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ABSTRACT
The dynamics of genetic variation in susceptibility to
insecticides within a natural population of Drosophila
melanogaster (Meigen) at Katsunuma (Yamanashi Prefecture, Japan) was examined. Two resistance factors
for three organophosphate insecticides (OPs), a resistant-type acetylcholinesterase (AChE) and a cytochrome P450 monooxygenase (cytochrome P450), have
already been suggested to be involved within the Katsunuma population. In this study, genetic variances
were estimated for susceptibility to other classes of
chemicals than OPs, permethrin (a pyrethroid) and
dichloro-diphenyl-trichloroethane (DDT; an organochlorine), which existed simultaneously with genetic
variances for susceptibility to OPs. Analyses of variance for susceptibility to permethrin and DDT showed
highly significant variation among isofemale lines from
the Katsunuma population, and the genetic variances
for susceptibility to each insecticide fluctuated differently during this period. The impacts of fluctuations of genetic variation in susceptibility to one class
of insecticides on genetic variation in susceptibility to
other classes of insecticides existing simultaneously
within the natural population were discussed.
Keywords: DDT; Drosophila melanogaster; Genetic
Variation; Insecticide Resistance; Permethrin

1. INTRODUCTION
Resistance is defined as “the development of an ability in
a strain of an organism to tolerate doses of a toxicant
which would prove lethal to the majority of individuals
in a normal (susceptible) population of the species” [1].
The development of insecticide resistance is a population
genetic process within insect pest populations, in which
initially rare resistant mutants are selected for by insecticide selection pressures [2]. Because insecticides have
been applied to fields for the purpose of reducing pest
population densities, insecticides should select for rare
resistant mutants as an inevitable consequence. Since
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insecticide resistance was first documented more than a
century ago [1], many pest populations of insects and
mites have developed resistance to almost all chemicals
[3].
The recent technological progress in molecular genetic
approaches has brought about identifications and characterizations of several resistance genes contributing to the
main mechanisms of insecticide resistance, including increased detoxification of insecticides and target-site insensitivity to insecticides [4-6]. Increased detoxification
of insecticides can be realized by increased activities of
metabolic enzymes, which may be caused by many mechanisms, including amplification, over-expression, and point
mutations in coding sequences [7]. Increased detoxification has been exemplified by cytochrome P450 monooxygenases (cytochrome P450s), esterases, and glutathion-S-transferases (GSTs) [7]. The other major mechanism of insecticide resistance might involve point mutations that reduce the sensitivity of target molecules to
insecticides [8]. Point mutations contributing to targetsite insensitivity have been documented in the voltagegated sodium channel for dichloro-diphenyl-trichloroethane (DDT) and pyrethroids [9], acetylcholinesterase
(AChE) for organophosphates (OPs) and carbamates [10],
the nicotinic acetylcholine receptor for neonicotinoids
and spinosad [11,12], and the -amino butyric acid receptor for cyclodiene insecticides [5].
Katsunuma (Yamanashi Prefecture, Japan) is famous
for its wine production, and vineyards extend continuously over this town and surrounding areas. Although
Drosophila flies are not recognized as pest species, insecticide selection pressures have been imposed on the
Katsunuma population of Drosophila melanogaster (Meigen), owing to management of other pest species [13]. In
fact, the Katsunuma population of D. melanogaster exhibited genetic variation in susceptibility to OPs, which
was composed of several resistance factors, including a
resistant-type AChE and a cytochrome P450 [14,15].
Therefore, it is conceivable that various agents could mold
genetic variation within the Katsunuma population, and
that the effects of the fluctuations of genetic variation in
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susceptibility to one class of insecticides within the population could also affect those to other classes of insecticides simultaneously.
In this study, genetic variation in susceptibility to other
classes of insecticides, a pyrethroid permethrin and an
organochlorine DDT, which existed within the Katsunuma population at the same time period as genetic
variation in susceptibility to OPs, was estimated. Information on genetic variation in susceptibility to other classes
of insecticides as well as OPs would provide further insights into the genetic structures of insecticide resistance
within natural populations of insect pests, and these approaches should provide valuable information as a model
system for designing appropriate strategies for managing
insecticide resistance in other insect pest populations.

2. MATERIALS AND METHODS
Fluctuations of genetic variation in susceptibility to a pyrethroid permethrin and an organochlorine DDT within the
Katsunuma population were investigated. Mortality data
of isofemale lines published in [16] were used to estimate genetic variances in susceptibility to permethrin
and DDT within the Katsunuma population. Isofemale
lines were established from the natural population of D.
melanogaster collected at Katsunuma (Yamanashi Prefecture, Japan) in summer and fall, 1997 and 1998. Detailed information on the isofemale lines and rearing conditions was described in [16].
By adopting the filter-paper-contact method, the susceptibility of each isofemale line was evaluated as mortality under one concentration of each insecticide. Based
on LC50 values (insecticide concentrations that kill 50%
of the tested population) of a standard laboratory strain
Canton-S, the concentrations were determined as 1.25
mg permethrin/cm2 and 0.125 mg DDT/cm2, respectively.
The origins and purity of the chemicals and bioassay
conditions were described in [16].
Variance components, a between-line component (Vb)
and a within-line component (Vw), were estimated, following the analysis of variance [14,17]. Mortality data of
isofemale lines were arcsine-square-root transformed,
prior to the analyses. The analyses of variance were conducted using mortality data without adjustment by control mortality, because control mortality of each line was
reasonably small: 0.032 ± 0.0075 (1997 summer), 0.028
± 0.0038 (1997 fall), 0.014 ± 0.0045 (1998 summer), and
0.018 ± 0.0028 (1998 fall) (mean ± SE over isofemale
lines within each population). In fact, Abbott’s adjustment using control mortality [18] provided essentially
the same results (data not shown).
Genetic variance (Vg) in susceptibility to each insecticide within each population was estimated, after correction was made using Vw [14,19]. The number of replications was usually three, but not always so; therefore, the
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harmonic mean of replication numbers was used for calculating variance components [17]. Standard errors of
variance components were estimated approximately, based
on sampling variances of mean squares [20].

3. RESULTS AND DISCUSSION
Mortality of each isofemale line after 24 hours was examined at 1.25 mg/cm2 permethrin and at 0.125 mg/cm2
DDT [16]. The results of the analyses of variance for
susceptibility to permethrin and DDT were listed in Table 1. In each season, there was significant variation between isofemale lines in susceptibility to each insecticide
(P < 10–5). The concentrations adopted for bioassays
were 3 and 49 times higher than the LC50 values of the
laboratory strain Canton-S for the respective insecticides.
Even under the higher insecticide concentrations than
LC50 values of Canton-S, which is usually used for a
susceptible wild-type strain, the Katsunuma population
of D. melanogaster showed significant genetic variances
in susceptibility to permethrin (a pyrethroid) and DDT
(an organochlorine) (Figure 1), at a time when this
population exhibited significant genetic variances for
susceptibility to the three OPs [14]. However, the patterns of the fluctuations were different between genetic
variances in susceptibility to the two insecticides. Genetic
variances of permethrin susceptibility were 0.070 ± 0.0162
(estimate ± SE) (1997 summer), 0.045 ± 0.0063 (1997
fall), 0.047 ± 0.0152 (1998 summer), and 0.030 ± 0.0085
(1998 fall), and did not fluctuate significantly during the
two years (Figure 1), while the mean susceptibility level
for permethrin did not change significantly [16]. On the
other hand, genetic variances of DDT susceptibility were
0.075 ± 0.0153 (1997 summer), 0.065 ± 0.0081 (1997
fall), 0.019 ± 0.0111 (1998 summer), and 0.088 ± 0.0166
(1998 fall), and did not change significantly in 1997 but
increased significantly in 1998 (Figure 1), which was the
same fluctuation pattern as for susceptibility to the three
OPs [14] although the mean susceptibility to DDT tended
to decrease with time [16]. Within-line variances were
0.042 ± 0.0049 (estimate ± SE) (1997 summer), 0.039 ±
0.0023 (1997 fall), 0.028 ± 0.0044 (1998 summer), and
0.040 ± 0.0041 (1998 fall) for susceptibility to permethrin, whereas within-line variances for susceptibility to
DDT were 0.027 ± 0.0031 (1997 summer), 0.039 ± 0.0024
(1997 fall), 0.042 ± 0.0065 (1998 summer), and 0.036 ±
0.0037 (1998 fall). Because within-line variances were
almost the same among the seasons, which were also the
same magnitude as those for susceptibility to the three
OPs [14], it can be assumed that genetic variances based
on experiments conducted under reasonably controlled
conditions.
Generally speaking, DDT and pyrethroid insecticides
act on the same target site, the voltage-gated sodium channel [21]; in addition, many specific genes for detoxification
OPEN ACCESS
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Table 1. Analysis of variance for susceptibility to permethrin and DDT within the Katsunuma population of D. melanogaster.
Chemicals
source
(a) 1997 summer
Between lines
Within lines

df

MS

75

0.2937

152

0.0425

259

0.2161

556

0.0389

(c) 1998 summer
Between lines
Within lines

38

0.1998

81

0.0280

(d) 1998 fall
Between lines
Within lines

93

0.1697

(b) 1997 fall
Between lines
Within lines

188

Permethrin
F
P
6.92

5.55

7.14

<10–23

<10–63

<10–13

Expected MS

df

MS

F

 W2  3.00 B2

75

0.2794

10.18



152

0.0274

 W2  3.06 B2

256

0.2765

 W2

547

0.0391

 W2  3.04 B2

38

0.1408

81

0.0416

 W2  3.00 B2

93

0.3370



188

0.0362


4.23

<10–16

0.0401

Figure 1. Seasonal fluctuations in genetic variances of susceptibility to permethrin and DDT within the Katsunuma population of D. melanogaster. Numbers in the graphs represent the
numbers of isofemale lines examined for estimation. Error bars
indicate 95% confidence intervals.

enzymes, including cytochrome P450s and GSTs, have
been identified for resistance to DDT and/or pyrethroids
[6,7,22]. Therefore, it might be presumed that a single
resistance factor within the Katsunuma population could
confer cross-resistance to both insecticides. However,
this hypothesis cannot explain the different patterns observed in both the fluctuations of the genetic variances
(Figure 1) and the mean levels [16] between susceptibility to the two insecticides. Although there remain many
aspects to be revealed in the fluctuations of genetic
variation in resistance to DDT and permethrin within the
natural population, the most probable explanation for the
Copyright © 2012 SciRes.
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W

2
W

2
W

DDT
P
<10–32

Expected MS

 W2  3.00 B2

 W2
7.07

<10–80

 W2  3.06 B2

 W2
3.39

<10–5

 W2  3.04 B2

 W2
9.32

<10–37

 W2  3.00 B2
 W2

differences in fluctuation patterns is that the Katsunuma
population possessed several resistance factors for DDT
and permethrin, in which different genes might have
main effects on resistance to the respective insecticides.
If the identical gene had large effects on resistance to the
two chemicals, the levels and genetic variances would
have shown the same fluctuation patterns.
In the course of studies on genetic variation in resistance to OPs within the Katsunuma population, we have
identified two resistance factors for OPs, one on chromosome 2 (~II-62) and the other on chromosome 3 (~III-50)
[23]. The resistance factor mapped at ~II-62 on chromosome 2 was recently suggested to be a cytochrome P450,
based on in vivo biochemical assays [15]. Other laboratories have provided the possibility that one or some cytochrome P450 (Cyp) genes around this map position
might be involved in resistance to several insecticides
including DDT [24,25]. Especially, Cyp6g1 has received
very much attention and been suggested to be involved in
resistance to DDT (an organochlorine) and imidacloprid
(a neonicotinoid insecticide) [24,26] and diazinon (an OP)
[27]. Because the population was different, the Katsunuma
population had not necessarily developed the same monooxygenase-based resistance mechanisms as other populations [28]. Although we have no idea of whether or not
the Cyp gene for OP resistance could contribute to resistance to the two chemicals within the Katsunuma population, genetic variation in susceptibility to DDT and permethrin cannot be explained by only this Cyp gene, even
though this gene could have shown cross-resistance to
the two insecticides.
This study demonstrated the significant genetic variances in susceptibility to DDT maintained within the
Katsunuma population, which fluctuated among seasons,
even after a long period of time since its registration had
been expired (Figure 1). It had also been demonstrated
that the mean level of susceptibility to DDT fluctuated
among seasons [16]. Because it is hard to consider that
OPEN ACCESS
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the fluctuations were caused by direct application of DDT
during those days, the fluctuations could be attributable
to other insecticides, including OPs and pyrethroids, applied for controlling other insect pests for graperies [16].
Although the resistant-type AChE, which had the large
effects on resistance to OPs within the Katsunuma population [29], actually does not participate directly in resistance to DDT, it could possibly influence genetic variation in DDT resistance via correlations caused by multiple-resistance. In fact, significant but temporal correlations between susceptibility to DDT and susceptibility to
OPs and permethrin were observed within the Katsunuma population [16]. In addition, it is interesting whether
or not the Cyp gene identified for OP resistance could
contribute to genetic variation in susceptibility to DDT
and permethrin via cross-resistance.
We observed for two years that the susceptibility to
the three OPs tended to increase when the Katsunuma
population increased in the fall; however, in case of DDT
and permethrin, a tendency towards an increase in susceptibility was not observed when the population increased [16]. Therefore, it was suggested that, unlike resistance to the three OPs, the factors for DDT and permethrin resistance might not entail fitness costs under the
density-independent condition, which the Katsunuma
population encountered in the fall. However, fitness costs
were suggested for pyrethroid resistance in the house fly
[30] and in the mosquito (Culex pipiens quinquefasciatus)
[31], whereas a fitness advantage of DDT resistance was
suggested in D. melanogaster [32]. Because fitness costs
were dependent on ecological and environmental conditions under which fitness components were measured
[33,34], it is possible that the factors for DDT and permethrin resistance within the Katsunuma population may
exhibit fitness costs under different conditions.
Genetic variation in susceptibility to DDT within the
Katsunuma population was suggested to be influenced by
the resistance factors for OPs and pyrethroids. Although
it seems likely that the dynamics of genetic variation in
susceptibility within natural populations of insect pests is
very complex, it is expected that detailed research in the
future on genetic variation in susceptibility to insecticides within natural populations of D. melanogaster
would provide further insights into resistance management strategies as a model system.
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