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Abstract

Pyrethroids and DDT are key insecticides in the control of malaria, yellow fever, and lymphatic filariasis vectors. 
Knockdown and metabolic resistance mechanisms have been proven to be important in determining the effi-
cacy of insecticides. Here we investigated cytochrome P450 as a resistance mechanism in Anopheles gambiae 
Giles and Culex quinquefasciatus Say exposed to deltamethrin and DDT. Two- to three-days-old adult female 
mosquitoes were used for insecticide exposures and PBO synergistic assays using WHO standard guidelines, 
kits and test papers (DDT 4%, deltamethrin 0.05%, and PBO 4%). Polymerase chain reaction (PCR) assays 
were used for the identification of the species and for characterization of the kdr allele. Mortality at 24 h post-
exposure was 18 and 17% in An. gambiae s.s. exposed to DDT and deltamethrin, respectively; 1 and 5% in Cx. 
quinquefasciatus exposed to DDT and deltamethrin respectively. Significant (P < 0.01) levels of susceptibility 
was recorded in mosquitoes pre-exposed to PBO, as KDT50 and 24 h of exposure ranged from 37.6 min to 
663.4 min and 27 to 80%, respectively. Presence of a knockdown resistance allele was recorded in An. gambiae 
s.s., 22.5% for homozygote resistance and 7.5% for heterozygotes, while Cx. quinquefasciatus populations 
showed no kdr allele despite the high level of resistance to DDT and deltamethrin. Findings from this study 
indicated that cytochrome P450 mono-oxygenase expression is highly implicated in the resistance phenotype 
to DDT and pyrethroids in An. gambiae and Cx. quinquefasciatus in the study area.
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Mosquitoes are important vectors of several infectious diseases such 
as yellow fever, malaria, filariasis, dengue, and other arboviruses 
(Nkya et al. 2013, Wan-Norafikah et al. 2013, Okorie et al. 2014). 
In Nigeria, Anopheles and Culex mosquitoes have been reported 
to be important vectors of malaria and lymphatic filariasis (Okorie 
et al. 2014). Effective vector control, therefore, seems to be a more 
realistic means of preventing mosquito-borne diseases in that it 
protects individuals from infective mosquito bites (WHO 2007). 
The control of malaria and other mosquito-borne diseases highly 
depends on the use of insecticides. Long-lasting insecticidal nets 
(LLINs) and Indoor residual spray (IRS) are the main strategies for 
malaria vector control and interruption of malaria transmission 
(WHO 2006, 2011). Increased insecticidal intervention can result in 
mass killing of vector populations leading to the protection even of 

those people in a community who are not directly covered by LLINs 
or IRS, ultimately reducing the capacity of mosquitoes to transmit 
malaria and other mosquito-borne diseases (Escamilla et al. 2017, 
WHO 2018). Indeed mosquito control has played a crucial role in 
the reduction of the morbidity and mortality rates due to malaria 
globally and also has been outlined to play a major role in the Global 
Technical Strategy for malaria 2016–2030 (WHO 2018). Increased 
usage of pesticides in agriculture and public health has led to mos-
quito resistance to the different classes of insecticides recommended 
for use by WHO (Brogdon and McAllister 1998, Corbel and 
N’Guessan 2013). Insecticide resistance has become a serious con-
cern in all insect vectors of emerging diseases (Hemingway and 
Ranson 2000). Insecticide resistance can be mediated by changes in 
one or more genes, leading to the reduction in insecticide sensitivity 
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of an insect population (Soko et  al. 2015). Malaria vector resist-
ance to DDT and pyrethroid insecticides has been reported to be 
mainly caused by knockdown resistance (kdr; Martinez-Torres et al. 
1998). Insecticide resistance in vectors may not only be gene based 
but can also be enzymatic which can be genetically or not geneti-
cally related (Hemingway et al. 2004, Corbel et al. 2007, Liu 2015). 
Increased enzymatic activities resulting in the detoxification of in-
secticide has been linked to cytochrome P450s mono-oxygenases 
(P450s), carboxylesterases (COEs), and glutathione-S-transferases 
(GSTs) (Chouaïbou et al. 2014, Scott et al. 2015, Soko et al. 2015). 
Synergists are nontoxic but are used in combination with insecticides 
to enhance potency and counter-measure insecticide resistance in 
insects, including mosquitoes. Piperonyl butoxide (PBO) is a syn-
ergist that inhibits cytochrome P450 enzymes within mosquitoes, 
and has been incorporated into pyrethroid-treated LLINs to form 
PBO-combination nets (Gleave et al. 2017). This study was aimed 
at assessing the impact of cytochrome P450 mono-oxygenases and 
kdr alleles on the insecticidal resistance phenotypes following ex-
posure to DDT and deltamethrin by Culex quinquefasciatus Say 
and Anopheles gambiae Giles mosquitoes collected from the Kosofe 
Local Government Area of Lagos State.

Materials and Methods

Study Area and Sample Collection
Lagos State is one of the six states in southwestern Nigeria, and 
shares a boundary with Ogun State to the north and east, and with 
Republic of Benin to the west. The two main climatic seasons in 
Lagos are dry (November to March) and rainy (April to October), 
with rainfall of between 1,400  mm to 1,800  mm received by the 
state annually, and the temperature can be as high as 30 to 38°C. 
The state has a population of about 9.01 million people (6.44%) 
of 140.003 million of the Nigeria total population, according to the 
2006 national population census (NPC). Lagos State has 20 Local 
Government Areas (LGAs), each LGA having varying amounts of 
urban, semi-urban and rural areas (Ayeni 2014). The study was 
carried out in Kosofe LGA of Lagos State, situated at 6°36′N, 3°25′E, 
and 36 meters’ above sea level, where several man-made ponds 
created by construction work and a poor drainage system provide 
favorable breeding sites for mosquitoes that transmit diseases in 
the study area. Anopheles and Culex larval samples were collected 
between June 2017 and May 2018 in different communities of 
the LGA. Larval collections were obtained from different suitable 
mosquito breeding sites using a 350-ml dipper and transferred 
to well-labeled plastic containers before being transferred to the 
insectary for the emergence of adult mosquitoes. Adult mosquitoes 
were fed with 10% sugar solution.

Insecticide Susceptibility and Resistance Tests
The tests were performed using WHO test filter paper impregnated 
with the selected insecticides purchased from the Vector Control 
Research Unit (VCRU), University Sains Malaysia (http:/www.
inreskit.usm.my). Non-blood fed, 2- to 3-d-old female mosquitoes 
were exposed to DDT (4%) and deltamethrin (0.75%) using 
WHO insecticide-treated paper in groups of 25. Each experiment 
consisted of four replicates. The mosquitoes were exposed for an 
hour with the assay cylinders in a vertical position. Knockdown 
rates of mosquitoes were recorded at 10-min intervals for 1 h and 
then were transferred into tubes with untreated papers and allowed 
a 24-h recovery period after which mortality was recorded. All the 
bioassays were accompanied by negative controls, where 25 female 

mosquitoes were exposed to insecticide-free plain papers in test 
tubes. The mosquitoes were supplied with a 10% sugar meal during 
the recovery period (WHO 2016).

PBO Synergist Assay
Synergist assays were conducted using 4% PBO impregnated papers. 
A  total of 25 female An. gambiae and Cx. quinquefasciatus were 
exposed to PBO for 1 h using four replicates. Thereafter, PBO treated 
mosquitoes were exposed to either DDT (4%) or deltamethrin 
(0.05%) for another 1 h. In parallel with the treatment groups, two 
controls (one for PBO only) were run within the time of testing. 
Knockdown rates were taken at intervals for 60  min, thereafter 
mosquitoes were transferred and kept inside holding tubes for 24 h, 
and mortality was recorded (WHO 2016).

DNA Extraction
A whole mosquito from the insecticide susceptibility bioassay test 
was homogenized in a 1.5-ml micro-tube using 100 μl of grinding 
buffer with the aid of a plastic pestle. 20 μl proteinase K was added 
to the homogenized mosquito, the samples were incubated at 65°C 
in a dry bath for 30 min. Thereafter, the samples were placed on 
ice for 30 min and then centrifuged at 14,000 × g for 15 min. The 
supernatants were then transferred to sterile micro-tubes (1.5 ml); 
200  µl ice cold (100%) ethanol was added and kept at room 
temperature for 5 min. The mixture was centrifuged for 20 min at 
14,000 × g and supernatant was carefully discarded. The pellet was 
washed carefully with 200 µl of 70% ice cold ethanol, followed by 
100% ice cold ethanol. The tubes were dried using a speed-vac. The 
DNA was re-suspended in 100 µl of Tris-EDTA buffer (Collins et al. 
1987).

Molecular Identification of An. gambiae and Cx. 
pipiens mosquitoes complex
Molecular identification of mosquito samples was carried out according 
to the method described by (Collins et al. 1987) for An. gambiae, 
four primers including, ME (TGACCAACCCACTCCCTTGA), 
AR (AAGTGTCCTTCTCCATCCTA), QD (CAGACCAAGAT 
GGTTAGTAT), UN A  (GTGTGCCCCTTCCTCGATGT), GA 
(CTGGTTTGGTCGGCACGTTT) were used, this was done to 
identify sibling species of the An. gambiae s.s. complex.

For Culex; Three primers, ACEquin (5′-CCTTCTTGAATGGC
TGTGGCA-3′), ACEpip(GGAAACAACGACGTATGTACT-3′ and 
B1246s (5′TGGAGCCTCCTCTTCACGG-3′) were used to amplify 
a 274 bp diagnostic fragment of the extracted DNA according to 
(Smith and Fonseca 2004). This was done to identify two members 
of Culex pipiens complex which are; Culex quinquefasciatus Say 
(Diptera: Culicidae) and Culex pipiens L. Gel electrophoresis was 
used to analyze the amplified fragments using 1.5% agarose gels 
and were visualized by ethidium bromide staining under Ultra Violet 
light (UV light).

Detection of kdr Mutation
kdr assay were carried out as described by (Martinez-Torres 
et  al. 1998). For the PCR assays, primers used were: Agd1(5′-
ATAGATTCCCCGACCATG-3′), Agd2(5′AGACAAGGATGATGA
ACC-3′), Agd3(5′-AATTTGCATTACTTACGACA-3′) and Agd4(5′-
CTGTAGTGATAGGAAATTTA-3′). The PCR conditions included 
initial denaturation at 95°C for 5 min, then 40 cycles at 95°C for 
1 min, 48°C for 2 min, 72°C for 2 min. Final extension was at 72°C 
for 10 min, and hold at 10°C.
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The PCR reactions were conducted by adding 12.5 µl of PCR 
master mix containing 1×PCR buffer which is made up of 1.5 mM 
MgCl2, 0.2 mM of each dNTP, 0.4 µM of each primer, one unit of 
Taq polymerase, and 1 µl of genomic DNA into each 20 µl tube. 10 µl 
of PCR product with 1ul of loading buffer and 10 µl of standard 
markers per gel were loaded into each well of the prepared agarose 
gels. Gel electrophoresis was used to analyze the amplified fragments 
using 1.5% agarose gels and were visualized by ethidium bromide 
staining under UV light.

Data Analysis
Insecticide susceptibility was based on the criteria that 98–100% 
mortality of mosquito indicates susceptibility, 80–97% mortality 
implies potential resistance that needs to be confirmed via biochemical 
assays, and <80% mortality implies resistance (WHO 2016). Regression 
probit analysis was used to compute KDT50 and KDT95. Chi-square 
analysis was used to compare percentage mortality between insecticide 
only and PBO + insecticide. All data analyses were computed using 
Microsoft Excel version 2016 and IBM SPSS Statistics 23.

Results

Results from WHO insecticide resistance bioassays showed that both 
An. gambiae and Cx. quinquefasciatus in Kosofe LGA are resistant 
to DDT (4%) and deltamethrin (0.05%) insecticides. Percentage 
mortalities after 24 h was 18 and 17% for An. gambiae, and 1 and 
5% for Cx. quinquefasciatus to DDT and deltamethrin, respectively. 
An. gambiae exposed to deltamethrin had the highest percentage 
knockdown after 60  min with 51%, while Cx. quinquefasciatus 
exposed to both DDT and deltamethrin had the lowest percentages 
of 1%. PBO synergistic assays for both DDT and deltamethrin 
showed significant increases (P > 0.01) in the 24 h percentage mor-
tality for Cx. quinquefasciatus and An. gambiae. KDT50 and KDT95 
for PBO plus assayed insecticides was lower than that of insecticide 
only, the lowest KDT50 of 37.6 min and 59.6 min recorded in PBO 
+ deltamethrin for both Cx. quinquefasciatus and An. gambiae, re-
spectively (Table 1). kdr allele frequencies of 27.5% was recorded 
in the An. gambiae resistant to DDT and deltamethrin in this study, 
22.2% for homozygote resistant (RR) and 6.9% for heterozygote 
resistant (RS). No kdr alleles were detected in Cx. quinquefasciatus 
resistant to DDT and deltamethrin (Table 2). Figures 1 and 2 com-
pare the percentage progressive knockdown of resistant populations 
of An. gambiae and Cx. quinquefasciatus to DDT and deltamethrin 
with that of PBO plus insecticide assays. All except deltamethrin and 
PBO + deltamethrin for An. gambiae showed higher knockdown for 
the 60-min exposure period, and the final mortality after the 24-h 
holding period for deltamethrin was reduced compared to what was 
recorded for the 60-min exposure period.

Discussion

Increasing mosquito resistance to DDT and pyrethroid insecticides 
could be detrimental to the Roll Back Malaria (RBM), Sustainable 
Development Goals (SDGs), and WHO Action and Investment against 
Malaria (AIM) goal of reducing malaria incidence and mortality rate 
by 90% in the year 2030 (WHO 2015, 2017a, 2017b), and also the 
control of other mosquito-borne diseases. In this study, high levels of 
resistance were recorded in An. gambiae and Cx. quinquefasciatus 
to DDT and deltamethrin. Similarly, mosquitoes resistant to DDT 
and pyrethroid insecticides have been widely reported in southern 
Nigeria (Awolola et al. 2009, Oduola et al. 2010). Indiscriminate use 
of pyrethroids has led to ineffectiveness of vector control activities as 
a result of selection pressure. Mosquitoes that are already resistant to 
DDT used for agriculture or public heath purposes can easily develop 
resistance to pyrethroid due to cross resistance (Wan-Norafikah et al. 
2013, Dadzie et al. 2017). Resistance to DDT and pyrethroids is of 
major concern, especially in malaria vector control considering that 
IRS and LLINs are the main vector control tools.

Results in this study showed that the kdr mutation was present 
in An. gambiae with homozygote (RR) and heterozygote (RS) alleles 
present in resistant populations, similar to previous reports in West 
Africa (Awolola et  al. 2007, 2009; Corbel et  al. 2007). The kdr 
allele frequency in DDT and permethrin resistant mosquitoes in this 
study significantly departs from the Hardy–Weinberg expectation at 
the 95% confidence level, and this may be related to heterozygote 
deficits. Target site protein mutations are likely the best-understood 
resistance mechanism found in insects to pyrethroids and DDT 
(Nkya et al. 2013). These changes in target sites are widely referred 
to as ‘kdr’ mutations because they have been associated with the 
reduction in the knockdown effect of the insecticide.

No kdr mutation was found in Cx. quinquefasciatus resistant to 
DDT and deltamethrin, though some previous reports in different 
parts of Africa have reported kdr mutations in DDT and pyrethroid 
resistant Cx. quinquefasciatus in Benin Republic (Yadouléton et al. 
2015), Zanizibar (Jones et al. 2012), and Cx. pipiens in Morocco 
(Tmimi et al. 2018).

The study showed that PBO synergist significantly suppresses 
the resistance of An. gambiae and Cx. quinquefasciatus to DDT and 
deltamethrin. The combination of PBO and deltamethrin achieved 
faster knockdown rates compared to PBO plus DDT, as KDT50 of 
37.6 min and 59.6 min was recorded for Cx. quinquefasciatus and 
An. gambiae s.s., respectively. Similar to several previous studies from 
around the world, PBO has significantly increased the susceptibility of 
resistant mosquitoes, e.g., An. gambiae s.s. showed increased suscep-
tibility to pyrethroid insecticides in Ghana (Dadzie et al. 2017) and 
Cote d’Ivoire (Chouaïbou et al. 2014), increased susceptibility to DDT 
and permethrin in An. gambiae in Benin Republic (Aïzoun et al. 2014), 
increased susceptibility of Cx. quinquefasciatus larvae to permethrin 

Table 1.  Knockdown times and percentage mortality of Anopheles gambiae and Culex quinquefasciatus mosquitoes exposed to DDT and 
deltamethrin in Kosofe LGA, Lagos State

Mosquito species Insecticide Number exposed (N) KDT50 (min) KDT95 (min) Mortality (%) after 24 h P value Status

An. gambiae s.s. DDT 100 663.4 14219.1 18 0.003 Resistant

PBO + DDT 100 144.1 4015.3 41  
Deltamethtrin 100 91.8 563 17 0.000 Resistant
PBO + deltamethrin 100 59.6 144.1 80  

Cx. quinquefasciatus DDT 100 679 3,719 1 0.000 Resistant
PBO + DDT 100 170.8 2132.2 27  
Deltamethtrin 100 183 726 5 0.00 Resistant
PBO + deltamethrin 100 37.6 198.7 57  
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in Malaysia (Wan-Norafikah et al. 2013), and Anopheles, Culex, and 
Aedes larvae in India (Vijayan et al. 2007, Fakoorziba et al. 2009). 
PBO is one of the chemical synergists available, which when used in 
combination with insecticides acts by inhibiting enzymes in the nat-
ural metabolic defense system of insects. PBO is a well-known inhib-
itor of cytochrome P450 mono-oxygenases (Hemingway and Ranson 
2000, Gleave et  al. 2017, Protopopoff et  al. 2018). In recent study 
in Kagera, Tanzania, a malaria endemic area that has also recorded 
insecticide resistance to pyrethroids, vector control measures where 
PBO synergist was incorporated in pyrethroid used for LLINs and 
IRS showed a reduction in the incidence and transmission of malaria 
compared to areas where pyrethroid control measures were deployed 
without PBO synergist (Protopopoff et al. 2018).

The results from the PBO synergistic assay carried in the study 
indicated that metabolic enzymes could largely be responsible for the 
resistance phenotype observed in the mosquito populations, as higher 
percentage progressive knockdown and 24-h mortality was recorded 
in An. gambiae and Cx. quinquefasciatus. Target site and metabolic 
resistance mechanisms are primarily responsible for the resistance 

phenotype in An. Gambiae, but mainly metabolic resistance is evident 
in Cx. quinquefasciatus. Similarly, a study from Chad in Central Africa 
has reported the cytochrome P450 gene (CYP6P4) to be responsible 
for high pyrethroid resistance in kdr-free Anopheles arabiensis Patton 
(Ibrahim et al. 2016). Multiple resistance mechanisms involving target 
site mutations and enzyme detoxification have reported in DDT and 
pyrethrois resistant Cx. quinquefasciatus and An. gambiae (Corbel 
et al. 2007, Awolola et al. 2009, Delannay et al. 2018).

There is a need for further investigation into other possible resist-
ance mechanisms, especially in Cx. quinquefasciatus, as in our study 
area 100% mortality was not recorded even in the PBO-synergized 
assay. Other voltage sensitive sodium channel (vssc) mutations such 
as an L1014C mutation have been reported in Cx. pipiens molestus 
in China and a V1016G mutation in Saudi Arabia (Scott et al. 2015). 
Also the role of other detoxifying enzymes, especially esterases, in 
DDT and pyrethroid resistance need to be investigated. Pyrethroid 
and DDT insecticide resistance could be detrimental to the control of 
malaria and other mosquito-borne diseases control, Therefore, proper 
insecticide resistance management is urgently needed and the use of 

Table 2.  Frequency of kdr allele and genotype in Anopheles gambiae s.s. and Culex quinqufasciatus mosquitoes exposed to DDT and 
deltamethrin in Kosofe LGA, Lagos State

Mosquito species Insecticides Number (N) kdr genotype (N) Allele frequency F (%) H–W P value

RR RS

An. gambiae s.s. DDT 36 7 3 0.000 0.257

Deltamethrin 36 9 2  
Total 72 16 (22.2%) 5 (6.9%)  

Cx. quinquefasciatus DDT 36 - -  0
Deltamethrin 36 - -  
Total 72 - -   

H–W is the probability of the exact test for goodness of fit to Hardy–Weinberg equilibrium; P significant at <0.05.
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Fig. 1.  Comparison between percentage knockdown of An. gambiae s.s. exposed to insecticides and PBO + insecticide.
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Fig. 2.  Comparison between percentage knockdown of Cx. quinquefasciatus exposed to insecticides and PBO + insecticide.
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PBO synergist plus pyrethroid and DDT should be encouraged in 
LLINs and IRS to enhance the effectiveness of mosquito control.

Acknowledgments
This work was supported by the central research grant of the University of 
Lagos, Nigeria CRC 2017/08.

References Cited
Aïzoun, N., R. Aïkpon, V. Gnanguenon, R. Azondekon, F. Oké-, G. G. Padonou, 

and M. Akogbéto. 2014. Dynamics of insecticide resistance and effect of 
synergists piperonyl butoxide (PBO), S. S . S- tributylphosphorotrithioate 
(DEF) and ethacrynic acid (ETAA or EA) on permethrin, deltamethrin and 
dichlorodiphenyltrichloroethane (DDT) resistance i. J. Parasitol. Vector 
Biol. 6: 1–10.

Awolola, T. S., A. O. Oduola, I. O. Oyewole, J. B. Obansa, C. N. Amajoh, L. L. 
Koekemoer, and M. Coetzee. 2007. Dynamics of knockdown pyrethroid 
insecticide resistance alleles in a field population of Anopheles gambiae s.s. 
in southwestern Nigeria. J. Vector Borne Dis. 44: 181–188.

Awolola, T.  S., O. A. Oduola, C. Strode, L. L. Koekemoer, B. Brooke, and 
H. Ranson. 2009. Evidence of multiple pyrethroid resistance mechanisms 
in the malaria vector Anopheles gambiae sensu stricto from Nigeria. Trans. 
R. Soc. Trop. Med. Hyg. 103: 1139–1145.

Ayeni,  O.  A. 2014. The challenge of water supply in urban lagos under 
increasing climatic variability. J. Geogr. Issues. 2: 93–104.

Brogdon, W. G., and J. C. McAllister. 1998. Insecticide resistance and vector 
control. Emerg. Infect. Dis. 4: 605–613.

Chouaïbou, M., G. B. Zivanovic, T. B. Knox, H. P. Jamet, and B. Bonfoh. 
2014. Synergist bioassays: a simple method for initial metabolic resistance 
investigation of field Anopheles gambiae s.l. populations. Acta Trop. 130: 
108–111.

Collins, F. H., M. A. Mendez, M. O. Rasmussen, P. C. Mehaffey, N. J. Besansky, 
and V. Finnerty. 1987. A ribosomal RNA gene probe differentiates member 
species of the Anopheles gambiae complex. Am. J. Trop. Med. Hyg. 37: 37–41.

Corbel, V., and R. N’Guessan. 2013. Distribution, mechanisms, impact and 
management of insecticide resistance in malaria vectors: a pragmatic re-
view, pp. 580–633. In Manguin, S. (ed.), Anopheles mosquitoes—New 
insights into malaria vectors. InTech, Rijeka, Croatia.

Corbel,  V.,  R. N’Guessan,  C. Brengues,  F. Chandre,  L. Djogbenou,  T. 
Martin, M. Akogbéto, J. M. Hougard, and M. Rowland. 2007. Multiple 
insecticide resistance mechanisms in Anopheles gambiae and Culex 
quinquefasciatus from Benin, West Africa. Acta Trop. 101: 207–216.

Dadzie, S. K., J. Chabi, A. Asafu-Adjaye, O. Owusu-Akrofi, A. Baffoe-Wilmot, 
K. Malm, C. Bart-Plange, S. Coleman, M. A. Appawu, and D. A. Boakye. 
2017. Evaluation of piperonyl butoxide in enhancing the efficacy of py-
rethroid insecticides against resistant Anopheles gambiae s.l. in Ghana. 
Malar. J. 16: 1–11.

Delannay, C., D. Goindin, K. Kellaou, C. Ramdini, J. Gustave, and A. Vega-
Rúa. 2018. Multiple insecticide resistance in Culex quinquefasciatus 
populations from Guadeloupe (French West Indies) and associated 
mechanisms. PLoS One. 13: 1–16.

Escamilla, V., A. Alker, L. Dandalo, J. J. Juliano, W. C. Miller, P. Kamthuza, 
T. Tembo, G. Tegha, F. Martinson, M. Emch, and I. F. Hoffman. 2017. 
Effects of community-level bed net coverage on malaria morbidity in 
Lilongwe, Malawi. Malar. J. 16: 1–9.

Fakoorziba,  M.  R.,  F. Eghbal, and V.  A.  Vijayan. 2009. Synergist efficacy 
of piperonyl butoxide with deltamethrin as pyrethroid insecticide on 
Culex tritaeniorhynchus (Diptera: Culicidae) and other mosquito species. 
Environ. Toxicol. 24: 19–24.

Gleave,  K., N.  Lissenden, M.  Richardson, and H.  Ranson. 2017. Piperonyl 
butoxide (PBO) combined with pyrethroids in long-lasting insecticidal nets 
(LLINs) to prevent malaria in Africa. Cochrane Database Syst. Rev. 8: 1–18.

Hemingway, J., and H. Ranson. 2000. Insecticide resistance in insect vectors of 
human disease. Annu. Rev. Entomol. 45: 371–391.

Hemingway, J., N. J. Hawkes, L. McCarroll, and H. Ranson. 2004. The mo-
lecular basis of insecticide resistance in mosquitoes. Insect Biochem. Mol. 
Biol. 34: 653–665.

Ibrahim, S. S., J. M. Riveron, R. Stott, H. Irving, and C. S. Wondji. 2016. The 
cytochrome P450 CYP6P4 is responsible for the high pyrethroid resistance 
in knockdown resistance-free Anopheles arabiensis. Insect Biochem. Mol. 
Biol. 68: 23–32.

Jones,  C.  M.,  C. Machin,  K. Mohammed,  S. Majambere,  A.  S. Ali,  B.  O. 
Khatib, J. McHa, H. Ranson, and L. A. Kelly-Hope. 2012. Insecticide re-
sistance in Culex quinquefasciatus from Zanzibar: implications for vector 
control programmes. Parasit. Vectors. 5: 78.

Liu, N. 2015. Insecticide resistance in mosquitoes: impact, mechanisms, and 
research directions. Annu. Rev. Entomol. 60: 537–559.

Martinez-Torres, D., F. Chandre, M. S. Williamson, F. Darriet, J. B. Bergé, A. L. 
Devonshire, P. Guillet, N. Pasteur, and D. Pauron. 1998. Molecular charac-
terization of pyrethroid knockdown resistance (kdr) in the major malaria 
vector Anopheles gambiae s.s. Insect Mol. Biol. 7: 179–184.

Nkya, T. E., I. Akhouayri, W. Kisinza, and J. P. David. 2013. Impact of envi-
ronment on mosquito response to pyrethroid insecticides: facts, evidences 
and prospects. Insect Biochem. Mol. Biol. 43: 407–416.

Oduola, A. O., J. B. Olojede, C. O. Ashiegbu, A. Olufemi, O. A. Otubanjo, 
and T.  S.  Awolola. 2010. High level of DDT resistance in the Malaria 
Mosquito : anopheles gambiae S. L . From Rural, semi urban and urban 
communities in nigeria. J. Rural Trop. Public Heal. 9: 114–120.

Okorie, P. N., K. O. Popoola, O. M. Awobifa, K. T. Ibrahim, and G. O. Ademowo. 
2014. Species composition and temporal distribution of mosquito populations 
in Ibadan, Southwestern Nigeria. J. Entomol. Zool. Stud. 2: 164–169.

Protopopoff, N., J. F. Mosha, E. Lukole, J. D. Charlwood, A. Wright, C. D. 
Mwalimu, A. Manjurano, F. W. Mosha, W. Kisinza, I. Kleinschmidt, et al. 
2018. Effectiveness of a long-lasting piperonyl butoxide-treated insecti-
cidal net and indoor residual spray interventions, separately and together, 
against malaria transmitted by pyrethroid-resistant mosquitoes: a cluster, 
randomised controlled, two-by-two factorial design trial. Lancet. 391: 
1577–1588.

Scott, J. G., M. Hardstone, and S. Kasai. 2015. Pyrethroid resistance in Culex 
pipiens mosquitoes. Pestic. Biochem. Physiol. 120: 68–76.

Smith,  J.  L., and D.  M.  Fonseca. 2004. Rapid assays for identification of 
members of the Culex (Culex) pipiens complex, their hybrids, and other 
sibling species (Diptera: Culicidae). Am. J. Trop. Med. Hyg. 70: 339–345.

Soko, W., M. J. Chimbari, and S. Mukaratirwa. 2015. Insecticide resistance in malaria-
transmitting mosquitoes in Zimbabwe: a review. Infect. Dis. Poverty. 4: 46.

Tmimi, F. Z., C. Faraj, M. Bkhache, K. Mounaji, A. B. Failloux, and M. Sarih. 
2018. Insecticide resistance and target site mutations (G119S ace-1 and 
L1014F kdr) of Culex pipiens in Morocco. Parasites and Vectors. 11: 1–9.

Vijayan, V. A., B. Y. Sathish Kumar, K. N. Ganesh, J. Urmila, M. R. Fakoorziba, 
and A. K. Makkapati. 2007. Efficacy of piperonyl butoxide (PBO) as a 
synergist with deltamethrin on five species of mosquitoes. J. Commun. Dis. 
39: 159–163.

Wan-Norafikah, O., W. A. Nazni, H. L. Lee, P. Zainol-Ariffin, and M. Sofian-
Azirun. 2013. Development of permethrin resistance in Culex quinquefasciatus 
Say in Kuala Lumpur, Malaysia. Saudi J. Biol. Sci. 20: 241–250.

WHO. 2006. Malaria vector control and personal protection. WHO Tech. 
Rep. Ser. 936: 1–72.

WHO. 2007. Insecticide-treated mosquito nets: a WHO position statement. 
World Heal. Organ. Glob. Malar. Program. World Health Organisation. 
Geneva, Switzerland.

WHO. 2011. World Malaria Report 2011. World Malar. Rep. World Health 
Organisation. Geneva, Switzerland.

WHO. 2015. Global technical strategy for malaria 2016–2030.  World Health 
Organisation. Geneva, Switzerland.

WHO. 2016. Test procedures for insecticide resistance monitoring in ma-
laria vector mosquitoes. World Heal. Organ. Tech. Rep. Ser. World Health 
Organisation. Geneva, Switzerland.

WHO. 2017a. Global vector control response 2017–2030. World Health 
Organisation. Geneva, Switzerland.

WHO. 2017b. World Malaria Report 2017. World Health Organisation. 
Geneva, Switzerland.

WHO. 2018. Malaria surveillance, monitoring & evaluation: a reference 
manual. World Health Organisation. Geneva, Switzerland.

Yadouléton, A., K. Badirou, R. Agbanrin, H. Jöst, R. Attolou, R. Srinivasan, 
G. Padonou, and M. Akogbéto. 2015. Insecticide resistance status in Culex 
quinquefasciatus in Benin. Parasites and Vectors. 8: 4–9.

Downloaded From: https://bioone.org/journals/Journal-of-Medical-Entomology on 17 Apr 2024
Terms of Use: https://bioone.org/terms-of-use


