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Resistance: Have the Insects Won?
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‘It will probably never again be
possible to achieve chemical
control of insects on the scale
achieved between 1945-1965
(RJ. Wood, 19811},

While insecticides have greatly improved
human health and agricultural production
worldwide, their utility has been limited by
the evolution of resistance in many major
pests, including some that became pests
only as a result of insecticide use. Insecti-
cide resistance is both an interesting
example of the adaptability of insect pests,
and, in the design of resistance manage-
ment programmes, a useful application of
evolutionary biology. Pest susceptibility is
a valuable natural resource that has been
squandered; at the same time, it is becom-
ing increasingly expensive to develop new
insecticides. Pest control tactics should
therefore take account of the possibility of
resistance evolution. One of the best ways
to retard resistance evolution is to use
insecticides only when control by natural
enemies fails to limit economic damage.
This review summarizes the recent litera-
ture on insecticide resistance as an
example of adaptation, and demonstrates
how population genetics and ecology can
be used to manage the resistance problem.

Unlike most evolutionary hy-
potheses, those involving resist-
ance to man-made disturbance can
be tested using historical data as
well as experiments. The evolution
of industrial melanism in moths
and of heavy metal tolerance in
plants are two examples of resist-
ance that are widely cited in text-
books on evolution. It is especially
important to understand the evol-
ution of resistance in pests and
diseases because this understand-
ing can enable us to avoid or re-
verse the process. Evolutionary
biology is usually a pure science,
but it here has a valuable oppor-
tunity to provide material benefits.

Arthropods have been among
the most troublesome pests to
control chemically. The WHO pro-
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gramme to eradicate malaria world-
wide failed in large part because
the vectors, anopheline mos-
quitoes, became resistant to
insecticides2-4. Modern cotton pro-
duction depends on heavy insecti-
cide use (in the USA about 20-50%
of all insecticides purchased are
used on cotton), and has in a num-
ber of regions ended in financial
disaster as pest after pest became
resistant>7. Fears that the bud-
worm Heliothis virescens would be-
come resistant to pyrethroids, the
last known group of insecticides
that can effectively control this pest
of cotton, has led in the USA to
cooperation on resistance manage-
ment by companies competing in
the insecticide marketplace®. Such
cooperation would have been un-
thinkable during the insecticide
boom of the 1950s and 1960s.

The number of insect pests
known to be resistant to pesticides
has exploded in the latter part of
this century (Fig. 1). At the same
time, the introduction of new insec-
ticides has slowed because regu-
latory measures to limit environ-
mental damage have resulted in
increased development costs. Re-
sistance to the biological insecti-
cide Bacillus thuringiensis has
already been documented? and re-
sistance to biologically engineered
insecticidal crops could well de-
velop soon after they are widely
grown!®, Some workers (e.g. Ref. 4)
doubt whether chemically-based
pest control will be useful at all in
the future, especially since some
mechanisms of resistance are ef-
fective against a variety of toxic
chemicals.

The nature of resistance

Prior to the Second World War,
insecticides were often inorganic
(e.g. HCN, arsenicals, lime sulphur)
and almost as dangerous to hu-
mans as to their competitors. The
multiplicity of modes of action
(‘target sites’) of such chemicals
may have prevented the evolution
of resistance: only 12 cases of in-
secticide resistance were reported
before 1946 (Fig. 1)!!. The newer

lipophilic organic insecticides (es-
pecially organochlorines, organo-
phosphates, carbamates and syn-
thetic pyrethroids) were generally
safer and could be more selective
against insects because each
affected only a single biochemical
site. However, this target-site
specificity may also have permitted
rapid evolution of resistances.
Insects have exploited virtually
every conceivable means of with-
standing insecticides. Adaptations
are known that increase behav-
ioural avoidance, reduce cuticle
permeability, speed conversion of
insecticides to excretable polar
compounds, or decrease sensitivity
of the biochemical target {Box ).
Herbivorous insects, especially
generalist herbivores, often de-
velop resistance before their para-
sites or predators. This may be due
to the inherently high activity of
detoxifying enzymes in herbivores,
which must normally handle plant
secondary chemistry: such insects,
rather than their enemies, are
preadapted to evolve resistance
because their existing detoxifying
systems can be enhanced by
selection!? (there may also be eco-
logical reasons why pests can adapt
to pesticides better than their en-
emies — see below). It is therefore
no surprise that many of the world'’s
most devastating resistant arthro-
pods (e.g. spider mites, scale in-
sects, aphids, and leaf-feeding
Lepidoptera) are artificial, ‘second-
ary’ pests that only become a prob-
lem after insecticides release them
from control by natural enemies*?.
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Fig. 1. The cumulative number of species
known to be resistant to one or more insecti-
cides. After Georghiou''.
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Mosquitoes, which are also prone
to resistance, may have similar de-
toxification mechanisms to cope
with organic chemicals leached
from plant material in the stagnant
water of their larval habitats.
Neodarwinian theory predicts
that novel traits will evolve fastest
when many loci, each of which has a
small effect, determine the pheno-
type. In contrast to these expec-
tations, mechanisms based on rela-

tively few or single genes (Fig. 2)

account for most resistance in the
field!3. It seems likely that selec-
tion for field resistance can be so
intense that only very rare extreme
variants can survive, and these will
be at single loci. In contrast, labora-
tory selection, which is necessarily
weaker, may cause polygenic
resistance’* because many genes
will have alleles with weakly resis-
tant effects'®. A similar argument
has been advanced for the exist-

ence of major genes in the evol- .

ution of mimicry: a major jump is
necessary to give a crude resem-
blance to a model species, and
only thereafter can polygenic modi-
fiers perfect the mimicry!>. How-
ever, single-gene insecticide resist-
ance could also be due to the very
specific modes of action of modern
insecticides, which permit target-
site alteration as a viable means of
resistance (Box 1).

The initial rarity of resistance
alleles suggests that such alleles
are selected against in the absence
of pesticides'¢. However, exper-
imental evidence for fitness deficits
is weak!3: laboratory studies all too
often compare the fitnesses of re-
sistant and susceptible laboratory
strains, with little attempt to control
genetic background, and field
studies are plagued by the possi-
bility that reductions in resistance
frequency after selection is relaxed
are due to undetected immigration
of susceptibles (e.g. Ref. 17). In
some cases, modifiers seem to
have arisen that can reduce the
negative side-effects of resistance
genes!&19,

Theory of resistance evolution

Insecticide resistance is charac-
terized by rapid evolution under
strong selection. In contrast, many
analytical single-locus and quanti-
tative genetic models obtain re-
sults by means of weak-selection

approximations, and will therefore
be hard to apply to the evolution of
resistance??, An additional difficulty
is that selection for insecticide
resistance has its own quirks, as
we shall see below. For these
reasons, standard population gen-
etic models have been of little use,
and custom-made models, often
based on simulation, have been
developed?!-22,

A recessive allele for resistance
would increase to fixation in a
single generation if the mortality
of susceptibles under insecticidal
treatment were 100%. Since this
never happens in the field, it is
necessary to assume that there is a
reservoir of untreated insects?, i.e.
that there is a less than 100% mor-
tality of treated susceptibles. Pro-
vided that a reservoir exists, a rare
mutation at a single locus will in-
crease much more rapidly if domi-
nant than if recessive to wild

type. This well-known population-

genetic result has the added twist
that the ‘effective’ dominance of a

resistance allele (Fig. 2) is reduced

with increasing dose?3.

A reservoir can be due to two
factors. Firstly, it is impossible to
cover sprayed surfaces evenly with
insecticide. For example, there may
be several orders of magnitude dif-
ference between toxicant concen-
trations on canopy and understory
leaves of cotton. Secondly, a reser-
voir population may exist outside
the treated area, but partially mix
with the treated population by
means of dispersal. Resistance will
never increase much above pre-
treatment levels if the untreated
reservoir is infinitely large, and
much less resistance will evolve
in the treated area than it would in
the absence of migration. However,
there will be a migration rate below
which resistance levels increase
rapidly, because the treated popu-
lation then evolves virtually inde-
pendently of the reservoir24.25
More realistically, the reservoir
will be finite and resistance will
eventually fix throughout the range
{though this can be balanced by
selection against the resistant form
in the reservoir) because of emi-
gration by resistants into the res-
ervoir. Nonetheless, immigration
from a finite reservoir will still con-
siderably delay the increase in
resistance?4,
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Fig. 2. Inheritance and effective dominance of resistance.

The percentage mortality of susceptible (S) and resistant (R) strains of the mosquito Aedes aegypti
and their hybrids is plotted on a probability scale against the log dose of permethrin, a pyrethroid
insecticide. These transformations linearize cumulative normal dosage-mortality curves. F, hybrids
between S and R strains give intermediate mortality. Backcrosses (F, X S, F; X R), give curvilinear
dosage-mortality lines representing a 50:50 mix of F,-like and R (or S)-like types, each with its own
normally distributed cumulative mortality curve. Polygenic inheritance would instead give a straight
line in the backcrosses (i.e. a cumulative normal distribution), with a shallower slope (greater variance)
than in S, R and F,: thus the figure is good evidence for a single gene, or several tightly linked genes
with major effects on resistance.

The figure also shows how an alteration of dose can change the effective dominance as well as the
selection pressure on a locus under insecticidal selection. Spraying at a dose of 30 mg m~2 eliminates
chiefly homozygous susceptible genotypes, whereas spraying at a higher dose, 300 mg m~2, eliminates
heterozygotes for resistance also. At the former dose, resistance is effectively dominant; at the latter,
resistance is effectively recessive?s.

After C.A. Malcolm, in Ref. 1.

natural enemies. This will increase r
for the surviving pests because of
the relaxation of natural control,
and so make overcompensation
more likely, leading to rapid
evolution of pest resistance. Mean-
while, the remaining natural enem-
ies initially have difficulties finding
their prey: this reduces their r,
causes a greater tendency to
undercompensation, and leads to a
slowing of resistance evolution in
natural enemies.

Population dynamics, as well as
detoxification mechanisms (see
above), will thus help to explain
why pests often become resistant
before their natural enemies?5.26,
Broad-spectrum insecticides seem
almost designed to allow efficient
evolution of resistance by herbivor-
ous pests.

Another factor affecting resist-
ance evolution is  density-
dependent population regulation.
Suppose the pest population is
only weakly regulated by predators
and parasites. The population will
then return only asymptoticaily to
equilibrium levels after insecticidal
treatment (the density depen-
dence is said to be undercompen-
sating). In this case, susceptible im-
migrants form a large fraction of the
population, which will hinder the
evolution of resistance more than if
the treated population were to re-
bound exactly to the equilibrium
size (perfect compensation, giving
‘soft’ selection, as assumed in many
population genetic models).

Conversely, if the population
tends to overshoot its equilibrium
size (overcompensation), immi-
gration will be less effective than
under perfect compensation, and
resistance  will evolve more
readily?4. The strength of density
dependence is roughly proportion-
al to r, the intrinsic rate of increase
in the population. Spraying with a
contact insecticide tends to reduce
numbers, both of pests and of their

Insecticide resistance management

Can this knowledge suggest
methods for slowing or preventing
the evolution of resistance? There
are disagreements about almost
every method that has been pro-
posed. One obvious strategy is to
use very little insecticide, so that
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few susceptibles are killed!e. The
difficuity with this strategy is that
good control often requires a high
dose. An apparently contradictory
alternative strategy is to use a high
enough dose so that resistance is
effectively recessive?® (Fig. 2). This
method would work well if the sus-
ceptibilities of each resistant geno-
type were known before resistance
became common, which unfortu-
nately is never the case. However,
since alleles conferring resistance
will become scarcer as well as more
effectively recessive (see Fig. 2)
when a higher dose is used, the
best we can do is to avoid insecti-
cides until they are absolutely
necessary, and then use them at a
relatively high dose, while permit-
ting reservoirs of susceptibles to
exist.

Selection for resistance to a
given chemical can also be reduced
by using a rotation of different
chemicals. Selection against resist-
ance between treatments of the
same insecticide, together with
immigration of susceptibles, can
reduce the frequency of resistant
insects to an acceptable level. But
resistance is probably more advan-
tageous under insecticidal treat-
ment than it is disadvantageous
in the absence of treatment, so a
rotation will have to include many
different chemicals to work as a
stable strategy'®. Usually, resistance
evolves in the long run. Since a
naive strategy — of using insecti-
cides in turn until resistance
evolves to each — gives almost the
same total control period as a plan-
ned rotation?3, rotations can hardly
even be defined as management.
However, in some cases rotations
may be the only practical way of
limiting resistance to a single
favoured compound?327,

A mixture of insecticides, on the
other hand, can delay the evolution
of resistance by several orders of
magnitude compared with a ro-
tation23-28. Mixtures work because
insects that receive a lethal dose of
one insecticide are simultaneously
dosed with the other insecticide as
well. Only extremely rare individual
pests, which have resistance mech-
anisms against both chemicals, will
survive. With a reservoir of
untreated insects or immigration,
random mating and recombi-
nation tend to break up the doubly
resistant genotypes, leading to very
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slow evolution of resistance?3. How-
ever, dominance, high initial fre-
quency of at least one of the resist-
ance genes, unequal persistence of
the pesticides, together with low
levels of immigration, can lead to
slight advantages of rotations over
mixtures27.29, Mixtures are a some-
what risky strategy with a very high
potential pay-off, so it is worth re-
searching each case to find out
whether a mixture would be advan-

tageous.
It might seem that spraying two
insecticides in a mosaic would have

the same advantages as a mixture.
However, this is not so, because
each individual insect does not re-
ceive a dose of each chemical and
resistance evolves more rapidly
than with a mixture2327 (G. Mani,
unpublished).

Surprisingly, rotations rather than
mixtures of insecticides are a key
component of nearly all resistance
management programmes. For
example, pyrethroids are one of the
last groups of chemicals effective
against resistant budworms and
bollworms (Heliothis and Heli-
coverpa) in cotton, and rotations of
pyrethroids and moderately effec-
tive organophosphates are recom-
mended in pyrethroid resistance
management programmes world-
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wide®. A mixture is normally at least
twice as expensive as a rotation if
each compound is used at full con-
centration. Because farmers do not
relish more than doubling their cur-
rent costs even if the potential
long-term benefit is high, rotations
are usually more acceptable.

Have the insects won?

This problem of the acceptability
of mixtures shows how one of the
most intractable components of
a resistance management pro-

ent people value the resource of
susceptibility genes in different
ways. Consider a crop such as
cotton: pesticide companies and
salesmen aim to maximize profits
in the short and medium term;
farmers are sometimes interested
in the longer term, but are averse
to risk in the short term and can
usually switch crops if insect control
fails; local and central government
organizations may be interested in
continued cropping in the long
term.

Perhaps the most successful
example of resistance management
has been in cotton-growing regions
in Australia3®3!, where farmers ex-
perienced crop failures due to
pyrethroid resistance in the boll-
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worm Helicoverpa armigera. The
farmers asked for a programme
to be instituted, and a difficult
agreement was reached between
government researchers, farmers
and the agrochemical industry. A
voluntary rotation-based strategy
has been implemented since 1983:
pyrethroid use is restricted to a
short period (Stage II; see Fig. 3) in
the middle of the cotton growing
season, whereas endosulfan is re-
stricted to the early to mid season
(Stages I and II). Neither endosul-
fan nor pyrethroids may be used in
Stage 1li; other insecticides may be
used at any time. However, even
under this programme the fre-
quency of pyrethroid resistance
appears to be rising from year to
year (Fig. 3). In the USA, a similar
programme for Heliothis virescens
has achieved a much lower level of
compliance among farmers and
pest control consultants, who claim
that early and late season alterna-
tives to pyrethroids are both less
effective and more expensive.
Many entomologists predict that
US cotton crops will fail due to
pyrethroid-resistant H. virescens
within the next few years.

A related human problem is
faced by advocates of ‘integrated
pest management’ (IPM), so called
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Fig. 3. Frequency of resistant Helicoverpa armigera (proportion that survive a dose of the pyrethroid fenvalerate that kills 99% of susceptibles) over
five growing seasons in the Namoi-Gwydir cotton-growing region of New South Wales, Australia. In 1983 a programme was introduced to slow resistance
to pyrethroids. Pyrethroid use was limited to a six-week period (Stage 11} in January and February. Within each year, it can be seen that the frequency of
resistance increases immediately after the pyrethroid applications. The frequency of resistance decreases every winter because of immigration and/or
selection against the resistant moths. After Forrester3!.
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because pesticides are integrated
as far as possible with biological
and cultural means of control>4!'.
IPM is complicated because it re-
quires much more research and de-
velopment, as well as scouting for
pests, than a simple schedule of
sprays. However, successful IPM
can be enormously beneficial in the
short term by reducing pesticide
costs. An important added long-
term advantage of IPM is that insec-
ticidal selection is applied to pests
only when other means of control
fail. If appropriate methods for the
control of primary pests (such as the
boll weevil, Anthonomus grandis, in
cotton) could be developed and
used, the secondary pests, which as
we have seen are often the most
prone to resistance, could come
largely under the control of their
natural enemies®2. We need a much
better understanding of pest popu-
lation biology and gene flow, as
well as resistance mechanisms, if
we are to plan effective IPM and
resistance management strategies.
Pesticide companies are unlikely to
finance such research since it may
reduce their own cash flow: this is a
good example of an applied re-
search area where non-industrial
funds are needed, even though
there is increasing political press-
ure for universities and public sec-
tor research institutes to obtain
funding from industry.

The insects have won for the
moment in tropical malaria control,
and they seem to be winning in
cotton, among a number of other
crops. Pest susceptibility is a valu-
able natural resource that has

been overexploited. Better man-
agement of this susceptibility re-
source will require a better knowl-

edge of the ecology and population
genetics of insects, as well as the
political will to make resistance
management strategies work.
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