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Abstract 

Five BC1 lines and 16 house fly mass-cross homozygous lines were generated from 
crosses of the pyrethroid resistant ALHF (wild-type) and susceptible aabys (bearing re-
cessive morphological markers on each of five autosomes) strains. Each of the resulting 
homozygous lines had different combinations of autosomes from the resistant ALHF 
strain. Levels of resistance to permethrin were measured for each line to determine the 
autosomal linkage, interaction and, possibly, regulation in pyrethroid resistance of house 
flies. Results indicated that factors on autosome 4 are not involved in the development of 
resistance in house flies, while factors on autosomes 1, 2, 3 and 5 play important roles in 
pyrethroid resistance. The  sodium channel gene has been mapped on autosome 3 and 
multiple cytochrome P450 genes overexpressed in resistant ALHF house flies have been 
genetically mapped on autosome 5, suggesting that P450 mediated detoxification and 
sodium channel-mediated target site insensitivity located on autosomes 3 and 5, respec-
tively, are major factors related to resistance development in house flies. However, nei-
ther the factors on autosome 3 or 5 alone, nor the factors from both autosomes 3 and 5 
combined could confer high levels of resistance to pyrethroid. In addition, strong syner-
gistic effects on resistance was obtained when autosomes 1 and 2 interact with autosome 
3 and/or 5, suggesting that the trans factors on autosomes 1 and 2 may interact with 
factors on autosomes 3 and 5, therefore, playing regulatory roles in the development of 
sodium channel insensitivity- and P450 detoxification-mediated resistance. 

Key words: House fly lines, pyrethroid resistance, autosomes, Genetic crossing, Cytochrome P450s, 
Sodium Channels 

Introduction 

THE HOUSE FLY, Musca domestica, is one of the 
most serious pests affecting livestock and poultry 
facilities in the United States and worldwide. House 
flies are the vectors of more than 100 human and an-

imal intestinal diseases, including bacterial, protozo-
an, helminthic, and viral and rickettsial infections [1]. 
Furthermore, house flies have shown remarkable 
abilities to develop resistance to the insecticides used 
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against them in that many strains are now 
cross-resistant to unrelated classes of insecticides 
[2-6].  

Increased metabolic detoxification [5, 7, 8] and 
decreased target site sensitivity of the insect nervous 
system [9-11] are two of the major mechanisms in-
volved in the development of insecticide resistance in 
house flies. The products of three gene families, cy-
tochrome P450 monooxygenases (P450s), hydrolases, 
and glutathione S-transferases (GSTs), have been im-
plicated in the metabolic detoxification of insecticides. 
Transcriptional up-regulation and/or increased am-
plification of these detoxification genes are known to 
decrease the dose available at the target site, resulting 
in the loss of insecticide’s effectiveness and the de-
velopment of insecticide resistance in insects [12-24]. 
Point mutations of target sites such as sodium chan-
nels, GABA receptors, and acetylcholinesterases 
(AChEs) also reduce the nervous system’s response to 
insecticides (i.e., target-site insensitivity), rendering 
the dose ineffective at the target proteins and, in turn, 
resulting in insecticide resistance [25-30]. Decreased 
target site sensitivity to pyrethroids, known as 
knockdown resistance (kdr), in house flies has been 
linked to insensitivity of the para-type sodium channel 
gene (Vssc1) resulting from point mutations in the 
sodium channel of house flies [11, 29, 31, 32]. Among 
those mutations, the mutation of leucine to phenylal-
anine (L to F) in the sodium-channel gene has been 
extensively studied in pyrethroid and DDT resistant 
house flies [9-11]. The kdr phenotype has been genet-
ically linked to autosome 3 of house flies [2, 33, 34]. 
Although an individual mechanism or gene could by 
itself confer resistance, there is a great deal of evi-
dence indicating that the interactions among multiple 
resistance mechanisms or genes are responsible for 
high levels of insecticide resistance [2, 5, 35-43].  

The house fly stain ALHF exhibits a high level of 
resistance to pyrethroids [5]. The major mechanisms 
of pyrethroid resistance in this strain include in-
creased detoxification mediated by P450 monoxy-
genases and decreased sensitivity of voltage-gated 
sodium channels (kdr) [22-24, 41, 44]. Previous genetic 
studies of ALHF have linked pyrethroid resistance, 
mainly on autosomes 2, 3 and 5, with a minor role of 
factor(s) on autosome 1 [39]. Furthermore, multiple 
P450 genes, CYP6A5, CYP6A5v2, CYP6A36, CYP6A37, 
CYP4D4v2 and CYP6A38, that are known to be over-
expressed or induced by permethrin in ALHF have 
been located on autosome 5 and the regulation of 
these P450 genes have been linked to autosomes 1 and 
2 [22-24]. However, the precise nature of the interac-
tion between the factors on these autosomes and the 
development of pyrethroid resistance in ALHF is un-

clear. The current study characterizes these autosomal 
interactions and their contributions, both individually 
and in combination, in the pyrethroid resistance of 
house flies. The possible involvement of autosomal 
interactions in the regulation of P450 mediated detox-
ification and target site insensitivity in insecticide 
resistance is also discussed.  

Materials and Methods 

House fly strains 

Two house fly strains, ALHF and aabys, were 
used as parental strains in this study. ALHF was 
originally collected in 1998 from a poultry farm in 
Alabama. This strain exhibited a high level of re-
sistance after subsequent selection with permethrin 
for six generations and has been annually selected 
with permethrin to maintain its resistance level [5]. 
aabys is an insecticide-susceptible strain with reces-
sive morphological markers ali-curve (ac), aristapedia 
(ar), brown body (bwb), yellow eyes (ye), and snipped 
wings (sw) on autosomes 1, 2, 3, 4, and 5, respectively. 
The aabys strain was originally obtained from Dr. J. G. 
Scott (Cornell University).  

Genetic crosses 

Five backcross (BC1) lines were genetic isolated 
via genetic crosses of ALHF and aabys house flies as 
described by Liu and Yue [39]. Briefly, virgin females 
were collected within 8 h of emergence. Reciprocal 
crosses of ALHF and aabys were performed and F1 
males were back-crossed to aabys females that were 
isolated every 8 h. Five phenotypes were saved from 
the back-cross generation (BC1) with the genotypes of: 
ac/ac, +/ar, +/bwb, +/ye, +/sw (A2345); +/ac, ar/ar, 
+/bwb, +/ye, +/sw (A1345); +/ac, +/ar, bwb/bwb, +/ye, 
+/sw (A1245); +/ac, +/ar, +/bwb, ye/ye, +/sw (A1235); 
and +/ac, +/ar, +/bwb, +/ye, sw/sw (A1234) (Fig. 1). 
Since crossing over does not or very rarely occurs in 
male flies [43], the presence of a mutant phenotype 
indicated that the respective autosome with a mu-
tant-type marker was derived from aabys. The geno-
type of BC1 for each line was homozygous for the 
recessive mutant allele from aabys and heterozygous 
for the dominant wild-type alleles from ALHF.  

Sixteen homozygous house fly lines of ac/ac, 
ar/ar, +/+, ye/ye, sw/sw (A3); ac/ac, ar/ar, 
bwb/bwb, ye/ye, +/+ (A5); +/+, ar/ar, +/+, ye/ye, 
sw/sw (A13); ac/ac, +/+, +/+, ye/ye, sw/sw (A23); 
+/+, ar ar, bwb/bwb, ye/ye, +/+ (A15); ac/ac, +/+, 
bwb /bwb, ye/ye, +/+ (A25); ac/ac, ar/ar, +/+, 
ye/ye, +/+ (A35); +/+, +/+, +/+, ye/ ye, sw/ sw 
(A123); +/+, +/+, bwb /bwb, ye/ye, +/+ (A125); +/+, 
ar/ar, +/+, ye/ye, +/+ (A135); ac/ac, +/+, +/+, 
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ye/ye, +/+ (A235); +/+, +/+, bwb/bwb, +/+, +/+ 
(A1245); +/+, + /+, +/+, ye/ye, +/+ (A1235); +/+, 
+/+, +/+, +/+, sw/sw (A1234); +/+, ar /ar, +/+, 
+/+,+/+ (A1345); ac/ac, +/+, +/+, +/+, +/+ (A2345) 
were derived from mass crosses of BC1 lines for four 
generations. Briefly, for each generation, flies were 
sorted for appropriate phenotypes and selected with 
permethrin at a dose that killed approximately 70% of 
the treated flies. One hundred single-pair crosses 
were then set up for each line as described by Liu [44]. 
Families of each single pair cross that showed only 
individuals of the desired phenotype for three con-
secutive generations were combined and then selected 
with permethrin for three generations. The name of 
each line was assigned according to the autosomes 
bearing wild-type markers from ALHF. For instance, 
the A2345 strain had wild-type markers on autosomes 
2, 3, 4, 5 from ALHF and the mutant marker on auto-
some 1 from aabys. 

Amplification of the sodium channel gene frag-
ment in the house fly 

Males and females of each house fly strains and 
lines had their genomic RNA extracted for each ex-
periment using the acidic guanidine thiocya-

nate-phenol-chloroform method [17]. Three replica-
tions were performed, each on a different day, for a 
total of 60 individual house flies from each strain or 
line. The first strand complementary DNA (cDNA) 
was synthesized with SuperScript II reverse tran-
scriptase (Invitrogen) and an antisense 5’-anchored 
oligo(dT) primer (5’-TAATACGACTCACTATAGG 
GAGATTTTTTTTTTTTTTTT-3’ [45]. The sodium 
channel cDNA fragments where the L-to-F mutation 
resides were amplified by the primer pair Kdr (HF) F3 
(5’-TCATCTTTGCCGTGATGGGAATGC-3’) and Kdr 
(HF) R3 (5’-AATGATGATGTCACCATCCAGCTG-3’) 
as described by Xu [42]. The amplicons generated 
using this primer pair spanned the intron/exon 
boundaries in order to avoid amplification of the ge-
nomic DNA, thus preventing genomic DNA contam-
ination. The PCR solution with JumpStartTM Taq DNA 
Polymerase (Sigma), cDNA template, and the primer 
pair was heated to 95°C for 2min, followed by 40 cy-
cles of PCR reaction (94°C 30s, 60°C 30s and 72°C for 
2min) and a final extension of 72°C for 10 min. The 
PCR products were subjected to single nucleotide 
polymorphism (SNP) determination and sequencing. 
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Figure 1. Genetic isolation of house fly lines. (A). Diagrammatic representation of the genetic isolation of 16 house 
fly lines generated by crossing resistant ALHF and susceptible aabys strains. House fly lines were named according to 
the autosomes bearing the wild-type marker derived from ALHF. (B). The morphological phenotype of each of house 
fly strains or lines. 

 

SNP determination for kdr allelic expression 
variation in house flies, Musca domestica 

The frequency and heterozygosity of the kdr al-
lele at the L-to-F site in each of the house fly strains 
and lines were investigated by SNP determination 
using an ABI Prism SNaPshot Multiplex Kit and ana-
lyzed on the ABI Prism® 3100 Genetic Analyzer using 
Genemapper software according to the manufactur-
er’s instructions (Applied Biosystems). A sodium 
channel cDNA fragment from each of the individuals 
was used as template. The primer for the SNP deter-
mination was designed according to the sequence 
immediately upstream of the kdr allele. Three replica-
tions of the SNP determination were carried out using 
the same cDNA for each individual, with different 
preparations of the PCR templates. To confirm that 
our PCR products were in fact sodium channel gene 
fragments, the PCR products from each sample were 
sequenced.  

Insecticide bioassays 

Topical applications were performed on each of 
the strains and lines by dropping 0.5-µl of insecticide 

(dissolved in acetone) onto the thoracic notum of 
2-3-day old female flies [5]. Each bioassay consisted of 
20 flies per dose and four or five doses that resulted in 
>0 and <100% mortality. Control groups received 
acetone alone. Treated flies were placed in 6 oz. 
Sweetheart ice cream cups (Sweetheart Cup Co., 
Owings Mills, MD) along with a piece of dental wick 
saturated in 15% sugar water. Mortality was assessed 
after 24 h. Flies that did not move were scored as 
dead. All tests were performed at 25±2°C and repli-
cated at least three times on different days for each of 
two consecutive generations. Bioassay data were 
pooled and probit analysis was conducted using 
POLO probit analysis software. Significant differences 
in the resistance levels of the house fly lines were 
based on nonoverlapping 95% confidence intervals 
[44].  

Results  

Genetic linkage of the sodium channel gene in 
house flies  

To investigate the autosomal interaction with 
target site insensitivity in the insecticide resistance of 
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ALHF house flies, we conducted a linkage study of 
the sodium channel gene in house flies by character-
izing the allelic expression variation at the L-to-F lo-
cus in the sodium channel gene in the parental strains 
of ALHF and aabys, the F1 generation, and five BC1 
lines, A2345, A1345, A1245, A1235, and A1234, each of which 
was homozygous for one autosome bearing a reces-
sive morphological marker from the aabys strain and 
heterozygous for the other four autosomes (i.e., con-
taining autosomes from both ALHF and aabys 
strains). Our results indicated that all the resistant 
ALHF individuals expressed the T allele (Table 1), as 
expected based on our previous study [42]; all indi-
viduals of the susceptible aabys strain expressed the C 
allele; and all individuals of F1 progeny expressed 
both C and T alleles, corresponding to their hetero-
zygous nature, at the RNA level (Table 1). The house 
fly BC1 line of A1245 with the genotype +/ac, +/ar, 
bwb/bwb, +/ye, +/sw, bearing a recessive morpho-
logical marker from autosome 3 of aabys, which was 
homozygous for autosome 3 from aabys and hetero-
zygous for the other 4 autosomes (from both aabys 
and ALHF), expressed only the C allele in all indi-
viduals tested. House fly BC1 lines A2345, A1345, A1235 or 
A1234, which had recessive morphological markers on 
autosomes 1, 2, 4, or 5 from aabys and was thus ho-
mozygous for autosomes 1, 2, 4, or 5, respectively, 
from aabys, expressed both alleles (C/T). These find-
ings strongly indicate that the sodium channel gene is 
located on autosome 3. This result is consistent with 
previous reports of the genetic linkage of knockdown 
resistance in house flies [2, 33, 34]. 

Linkage analysis and autosomal interaction in 
pyrethroid resistance of house flies  

Linkage analysis of autosomal involvement in 

insecticide resistance was conducted by comparing 
the levels of insecticide resistance to permethrin in the 
house fly strains and 16 homozygous house fly lines 
described above. The LD50 values of permethrin for 
the parental resistant and susceptible strains of ALHF 
and aabys were 2,100 and 2 ng/fly, respectively (Ta-
ble 2), revealing a 1100-fold resistance to permethrin 
in the ALHF strain. The resistance level of permethrin 
in the A1235 strain (flies with a recessive mutant 
marker on autosome 4 from aabys) was 950-fold (Ta-
ble 2), which was similar to that in the parental ALHF 
strain (1100-fold), and there were no significant dif-
ferences in resistance levels between A1235 and 
ALHF based on the overlapping 95% confidence in-
tervals for the two strains [44]. These results indicate 
that factors on autosome 4 are not involved in the 
development of pyrethroid resistance in ALHF, which 
agrees with the findings of our previous study [39]. 
House fly lines with recessive morphological markers 
on autosomes 1, 2, 3 or 5 from aabys (A2345, A1345, 
A1245, or A1234, respectively) had significantly de-
creased levels of permethrin resistance compared 
with the resistant parental strain ALHF, exhibiting 
resistant ratios of 390, 210, 95, or 140, respectively, 
compared with the susceptible aabys strain (Table 2), 
implying that factors on autosomes1, 2, 3 and 5 play 
very important roles in the development of pyre-
throid resistance in ALHF. These data suggest that 
pyrethroid resistance in ALHF is likely conferred by 
factors on autosomes 1, 2, 3, and 5 and indicate the 
presence of interactions among resistance factors on 
different autosomes in the ALHF strain, which has 
also been identified in the pyrethroid resistant LPR 
house fly strain [44, 46]. 

 

Table 1. Allelic expression of L-to-F kdr locus in ALHF, aabys, F1 progeny and five BC1 (backcross) house fly lines of M. 
domestica. 

House Fly Strains/Lines na Phenotype Nucleotide Changesb 

CTT C/TTT TTT 

aabys 30 mutant type 30 0 0 

ALHF 30 Wild 0 0 30 

F1 30 N/A 0 30 0 

A2345 30 ali-curve 0 30 0 

A1345 30 aristapedia 0 30 0 

A1245 30 brown body 30 0 0 

A1235 30 yellow eyes 0 30 0 

 A1234 30 snipped wings 0 30 0 

 a The total number of tested flies. 

 b The nucleotides changed in the L-to-F kdr locus are underlined. 
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Table 2. Toxicity of permethrin to ALHF, aabys, and 16 homozygous house fly lines of M. domestica. 

strain df na χ2a LD50 (95% CI)b Slope (SE) RR* 

 aabys 3 280 2.1 2.0 (1.0-2.0) 3.0 (0.3) - 

ALHF 3 284 0.7 2100 (1600-2600) 2.5 (0.3) 1100 

A2345 3 315 3.0 780 (680-900) 3.0 (0.3) 390 

A1345 3 300 1.4 410 (300-570) 3.5 (0.3) 210 

A1245 3 300 6.7 190 (150-250) 4.0 (0.4) 95 

A1235 5 407 1.2 1900 (1400-2300) 1.6 (0.2) 950 

A1234 3 240 3.6 270 (180-500) 2.7 (0.3) 140 

A3 5 315 2.7 74 (62-89) 2.1 (0.2) 37 

A13 5 752 5.5 92 (80-110 ) 2.7 (0.2) 46 

A23 3 225 1.9 110 (84-150) 1.9 (0.2) 55 

A123 3 240 3.9 240 (160-460) 2.8 (0.3) 120 

A5 3 300 6.5 24 (17-37) 2.7 (0.3) 12 

A15 3 300 3.4 29 (23-37) 2.9 (0.3) 15 

A25 3 300 6.9 30 (21-44) 2.9 (0.3) 15 

A125 3 300 2.1 150 (110-220) 3.7 (0.3) 75 

A35 3 300 7.2 310 (230-430) 3.8 (0.4) 160 

A135 3 300 7.5 400 (300-560) 4.1 (0.4) 200 

A235 3 300 1.4 650 (540-820) 2.2 (0.3) 330 

na : Number of house flies tested. 

LD50 (95% CI)b: LD50 values in nanograms per house fly. 

*RRs were calculated by dividing LD50 of house fly strains and lines by LD50 of aabys.  

 
We compared the levels of resistance in house fly 

lines with different autosomal combinations with au-
tosome 3 from ALHF, i.e., the lines A3, A13, A23, and 
A123. The toxicity of permethrin to these house lines 
followed a descending order of A3 > A13 > A23 > 
A123. The flies with all three autosomes 1, 2 and 3 of 
ALHF (A123) had the highest levels of resistance 
among these four lines and the flies with only auto-
some 3 from ALHF (A3) had the lowest level of re-
sistance (Table 2). These results suggest that factors on 
autosomes 1 and 2 interact with autosome 3, thus 
playing a regulatory role in sodium channel insensi-
tivity-mediated insecticide resistance. The fact that 
line A23 had a higher level of resistance than line A13 
suggests that factor(s) on autosome 2 may have a 
greater effect on resistance than those on autosome 1.  

We next compared the levels of resistance in 
house fly lines A5, A15, A25, and A125 with different 
autosomal combinations with autosome 5 from 
ALHF, in which multiple cytochrome P450s were lo-
cated. The toxicity of permethrin to these house lines 
followed a descending order of A5 > A15 > A25 > 
A125 (Table 2). Flies with factors on autosomes 1, 2 
and 5 of ALHF (A125) had higher levels of resistance 
than flies with factors on only autosome 5 of ALHF 
(A5), suggesting that factors on autosomes 1 and 2 
interact with factors on autosome 5 and may play a 
regulatory function P450 detoxification-mediated in-
secticide resistance. Comparing the individual inter-
actions of autosome 1 or 2 with autosome 5, once 

again factors on autosome 2 had a greater effect on 
autosome 5 in terms of insecticide resistance than 
those on autosome 1 (Table 2).  

We further examined the synergism effect of 
autosome 1, or autosome 2, or a combination of au-
tosomes 1 and 2 on the combined autosomes 3 and 5 
from ALHF. We compared the levels of resistance in 
house fly lines with different autosomal combinations 
A35, A135, A235, and A1235, all of which obtained at 
least two autosomes (3 and 5) from the ALHF re-
sistant strain, thus containing both sodium channel 
gene(s) and multiple cytochrome P450 genes from 
ALHF. A descending order of permethrin toxicity was 
observed in these house fly lines, with A35 > A135 > 
A235 > A1235 (Table 2). Flies with factors on all four 
autosomes 1, 2, 3 and 5 of ALHF (A1235) had higher 
levels of resistance compared with the flies with only 
factors on both autosomes 3 and 5 from ALHF (A35), 
suggesting that factors on autosomes 1 and 2 interact 
with factors on autosome 3 and 5 and may play a role 
in the regulation of both the P450 genes on autosome 
5 and the sodium channel gene on autosome 3.  

Contribution of autosomes and autosomal in-
teractions in sodium channel gene expression  

An increasing body of evidence from both mo-
lecular and pharmacological studies has pointed to 
the involvement of point mutations in voltage-gated 
sodium channels in kdr and kdr-like resistance in 
many medically or agriculturally important pest spe-
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cies, including house flies. Among these kdr muta-
tions, the substitution of leucine to phenylalanine [L 
to F], histidine [L to H], or serine [L to S] in the 6th 
segment of domain II (IIS6) results from a single nu-
cleotide polymorphism, which, in the case of house 
flies, is resulting from the change of codon CTT to 
TTT, has been clearly associated with increased re-
sistance to pyrethroids and DDT [3-9]. In the current 
study, we mapped the sodium channel gene on au-
tosome 3 and found that autosomes 1 and 2 interact 
with autosome 3 to enhance levels of pyrethroid re-
sistance. To test whether the factors on autosomes 1 
and 2 are involved in the sodium channel insensitivi-
ty, we investigated the expression of the L-to-F kdr 
mutation in different house fly strains and lines by 
assessing the RNA expression variation of the alleles 
at the L-to-F site of the sodium channel. In the sus-
ceptible aabys strain, 100% (30/30) of the tested indi-
viduals expressed the C allele (susceptible). In the 
resistant strain, ALHF, 100% (30/30) of the tested in-
dividuals expressed the T allele (Tables 1 and 3). In 

the house fly lines with autosome 3 from ALHF, i.e., 
A2345, A1345, A1235, A1234, A3, A23, A13, A123, 
A35, A135, and A235, 100% (30/30) tested individuals 
of each expressed the resistance T allele, whereas in 
the house fly lines with autosome 3 derived from 
aabys, i.e., A5, A15, A25, A125 and A1245, 100% 
(30/30) expressed the C allele (Table 3). This result 
indicates that those individuals whose chromosome 3 
was derived from the resistant ALHF strain expressed 
the T kdr allele at the L-to-F locus of the sodium 
channel, as in their parent resistant ALHF strain, re-
gardless of variations in the factors on the other 
chromosomes. In contrast, in flies with a recessive 
morphological marker (brown body) on chromosome 
3 derived from aabys, all the tested individuals ex-
pressed the susceptible C allele, just as in the aabys 
strain. This result indicates that there may be no 
trans-regulation factors on autosomes 1, 2, 4 or 5 that 
influence the L-to-F kdr allelic expression at the L-to-F 
locus of the sodium channels on autosome 3.  

 

Table 3. Allelic expression of L-to-F kdr locus in ALHF, aabys, and 16 homozygous house fly lines of M. domestica. 

House fly na Morphological Genotype Nucleotide Changesb 

CTT C/TTT TTT 

aabys 30 ac/ac, ar/ar, bwb/bwb, ye/ye, sw/sw (mutant type) 30 0 0 

ALHF 30 +/+, +/+, +/+, +/+, +/+ (wild type) 0 0 30 

A2345 30 ac/ac, +/+, +/+, +/+, +/+ 0 0 30 

A1345 30 +/+, ar /ar, +/+, +/+,+/+ 0 0 30 

A1245 30 +/+, +/+, bwb/bwb, +/+, +/+ 30 0 0 

A1235 30 +/+, + /+, +/+, ye/ye, +/+ 0 0 30 

A1234 30 +/+, +/+, +/+, +/+, sw/sw 0 0 30 

A3 30 ac/ac, ar/ar, +/+, ye/ye, sw/sw 0 0 30 

A13 30 +/+, ar/ar, +/+, ye/ye, sw/sw 0 0 30 

A23 30 ac/ac, +/+, +/+, ye/ye, sw/sw 0 0 30 

A123 30 +/+, +/+, +/+, ye/ ye, sw/ sw 0 0 30 

A5 30 ac/ac, ar/ar, bwb/bwb, ye/ye, +/+ 30 0 0 

A15 30 +/+, ar ar, bwb/bwb, ye/ye, +/+ 30 0 0 

A25 30 ac/ac, +/+, bwb /bwb, ye/ye, +/+ 30 0 0 

A125 30 +/+, +/+, bwb /bwb, ye/ye, +/+ 30 0 0 

A35 30 ac/ac, ar/ar, +/+, ye/ye, +/+ 0 0 30 

A135 30 +/+, ar/ar, +/+, ye/ye, +/+ 0 0 30 

A235 30 ac/ac, +/+, +/+, ye/ye, +/+ 0 0 30 
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Discussion 

The interactions of a number of resistance (R) 
genes, each of which is linked to different resistance 
mechanisms and confers only a small degree of re-
sistance to a given compound in isolation, appeared to 
significantly increase the level of resistance to that 
compound [2, 37]. It has been suggested that insensi-
tive target site genes would combine multiplicatively 
with a detoxification gene during the first stage of the 
detoxification process, and would then combine ad-
ditively after saturation of the detoxification enzyme 
[37]. Comparison among the 16 homozygous house 
fly lines, each of which had one autosome from sus-
ceptible aabys and the remaining 4 from resistant 
ALHF parental strains, revealed that factors on auto-
somes 1, 2, 3, and 5 had an interactive effect on the 
enhanced levels of insecticide resistance. It is notable 
that strains A3 and A5, containing either autosome 3 
or 5 derived from resistant ALHF flies, had only 37- 
and 12-fold resistance, respectively. Since multiple 
P450 genes have been mapped to autosome 5 of the 
house fly [22-24] and the sodium channel gene has 
been mapped on autosome 3, this finding indicates 
that the kdr factor (or other resistance factors) on au-
tosome 3 and P450 factors on autosome 5 alone pro-
vide only a marginal level of resistance.  

House fly lines containing autosomes 1 and 5, or 
2 and 5 from ALHF, i.e. A15, and A25, enjoy increased 
resistance compared to house fly lines containing only 
autosome 5 from ALHF, suggesting that factors on 
autosome 1 and 2 play a role in the regulation of 
P450-mediated resistance in house flies. We also ob-
served that house fly lines that included autosomes 
1,2, and 5 from resistant ALHF flies (A125) had a 
synergistic effect on insecticide resistance compared 
with house fly lines with only autosomes 2 and 5 or 1 
and 5 from ALHF, suggesting that the mechanism of 
P450 mediated detoxification alone could not confer 
the full level of resistance without the presence of 
other factors on both autosomes 1 and 2, and that the 
interaction of multiple factors and mechanisms is thus 
important for the development of high levels of re-
sistance. The involvement of factors on autosomes 1 
and 2 in insecticide resistance in the house fly has 
been reported in previous studies on resistance to 
insecticides [12, 38, 39]. In the pyrethroid resistant 
LPR strain, the overexpression of the P450 gene 
CYP6D1, which is responsible for the insect's high 
level of pyrethroid resistance, was mapped on auto-
some 1 and its overexpression found to be regulated 
by trans-regulatory factor (s) on autosome 2 [38]. In 
the organophosphate-resistant Rutgers house fly 
strain, the elevated level of the P450 CYP6A1 mapped 

on autosome 5 was also trans-regulated by factors on 
autosome 2 [12]. Furthermore, the factors controlling 
the overexpression of these P450 genes have been 
genetically linked to autosomes 1 and 2 [23, 24, 39]. 
The overexpression of CYP6A2 and CYP6A8 in Dro-
sophila melanogaster resistant to DDT and malathion is 
regulated by a trans regulatory factor(s) on autosome 
3 [47, 48]. The right arm of autosome 3 (3R) of Dro-
sophila and autosome 2 of house flies are thought to be 
homologous. Plapp (1984) proposed that a “master 
gene” on autosome 2 in the house fly interacted with 
“minor” genes to regulate high levels of monooxy-
genase-mediated resistance to multiple types of in-
secticides. It is not clear whether these genes are reg-
ulated by the same trans regulatory factor(s) or 
whether this trans regulatory factor(s) on autosome 2 
in the house fly is the “master gene” proposed more 
than twenty five years ago; this issue requires further 
investigation.  

The findings reported here indicate that the fac-
tors on autosomes 1 and 2 are not involved in the 
L-to-F kdr allelic expression of the sodium channel in 
house flies. However, when house fly lines contained 
autosomes 1 and 3 or 2 and 3 from ALHF, the re-
sistance in these lines increased, suggesting that fac-
tors on autosomes 1 and 2 play a role in the regulation 
of resistance conferred by the factors on autosome 3. 
Since only the L-to-F mutation in the sodium channel 
have been investigated in this study, we cannot ex-
clude the possibility that the ALHF strain may also 
have kdr-related mutations on the sodium channel 
gene which, if present, might be regulated by factors 
on autosome 1 or 2. Nevertheless, a descending order 
of permethrin toxicity to house fly lines, such as 
A3>A13>A23>A123>>A1235, A5>A15>A25>A125>> 
A1235, or A35>A135>A235>A1235, may suggest an-
other scenario, i.e., the trans-regulation factors on 
autosomes 1, 2 and, perhaps, 3 together play im-
portant roles on regulating P450 overexpression on 
autosome 5.  
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