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Malathion resistance developed in a Drosophila melanogaster population that has been exposed to 
malathion for almost 20 years. Genetic analyses showed that malathion resistance in this population 
is under control of several genes that are located on the first, second and third chromosome. The 
second chromosome contributes the most to resistance; the factor(s) involved may be (partly) 
dominant or additive and additional recessive genes may also be present on this chromosome. 
Although to a lesser extent, the third chromosome also contributes to resistance, the factors being 
mostly recessive or only expressed in interaction with the second chromosome. On the X-
chromosome, a factor with a very small effect on resistance was observed. 
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During the second half of the last century, synthetic insecticides were intensively used to control 
pest insects (Casida & Quistad, 1998). However, in many cases the treated pest insects rapidly 
developed resistance to the applied insecticides. Consequently, development of resistance has 
become a significant problem for pest management in agriculture. Understanding the evolution and 
genetic basis of resistance, therefore, is of utmost importance in this applied field. 

The general aim of our project is to determine the genes involved in insecticide resistance in 
Drosophila melanogaster populations that for a long period (nearly 20 years) have been treated 
with insecticides and particularly to study the possible evolution of modifier genes that decrease 
the cost of resistance. Before we can study the evolution of modifiers, we first have to locate the 
primary genes responsible for resistance. This is the aim of this present study, where we focus 
especially on malathion resistance. The organophosphate malathion was applied in 1952 for the 
first time (Casida & Quistad, 1998). With other organophosphates, such as trichlorfon and 
dimethoate, malathion belongs to the aliphatic derivatives, which are compounds with straight 
carbon chains (Pedigo, 1989). In D. melanogaster, previous studies have indicated that malathion 
resistance is under polygenic control (e.g. Halpern & Morton, 1987; Houpt et al., 1988). In these 
studies, genetic factors affecting resistance were observed on both the second and third 
chromosome of Drosophila. 

Here, we report the chromosomal localisation of genetic factors involved in malathion 
resistance by means of visible genetic markers and balancer chromosomes (King & Sømme, 1958; 
Hartl & Clark, 1997). 

MATERIAL AND METHODS 

The Drosophila melanogaster populations 
From the base population ‘50 x 50’ (see Bijlsma & van Delden, 1977, for description) two 
replicated cage populations were started in 1983. One of the offshoots (designated by R 
throughout the paper) was initially reared on food supplemented with 0.15 ppm malathion. This 
concentration was gradually increased until 1987, when a final concentration of 0.9 ppm was 
reached. From then on, the R population has been continuously reared on 0.9 ppm malathion. In 
1987, the R population had already become highly resistant to malathion (R. Bijlsma & A.C. 
Boerema, unpublished). The other offshoot was maintained on normal medium and therefore likely 
to remain susceptible (designated by S) to malathion. As such, the latter population served as 
control. 

The Drosophila populations (population size about 2000-5000 flies) have been reared in 
population cages (for description and construction of the cages see Beardmore et al. (1963)) at 
25°C and 50-70% RH. In a rotating scheme, every week 5 of the 15 food cups in the cage were 
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replaced by fresh food cups containing 40 ml of standard medium consisting of 26 g dead yeast, 54 
g sucrose, 17 g agar and 13 ml Nipagin solution (10 g Nipagin in 100 ml 96% ethanol) per 1000 
ml water. For the population treated with malathion, malathion was added to the standard medium 
to a final concentration of 0.9 ppm. In all experiments, flies were cultured in an incubator room at 
25°C and 50-70% RH. 

Resistance measure 
Malathion resistance was measured by determining egg-to-adult survival (viability) on normal 
(control) and malathion-supplemented medium. For each malathion concentration, 10 vials (10 cm 
high, Ø 1.5 cm, containing 8 ml medium) were established with 100 eggs each. All emerging flies 
from these vials were collected and the number of adults was determined. 

RESULTS AND CONCLUSIONS 

Sex-linkage and dominance of the factor(s) 
Sex-linkage was investigated by assessing differences in viability between the sexes among the 
offspring from the crosses of R females with S males, cross R x S, and the reciprocal cross S 
females with R males, S x R (Fig. 1). The mean observed sex ratios were tested for deviation from 
the expected sex-ratio of 1 with a t-test. Table 1 shows no significant deviation from sex ratio = 1 
for the S x R cross on all concentrations (P>0.05). However, for the R x S cross, on the two 
highest malathion concentrations tested, significantly more males survived (0.9 ppm: P<0.02; 
1.5 ppm: P<0.001). The males from the R x S cross received their X-chromosome from their 
resistant mother, whereas the S x R males received their X-chromosome from their susceptible 
mother. No differences in chromosomal composition of the females were present. Since only the 
number of males in the F1 of the R x S cross is different on higher malathion concentrations, a 
minor genetic factor affecting malathion resistance is located on the X-chromosome. 

Comparing the viability of the above crosses to that of the parental susceptible (S x S) and 
resistant (R x R) stock, enables us to get some information of the degree of dominance of the 
resistance factors involved. Figure 2 shows that on 1.5 ppm malathion the resistant population still 
survives nearly as well as on control medium, whereas the susceptible population already suffers 
greatly from a low concentration of 0.5 ppm malathion. This clearly shows that the long-term 
exposure to malathion leads readily to resistance for this insecticide. Although on control medium 
the resistant population shows a significantly lower viability (P<0.001) than the susceptible 
population, it survives much better on increasing concentrations of malathion than the 
heterozygous offspring of the crosses S x R and R x S. On 0.9 and 1.5 ppm, the survival of the 
reciprocal crosses S x R and R x S was similar, but it was highly significantly lower than that of 
the resistant (R x R) parental stock. The fact that the resistance of reciprocal crosses is somewhere 
in between that of the parental stocks indicates that the factors involved in malathion resistance are 
not completely dominant nor completely recessive. This may mean that either most factors 
involved act in an additive fashion or that part of the genes involved are (partly) dominant while 
others are (partly) recessive. 

 
 
 

Table 1. The mean (± s.e.) sex-ratios (♀♀ : ♂♂) of the crosses S x R and R x S. *=Significant deviation 
from sex-ratio = 1, tested with a t-test (P<0.05). 

Malathion (ppm) S x R R x S 
0 0.86 ± 0.063 1.02 ± 0.100 
0.5 1.09 ± 0.053 1.13 ± 0.175 
0.9 1.58 ± 0.454 0.63 ± 0.085* 
1.5 0.68 ± 0.143 0.43 ± 0.095* 
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Figure 1. Crossing schemes to determine sex-linkage and dominance of the resistance factor(s). R designates 
chromosomes of the resistant strain, S those of the susceptible strain. 
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Figure 2. Mean egg-to-adult survival (+ s.e.) of the two reciprocal crosses and the two parental strains on 
different malathion concentrations to determine the degree of dominance of the resistance factor(s). The 
survival of Resistant strain (Resistant x Resistant) was not tested on 0.5 ppm. The survival of Susceptible 
strain (Susceptible x Susceptible) was not tested on 1.5 ppm. For each concentration different letters denote 
significant differences in mean survival between the different crosses. The same letter indicates no 
significant difference in survival on that concentration. 

 
 
 

Dominant autosomal factor(s) 
To determine the presence of dominant factors (collectively denoted by ‘R’ in Fig. 3) involved in 
malathion resistance on chromosome 2 and 3 (the small fourth chromosome of D. melanogaster 
was ignored), we crossed the R with the recessive bw//bw;st//st eye-colour marker strain (bw, 
brown eyes, and st, scarlet eyes, are located on chromosome 2 and 3, respectively). As depicted in 
Fig. 3, females of the (susceptible) marker strain were crossed with malathion resistant males. 
Next, F1 males were backcrossed with bw//bw;st//st females. Egg-to-adult survival of the F2 was 
determined for 3 malathion concentrations. 

The survival of the four possible genotypes, that in the absence of malathion are expected in 
the ratio 1:1:1:1, is shown in Fig. 4. In our experimental design this means expected numbers of 25 
for each genotype. Even though on control medium already some significant differences in 
survival are observed (probably due to the presence of the eye colour chromosomes), the most 
important finding is that the genotypes bw//bw;st//st and bw//bw;st//R do not survive on malathion  
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Figure 3. Crossing scheme to investigate the presence of dominant factor(s) on the autosomes by means of 
recessive markers. bw=brown eyes (chromosome 2); st=scarlet eyes (chromosome 3); the combination of 
both markers in homozygous condition produces white eyes. 

 
 
 

Malathion concentration (ppm)

Em
er

ge
d 

fli
es

 (#
)

0

5

10

15

20

25 bw//bw;st//st
bw//bw;st//R
bw//R;st//st
bw//R;st//Ra

ab
a

b

aa

b

c

aa

b

c

0 0.5 0.9

 
 

Figure 4. Mean egg-to-adult survival (+ s.e.) for different malathion concentrations. For each concentration, 
bars marked by the same letter indicate no significant difference in survival between genotypes for that 
concentration. 

 
 
 

at all, whereas the genotypes bw//R;st//R and bw//R;st//st show high to moderate survival. This 
indicates that one or more (partly) dominant factors are located on the second chromosome. 
Moreover, survival of bw//R;st//R genotype was significantly higher than of bw//R;st//st genotype 
on both malathion concentrations (tested with an One-Way ANOVA after angular transformation). 
Thus, the third chromosome seems to harbour factor(s) that increase(s) resistance to malathion 
only when at least one second chromosome of the resistant strain is also present, indicating a 
significant genetic interaction between factors on the second and third chromosome. 

Recessive autosomal factor(s) 
The presence of recessive resistance factors (collectively denoted by ‘r’ in Figs. 5 and 6) was 
investigated using the dominant marker strain Cy//Pm;Ser//Sb. Curly and Plum are located on 
chromosome 2, whereas Serrate and Stubble are located on chromosome 3. Resistant females were 
crossed to males from the marker strain. F1 males with the genotype Pm//+;+//Sb were 
backcrossed to resistant females, as shown in Fig. 5. Egg-to-adult survival of the F2 flies from this 
cross was determined for different malathion concentrations and, after angular transformation, 
tested for significant differences with an One-Way ANOVA. In the absence of malathion, the four 
different genotypes from this cross are expected to be present in a 1:1:1:1 ratio. 
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Figure 5. Crossing scheme to investigate the presence of recessive factor(s) on the autosomes by means of 
dominant markers. Pm=plum eyes (chromosome 2); Sb=stubbled bristles (chromosome 3). Cy=Curly wings 
(chromosome 2); Ser=Serrated wings (chromosome 3) 
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Figure 6. Mean egg-to-adult survival (+ s.e.) for different malathion concentrations. For each concentration, 
bars marked by the same letter indicate no significant difference in survival between genotypes for that 
concentration. 

 
 
 
Figure 6 shows that on control medium the four genotypes are found in the expected ratio, as 

ANOVA revealed no significant differences (P=0.344). On malathion, the survival of the four 
genotypes was found to be significantly different (P<0.001) with r//Pm;r//Sb showing the lowest 
survival. Substituting the non-resistant marker chromosomes for both the second and third 
chromosome by resistant chromosomes increase survival, indicating that factors on both these 
chromosomes contribute to malathion resistance. The effect of the second chromosome seems to 
be stronger than that of the third chromosome, corroborating the observation that the second 
chromosome carries a factor improving resistance in heterozygous condition, as shown in the 
previous section. 

General Conclusions 
Several genetic factors contribute to malathion resistance in this D. melanogaster population, 
confirming earlier findings that malathion resistance is polygenically determined (Halpern & 
Morton, 1987; Houpt et al., 1988). The X-chromosome, the second as well as the third 
chromosome contribute to malathion resistance, but clearly the second chromosome contributes 
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the most. This is in agreement with the localisation of several genes that have been reported 
previously to be involved in malathion resistance. Houpt et al. (1988) suggested that two 
cytochrome P450 genes (one on the second and one on the third chromosome) are involved in 
resistance. Also other studies suggest involvement of cytochrome P450’s in malathion resistance 
(references in Wilson, 2001). Other genes associated with malathion resistance are glutathione-S-
transferases, mapped both on the second and third chromosome (Morton, 1993), 
acetylcholinesterase, located on the third chromosome (Fournier et al., 1989) and glucose-6-
phosphate dehydrogenase on the X-chromosome (Morton & Holwerda, 1985). Further research 
mapping the factors involved in malathion resistance in this population in more detail, within the 
first, second and third chromosome, will clarify whether these ‘candidate’ genes are also 
responsible for the resistance observed in the present study. 
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