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Discrete-generation population cages of Lucilia cuprina were initiated with dieldrin-resistant allele
(Rdl ) frequencies of 1 or 5% and maintained for 17 generations on media with concentrations of
dieldrin in the range 0±0.006% (w/v). The probability of the initial establishment of the Rdl allele in a
population was consistently greater at the 5% frequency and dependent on the concentration of
dieldrin in the medium for both starting frequencies. Once the resistant allele was established
responses to selection were concentration-dependent. It was concluded that in the absence of dieldrin
the susceptible allele was selectively favoured, at 0.00005% (w/v) concentration selection and random
genetic drift in¯uenced changes in allele frequency and at concentrations above this the Rdl allele was
at a selective advantage. Fixation of Rdl occurred at the higher concentrations. The in¯uence of
random genetic drift and selection on the genetic response during the evolution of insecticide
resistance is discussed.
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Introduction

As a general thesis for the evolution of resistance to
pesticides it has been proposed that monogenic res-
ponses for rare mutations will be favoured preferentially
if selection acts outside the initial phenotypic distribu-
tion of susceptible individuals (that is, above the lethal
concentration for 100% of all individuals in the distri-
bution, the LC100). Conversely, a polygenic response is
more likely when selection acts within the initial
distribution (at concentrations less than the LC100) as
any genetic di�erences between individuals of a contin-
uous distribution are assumed to be polygenically based
(Whitten & McKenzie, 1982; Macnair, 1991; McKenzie
& Batterham, 1994, 1998; Gressel, 1995; McKenzie,
1996). However, in the ®eld such clear distinctions may
not occur as the ®tness di�erentials between genotypes
depend on decay rates and the exposure characteristics
of pesticides to life-history stages (McKenzie & Whitten,
1982; Daly et al., 1988; Follett et al., 1993; CarrieÁ re
et al., 1994).
The key question to resolve for the basis of mono-

genic/polygenic response is the conditions under which
selection for rare resistant variants can occur. There is

evidence that in some circumstances selection within the
distribution of susceptibles, at concentrations less than
the LC100, may screen for monogenic variants if these
variants are present within the initial population (Roush
& Hoy, 1981; Heather, 1986; Martin & McKenzie,
1990). However, if there is a ®tness `cost' associated with
the variant and if the range of pesticide concentrations
to which the population is exposed does not speci®cally
select for the variant, it may be lost from the population
(Roush & McKenzie, 1987).
It is typically assumed that in the absence of the

pesticide resistant individuals are selected against
because of pleiotropic e�ects of resistant genotypes. It
should be noted, however, that di�erences in relative
®tness may be variable and not necessarily large (Roush
& McKenzie, 1987; Bergelson & Purrington, 1996;
McKenzie, 1996). Identifying the conditions that deter-
mine the balance between selection for polygenic and
monogenic responses is potentially of critical impor-
tance to the determination of resistance management
strategies (Gressel, 1995; McKenzie, 1996; Denholm
et al., 1999) and, more generally, to the genetic structure
of populations (Macnair, 1991; Orr & Coyne, 1992).

The relative in¯uence of random genetic drift,
particularly during founding events, and selection on
that genetic structure is also of considerable importance*Correspondence. E-mail: j.mc_kenzie@genetics.unimelb.edu.au
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(Kimura, 1983; Endler, 1986). The initial frequency of a
resistant allele in a population should be considered in
this context. With respect to the evolution of pesticide
resistance the selection coe�cients of resistance geno-
types are typically regarded as being su�ciently large to
preclude the relevance of random genetic drift. For this
reason, the impact of chance on the initial establishment
of resistant alleles remains a neglected area of research
(Tabashnik, 1990). However, when the frequency of
resistant alleles is low in a population, stochastic events
may potentially in¯uence evolutionary outcomes (Whit-
ten & McKenzie, 1982). It should be noted, however,
that the relative importance of selection and random
genetic drift to the genetic response of populations
exposed to di�erent concentrations of insecticides has
not been investigated systematically.

Empirical consideration of the problem requires a
model system in which: the organism is amenable to
laboratory analysis; there is a strong foundation of
toxicological, genetic and relative ®tness information
relating to the evolution of resistance; and in which
polygenic and monogenic responses can be distin-
guished. A number of systems meet these requirements
(McKenzie, 1996). The dieldrin resistance system of the
Australian sheep blow¯y, Lucilia cuprina, is one.

Resistance to dieldrin developed within two years of
the introduction of the insecticide for blow¯y control.
Resistance in natural populations is controlled by allelic
substitution at a single genetic locus (Rdl ) with selection
for resistance occurring over a range of concentrations
of dieldrin (McKenzie & Whitten, 1982). Selection for
susceptibility is observed in the absence of the insecticide
(Whitten et al., 1980; McKenzie, 1990, 1996). Geno-
types can be unambiguously identi®ed on the basis of
discriminating concentrations of the chemical (Whitten
et al., 1980; Smyth et al., 1992). Population cage analy-
ses have proved e�ective in demonstrating ®tness
di�erences and changes in allele frequency in L. cuprina
(McKenzie, 1996).

This system is therefore ideally placed to allow the
analysis of the e�ect of initial allele frequencies and the
selective regime on the establishment of resistance in a
population and subsequent allelic frequency changes. It
therefore provides the opportunity to understand the
nature of the genetic response for insecticide resistance
and, by analogy, for more general evolutionary systems.

Materials and methods

Strains

The strains of L. cuprina used in this study were a
standard laboratory susceptible strain (SWT,+/+ at
the Rdl locus) and a dieldrin-resistant strain (Rdl/Rdl )

where theRdl allele was placed in the genetic background
of the susceptible strain (SWT). The Rdl/Rdl strain used
in these experiments was constructed from a dieldrin-
resistant strain that was isolated initially following EMS
mutagenesis and selection for dieldrin resistance in SWT
(Smyth et al., 1992). The resistant strain thus isolated,
which carried an identical Rdl allele to that found in
natural populations (McKenzie & Batterham, 1998), was
backcrossed to SWT for 10 generations to further ensure
that the resistant (Rdl/Rdl ) and susceptible (+/+)
strains used in this study shared a common genetic
background. This was achieved by selecting heterozy-
gous females with a discriminating concentration of
dieldrin [0.01% (w/v)] at each generation of backcross-
ing. At the conclusion of the backcrossing regime
heterozygotes were intercrossed and Rdl/Rdl homozy-
gotes selected by a second appropriate discriminating
concentration [0.1% (w/v)] (Smyth et al., 1992).

Establishment of population cages

At generation 0, population cages were initiated with
50 males and 50 virgin females. Flies were of genotype
Rdl/+ or +/+ with the number of heterozygotes (one
or ®ve of each sex) determining the starting allele
frequency (1% or 5%) of the Rdl allele in each founding
population.

Discrete-generation population cages were main-
tained under standard laboratory conditions with larvae
of a particular cage being raised on meat meal medium
with dieldrin concentrations of 0, 0.00005, 0.0001,
0.0002, 0.0004, 0.0006, 0.004 or 0.006% (w/v) dieldrin.
This range of concentrations is lethal to between 0 and
100% of susceptibles (Smyth et al., 1992). Cages were
initiated at each starting frequency on each concentra-
tion until the Rdl allele was established in generation one
in three trials. The Rdl allele was deemed established in
a population if at least one resistant phenotype was
recorded in the ®rst generation. To ascertain the
presence of the Rdl allele, all ¯ies of that generation
were tested after generation two was established.

The number of attempts necessary to establish the
three successful trials was recorded and the percentage
establishment success calculated. Thus, if six attempts
were necessary to establish the Rdl allele in three trials of
a certain experimental condition the percentage estab-
lishment success was 50%. Approximately 100 larvae
were used to establish each generation of each cage
throughout the experiment.

Estimation of frequency of resistant allele

Twenty males from each cage were tested in each
generation using standard toxicological procedures
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(Smyth et al., 1992). Males were tested with 0.5 lL of
0.01% (w/v) dieldrin, which is lethal to +/+ ¯ies.
Mortality was recorded after 24 h to identify +/+ ¯ies
and survivors treated with 0.1% (w/v) dieldrin. Survivors
after 24 h were of genotype Rdl/Rdl, dead ¯ies, Rdl/+
(Smyth et al., 1992). At each generation, control ¯ies of
known genotype were tested to ensure con®dence in the
discriminating concentrations and the estimates of the
allelic frequencies in the population cages. Estimates of
allelic frequency were only made when su�cient ¯ies
were available for testing.

Results

Population cages

The probability of the Rdl allele being initially estab-
lished in the population is a function of both allelic
frequency and the concentration of dieldrin on which
the population is maintained (Fig. 1). There is a
signi®cantly (F1,7� 47.8, P < 0.001) higher probability
of establishment in populations when the Rdl allele is at
an initial frequency of 5% in founders than when the
frequency is 1%. The concentration of dieldrin in the
medium also in¯uences the likelihood of the Rdl allele
being established in the population (F7,7� 10.6,
P < 0.01). Least-signi®cant di�erence analysis shows
that for both initial Rdl frequencies, populations main-
tained on 0.004 and 0.006% (w/v) dieldrin have a lower
chance of establishment than populations at other
concentrations (Fig. 1).
After the initial establishment of the Rdl allele in a

population, generally similar average trends in allelic

frequency were observed for populations maintained at
the same concentration, irrespective of the frequency of
the Rdl allele in the founders (Fig. 2). Thus, in the
absence of dieldrin, all populations eventually ®x for the
susceptible allele, although this occurs more quickly in
populations in which the frequency of Rdl in the
founders was lower.
There is evidence of selection of the Rdl allele at

concentrations above 0.00005% (w/v) dieldrin. The
intensity of selection is a function of the concentration
of dieldrin in the media on which populations are raised.
Thus, by generation 17, populations are at, or near,
®xation of the Rdl allele for concentrations of 0.0004%
(w/v) and above, at an average frequency of approxi-
mately 0.85 at 0.0002% (w/v) and in the range 0.50±0.80
for populations raised at 0.0001% (w/v) dieldrin
(Fig. 2). In all cases the gradient of the regression line
of Rdl allele frequency on generation number is signi®-
cantly (t15 > 4.07, P < 0.001) di�erent from zero.
At concentration 0.00005% (w/v) dieldrin di�erences

are observed between population cages initiated at 1%
and 5% Rdl allele frequencies. At the 1% frequency
there is an increase in Rdl frequency with generation,
the gradient of the regression line being signi®cantly
(t15� 5.63, P < 0.001) di�erent from zero. In the
population cages initiated at the 5% Rdl allele frequency
there was no association between allele frequency and
generation number (t15� 0.66, 0.5 > P > 0.4). The
susceptible allele ®xed in one trial of these cages.
In spite of the di�erences observed in cages main-

tained at concentration 0.00005% (w/v) dieldrin, the
general similarity of outcome 17 generations after estab-
lishment at the two initial frequencies is emphasized by

Fig. 1 The percentage establishment

success of the Rdl allele in population
cages at each concentration [% (w/v)] of
dieldrin for populations with the Rdl

allele frequencies of 1 or 5% in genera-
tion 0. The percentage is based on the
number of attempts necessary to

establish the Rdl allele in generation 1 in
three trials.
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Fig. 2 Rdl allele frequencies over 17 generations for populations raised on a range of concentrations from 0 to 0.006% (w/v)

dieldrin. Results are averaged over three trials. (a) Initial Rdl frequency of 1%. (b) Initial Rdl frequency of 5%.
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the summary of results (Fig. 3). Taken as a whole the
data are signi®cantly correlated (r� 0.92, t6� 5.75,
P < 0.002).

Discussion

Whitten & McKenzie (1982) and Tabashnik (1990) have
suggested that random genetic drift may be important in
the evolution of resistance even when selection for
resistance is intense. This possibility has essentially been
ignored in the resistance literature (McKenzie, 1996)
and the experiments reported here are the ®rst to test the
proposition empirically. The results indicate that ran-
dom genetic drift is indeed important in the initial
establishment of the Rdl allele in the populations
(Fig. 1). Similar conclusions may be expected for other
evolutionary systems. In the current experiments the
initiation frequencies of the resistance allele are arti®-
cially high compared to those expected in natural
populations when resistance ®rst evolves. Depending
onwhat assumptions aremade, frequencies of 10±3)10)13

are initially expected at a resistance locus when a
pesticide is ®rst introduced (Whitten & McKenzie, 1982;
McKenzie, 1996). However, even at the elevated fre-
quencies used in the present experiments, the probability
of establishment of the Rdl allele is consistently lower
when the frequency of the allele in the founding
population is also lower (Fig. 1). The impact of chance
events in natural populations is therefore likely to be
even more signi®cant.
The likelihood of establishment is also concentra-

tion-dependent (Fig. 1). At higher concentrations of

dieldrin the population is unlikely to survive unless the
Rdl allele is represented in the ®rst generation of
insecticide usage because, at these concentrations,
susceptibles will not survive. This may have important
implications for pest management, depending on pop-
ulation structure and the levels of migration between
populations (McKenzie, 1996).
Once the Rdl allele is established in a population the

evolutionary outcomes are essentially independent of
the frequency of the allele in the founding populations
(Figs 2 and 3). In the absence of dieldrin the Rdl allele is
lost from all populations (Fig. 2). This result could be
because random genetic drift or selection against resis-
tant phenotypes. The latter explanation is favoured as,
in the absence of dieldrin, selection against dieldrin-
resistant L. cuprina has been consistently recorded in
previous studies (Whitten et al., 1980; McKenzie, 1990,
1996).
In population cages maintained at concentrations

greater than 0.00005% (w/v), dieldrin-resistant pheno-
types are at a selective advantage and the rate of increase
of the Rdl allele is a function of concentration (Figs 2
and 3). This observation is also in accord with previous
results (McKenzie & Whitten, 1982).
The results observed in the 0.00005% (w/v) dieldrin

populations indicate the potential importance of the
balance between random genetic drift and selection at
low concentrations of an insecticide once the resistant
allele is established. In accord with the results at other
concentrations, the resistant allele is more likely to
establish at the higher founding frequency (Fig. 1).
However, at this concentration there is a subsequent
increase in frequency of the Rdl allele in cages initiated
at 1% Rdl (Fig. 2). In cages initiated at 5% Rdl allele
frequency, the average allele frequency ¯uctuates
around this value in subsequent generations and one
population ®xed for the susceptible allele. Clearly the
distinction between the relative importance of selection
and random genetic drift is extremely subtle at low
concentrations of the insecticide.
The present results indicate that if the Rdl allele was

present in the population it would be selected for at
concentrations that are not lethal to susceptibles. Indeed
selection for a monogenic response to resistance to
dieldrin is possible at trace concentrations of the
insecticide, provided the Rdl allele is present in the
population. Thus, selection for a monogenic response
can occur at concentrations that do not control the pest
(McKenzie & Whitten, 1982).
The results support the observation that monogenic

responses may occur within selection regimes at con-
centrations less than the LC100 of susceptibles if an
appropriate resistant allele is in the population (Roush
& Hoy, 1981; Heather, 1986; Martin & McKenzie,

Fig. 3 Rdl allele frequencies at generation 17 for 1 and 5%
starting allele frequency population cages at di�erent concen-

trations. Results are averaged over three trials. The line
represents the relationship for equivalence of results from the
two initiation frequencies.
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1990). The likelihood of that occurrence is a function of
mutation rate, the population structure, the toxicolog-
ical phenotypes of resistant and susceptible genotypes,
and the relative ®tness of those genotypes in the
presence, or the absence, of the pesticide. The initial
establishment of the resistant allele can also be in¯u-
enced by random genetic drift (Fig. 1).

In the Australian sheep blow¯y, L. cuprina, there is a
relative ®tness `cost' associated with being resistant to
dieldrin in the absence of the chemical (Whitten et al.,
1980; McKenzie, 1990, 1996). Exposure to very low
concentrations of the insecticide during development
overcomes this. More generally the concentration at
which there is a balance between selection for and
selection against resistant phenotypes will be speci®c to
a particular system given the variation in ®tness costs
observed (Bergelson & Purrington, 1996; McKenzie,
1996).

The same conclusion could be drawn for more
general evolutionary phenomena. The genetics of adap-
tation and the interplay between selection and random
genetic drift are best viewed in this context (Orr &
Coyne, 1992).
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