I1 tient aussi compte de renseignements puises
dans la litt6rature et concernant la resistance des popu-
lations d'autres insectes dans la nature. Les m6canismes
g6n6tiques jouant un r6le dans la constitution de la
resistance et dans le retour A la sensibilite sont examines.
L'auteur estime que ce retour a pour resultat la constitu-

tion d'une population h6terozygote comportant peu
d'insectes hautement resistants. Si les heterozygotes sont
suffisamment sensibles la reprise du traitement par
l'insecticide peut donner pendant quelque temps de bons
resultats, mais la resistance ne tarde pas a reapparaitre.
Plus vite la constitution d'une resistance est reconnue et
l'administration de l'insecticide stoppee, plus rapide et
complet est le retour a la sensibilite normale. Des enquetes
regulieres sur la sensibilite doivent donc etre menees, si
possible en utilisant des m6thodes permettant la distinc-
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tion entre resistance homozygote et heterozygote. Lors-
qu'une resistance se produit et qu'un nouvel insecticide
est substitue au premier, l'on peut hater le retour a la
sensibilite en choisissant un insecticide selectif contre les
genotypes r6sistants. Ceci est en pratique difficile a
realiser et il y a plus frequemment un rapport etroit entre

les deux insecticides si bien que l'insecticide de substitu-
tion ralentit ou previent le retour a la sensibilite. L'auteur
mentionne brievement les methodes pour combattre cet
effet; l'on peut tenter de favoriser ce retour en utilisant
des methodes de lutte autres que l'emploi d'insecti-
ci des.
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