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a b s t r a c t
Insecticide resistance is an ever escalating problem worldwide in many pest populations and numerous
cases of insecticide resistance are polygenic. Therefore, it is important to investigate the types of interactions that occur between insecticide resistance loci as this will dictate the level of resistance (and effectiveness of a chemical control strategy). Interactions also play a role in the evolution and/or maintenance
of multigenic resistance in the ﬁeld. Given that a limited number of mechanisms confer resistance, it
might be possible to establish general rules for interactions between mechanisms. Several variables
might dictate the type of interaction, such as the nature of the resistance mechanisms, genotype, etc.
Interactions can be synergistic, antagonistic or additive. Based on this literature review, the most common interaction of multiple homozygous resistance loci is synergistic and additive when loci are heterozygous. When one locus is homozygous and the other locus is heterozygous the most common
interaction was synergistic, although very few studies have examined this type of interaction. Possible
factors that drive these interactions, exceptions to the trends, and future research needs are discussed.
Ó 2009 Elsevier Inc. All rights reserved.

1. Introduction
Insecticide resistance is an ever growing, complicated, and global problem in many pest species. Resistant pest populations can
decrease crop yields (and proﬁtability), and result in the re-emergence or epidemic levels of diseases that affect humans or animals.
In order to combat resistant pest populations many alternate tactics are pursued including (but not limited to) increasing the frequency of insecticide application, increasing the concentration of
insecticide, and using multiple insecticides with different modes
of action either in a mixture or rotation [1]. Resistance management is greatly facilitated by understanding the resistance; including the number of loci involved and whether the loci interact in a
synergistic, antagonistic or additive manner [2].
The use of insecticides can provide a strong selective force in a
pest population such that high levels of resistance are achieved,
and insects can evolve more than one resistance mechanism
(multigenic resistance). In an individual animal or a pest population, interactions between multiple insecticide resistance loci can
shape the effectiveness of chemical control efforts. In multigenic
resistance, mechanisms can interact in an additive fashion such
that overall resistance follows the model RRAdditive = RR1 + RR2 +
. . .RRn (n 1), where RR is the resistance ratio conferred by an
individual locus and n is the total number of resistance loci [3,4].
Insecticide resistance loci interact synergistically (or antagonistically) when the product of the resistance ratios is greater than
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(or less than) the resistance ratio expected from an additive type
interaction (RRAdditive) [5–9]. Low resistance levels make it difﬁcult
to discriminate between the types of interactions. For example,
when using the additive model if RR1 = 1.5 and RR2 = 3, the resulting resistance will be 1.5 + 3 1 = 3.5. If the observed resistance is
4.2-fold, it is difﬁcult or impossible to determine if the interaction
is additive or synergistic. An additional complication to understanding the dynamics of interactions between resistance mechanisms is that homozygous and heterozygous resistant genotypes
exist in ﬁeld populations. However, few studies have analyzed
resistance loci in multiple genotypic states or genotype
combinations.
The goal of this paper is to summarize what is known about
interactions between multiple insecticide resistance loci, examine
if trends or patterns of interactions can be identiﬁed, and offer suggestions for future studies. The guidelines we used to assess the
type of interaction occurring between loci were as follows: (1)
cases where insecticide resistance ratios were 61.0 were not included (since they did not confer resistance), (2) in studies that
used factorial analysis, resistance/linkage group interactions were
not included in cases where one of the mechanisms within the
combination did not alone signiﬁcantly contribute to the resistance, and (3) given that there is uncertainty in determination of
LD50 (or LC50) values (usually given by 95% conﬁdence intervals),
we needed an estimate of the uncertainty of RRAdditive to be able
to determine if data ﬁt the model. A survey of several papers
reporting LD50 and LC50 values suggest the 95% conﬁdence
intervals were frequently ±5–15% of the LD50 (or LC50) value for
homozygous strains. Thus, we estimated that the variance in
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RRAdditive was approximately 20%. If the observed RRs were within
RRAdditive ± 20%, we concluded the interaction between resistance
loci was additive.
2. House ﬂy (Musca domestica)
Most studies that have examined interactions between multiple
insecticide resistance loci were done using house ﬂies. This pest is
capable of transmitting a variety of human and veterinary diseases,
is frequently the direct target of chemical control efforts [10–12]
and has rapidly developed resistance to virtually all insecticides
used against it. House ﬂies are also a useful system to study insecticide resistance since many strains with visible markers have been
isolated and can be used in genetic crosses. Two major methods of
linkage analysis of resistance factors have been employed. The
crossing procedure developed by Tsukamoto [13], in which an unmarked (usually resistant) ﬂy is crossed to a multi-chromosomally
marked (usually susceptible) ﬂy, can detect either dominant or

recessive resistance factors (depending on the crosses set up).
The other method, developed by Sawicki [14], crosses an unmarked
resistant strain to a mutant marker susceptible strain, and backcrosses the F1 male progeny to marker carrying females. With repeated selection (phenotype and insecticide) of the F2 and
subsequent generations, a homozygous strain can be established
having a resistance locus on one or more identiﬁed autosomes
[14]. However, it is occasionally possible to lose a resistance locus
using this method if the selection pressure is not strong enough
and there is a large ﬁtness cost associated with the resistance locus
[15,16].
2.1. Interactions between multiple homozygous resistance loci
The consensus interaction (32 of a total 44 results) between two
or more homozygous resistance loci in house ﬂies, is synergistic
(Table 1). This trend holds true for studies that include a wide
range of insecticide classes in both topical and residual bioassays

Table 1
Summary of interactions between multiple homozygous insecticide resistance loci.
Insect species

Bioassay
methoda

Life
stageb

M. domestica

T

M. domestica
M. domestica

R
R

Strain
name

Resistance loci/chromosome

Insecticide tested

A

E0.39 and Ace

Trichorfon
Malathion
Fenitrothion
Parathion
Dimethoate
Azamethiphos

A
A

Deh and kdr
penc and para (Cal P-R)

DDT
Parathion
Tributyltin
chloride
Parathion
Gamma-BHC
Chlorthion-ethyl

Number of observed interactions
Antagonistic

M. domestica
M. domestica

T
T

A
A

M. domestica

T

A

M. domestica

M.
M.
M.
M.

a
b
c

domestica
domestica
domestica
domestica

T

Strain
1673

penc and para (Para-clw)
3>4=2
3 (pen) and 5 (gene a)

2, 3 and 5
2, 3 and 5
2 and 5

A

Diazinon
Carbaryl
Ronnel
Diazinon
Diazoxon
Malaoxon ethyl
Malaoxon
Chloroxon ethyl
Chloroxon
Chlorthion
Malathion ethyl
Parathion
Permethrin
Permethrin
Permethrin
Permethrin

T
T
T
T

A
A
A
A

LPR
LPR
ALHF
SeALHF

5P3>1>2
1, 2 (P450) and 3 (kdr)
3 (kdr) and 5 (P450)
P450s, hydrolases, L1014H
(kdr)
M. domestica

Cx. p.
quinquefasciatus

S

L4

JPAL

P450 and kdr
Cx. p. quinquefasciatus

Permethrin
Totals

M. persicae

T

A

R2 (esterase) and kdr
R3 (esterase) and kdr
M. persicae

Deltamethrin
DDT
Deltamethrin
Totals

X, 2 and 3
X, 2 and 3

DDT
DDT

1=2>3
D. melanogaster

Deltamethrin
Totals
Grand totals

D. melanogaster

R

A

D. melanogaster

T

A

SyS-1002
SyS-102

Topical (T), residual (R), feeding (F) or submersion (S).
Egg (E), larval instars (L1, L2, etc.), pupae (P) or adult (A).
Originally described as tin [46].

Totals

Additive

Citation

Synergistic
1
1
1
1
1
1

[17]

1

[18]
[19]

1
1
1
4

[13]
[20]

1

2

1
4
2
1
1
1
1

[21]
[22]

1
1
1
1
1
1
7
1
1

1

2
0

0

10

32

0

1
1

0

1
1
2
4

[23]
[15]
[24]
[25]
=

44

=

[16]
1
[40]

=

3
3

0
2

3
9
19

4
[41]

1
1
38

=
=

[42]
10
59
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where adults are analyzed [13,15,17–25]. There were exceptions (5
studies), however, as 10 of 44 results showed an additive interaction between homozygous resistance loci and 2 of 44 results
showed antagonistic interactions (Table 1). There were no unique
features (strains, insecticide(s), methods, etc.) for the studies that
showed additive or antagonistic interactions, making it unclear
why these studies varied from the general trend of synergistic
interactions.
In the SKA house ﬂy strain organophosphate resistance was
linked to chromosomes 2 (GST and gene a), 3 (Pen) and 5 (microsomal detoxiﬁcation factor Ses) [22]. Resistance loci on chromosomes 2 + 5 conferring resistance to diazinon, diazoxon,
malaoxon, malaoxon ethyl, chloroxon, and parathion interacted
synergistically [22] (Table 1). However, these same two resistance
loci (2 + 5) interacted in an additive fashion in response to chloroxon ethyl, chlorthion, and malathion ethyl (Table 1). From the Sawicki [22] study, as well as that of Georgiou [21], it can be seen that
the type of interaction can differ when the same resistance factors
are challenged with different insecticides. Hoyer and Plapp [19]
also observed a variable interaction between two (tin and para)
homozygous resistance loci (Table 1) depending on the strain the
para locus originated from. When tin was in combination with
the para locus derived from the Para-clw strain, the interaction
was synergistic [19]. Conversely, when tin was in combination
with para derived from the Cal P-R strain, the interaction was additive [19]. This study shows that even when strains are treated with
the same insecticide and contain the same resistance mechanisms,
the interaction can differ if the resistance locus was derived from
different parental strains. This might be due to different para alleles between the two strains, although this is unknown.
2.2. Interactions between multiple heterozygous resistance loci
Based on studies using house ﬂies, when multiple heterozygous
resistance mechanisms are present, the most common interaction
(53 of 67 results, 9 of 10 studies) is additive [5,20,26–32]. However,
there were 8 cases of synergistic and 6 cases of antagonistic interactions (Table 2). There is no correlation between the insecticide
used, resistance loci involved, house ﬂy strain, or bioassay method-

ology and the type of interaction that is observed when loci are
heterozygous (Table 2).
Synergistic interactions were found in 4 of the 10 house ﬂy
cases examining multiple resistance loci in the heterozygous condition. Linkage of the pyraclofos resistant house ﬂy strain, YBOL,
indicated that factors in the heterozygous state (in order from
greatest effect to least) on chromosomes 2, 5 and 4 were signiﬁcantly linked to resistance. Synergistic interactions were found
for the combinations of loci on autosomes 2 + 5 and 2 + 4 + 5
[28]. Synergistic interactions (between linkage groups 2 + 4, 2 + 5
and 2 + 3 + 5) were also found in the P-Pro strain resistant to profenofos. In P-Pro, chromosome 2 had the greatest positive effect and
therefore was probably a major resistance factor [29]. Examination
of SKA (with resistance loci on autosomes 2, 3 and 5) [14], YBOL,
and P-Pro strains suggested that synergistic interactions might be
correlated to having more than two loci involved in resistance.
However, the highly permethrin resistant Miyakonojo strain exhibited a synergistic interaction between resistance loci on autosomes
3 + 5, while linkage group combinations 2 + 3, 2 + 5 and 2 + 3 + 5
were not signiﬁcantly different from additive [27]. Additionally,
of the seven studies that have more than two heterozygous resistance loci, three studies showed additive interactions [5,30,31] (Table 2).
While antagonistic interactions were observed between multiple heterozygous loci in 6 of the total 67 published results, there
does not seem to be a distinct variable that drives this result (Table
2). Two of the three studies that contain strains resistant to permethrin [5,31] exhibit at least one antagonistic interaction, but
there is also this type of interaction to the organophosphates profenofos [29] and diazinon [20]. First order interactions of the permethrin resistant LPR strain were not signiﬁcantly different from
additive except for loci on autosomes 2 + 3 which had an antagonist interaction. Also, the second order interaction 1 + 2 + 3 was
additive [5].
Studies on the Miyokonojo strain with 13-fold total resistance
to permethrin that was linked to three chromosomes (2, 3 and 5)
revealed one ﬁrst order chromosome combination 3 + 5 with a synergistic interaction, while the other chromosome combinations
were additive [27]. In the >18,400-fold permethrin resistant strain

Table 2
Summary of interactions between multiple heterozygous insecticide resistance loci.
Insect species

Bioassay
methoda

Life
stageb

Strain
name

Resistance loci/chromosome

Insecticide tested

M. domestica

n/a

A

SKA

2, 3 (pen), and 5 (gene a)

M. domestica
M. domestica

n/a
T

A
A

Strain 1673

2 and 3
3 (pen) and 5 (gene a)

M.
M.
M.
M.
M.
M.
M.

T
T
T
T
F
T
T

A
A
A
A
L3
A
A

LPR
Miyakonojo
YBOL
P-Pro
YPPF
YPER
NYINDR

Diazinon
Parathion
Isolan
Chlorthion-ethyl
Diazinon
Permethrin
Permethrin
Pyraclofos
Profenofos
Pyriproxyfen
Permethrin
Indoxacarb
Totals

Culex spp.

S

L4

Cx. p. quinquefasciatus

S

L4

Number of observed interactions
Antagonistic

domestica
domestica
domestica
domestica
domestica
domestica
domestica

D. melanogaster

a
b

R

A

3 (kdr) > 1 > 2
2, 3, and 5
2>5>4
2>5>1P3P4
2>1=3>5
2 > 3 (super-kdr) > 5 > 1
4>3
M. domestica
Esterases, AChE

JPAL  SLAB F1
91R
91R

Topical (T), residual (R), feeding (F) or submersion (S).
Egg (E), larval instars (L1, L2, etc.), pupae (P) or adult (A).

P450 and kdr
Culex spp.
2 and 3
1, 2 and 3
D. melanogaster

Chlorpyrifos
Temephos
Permethrin
Totals
DDT
DDT
Totals
Grand totals

Additive

Citation

Synergistic
1
1

[14]

1
1
1
1

3
1
6

4
3
2
20
11
10
1
53

[26]
[20]

1
2
3

8

0

0

1
1
1
3

0
6

1
3
4
57

1
1
12

=

[5]
[27]
[28]
[29]
[30]
[31]
[32]
67
[4]

=

[16]
3
[43]

=
=

5
75

Author's personal copy

126

M.C. Hardstone, J.G. Scott / Pesticide Biochemistry and Physiology 97 (2010) 123–128

YPER, resistance was linked to four chromosomes (1, 2, 3 and 5)
and all combinations resulted in additive interactions (except
2 + 3 which was antagonistic) [31].
2.3. Interactions between resistance loci when one is homozygous and
other is heterozygous
Only one house ﬂy study, using the strain 1673 [20] (with resistance loci derived from SKA) contained information on the interaction between resistance loci when the genotype of one was
homozygous and the other was heterozygous (Table 3). When
either resistance locus (Pen or gene a) was heterozygous (and the
other locus was homozygous) and challenged with chlorthion,
the result was a synergistic interaction. Conversely, when challenged with diazinon, Pen/Pen;+/gene a exhibited an antagonistic
interaction and +/Pen;gene a/gene a interacted additively [20].
Thus, based on these limited number of studies, no consistent
trend for the interaction of homozygous and heterozygous resistance loci was observed.
3. Mosquito (Culex spp.)
Mosquitoes are vectors of pathogens to humans and other animals. They are one of the major pests targeted for chemical control
campaigns since often insecticides are the only tools that can be
used during a vector-borne disease outbreak. Pyrethroid and carbamate insecticides are used as adulticides for aerial sprays as well
as to treat bed nets [33,34], while organophosphate insecticides
and insect growth regulators are used as larvicides [35]. However,
resistance to insecticides has become a worldwide problem
[36,37]. Despite the importance of insecticide resistance in mosquito control, very few studies have examined the interaction between resistance mechanisms. Due to the limited number of
studies, no patterns of interactions could be discerned. The available studies on interactions between resistance mechanisms in
mosquitoes are reviewed below.
Currently there are only two studies [4,16] that have looked at
the interaction between resistance mechanisms in mosquitoes.
Raymond et al. [4] used two organophosphate resistant mosquito
strains; Tem-R, a strain of Cx. p. quinquefasciatus that has a B1
esterase detoxiﬁcation mechanism and an unknown mechanism,
and MSE, a strain of Cx. p. pipiens with insensitive acetylcholinesterase (AceR), and the susceptible SLAB strain. When crosses of
these strains were treated with an esterase inhibitor (DEF), low
levels of resistance (1.53-fold to temephos, 1.88-fold to chlorpyrifos) remained and were attributed to the unknown mechanism.
The levels of resistance to temephos conferred by each heterozygous locus were RR1 = 1.53, RR3 = 135 and RR4 = 4.24 with the observed RR1&3&4 = 279. The levels of resistance to chlorpyrifos
conferred by each heterozygous locus were RR1 = 1.88, RR3 = 21.5
and RR4 = 58.4 with the observed RR1&3&4 = 165. Thus, these resis-

tance loci interact synergistically (Table 2). However, using a mathematical model that considered pharmacokinetics of the particular
resistance mechanisms present in the Tem-R and MSE strains of
mosquito, Raymond et al. [4] determined that the interaction
was best described by a mixture of additive and synergistic interactions, whereby RR1&3&4 = RR1  (RR3 + RR4 1).
Hardstone et al. [16] studied mosquito strains resistant to permethrin, and examined interactions between both homozygous
and heterozygous resistance loci (Table 3). The strains used were
JPAL [38], a strain of Cx. p. quinquefasciatus with 29,000-fold permethrin resistance due to target site insensitivity (kdr) and cytochrome P450 monooxygenase-mediated detoxiﬁcation, and
ISOP450, a strain of Cx. p. quinquefasciatus lacking kdr, with 1300fold permethrin resistance conferred solely by the same P450
mechanism found in JPAL [39]. When both mechanisms (P450
and kdr) were heterozygous (Table 2), a synergistic interaction resulted [16]. Synergism was also observed for the interaction of
homozygous loci, P450 + kdr (Table 1), which agrees with the trend
observed in the house ﬂy studies.
While the two studies on mosquitoes both show synergistic
interactions (by the RRAdditive model), more studies are clearly
needed. In addition, models based on pharmacokinetics should
continue to be developed as a predictor of interactions between
resistance loci.

4. Aphid (Myzus persicae)
There have been numerous studies on insecticide resistance in
the peach-potato aphid, M. persicae, however very few have investigated the interaction between resistance loci. Martinez-Torrez
et al. [40] were able to isolate the resistance contribution of each
resistance locus. In this study, E4 and FE4 esterases were combined into one mechanism and separated by phenotype (esterase
activity level) since genotype information on this resistance
mechanism is difﬁcult to obtain. While different from the type
of data available in the house ﬂy and mosquito literature, determining interactions in the aphid could provide some insight into
overall patterns of interacting insecticide resistance loci. The
aphids used in the Martinez-Torres et al. study were clones and
were homozygous for all resistance loci they possessed (Table
1). The DDT resistance conferred by kdr alone was 62-fold, while
the resistance phenotype of the esterases was small with 1.5-fold
for esterase R2 and 0.7-fold for esterase R3 (not included in Table
1). Aphid clones treated with deltamethrin showed 35-fold resistance with kdr alone, and 3.2- and 3.8-fold resistance with esterase R2 alone and esterase R3 alone, respectively. The kdr + esterase
R2 clones treated with DDT and deltamethrin and the kdr + esterase R3 clones treated with deltamethrin all interacted synergistically [40]. These results agree with patterns observed in the
house ﬂy and mosquito (Table 1), although more studies with
aphids would be valuable.

Table 3
Summary of interactions between insecticide resistance loci when one (or more) is homozygous and the remaining loci are heterozygous.
Insect species

Bioassay
methoda

Life stage
treated b

Strain name

Resistance loci/mechanism

Insecticide tested

M. domestica

T

A

Strain 1673

3 (pen) and 5 (gene a)

Chlorthion-ethyl
Diazinon
Totals
Permethrin
Totals
Grand totals

Number of observed interactions
Antagonistic

Cx. p. quinquefasciatus

a
b

S

L4

ISOP450  JPAL F1

Topical (T), residual (R), feeding (F) or submersion (S).
Egg (E), larval instars (L1, L2, etc.), pupae (P) or adult (A).

M. domestica
P450 and kdr
Cx. p. quinquefasciatus

Additive

Citation

Synergistic
2

1
1

1
1

0
1

0
1

2
1
1
3

[20]
=
=
=

4
[16]
1
5
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5. Drosophila melanogaster
When multiple resistance loci are homozygous in D. melanogaster, they tend to interact additively (Table 1) which is different
from the other insects analyzed in this review (house ﬂy, mosquito,
and aphid). King and Somme [41] determined that in the SyS-1002
strain the 20-fold DDT resistance contribution was greatest for
chromosome 2, but was also signiﬁcant for X and chromosome 3.
For this strain, all ﬁrst order interactions (X + 2, X + 3, 2 + 3) and
the second order interaction (X + 2 + 3) were not signiﬁcantly different from that expected under additivity (Table 1) [41]. For the
DDT resistant D. melanogaster strain SyS-102, the major contribution to resistance was linked to X, with smaller, but signiﬁcant factors on chromosome 2 and 3. Similar to SyS-1002, all ﬁrst order
and second order interactions of resistance loci were not signiﬁcantly different from additive (Table 1) [41]. Double homozygotes
of a deltamethrin resistant strain of D. melanogaster (Table 1) had
signiﬁcant resistance contributions linked to chromosomes 1, 2
and 3 [42]. When resistance factors were combined (1 + 3, 2 + 3
and 1 + 2 + 3), all interactions were additive, except 1 + 2 which
interacted synergistically (Table 1) [42].
Dapkus and Merrell [43] analyzed D. melanogaster chromosome
linkage of DDT resistance. They separated the factorial analysis of
heterozygous chromosomes into two series; where series I examined recessive effects and series II examined dominant effects.
For series I, it was observed that chromosome 2 and 3 have important resistance factors and that the ﬁrst order combination of 2 + 3
results in additivity (Table 2). In the series II data, chromosome 2
had the greatest effect with a large factor also on chromosome 3
and a signiﬁcant but minor factor on chromosome 1. Combinations
of 1 + 2, 1 + 3 and 1 + 2 + 3 resulted in additive interactions (Table
2). A synergistic interaction was found between loci on autosomes
2 + 3 (Table 2) [43].
With the available studies on D. melanogaster, the general trend
of interactions between multiple resistance linkage groups that are
all either homozygous or heterozygous is of the additive type. No
information is currently available about the type of interaction between resistance conferred by multiple mechanisms in differing
genotypic states (i.e., one is homozygous and one is heterozygous).

6. Discussion
Interactions between resistance mechanisms are varied, but given that there are a limited number of mechanisms responsible for
insecticide resistance there do seem to be some broad trends. Generally, when multiple resistance loci were homozygous synergistic
interactions resulted, while additivity was observed when resistance loci were heterozygous. There were many exceptions to
these generalizations, particularly in studies using D. melanogaster,
making it unclear which variables (type of resistance mechanisms/
loci, ﬁtness costs and beneﬁts associated with each mechanism,
insecticide used, species, life stage, etc.) could alter the resulting
interaction.
The literature is deﬁcient in studies that include interactions
between mechanisms that are in different genotypic states (i.e.,
homozygous locus A interacting with heterozygous locus B) as
most studies examined interactions between loci in the same
genotypic state (i.e., locus A is heterozygous and interacting with
a heterozygous locus B). While the most common interaction between homozygous and heterozygous resistance loci was synergistic, more studies are needed to conﬁrm this trend.
For an animal in a treated environment, overall, it would be
most beneﬁcial (higher probability of survival) to have an interaction (except for a cancelling interaction) between resistance mechanisms, so that the resulting resistance would be higher than the
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level conferred by any of the mechanisms individually. In fact,
antagonistic interactions would not necessarily be detrimental
for animal to possess, since this interaction could provide higher
levels of resistance than either resistance mechanism alone and
therefore could still be selected [44]. For example, resistance to
an insecticide conferred by locus A is 50-fold and locus B is 20-fold.
If the observed level of resistance when both loci are homozygous
is 60-fold, the level of resistance is higher than if only locus A or B
was present.
In an untreated environment, the balance between the interaction of resistance loci, the ﬁtness cost of each resistance allele,
and the possible interaction the resistance loci have on the overall ﬁtness, can dictate the evolutionary outcome of the loci in
nature. If a resistance locus has a high ﬁtness cost, often the allele frequency will decrease in an untreated environment [45]. In
the presence of an additional resistance locus (with a different
ﬁtness cost) and a possible interaction between the two ﬁtness
costs, it becomes complicated to assess the ultimate evolutionary
outcome of the resistance mechanisms and the level of resistance
that they together will provide. It is possible that the frequency
of a costly mechanism may still decrease in the population, but
just at a slower rate than if it was present alone. It is also possible that the interaction between the two mechanisms could
counter a ﬁtness cost associated with one of the mechanisms
allowing the allele to be maintained in a population. Determining
the ﬁtness costs associated with resistance loci/alleles are difﬁcult to quantify and for most loci is unknown. No study looking
at interactions between resistance loci has incorporated this
information into observed resistance levels or into models of
interactions. Most studies have evaluated resistance loci interactions in the presence of insecticides using strains with known
resistance mechanisms or chromosomal linkage and insecticide
bioassays.
In future studies that determine how multiple insecticide resistance mechanisms interact, it is important and necessary to analyze each locus individually. This includes determining the
resistance level contributions of each mechanism in each genotypic state (homozygous and heterozygous) and analyzing the
interactions between all possible genotype combinations. It would
also be beneﬁcial to assess how the ﬁtness costs/beneﬁts of the
mechanisms can inﬂuence the observed interactions and resistance phenotype. With a larger body of literature that includes
more underrepresented data points, we may then be able to construct a comprehensive model that can accurately predict the evolutionary outcome of multiple insecticide resistance loci in a
resistant insect pest population. Based on the patterns found in
the literature, it might be possible to establish some general rules
for interactions between mechanisms that would be useful in the
development of resistance management strategies.
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