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A B S T R A C T

Mosquitoes within the Culex pipiens complex are widely distributed and important in the transmission of many
human diseases. Insecticides, pyrethroids in particular, remain a mainstay for control of these important vectors.
In this paper we review what is known about the levels, mechanisms and fitness costs of pyrethroid resis-
tance in Cx. pipiens. Pyrethroid resistance in Cx. pipiens is a global problem, and resistance ratios of up to 7000-
fold have been found in larvae of field collected mosquitoes. However, there is considerable variation between
populations, indicating significant geographic heterogeneity of the resistance. The two major mechanisms of
resistance to pyrethroids in Culex are mutations in Vssc (target site insensitivity) and overexpression of cyto-
chrome P450(s) (increased detoxification). The most frequently reported Vssc mutation is L1014F (i.e. kdr), which
has been found throughout the world. The L1014S mutation has been found in Cx. p. pallens from Japan and
China, and in Cx. p. pipiens from China. The L1014C mutation has only been reported for Cx. p. pipens molestus
from China and the V1016G mutation has only been reported from Saudi Arabia. Studies on the P450s of
Cx. pipiens have identified several that are overexpressed (measured as transcript levels) in pyrethroid resis-
tant strains. CYP9M10 is consistently overexpressed in pyrethroid resistant Cx. pipiens from at least seven countries,
suggesting this P450 might be of global importance in resistance. Both CYP9M10-mediated pyrethroid resis-
tance and kdr have fitness costs in the absence of insecticides under certain environmental conditions. Research
needs and future directions are discussed.

© 2014 Elsevier Inc. All rights reserved.

1. Culex pipiens complex

Mosquitoes play an important role in disease transmission around
the world, but not all species share the same capacities to vector
diseases. Therefore, it is important to be able to classify mosquito
species correctly. Using morphology exclusively is very difficult, since
some species/subspecies have intermediate characteristics which
in the past have created controversy. Currently, the morphological
characters used for Culex mosquitoes are primarily the shape and
distance of the dorsal and ventral phallosome arms in males (DV/D
ratio) and the pattern of larval siphon structure. Biological fea-
tures of females, such as autogeny versus anautogeny, host feeding
preferences and the ability to diapause, are also used to deter-
mine species [1]. Using molecular studies along with morphological
characters [1–3], the complex includes: Cx. p. pipiens (anautogenous,
occurring north of 39°N in North America), Cx. p. quinquefasciatus
(anautogenous, occurring south of 36°N), Cx. p. pipiens molestus
(autogenous, geographically occurring with Cx. p. pipiens, but are
exclusively associated with closed, underground breeding sites),

Cx. p. pallens (anautogenous, occurring north of 32°N in China
and Japan), and Cx. p. australicus (anautogenous, occurs in Austra-
lia, Tasmania, New Caledonia and the New Hebrides). A hybrid
distribution area of Cx. p. pipiens and Cx. p. quinquefasciatus occurs
in the Americas, the Middle and Far East, Australia and Africa [1].
The distribution of Cx. p. pipiens, Cx. p. quinquefasciatus, the
Cx. p. pipiens/Cx. p. quinquefasciatus hybrid zone, Cx. p. pallens, and
Cx. p. australicus are shown in Fig. 1.

2. Biology of Cx. pipiens

Cx. pipiens is an important vector of many human and animal
diseases. Cx. pipiens is the primary vector of the filarial nematode,
Wuchereria bancrofti [1]. Human infection by these nematodes can
block the lymphatic system and lead to extreme swelling of the limbs
(elephantiasis) and scrotum (hydrocele). Lymphatic filariasis is
present in 83 countries, infects 120 million people [4], and ac-
counts for the loss of 4.6 million DALYs (disability adjusted life years)
[5], with India accounting for 40% of the prevalence globally [6]. The
extreme disfigurement and physical incapacitation resulting from
swelled extremities prevent people from functioning normally. This
can create economic struggles in endemic countries where it is es-
timated that on average a total of $811 million are lost annually [6].
In 1995, the WHO classified human lymphatic filariasis as the second
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leading cause of permanent and long-term disability [4]. Adult
Cx. pipiens are also able to transmit a multitude of viruses, includ-
ing West Nile virus (WNV) [7,8]. This virus is usually maintained
in a mosquito–bird cycle, where Cx. p. quinquefasciatus serves as an
amplification vector [9]. Often dead-end hosts, such as humans or
horses, can be infected and die. Since its discovery in New York City
in 1999, WNV in the United States has caused almost 40,000 clin-
ical cases and almost 1700 human deaths, along with many fatal
infections in horses [10]. Cx. pipiens mosquitoes are involved in the
transmission of other pathogens, such as avian malarias, avian pox
virus, dog heartworm (Dirofilaria immitis), and urban outbreaks of
St. Louis encephalitis virus in eastern United States [11]. This species
has experimentally been shown to be capable of transmitting
Japanese encephalitis virus as well. Other arboviruses have been
isolated from Cx. pipiens populations throughout the world, but
subsequent laboratory studies do not implicate Cx. pipiens as an ef-
ficient vector of these disease pathogens (for example: Oropouche
virus) [1].

Culex pipiens are primarily ornithophilic (i.e. prefer to feed on
birds) [1] and adult females can lay a few hundred eggs aligned in
a floating raft structure. Oviposition sites include a wide range of
water sources, such as brackish ponds, sewer drains, pit latrines and
ditches [1,12]. Each stage of the mosquito life cycle and many of the
behavioral aspects are dependent on, and can be altered by, tem-
perature, humidity, diet and crowding.

3. Control of Cx. pipiens

While many integrative techniques can be used for mosquito
control, often the only way to control vector densities in endemic
areas, control an epidemic outbreak, and decrease populations of
nuisance mosquitoes, is to apply insecticides. Insecticides can be
used against larvae or adults, but most insecticides are not suit-
able for both purposes. For example, toxicity of some pyrethroids
to fish prevents them from being used against larvae in certain

habitats. Adulticides are applied as sprays or fogs to outdoor adult
habitats, and pyrethroids are the most common active ingredient.
Bed nets treated with pyrethroids are also used and effective [13].

Insecticide applications which target Cx. pipiens larvae vary de-
pending on the condition of the water source. Generally pyrethroids
are not used for control of larvae, due to high fish toxicity, yet, there
are exceptions (e.g. etofenprox is not highly toxic to fish and is used
to control larval Culex in Japan) [14]. However, selection of mos-
quito larvae may occur inadvertently; insecticides applied in urban
and agricultural settings [15–17] can enter the habitat of mosqui-
to larvae and can select for resistance [18–22].

4. Pyrethroid insecticides

Commercially available pyrethroids are the result of efforts to
make synthetic environmentally stable analogs of naturally-
occurring pyrethrins [23]. They were discovered at a time when
resistance and bans were limiting DDT use, and when organophos-
phate and carbamate resistance was becoming a growing problem.
Pyrethroids are still one of the most important classes of insecti-
cides used against mosquitoes (especially for treated bed nets and
as adulticides). This class of compounds makes up approximately
20% of the global insecticide market share and global sales are es-
timated at $1.3 billion [24]. Pyrethroids can be generally classified
as either type I or type II; based on structure, symptoms of poi-
soning, and electrophysiological responses [25,26]. These two
classifications represent a spectrum of responses as some pyre-
throids have characteristics of both groups [27]. Generally,
pyrethroids disrupt the voltage sensitive sodium channel (Vssc)
leading to death [28].

Pyrethroids currently registered for control of Cx. pipiens vary con-
siderably between countries. In the USA, registered pyrethroids
include bifenthrin, cyfluthrin, α-cypermethrin, λ-cyhalothrin,
deltamethrin, etofenprox, permethrin, phenothrin and resmethrin
[12,29]. Pyrethroids currently registered for control of Cx. pipiens in

Fig. 1. Distribution of the Culex pipiens complex (modified from Vinogradova [1] and Smith and Fonseca [2]). Horizontal lines = Cx. p. pipiens; vertical lines = Cx. p. quinquefasciatus;
black = overlapping hybrid zone of Cx. p. pipiens and Cx. p. quinquefasciatus; area enclosed by solid line = Cx. p. pallens; area enclosed by dashed line = Cx. p. australicus. Cx. p. pipiens
molestus distribution not shown.
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Japan are allethrin, cyfluthrin, metofluthrin, permethrin, phenothrin,
phthalthrin, resmethrin, and transfluthrin (http://www.mhlw.go.jp
/bunya/kenkou/kekkaku-kansenshou18/pdf/05-08_1.pdf).

5. Distribution of pyrethroid resistance in Cx. pipiens

Numerous studies have documented that pyrethroid resis-
tance in Cx. pipiens is a global problem, although the levels of
resistance are considerably variable (Tables 1 and 2). Resistance has
most commonly been examined in larvae, where resistance ratios

of up to 7000, 710, 370 and 18 have been reported for permethrin,
deltamethrin, cypermethrin and λ-cyhalothrin, respectively (Table 1).
However, many studies reported populations that had low levels
of resistance, indicating the significant geographical heterogene-
ity of the resistance. Most research on resistance in adult Culex has
employed a single concentration assay (WHO and CDC tests) which
may detect the presence or absence of resistance, but does not
provide information about the levels of resistance. Therefore, al-
though it is clear that pyrethroid resistance exists in adult Cx. pipiens
throughout the world, the actual levels of resistance are largely

Table 1
Pyrethroid resistance in larval Culex pipiens is variable and widespread.

Country Subspecies Insecticide RRa Year collected Reference

Benin quinquefasciatus Permethrin ND 2005 [30]
Burkina Faso quinquefasciatus Deltamethrin 18–28 1994–1995 [31]

Permethrin 17–49 1994–1995 [31]
China pallens β-Cypermethrin 3–26 2003 [32]

Deltamethrin 4–27 2003 [32]
China pallens Deltamethrin 100–340 1996 [33]

Es-bioallethrin 3–9 2003 [32]
China pallens Permethrin 3–28 2003 [32]

Permethrin 1–24 2008 [34]
China pallens β-Cypermethrin 1–3 2008 [34]

Deltamethrin 2–4 2008 [34]
Cuba quinquefasciatus λ-Cyhalothrin 18 1995 [35]
Côte d’Ivoire quinquefasciatus Deltamethrin 9–38 1994–1995 [31]

Permethrin 10–82 1994–1995 [31]
Cuba quinquefasciatus λ-Cyhalothrin 1–5 1990 and 1996 [36]

Cypermethrin ≤4 1990 and 1996 [36]
Cuba quinquefasciatus Cypermethrin 3–20 1995 [35,37]
Cuba quinquefasciatus Deltamethrin 32 1995 [37]
Cuba quinquefasciatus Permethrin ≤5 1990 [38]
Cuba quinquefasciatus Permethrin 20 1995 [35]
India quinquefasciatus Deltamethrin ≤74 NS [39]

λ-Cyhalothrin ≤6 NS [39]
Israel pipiens complex Permethrin 1–1700 2000–2002 [40]

Cypermethrin 1–370 1996–2002 [40]
Japan molestus Etofenprox 2->2300 2003–2004 [14]

Permethrin 300 2003–2004 [14]
Phenothrin 1200 2003–2004 [14]

Japan pallens Etofenprox 1–4 2003–2004 [14]
Korea pallens Bifenthrin 1–520 2009 [41]

β-Cyfluthrin 16–400 2009 [41]
Deltamethrin 2–40 2009 [41]
α-Cypermethrin 9–340 2009 [41]
Permethrin 3–120 2009 [41]

La Réunion quinquefasciatus Deltamethrin 9–17 2008 [42]
Permethrin 36–42 2008 [42]

Malaysia quinquefasciatus Permethrin 4 NS [43]
Malaysia quinquefasciatus Permethrin 1–4 NS [44]
Martinique quinquefasciatus Permethrin 10–2800 1999 [45]
Mauritius quinquefasciatus Permethrin 640 2011 [46]
Mayotte quinquefasciatus Permethrin 200 2011 [46]
Mayotte quinquefasciatus Deltamethrin 4 2010–2011 [47]
Tunisia pipiens Permethrin 1–7000 1990–1996 [48]
Tanzania quinquefasciatus Permethrin 21 1986 [49]
Saudi Arabia quinquefasciatus Permethrin 8 1984 [50]
Saudi Arabia quinquefasciatus Bifenthrin 38 NS [51]

β-Cyfluthrin 14 NS [51]
Deltamethrin 160–190 NS [51]
Fenvalerate 3–4 NS [51]
λ-Cyhalothrin 4 NS [51]

USA molestus Deltamethrin 12 2001 [52]
USA quinquefasciatus Deltamethrin 50–300 1998–2002 [53]
USA quinquefasciatus Permethrin 100–940 2002 [54]
USA molestus Permethrin 18 2001 [52]
USA quinquefasciatus Permethrin 13–940 1998–2002 [53]
USA pipiens Phenothrin 7 2003 [55]
USA quinquefasciatus Resmethrin 200–830 1998–2002 [53]
Japan pallens Etofenprox ND 2003, 2004 [56]
Japan molestus Etofenprox ND 2003, 2004 [56]

Information in this table is limited to tests using field collected mosquitoes (F1 or recently colonized strains) and does not include laboratory strains.
ND = not determined, resistance was detected, but examined at a single concentration. NS = year of collection not specified.

a RR = resistance ratio at LC50.
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unknown (Table 2). An additional complication exists in the use of
single concentration assays, especially where permethrin is con-
cerned. Toxicity of the cis and trans isomers of permethrin differ
significantly (Table 3) and the ratio of these isomers can vary con-
siderably between suppliers or even batches of permethrin from the
same supplier [62]. Furthermore, the expression of resistance can
vary, depending on the isomer(s) used (Table 3), particularly when
P450-mediated resistance is one of the mechanisms involved. There-
fore, using a single concentration bioassay, based on a concentration
described for one batch of permethrin, could radically over- or under-
estimate the resistance simply due to variation in the cis:trans ratios
of the permethrin used.

6. Mechanisms of resistance to pyrethroids in Cx. pipiens

6.1. Knockdown resistance (kdr)

The phenomenon of knockdown resistance was first noted by
Busvine who observed a house fly strain that survived without being
knocked down by DDT and showed cross-resistance to pyrethrins
[64]. Knockdown resistance (kdr) was determined to be a reces-
sive factor that mapped to autosome 3 in house flies [65]. Subsequent
studies identified a single point mutation (L1014F) in Vssc in
kdr-resistant house flies and German cockroaches [66,67]. Electro-
physiology studies in house flies showed that kdr reduced sensitivity
of the nervous system to DDT and pyrethroids [68]. Subsequently
two additional mutations at this same codon (L1014H/S) have been

found in resistant strains and have been confirmed as providing pro-
tection against pyrethroids by heterologous expression studies
[69–71]. Herein, we will refer to the L1014F mutation (based on
the house fly numbering) as kdr, and other Vssc mutations that
confer resistance to pyrethroids will be called kdr-type. In
Cx. p. quinquefasciatus the inheritance of kdr is incompletely
recessive [72] and maps to chromosome 2 [73]. Both kdr (L1014F)
and kdr-type resistances (L1014H/C/S/W) have been identified in
numerous species [74].

A summary of Vssc mutations found in Cx. pipiens mosquitoes
are shown in Table 4. The most frequently reported mutation is
L1014F (i.e. kdr), which has been found throughout the world. The
L1014S mutation has been found in Cx. p. pallens from Japan and
China, in Cx. p. pipiens from China and the USA, and from
Cx. p. quinquefasciatus from the USA (Table 4). The L1014C muta-
tion has only been reported for Cx. p. pipiens molestus from China
and the V1016G mutation has only been reported from Saudi Arabia
(Table 4). While all of these mutations are likely to confer some level
of resistance to pyrethroids, and may have different fitness costs,
the reasons for the distribution (and relative frequencies) of these
different alleles is unclear. Research in this area is complicated by
the fact that a given allele may have multiple haplotypes, and the
fitness of the haplotypes can vary [86].

6.2. P450s involved in pyrethroid resistance

Detoxification by cytochrome P450 monooxygenases (P450s) is
a major mechanism of insecticide resistance [87]. Increased pyre-
throid detoxification can result from elevated expression of one or
more P450s or possibly from mutations that change the P450 protein
[87]. However, mosquitoes have more than 100 P450s in their
genomes, making identification of the specific P450(s) responsi-
ble for resistance a significant challenge. Over the last 15 years the
most common approaches to identify the P450(s) responsible for
resistance are microarrays or high throughput sequencing, often fol-
lowed by RT-qPCR. These are powerful approaches, but are suitable
only if resistance is due to overexpression, not if due to a change
in the gene sequence. The studies investigating P450-mediated
resistance in Cx. pipiens are summarized below.

JPAL (isolated from the JPal-per strain) is a pyrethroid resistant
strain of Cx. p. quinquefasciatus collected from Saudi Arabia which

Table 2
Pyrethroid resistance in adult Culex pipiens is widespread.

Country Subspecies Insecticide Resistance ratio Year collected Reference

China pallens β-Cypermethrin ND 2008 [34]
Deltamethrin ND 2008 [34]
Permethrin ND 2008 [34]

Egypt pipiens complex λ-Cyhalothrin ND 2003 [57]
Cyfluthrin ND 2003 [57]
Deltamethrin ND 2003 [57]
Permethrin ND 2003 [57]

Ghana quinquefasciatus Permethrin ND 2011 [58]
Greece pipiens† Deltamethrin ND 2008–2010 [59]
Malaysia quinquefasciatus Permethrin ND NS [44]
Malaysia quinquefasciatus Permethrin 2 NS [43]
Malaysia quinquefasciatus Cyfluthrin, λ-cyhalothrin, Deltamethrin,

etofenprox, permethrin
None* NS [60]

Mayotte quinquefasciatus Deltamethrin 4 2011 [46]
USA (CA) molestus Resmethrin ND 2001 [52]
USA (CA) molestus Permethrin ND 2001 [52]
USA (NY) pipiens Phenothrin 2 2003 [55]
Zambia quinquefasciatus Permethrin ND 2010 [61]

Deltamethrin ND 2010 [61]

Information in this table is limited to tests using field collected mosquitoes (F1 or recently colonized strains) and does not include laboratory strains.
ND = not determined, resistance was detected, but examined at a single concentration; NS = collection date not specified.

* Resistance was not detected.
† J. Vontas, personal communication.

Table 3
Toxicity of, and resistance to, permethrin in fourth instar Culex p. quinquefasciatus
larvae varies by composition of cis and trans isomers [62].

Cis:trans
ratio

Supplier LC50
a (95% CI) RRb

SLAB (susceptible) ISOP450 (resistant)

100:0 Zeneca 0.0012 (0.0011–0.0013) 0.22 (0.19–0.26) 183
100:0 ChemService 0.0016 (0.0012–0.0021) 0.45 (0.38–0.53) 281
50:50 ChemService 0.0017 (0.0015–0.0019) 2.1 (1.9–2.5) 1300
0:100 ChemService 0.0035 (0.0032–0.0038) 4.0 (2.4–6.9) 1100

Toxicity to larvae determined by standard methods and analyzed by probit analy-
sis as previously described [63].

a LC50 in μg/ml.
b RR = resistance ratio at LC50.
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was further selected in the laboratory for 20 generations with
permethrin [50]. JPAL larvae are 2500-fold resistant to permethrin
compared to the susceptible strain [88]. This resistance decreased
to 43-fold when the larvae were treated with the P450 inhibitor pi-
peronyl butoxide (PBO), suggesting P450s play a major role in this
resistance. JPAL showed high levels of cross-resistance, especially
to other pyrethroids such as phenothrin and etofenprox which
possess phenoxybenzyl moieties [89]. In vitro metabolism studies
elucidated that microsomes isolated from JPAL had higher activity
of metabolizing [14C]trans-permethrin than the susceptible strain.
The metabolism was NADPH-dependent and suppressed by P450
inhibitors; clearly demonstrating the importance of P450s in py-
rethroid resistance in this strain [88]. JPAL also contains a kdr-type
resistance mechanism [63].

Significant effort has gone into determining the P450 isoform(s)
responsible for pyrethroid resistance in JPAL. A microarray analy-
sis of 62 unique P450s found 3 isoforms were significantly
overexpressed in JPAL, relative to the susceptible strain [90]. Further
validation by RT-qPCR confirmed that CYP4H34, CYP6Z10, and
CYP9M10 were expressed 8.3-, 3.9- and 264-fold higher than the
susceptible strain, respectively [90]. CYP4H34 and CYP9M10 are ex-
pressed at the larval stage, but are negligible in adults [90], which
is consistent with bioassays showing a higher level of resistance to
permethrin in JPAL larvae compared to adults [63]. Repeated
backcrossing of JPAL with the susceptible SLAB strain, combined
with permethrin selections, produced a resistant strain (ISOP450)
that was near isogenic to SLAB. The ISOP450 strain retained
overexpression of CYP9M10, but lacked the kdr-type factor, which
allowed for evaluation of the P450-mediated resistance in isola-
tion. ISOP450 was 1300-fold resistant to permethrin, while it showed

only 11- and 6.6-fold resistance to the type II pyrethroids,
deltamethrin and cypermethrin, respectively [63]. This reveals that
the P450s selected for by the same insecticide in different species
can result in different cross-resistance spectra (e.g. CYP6D1 in house
flies gives high levels of resistance to all phenoxybenzyl pyre-
throids [91]). Bioassays with synergists demonstrated that the
majority of the resistance to permethrin in the ISOP450 strain was
due to P450s and CYP9M10 was confirmed to be overexpressed in
ISOP450 strain as well [92]. Heterologous expression studies re-
vealed that CYP9M10 and CYP4H34 were capable of metabolizing
permethrin, but not deltamethrin [93], which is generally consis-
tent with the bioassay results for JPAL and ISOP450 [63,89].

Overexpression of CYP9M10 is regulated by a cis-acting element
which is located near CYP9M10 coding sequence [94]. CYP9M10 is
also duplicated in the JPAL strain and the two duplicated copies have
identical coding sequences [94]. Backcrossing experiments re-
vealed that the region containing CYP9M10 was strongly linked to
the pyrethroid resistance [94]. Itokawa et al. (2010) found a 670 bp
insert on the 160 bp upstream of the transcription initiation site of
CYP9M10 [94]. This insert was a homolog of a miniature inverted
transposable element (MITE) and was named “CuRE1”. The CYP9M10
haplotype containing the CuRE1 insert was more highly expressed
than the haplotype without CuRE1. This is, therefore, a good indi-
cator of a “resistant haplotype”, although the actual function of this
insert on the regulation of gene expression is yet to be deter-
mined [95]. CuRE1 was confirmed on the upstream regions of both
duplicated CYP9M10 copies, suggesting that the cis-acting muta-
tion occurred before the recent duplication event (Fig. 2). The
duplicated CYP9M10 haplotype was expressed about 7.6-times more
than the single haplotype (with CuRE1 insert); more than ex-
pected from a gene copy number of 2. It has been speculated that
an additional cis-acting mutation occurred after the duplication event
leading to the enhanced expression [95].

Overexpression of CYP9M10 in haplotypes with CuRE1 inserts has
been confirmed in Cx. p. quinquefasciatus collected from various coun-
tries including Kenya [97], South Africa [95], Ghana [93], Singapore
[97], Vietnam [97], and Saudi Arabia [94,95]. Further, duplicated
CYP9M10 haplotypes were confirmed from at least 3 of the above
countries indicating that this resistant gene has already spread
globally [93,97].

Generally, pyrethroids are used against adult mosquitoes and are
not suitable for controlling mosquito larvae due to their high fish
toxicities. The reason for a larval specific resistance mechanism
(CYP9M10) [63] is probably the result of larval selection. Larval se-
lection is likely due to inadvertent contamination of the larval habitat
with permethrin (from agricultural or urban uses), but might also

Table 4
Vssc mutations found in Culex pipiens mosquitoes in which heterologous expres-
sion studies support a role in resistance.

Mutation Where collected Subspecies Year collected Reference

L1014F Benin quinquefasciatus 2005 [30]
China, Tunisia pipiens 1990–1996 [75]
China molestus 2009 [76]
China pallens 2003, 2006, 2008,

2009, 2011
[32,76–78]

China quinquefasciatus 2009 [76]
Greece pipiens 2008–2010 [59]
India quinquefasciatus NS [79]
Japan molestus 2003, 2004 [80]
La Réunion quinquefasciatus 2008 [42]
Madagascar quinquefasciatus 2010 [46]
Malaysia quinquefasciatus NS [81]
Mauritius quinquefasciatus 2010 [46]
Mayotte quinquefasciatus 2011 [46]
Saudi Arabiaa quinquefasciatus 1984 [63]
USA pipiens 2003 [82]
USA quinquefasciatus 1990–1996,

2002, 2003
[75,82–84]

Zambia quinquefasciatus 2010 [61]
L1014S Japan pallens [80]

China pallens 2006, 2008 [77,78]
China pipiens 1990–1996 [75]
USA pipiens 2003 [82]
USA quinquefasciatus 2003 [82]

L1014C China molestus 2009 [76]
V1016G Saudi Arabiaa quinquefasciatus 1984 [80]

Target site insensitivity to pyrethroids has also been demonstrated in
Cx. tritaeniorhynchus [85], although the mutation (s) involved have not been reported.
Two other mutations have been reported [83] in pyrethroid resistant
Cx. p. quinquefasciatus in the USA (A99S and W1594R), but their role in resistance
has not been established.
NS = year of collection not specified.

a The JPal-per strain, originally was collected from Saudi Arabia and selected with
permethrin, contained both L1014F and V1016G mutations. From JPal-per, one strain
was isolated with the L1014F mutation (JPAL) and another strain was isolated with
the V1016G mutation (JPP-B).

CYP9M10 
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Approx. 100 kbp amplicon Approx. 100 kbp amplicon 

CuRE1 insertion 

Duplication 

A 
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A BA 

B 

B 

B 

CYP9M10 
CuRE1 

CYP9M10 
CuRE1 

Fig. 2. Schematic model for the evolution of CYP9M10 haplotype: CuRE1 insertion
and duplication. (Modified from Tomita et al. [96]).
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be due to fenitrothion (CYP9M10 overexpression confers resis-
tance to permethrin and appears to confer cross-resistance to
fenitrothion) [63], or to some other insecticide. Contamination of
larval habitats by agricultural or urban insecticide use has been docu-
mented, and the ability of this contamination to select for resistance
in mosquito larvae has also been shown (see discussion earlier).

RR is a pyrethroid resistant strain of Cx. p. pallens collected from
China. After 12 generations of selection, RR larvae developed 617-
fold resistance to deltamethrin [98]. Shen et al. (2003) identified
24 partial CYP4 cDNA sequences from Cx. p. pallens and compared
expression levels of these genes between RR and a susceptible strain
(SS) using microarray analysis. Six P450s were found to be ex-
pressed 3.1- to 9.7-fold higher than SS [99]. Results from a Northern
blot were similar to the microarray analysis, indicating that members
of CYP4 may be associated with resistance [99].

Xu et. al. (2005) collected two Cx. p. quinquefasciatus popula-
tions (HAmCq and MAmCq) in Alabama, USA and selected them with
permethrin for 8 or 6 generations, respectively. During the selec-
tions, HAmCqG3 and MAmCqG1 populations exhibited a 60- and
50-fold synergistic ratio (i.e. LC50 (without PBO)/LC50 (with PBO)),
respectively, suggesting that P450s were involved in the resis-
tance [54]. The kdr mutation was also detected in both HAmCqG3

and MAmCqG1 populations at high frequency [54]. The resultant
strains, HAmCqG8 and HAmCqG6 fourth instar larvae exhibited 2700-
and 570-fold resistance, respectively, compared to the susceptible
strain. Permethrin resistance levels were found to increase from first
through fourth instars in both the HAmCqG8 and HAmCqG6 strains
[100]. A RT-qPCR analysis was performed for 204 putative P450 genes
(including 8 pseudogenes) based on information from the genome
[101] and the expression level of each gene was compared before
and after the selections. There were 25 and 15 P450 genes
overexpressed (more than two-fold) in the HAmCqG8 and MAmCqG6

strains, respectively, compared to the populations before selec-
tions. Among these, CYP4C52v1, CYP6P14, CYP6AA7, CYP9J34, CYP9J45,
CYP9M10, CYP9AL1 were commonly overexpressed in both se-
lected strains [102].

There is evolutionary plasticity in terms of the P450s which can
be selected for in different populations, and confer resistance [103].
Therefore, it is perhaps not surprising to see the differences that exist
(in terms of the P450s that are overexpressed) between resistant
strains from different continents (Table 5). However, CYP9M10 is
consistently overexpressed in Cx. p. quinquefasciatus from at least
seven countries, suggesting this P450 is likely associated with py-
rethroid resistance and might be of global importance. The only study
that did not report overexpression of CYP9M10 [99] did not look at
expression of this gene (only CYP4 genes were examined). It will
be interesting to explore whether CYP9M10-mediated resistance
(CuRE1 insertion and duplication) arose once and spread, as was
found for organophosphate resistance in Culex [108], or if this po-
tential resistance mechanism has multiple evolutionary origins.

Some P450s are developmentally regulated, which can restrict
resistance to only certain life stage(s), as was observed for CYP9M10
(see discussion earlier). Alternatively, P450-mediated resistance could
be expressed at all life stages as is found for CYP9M6 [109]. Gen-
erally, selection of P450(s) that confers resistance coincides with
less genetic variation at the resistance locus, relative to the amount
of variation found in susceptible strains [110]; the result of a se-
lective sweep at that locus. Examination of such variability may help
to refine the list of P450s that have a role in pyrethroid resistance
in Culex. Culex populations that contain both kdr (or kdr-type) re-
sistance plus P450-mediated resistance will likely have very high
levels of resistance, as these two mechanisms provide a multipli-
cative effect [111].

6.3. Other mechanisms of pyrethroid resistance

Esterases are involved in resistance to several insecticides, notably
many organophosphates [112], yet there is little information im-
plicating esterases with pyrethroid resistance in Culex. The role of
esterase-mediated resmethrin resistance was investigated in
Cx. p. quinquefasciatus from the USA [113] where elevated esterase
levels were observed (using α-naphthol as the substrate) in the re-
sistant strains. However, no correlation between the levels of esterase
and survival at the diagnostic concentration (analysis based on the
values reported in the paper) of resmethrin was observed.
Overexpression of G-protein-coupled receptor-related genes has also
been proposed as a mechanism of permethrin resistance in
Cx. p. quinquefasciatus [114].

7. Fitness costs of pyrethroid resistance in Cx. pipiens

Factors capable of shaping the evolutionary trajectory of resis-
tance in the field are numerous. They include, but are not limited
to, environmental persistence of the insecticide, frequency of ap-
plication, amount applied, effective population size, dispersal
potential and geographic range of the pest species, dominance,
inheritance and number of resistance gene(s), initial frequencies of
the resistance allele, as well as fitness costs or benefits associated
with the resistance mechanism(s) [115,116]. Since mutations con-
ferring resistance are deemed rare [117,118], it is hypothesized that
resistant individuals might suffer a fitness cost in the absence of in-
secticide selective pressures. This could ultimately lead to a declining
frequency of the resistance allele in a population and possibly result
in a regression to susceptibility. Fitness studies in natural settings
are often conducted by observing changes in resistance (or allele
frequencies) in non-treated versus insecticide treated populations
[119–121]. While changes in resistance can be monitored under field
conditions (e.g., Reference [121].), identification of the factors
responsible for the changes is difficult. Under laboratory condi-
tions, the variables can be controlled and fitness costs can be

Table 5
Cytochrome P450s over-expressed in pyrethroid resistant Culex pipiens.

Species CYP Strain Collected
country

Reference

Cx. p. quinquefasciatus 4H34, 6Z10, 9M10 JPAL Saudi Arabia [90,92]
9M10 ISOP450 Saudi Arabia [92]
4C38, 4C52, 4D42,4H40, 6AG12, 6AA7, 6AA9, 6BZ2, 6CC2, 6CQ1, 6P14, 9J34, 9J35, 9J40, 9J42, 9J45,
9AL1, 9M10, 12F7, 12F13, 325G4, 325K3, 325Y6

HAmCqG8 USA [102,104–106]

4C52, 6AA7, 6AA8, 6P14, 6Z12, 6Z15, 9AL1, 9J33, 9J34, 9J39, 9J43, 9J45, 9M10, 306A1, 307B1 MAmCqG6 USA [102]
[92]

Cx. p. pallensa 4H21, 4H22, 4H23, 4J4, 4J6, 4J6, 6F1 RR China [99,107]

P450s in bold have been found capable of permethrin metabolism in heterologous expression studies.
Underlined P450s were those found to be overexpressed in both strains from the USA.

a Only CYP4 P450s were examined.

73J.G. Scott et al./Pesticide Biochemistry and Physiology 120 (2015) 68–76



examined, although this requires the isolation of genetically related
strains, which is time consuming. Thus, both field and laboratory
studies examining the fitness costs of resistance have significant
value. Fitness studies can be further complicated by the presence
of multiple resistance mechanisms, as it is not known how the fitness
costs associated with each interact (i.e. the net fitness could be an
additive, greater than additive or a less than additive interaction).
In addition, different haplotypes of the same resistance allele can
have different fitness costs [86].

Relatively few studies have examined fitness associated with
pyrethroid-mediated resistance mechanisms in Cx. pipiens species.
Berticat et al. (2008) [122] detected a fitness cost associated with
the kdr resistance allele (significantly lower number of female adults
emerged) using genetically related resistant and susceptible strains
of Cx. p. quinquefasciatus. While the survival to adulthood param-
eter was not measured, other developmental parameter differences
indicated that kdr is also costly in the vector mosquito Aedes aegypti
[123]. P450-mediated permethrin resistance in Cx. p. quinquefasciatus
exhibits varied levels of cost depending on the environmental con-
dition [124]. Examination by laboratory cage experiments and
tracking of the resistance allele through time determined that P450-
mediated detoxification was most costly in a temephos exposed
environment (previous research showed this particular P450 mech-
anism bioactivates temephos [63]), costly in a standard laboratory
environment, and had no associated fitness costs in a cold temper-
ature environment. In fact, a heterozygous advantage was observed
in the cold temperature experiment, possibly allowing for in-
creased flow of the resistance allele into higher latitudes where
Cx. p. pipiens is present [124]. To identify biological parameters which
might explain the fitness costs observed in the cage experiments,
genetically related Cx. p. quinquefasciatus strains were compared for
development, mortality and energetic resources [125]. Multiple bi-
ological parameters were associated with the resistant mosquito
strain; slower female emergence time, smaller female body size and
lower glycogen and lipid energy reserves. Thus, there was a clear
cost to the P450-mediated detoxification mechanism [125]. The de-
creased developmental outputs associated with the P450-mediated
mechanism could lead to a regression back to susceptibility if py-
rethroid selection pressures were to be minimized. Since some
pesticide exposures are unknown, fully exploiting the costs to fitness
in the field can be challenging.

8. Summary and future directions

Resistance in Cx. pipiens mosquitoes is a global problem, but has
localized areas where resistance problems are most severe. Vssc mu-
tations that confer resistance to pyrethroids, most commonly kdr,
are prevalent worldwide. Studies have identified several P450s that
may play a role in pyrethroid resistance, with CYP9M10 likely to
be one of the most important. This review of the literature sug-
gests several areas that could use additional studies. Bioassays on
adults should optimally be carried out using a concentration-
response approach, such that resistance levels (not just presence/
absence) can be quantified. This type of analysis is especially
important since adults are often targeted for control with pyre-
throids, because diagnostic concentrations can vary in their abilities
to detect resistance, and quantification of resistance levels is an im-
portant aspect for developing management strategies. It is suggested
that detection of Vssc mutations be done by direct sequencing in
order to build a database of haplotypes which could better deter-
mine single versus multiple origins of kdr- and kdr-type mutations,
as has been done for other insects [126]. Direct sequencing also
allows unambiguous determination of the sequences, which can
identify previously unknown alleles (most allele specific assays do
not provide this extra information) [127]. Further work on identi-
fication of the P450s involved in resistance, as well as examination

of the CYP9M10 genotype in more populations, would further our
understanding of the evolution of pyrethroid resistance in these
important vectors of human disease.
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