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Pyrethroid insecticides are commonly used to control Aedes aegypti, an important human 

disease vector; however, insecticide resistance is spreading rapidly amongst this mosquito 

species. Interactions between the two major mechanisms of pyrethroid resistance, 

cytochrome-P450-monooxygenases (CYPs)-mediated detoxification and voltage-sensitive 

sodium channel (Vssc) target gene modifications (known as kdr), can influence the rate that 

pyrethroid resistance evolves and therefore, influence the level of resistance in a population. 

Little is known about the evolution of the individual resistance mechanisms. Few studies have 

looked at how the interaction between the mechanisms affect resistance and none have 

compared how this interaction affects fitness. My goal was to study this interaction in two 

ways: how the mechanisms interact both in the presence of insecticides (i.e. their levels of 

resistance) and in the absence of insecticides (i.e. their fitness costs). I used three congenic 

strains containing the different resistance mechanisms alone and in combination: CYP:ROCK 

(CR) that contains only CYP-mediated detoxification; KDR:ROCK (KR) that contains only 

kdr; and CYP+KDR:ROCK (CKR) that contains both kdr and CYP-mediated resistance. I 

then assessed the resistance and cross-resistance of several pyrethroids and found that 

resistance varied by insecticide. In general, kdr confers greater resistance than CYPs and in 

combination, the resistance effect is greater-than-additive. Measuring fitness can be 

challenging because different types of experiments can resolve fitness costs differently, and 
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synthesis of these results can be difficult. Here, I evaluated the fitness costs based on both 

specific fitness parameters (i.e. life table and mating competition), and by measuring overall 

fitness via an allele-competition study. Our life table results show a strong cost in the strains 

containing CYP-mediated resistance (CR and CKR), but not for kdr (KR). CKR males had a 

reduced mating success relative to ROCK males when attempting to mate with ROCK 

females. The allele-competition study results showed a significant decline in the kdr allele 

both in the presence and absence of CYP-mediated resistance, indicating a high cost for this 

allele. I found no correlation between the level of insecticide resistance conferred by the 

different mechanisms and their fitness cost. Understanding fitness costs is important for 

resistance management practices because it helps determine whether and how quickly 

resistance will be lost after pesticide application has ceased. 
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CHAPTER 1 

PYRETHROID RESISTANCE IN AEDES AEGYPTI AND AEDES ALBOPICTUS: 

IMPORTANT MOSQUITO VECTORS OF HUMAN DISEASES5 

 

Authors: Letícia B. Smith, Shinji Kasai and Jeffrey G. Scott 

 

Abstract 

Aedes aegypti and Ae. albopictus mosquitoes are vectors of important human 

diseases, including dengue, yellow fever, chikungunya and Zika viruses. Pyrethroid 

insecticides are widely used to control adult Aedes mosquitoes, especially during disease 

outbreaks. Herein, we review the status of pyrethroid resistance in Ae. aegypti and Ae. 

albopictus, mechanisms of resistance, fitness costs associated with resistance alleles and 

provide suggestions for future research. The widespread use of pyrethroids has given rise to 

many populations with varying levels of resistance worldwide, albeit with substantial 

geographical variation. In adult Ae. aegypti and Ae. albopictus, resistance levels are 

generally lower in Asia, Africa and the USA, and higher in Latin America, although there 

are exceptions. Susceptible populations still exist in several areas of the world, particularly 

in Asia and South America. Resistance to pyrethroids in larvae is also geographically 

widespread. The two major mechanisms of pyrethroid resistance are increased detoxification 

due to P450-monooxygenases, and mutations in the voltage sensitive sodium channel (Vssc) 

gene. Several P450s have been putatively associated with insecticide resistance, but the 

                                                 
5 Published: Smith, L., Kasai, S. and Scott, J. Oct 2016. Pyrethroid resistance in Aedes aegypti and Aedes 

albopictus: Important mosquito vectors of human diseases. Pest Biochem Physiol 133: 1-12 

(doi:10.1016/j.pestbp.2016.03.005) 
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specific P450s involved are not fully elucidated. Pyrethroid resistance can be due to single 

mutations or combinations of mutations in Vssc. The presence of multiple Vssc mutations 

can lead to extremely high levels of resistance. Suggestions for future research needs are 

presented.   
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1.1. Aedes aegypti and Ae. albopictus 

Importance 

Mosquitoes are the vectors of numerous human pathogens that kill or debilitate 

millions of humans each year. With the introduction of synthetic insecticides for vector 

control in the 1940s and 1950s many areas of the world saw a large decrease in the 

prevalence of vector-borne diseases. However, the incidence of vector-borne diseases is 

increasing. We are currently experiencing a global pandemic of diseases such as dengue, and 

other viral infections transmitted by mosquitoes [1].  

Ae. aegypti and Ae. albopictus are vectors of four important human disease viruses: 

dengue, yellow fever, chikungunya and Zika. It is estimated that dengue, a flu-like illness, is 

a risk to over 40% of the world’s population. There are an estimated 50 to 100 million 

dengue virus infections a year worldwide [2-4]. Recently a dengue vaccine (CYD-TDV) has 

completed Phase III trials in five countries in Latin America: Brazil, Colombia, Honduras, 

Mexico, and Puerto Rico [5] and was approved for use in Mexico, the Philippines, and 

Brazil. The Sanofi Pasteur CYD-TDV vaccine (Dengvaxia®) efficacy is 65.6% for people 

over nine years of age and 44.6% for children younger than nine years [6]. A more effective 

vaccine may be available in the near future as two other vaccines are currently in clinical 

stages of development: TV003 (NIAID/Institute Butantan) and TDV (Takeda). Yellow 

fever, like dengue, is a viral hemorrhagic fever. This can be a lethal disease if not properly 

cared for and despite the existence of a preventative vaccine, there are still about 200,000 

cases and 30,000 deaths of yellow fever worldwide each year [7]. Chikungunya and Zika 

viruses are new to the Americas as of 2013 [7] and 2015 [8], respectively. More than a 

million cases of chikungunya fever were reported during the outbreak between 2005 and 
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2006 in the countries around the Indian Ocean. Previously, Ae. aegypti was the primary 

vector of this disease. However, the chikungunya virus which is responsible for the recent 

outbreak has an amino acid substitution in the E1 envelope glycoprotein (A226V), which 

increased (>100-fold) transmissibility by Ae. albopictus [9]. Both Ae. aegypti and Ae. 

albopictus produce infectious chikungunya particles in the saliva only two days after oral 

infection with the virus [10]. Therefore, both Ae. aegypti and Ae. albopictus are considered 

the major vectors for this disease. Chikungunya fever is no longer the disease of developing 

or low-income countries and can be endemic even in the wealthy and developed countries of 

temperate regions. In 2007, nearly 300 infected cases of chikungunya fever were reported 

from Italy and in 2010, autochthonous transmission of this disease was also recorded in 

France. In both cases Ae. albopictus was implicated with transmitting the virus. Zika virus is 

transmitted by Aedes mosquitoes [11, 12] and this disease has generated a great deal of 

human health concern since it reached the Americas in 2014 because of its rapid spread and 

associations with microcephaly and Guillain-Barré syndrome [13].   

Ae. aegypti are presently found in Africa, South and Central America, southern North 

America, Middle East, Southeast Asia, Pacific and Indian Islands, northern Australia, and 

sporadically in Europe. Ae. albopictus was originally native to Southeast Asia, but spread 

throughout the world (including the Americas and several European and African countries) 

with imported used tires and other artificial goods. Because these mosquitoes have a wide 

global distribution and thrive in urban environments, they pose a serious risk to human 

health, and therefore, controlling Aedes remains an important means to reduce disease 

transmission. 
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Biology 

Ae. aegypti is the primary vector of the dengue virus and a common urban mosquito 

in endemic regions. They can lay their eggs in any structure that holds water, facilitating 

their cohabitation with humans. Originating in Africa and distributed by early sailing ships 

before 1650, Ae. aegypti is a peri-domestic mosquito that feeds preferentially on human 

blood [14, 15]. They prefer to feed at dusk and fly low, generally biting people in the ankles 

and calves [14].  

Prior to the 1980’s Ae. albopictus, having originated in Southeast Asia, was believed to 

inhabit only regions of oriental Asia, Hawaiian Islands, and the Indian and Pacific Oceans 

Islands [16]. The first Western Hemisphere infestation of Ae. albopictus was reported in and 

around Houston, Texas in 1985 [17]. One year later, this mosquito was first reported in the 

Brazillian state of Espírito Santo and has since spread globally, including Europe and 

mainland Africa [18]. Although still a peri-domestic mosquito species, Ae. albopictus is less 

urbanized than Ae. aegypti and is more commonly found in suburban and rural areas with 

plentiful vegetation, yet surrounded by buildings [16, 19, 20]. Like Ae. aegypti, Ae. 

albopictus eggs can withstand long periods of dessication [21, 22] and strains that exist in 

higher latitudes are capable of diapause [23]. Ae. albopictus, in it’s northernmost regions, 

overwinters in the egg state [16, 24]. This egg diapause is triggered primarily by shorter day 

lenghts, but colder temperatures also enhances this response [16]. For this reason, Ae. 

albopictus can persist in colder climates, such as Beijing, China, and Chicago, USA, and has 

a northern limit at about a -5°C isotherm [20, 23]. The geographic range of Ae. albopictus 

was found to expand northward in Japan between 1998 and 2000 [25], suggesting that 

changes in annual mean temperature could lead to an expansion in the habitat of Aedes 
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mosquitoes. Ae. albopictus feeds preferentially on humans, and unlike Ae. aegypti, it is an 

oportunistic feeder and will readilly get most of it’s blood source from the most abundant 

host [26, 27]. Ae. albopictus are daytime biters, especially in early morning and evening, and 

typically bite outdoors [28]. In contrast to Ae. aegypti, Ae. albopictus is capable of 

producing eggs from even extremely small blood meals (as low as 0.1 μl) [29].  

 

Control 

Vector control efforts have been successfully used for decades to combat vector-

borne human disease, primarily with the use of insecticides. Insecticides are particularly 

useful because of their efficacy and their relatively fast action and have had some very 

notable successes against Ae. aegypti. For example, in 1947 the Pan American Health 

Organization, armed with DDT, initiated a campaign in the Western Hemisphere to 

eradicate Ae. aegypti. By 1972, Ae. aegypti had been eradicated from 73% of the land area 

and 19 countries [30, 31]. Eventually DDT resistance was recognized as a serious problem 

[32] and the campaign ended in 1972 before eradication goals were achieved. Control of Ae. 

aegypti currently relies on habitat management (to reduce larval breeding sites) and use of 

insecticides. Repellents may also be useful for avoiding mosquito bites. 

The sustainability of vector control with insecticides faces two major limitations. 

First is the development of resistance. Second is the limited number of new insecticides 

being commercialized for vector control. As a consequence, few insecticides remain 

available for vector control today [33, 34] and very few new insecticides are likely to be 

available in the near future. Thus, every insecticide currently available for vector control 

must be used carefully in order to slow the evolution of resistance.  
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While novel methods of vector control involving genetically modified mosquitoes 

are under discussion [35, 36], and being tested, the time when this technology will be 

practical and accepted by local cultures is not clear [37]. Other strategies for control of 

insect vectors are available (biological control, cultural control, etc.). However, they are 

usually insufficient as the sole strategy for vector control, and are not appropriate if there is 

a disease outbreak and vector control must be an immediate priority. Thus, insecticides will 

have a place in vector management programs for the foreseeable future and insecticides may 

always be the tools of choice for saving human lives during an emergency epidemic. 

Common chemical methods of controlling mosquito populations are through indoor 

residual treatments, use of larvicides, space treatments, and insecticide-treated nets [38]. 

There are four common classes of insecticides used for control of adult Aedes mosquitoes: 

organophosphates (OPs), carbamates, pyrethroids, and organochlorines [39, 40]. Of these, 

pyrethroids and OPs are the most widely used for the control of adult mosquito populations 

worldwide [39, 41-43]. Indoor residual treatments can be done with any of the four classes 

of insecticides, although pyrethroids are the most commonly used against dengue vectors 

[38, 39, 41]. Organophosphates are the most common class of insecticides used both as 

larvicides and space treatments [39]. Pyrethroids are currently the only insecticides used for 

the treatment of nets [38]. 

 

1.2. Pyrethroid insecticides 

Pyrethroid insecticides are neurotoxins that interact with the voltage sensitive 

sodium channel (VSSC). Insect sodium channels are more sensitive to pyrethroids than 

mammalian sodium channels [44]. Pyrethroids exert their toxic effect by prolonging the 



 

8 

 

opening of the voltage sensitive sodium channel [45-47]. Pyrethroids can be classified as 

Type I, Type II or intermediate using a variety of criteria [48-50]. In general, Type I 

pyrethroids lack an α-cyano group, whereas Type II pyrethroids have an α-cyano-3-

phenoxybenzyl group [48-50]. However, the distinction is not always clear cut. Some 

pyrethroids exhibit intermediate types of action (Supplemental Figure 1), or can be variably 

classified depending on the criteria used [49, 50]. There are marked differences in the 

kinetics of pyrethroid interaction with the VSSC between pyrethroids with primarily Type I 

versus those with primarily Type II action [51].  

Pyrethroids are composed of both optical and geometric isomers that influence 

toxicity. Trans isomers are generally less toxic than cis isomers because they can be more 

readily metabolized through the hydrolysis of the ester linkage [52]. Optical and geometric 

isomers can also vary in their potency to effect VSSCs, and in terms of the levels of 

resistance observed [53]. 

Pyrethroids are widely used for the control of adult Ae. aegypti and Ae. albopictus. 

Some of the most commonly used are permethrin, deltamethrin, cypermethrin, and 

cyfluthrin for residual and space spray treatments, usually in anticipation of or during an 

epidemic [54]. In addition to space spray treatments, deltamethrin is also used in lethal 

ovitraps, reducing both adult and larvae densities [42]. Deltamethrin, permethrin and λ-

cyhalothrin are also used in insecticide treated materials as window curtains and to cover 

water jars in residential buildings [55, 56]. Permethrin is, or has been, widely used for Ae. 

aegypti control in most southeast Asian countries [57]. Pyrethroids are also commonly used 

in mosquito coils. 
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1.3. Resistance to pyrethroid insecticides 

Distribution and Status  

According to the World Health Organization, insecticide resistance is “the biggest 

single obstacle in the struggle against vector borne disease” [58]. Insecticide resistance is a 

major obstacle to the control of medically significant arthropod pests and will directly 

impact the re-emergence of vector-borne diseases [59, 60]. This problem is geographically 

widespread and has been documented in hundreds of insect and mite species [61]. 

Furthermore, resistance can lead to outbreaks of human diseases when vectors are no longer 

adequately controlled. Although pyrethroid resistance in Aedes mosquitoes has been 

previously reviewed, [62, 63], discoveries are being made at a rapid pace and justify a new 

review of the topic. 

Mosquitoes have developed resistance to virtually every insecticide that has been 

used against them [61, 64]. The challenge of vector control has become increasingly difficult 

as the number of new insecticides in the public health arsenal dwindles. Consequently, 

finding strategies for delaying the development of resistance by mosquito vectors to the few 

available insecticides is critical. To do so, it is essential to identify the mutations responsible 

for resistance in order to design sensitive and precise monitoring programs, to understand 

the population genetics and the evolution of resistance, and to design effective 

countermeasures to slow the development of resistance [65].  

Resistance to pyrethroids in Ae. aegypti and Ae. albopictus is a global problem, 

although there is substantial geographical variation (Tables 1 and 2). In adults, generally 

resistance levels are lower in Asia, Africa and the USA (based on both RRs and % mortality 

values), although there are exceptions (250-fold resistance to deltamethrin in Thailand, 
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[57]). Higher levels of resistance are generally found in the Caribbean, Mexico, and South 

America, but there are exceptions (Table 1). Susceptible populations still exist in several 

areas of the world, particularly in Asia and South America, based on 100% kill being 

achieved using diagnostic concentrations of the insecticides (Table 1). However, it is 

difficult to make many exact comparisons, due to the multiple methods and different 

insecticide concentrations used to evaluate resistance (Table 1). Levels of resistance in 

males and females are usually similar [66]. Resistance to pyrethroids in larval Ae. aegypti 

and Ae. albopictus is geographically widespread (Table 2). In contrast to adults, the highest 

levels of resistance have been reported in larvae from Asia, and lower levels of resistance 

are generally found in the Caribbean. Resistance in Ae. aegypti has been more thoroughly 

studied than in Ae. albopictus (Tables 1 and 2), but for cases in which both species have 

been examined the levels of resistance in adults are generally higher for Ae. aegypti.  
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Table 1. Summary of studies examining resistance in adult Ae. aegypti and Ae. albopictus.  

Region Country species Insecticide Method RR % Mortality 

(concentrationa) 

Collection Reference 

Africa Cameroon aegypti deltamethrin residual   100 (0.06) 2007 [130] 

 Cameroon albopictus deltamethrin residual  83-100 (O.O6) 2007 [130] 

 Cabo Verde aegypti cypermethrin residual  75 2012 [131] 

 Cabo Verde aegypti deltamethrin residual  72 2012 [131] 

 Gabon aegypti deltamethrin residual  100 (0.06) 2007 [130] 

Asia China albopictus deltamethrin topical 3.7-9.0* 

3.7-6.9** 

  [132] 

 China albopictus permethrin topical 5.1-7.7* 

5.1-8.0** 

   

 India aegypti cyfluthrin residual  90 (0.15) 2014 [133] 

 India albopictus cyfluthrin residual  92 (0.15) 2014 [133] 

 India aegypti λ-cyhalothrin residual  81 (0.05) 2014 [133] 

 India albopictus λ-cyhalothrin residual  86 (0.05) 2014 [133] 

 India aegypti deltamethrin residual  100 (0.05) 2014 [133] 

 India albopictus deltamethrin residual  100 (0.05) 2014 [133] 

 India aegypti permethrin residual  85 (0.75) 2014 [133] 

 India albopictus permethrin residual  73 (0.75) 2014 [133] 

 India aegypti permethrin residual 5.1-6#  2012 [67]  

Indonesia aegypti deltamethrin residual 

 

35-71 (0.05) 2011-12 [134]  

Indonesia aegypti permethrin residual 

 

16-21 (0.75) 2011-12 [134] 
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Table 1. Continuation. 

Region Country species Insecticide Method RR % Mortality 

(concentrationa) 

Collection Reference 

Asia Malaysia aegypti deltamethrin residual 

 

0-82 (0.05) 2010 [66]  

Malaysia aegypti permethrin residual 

 

1-59 (0.75) 2010 [66] 

  Malaysia aegypti permethrin residual 4.3-4.5# 

 

2006 [57]  

Malaysia albopictus deltamethrin residual 1.2* 

 

NS [132]  

Malaysia albopictus deltamethrin residual 1.1-1.3** 

 

NS [132]  

Malaysia albopictus deltamethrin topical 3.7-9.0* 

 

NS [132]  

Malaysia albopictus deltamethrin topical 3.7-6.9** 

 

NS [132]  

Malaysia albopictus deltamethrin residual 

 

89-100 (0.05) 2010 [66]  

Malaysia albopictus permethrin residual 1.0* 

 

NS [132]  

Malaysia albopictus permethrin residual 1.0** 

 

NS [132]  

Malaysia albopictus permethrin topical 5.1-7.7* 

 

NS [132]  

Malaysia albopictus permethrin topical 5.1-7.8** 

 

NS [132]  

Malaysia albopictus permethrin residual 

 

81-100 (0.75) 2010 [66]  

Singapore aegypti deltamethrin residual 

 

76 (~1.8b) NS [135]  

Singapore aegypti permethrin residual 12.9* 

 

NS  [136]  

Singapore aegypti permethrin residual 8.9** 

 

NS  [136]  

Singapore albopictus permethrin residual 1.8* 

 

NS  [136]  

Singapore albopictus permethrin residual 2.6** 

 

NS  [136]  

Taiwan aegypti permethrin residual 10-57* 

 

2008 [137]  

Taiwan aegypti permethrin residual 3.4# 

 

2008 [137]  

Thailand aegypti α-cypermethrin residual 

 

86-100 (0.05) 2006-7 [138] 



 

13 

 

Table 1. Continuation. 

Region Country species Insecticide Method RR % Mortality 

(concentrationa) 

Collection Reference 

Asia Thailand aegypti deltamethrin residual 

 

43-99 (0.06) NS [139]  

Thailand aegypti deltamethrin residual 250* 

 

NS  [105]  

Thailand aegypti deltamethrin residual 

 

87-100 (0.05) 2006-7 [138]  

Thailand aegypti deltamethrin residual 

 

82-100 (0.05) 2008 [140]  

Thailand aegypti permethrin residual 

 

5.0-100.0 (0.9) NS [139]  

Thailand aegypti permethrin residual 

 

2-98 (0.25) 2006-7 [138]  

Thailand aegypti permethrin residual 

 

44-96 (0.75) 2008 [140]  

Thailand aegypti λ-cyhalothrin residual 

 

100 (0.05) 2008 [140]  

Thailand albopictus deltamethrin residual 

 

99-100 (0.06) NS [139]  

Thailand albopictus deltamethrin residual 

 

100 (0.05) 2008 [140]  

Thailand albopictus permethrin residual 

 

98-100 (0.9) NS [139]  

Thailand albopictus permethrin residual 

 

78-96 (0.75) 2008 [140]  

Thailand albopictus λ-cyhalothrin residual 

 

100 (0.05) 2008 [140] 

Caribbean Grand 

Cayman 

aegypti deltamethrin residual 29 (0.05) # 

 

2008 [118] 

 

Grand 

Cayman 

aegypti permethrin residual 430 (0.75) # 

 

2008 [118] 

 

Grand 

Cayman 

aegypti λ-cyhalothrin residual >41 (0.05)# 

 

2008 [118] 

 

Martinique aegypti deltamethrin topical 56* 

 

NS [102]  

Martinique aegypti deltamethrin topical 76** 

 

NS [102] 
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Table 1. Continuation. 

Region Country species Insecticide Method RR % Mortality 

(concentrationa) 

Collection Reference 

Caribbean Martinique aegypti deltamethrin residual 

 

6-47 (0.5) NS [141]  

Martinique aegypti deltamethrin residual 0.91-6.71# 

 

2009 [103]  

Martinique aegypti deltamethrin residual 0.8-12## 

 

2009 [103]  

Martinique aegypti deltamethrin residual 32* 

 

NS [142]  

Martinique aegypti deltamethrin residual 68** 

 

NS [142]  

Martinique aegypti pyrethrum residual 

 

1-10 (1) NS [141]  

Martinique aegypti pyrethrum residual 15* 

 

NS [142]  

Martinique aegypti pyrethrum residual 14** 

 

NS [142]  

Puerto Rico aegypti cypermethrin residual >100*** 

 

NS [143]  

Puerto Rico aegypti deltamethrin residual >100***  NS [143]  

Puerto Rico aegypti permethrin     topical 73* 

 

2008 [104]  

Puerto Rico aegypti permethrin residual >100*** 

 

NS [143] 

North America Mexico aegypti α-cypermethrin residual 4.5-680*  2009 [144] 

 Mexico aegypti bifenthrin residual 0.6-35*  2009 [144] 

 Mexico aegypti cypermethrin residual 1.9-29*  2009 [144] 

 Mexico aegypti deltamethrin residual 0.1-19*  2009 [144] 

 Mexico aegypti d-phenothrin residual 0.7-51*  2009 [144] 

 Mexico aegypti permethrin residual 2.6 – 10*  NS [145] 

 Mexico aegypti permethrin residual 2.0-33*  2009 [144] 

 Mexico aegypti Z-cypermethrin residual 2.0-27*  2009 [144] 

 Mexico aegypti λ-cyhalothrin residual 1.4-200*  2009 [144] 
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Table 1. Continuation. 

Region Country species Insecticide Method RR % Mortality 

(concentrationa) 

Collection Reference 

 USA albopictus deltamethrin residual 1.1-1.8#  2011 [146] 

 USA albopictus phenothrin residual 0.8-1.0#  2011 [146] 

 USA albopictus prallethrin residual 0.6-1.2#  2011 [146] 

South America Brazil aegypti cypermethrin residual 

 

51-88 (8ug/bottle) 2002-3 [147]  

Brazil aegypti cypermethrin residual 

 

76-97 (8ug/bottle) 2001 [147]  

Brazil aegypti cypermethrin residual 

 

42-97 (0.1) 1999 [148]  

Brazil aegypti permethrin residual 

 

5-99 (0.25) 1999 [148] 

 Brazil aegypti deltamethrin residual 9.4-47.4*  2010-2011 [149] 

 Brazil aegypti deltamethrin residual 32.5-38.6* 

64.7-112.6** 

 2013 [150] 

 

Colombia aegypti cyfluthrin residual 

 

90-100 (0.15) 2006 [151]  

Colombia aegypti cyfluthrin residual 0.5-34* 

 

2010-12 [152]  

Colombia aegypti deltamethrin residual 

 

90-100 (0.05) 2006 [151]  

Colombia aegypti deltamethrin residual 0.9-38* 

 

2010-12 [152] 

 Colombia aegypti etofenprox residual  99-100 

(6.25μg/bottle) 

2007, 2011 [153] 

 

Colombia aegypti etofenprox residual 

 

0.4-69 (0.5) 2006 [151]  

Colombia aegypti permethrin residual 

 

25-100 (0.75) 2006 [151]  

Colombia aegypti permethrin residual 1.8-18* 

 

2010-12 [152]  

Colombia aegypti λ-cyhalothrin residual 

 

33-96 (0.05) 2006 [151]  

Colombia aegypti λ-cyhalothrin residual 4.9-83* 

 

2010-12 [152] 
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Table 1. Continuation.  

Region Country species Insecticide Method RR % Mortality 

(concentrationa) 

Collection Reference 

South America French 

Guiana 

aegypti deltamethrin residual 750* 

 

NS  [105] 

 

French 

Guiana 

aegypti deltamethrin residual 

 

14-30 (0.06)  [154] 

 

Peru aegypti permethrin residual 2.1* 

 

 [145]  

Venezuela aegypti deltamethrin residual 9.3 – 20* 

 

 [155]  

Venezuela aegypti deltamethrin residual 3.9-9.0* 

 

 [155] 

Only studies using the offspring of field collected insects were included in this table. 

aGiven as % of insecticide on paper unless otherwise stated. Mortality after 24 hr. 

b g/kg bed net 

* RR calculated from either LC50 or LD50 

** RR95 from either LC95 or LD95 

*** RR99 from LC99 

# RR based on LT50 or KT50 values 

## RR based on KT95 values 
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Table 2. Summary of studies examining resistance in larval Ae. aegypti and Ae. albopictus.  

Region Country species Insecticide 
Resistance 

Ratio 

Year 

collected 
Ref. 

Africa Ivory Coast aegypti permethrin 0.8** 1995-1998 [156] 

Asia China aegypti cyhalothrin 4.8-89* 2013  [157] 
 

China aegypti cypermethrin 6.8-89* 2013  [157] 
 

India aegypti deltamethrin 1-5.1* NS [158] 
 

India aegypti deltamethrin 1-6.2** NS [158] 
 

India aegypti λ-cyhalothrin 34* NS [159] 
 

India aegypti λ-cyhalothrin 53** NS [159] 
 

India aegypti λ-cyhalothrin 1-26* NS [158] 
 

India aegypti λ-cyhalothrin 1-373.1** NS [158] 
 

Indonesia aegypti permethrin 59* 1995-1998 [156] 
 

Indonesia aegypti permethrin 1.3-300** 1995-1998 [156] 
 

Malaysia aegypti permethrin 5.3-5.6* 2006 [57] 
 

Singapore aegypti etofenprox 14-34* 2010  [160] 
 

Singapore aegypti permethrin 29-47* 2010  [160] 
 

Thailand aegypti permethrin 8.2-31* 2013 [161] 
 

Thailand aegypti permethrin 10 - 43* 2003-2004 [162] 
 

Thailand aegypti permethrin 13-72** 2003-2004 [162] 
 

Thailand aegypti permethrin 5.4-7** 1995-1998 [156] 
 

Thailand albopictus permethrin 2.9 - 33* 2003-2004 [162] 
 

Thailand albopictus permethrin 2.6-42** 2003-2004 [162] 
 

Vietnam aegypti permethrin 77* 1995-1998 [156] 
 

Vietnam aegypti permethrin 170** 1995-1998 [156] 

Caribbean Cuba aegypti cyfluthrin 6.0* 1997 [163] 
 

Cuba aegypti cyfluthrin 8.3** 1997 [163] 
 

Cuba aegypti cypermethrin 7.2* 1997 [164] 

 Cuba aegypti cypermethrin 7.2* 1997 [163] 

 Cuba aegypti cypermethrin 1.7** 1997 [163] 

 Cuba aegypti deltamethrin 4.7* 1997 [164] 
 

Cuba aegypti deltamethrin 4.8* 1997 [163] 
 

Cuba aegypti deltamethrin 7.6** 1997 [163] 
 

Cuba aegypti λ-cyhalothrin 0.8* 1997 [164] 
 

Martinique aegypti permethrin 35** 1995-1998 [156] 
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Table 2. Continuation. 

Region Country species Insecticide 
Resistance 

Ratio 

Year 

collected 
Ref. 

North 

America 

USA albopictus deltamethrin 2.0-22* 2002 [100] 

USA albopictus permethrin 4.0* 2002 [100] 

South 

America 

Brazil aegypti β-cyfluthrin 2.4* 1997 [165] 

Brazil aegypti β-cyfluthrin 3.9** 1997 [165] 
 

Brazil aegypti cyfluthrin 2.2* 1997 [165] 
 

Brazil aegypti cyfluthrin 2.6** 1997 [165] 
 

Brazil aegypti cypermethrin 27* 2003 [166] 
 

Brazil aegypti cypermethrin 4** 2003 [166] 
 

Brazil aegypti cypermethrin 2.9* 1997 [165] 
 

Brazil aegypti cypermethrin 3.5** 1997 [165] 
 

Brazil aegypti permethrin 4.2* 1995-1998 [156] 
 

Brazil aegypti permethrin 8.6** 1995-1998 [156] 
 

Colombia aegypti λ-cyhalothrin 1.6-23.23* NS  [129] 

 French 

Guiana 
aegypti permethrin 20** 1995-1998 [156] 

 Venezuela aegypti cypermethrin 2.6-4.8* 1997 [164] 

 Venezuela aegypti deltamethrin 1.6-3.7* 1997 [164] 
 

Venezuela aegypti permethrin 6.2-6.9** 1992 [167] 
 

Venezuela aegypti λ-cyhalothrin 6.8-10.4** 1992 [167] 
 

Venezuela aegypti λ-cyhalothrin 0.44-1.2* 1997 [164] 

Oceania 
French 

Polynesia 
aegypti permethrin 4.4** 1995-1998 [156] 

Only studies using the offspring of field collected insects, and reporting resistance relative 

to a susceptible strain, were included in this table. 

* RR calculated from either LC50 or LD50 values 

** RR from either LC95 or LD95 values 
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Mechanisms of resistance to pyrethroid insecticides 

Two major mechanisms of pyrethroid resistance have been identified in Aedes 

mosquitoes: increased detoxification via cytochrome P450 monooxygenases and mutations 

in Vssc (i.e. knockdown resistance or kdr). These resistance mechanisms are detailed below. 

Both mechanisms can be present, but the relative importance of each mechanism in different 

populations appears to vary (e.g. kdr not P450s [67] or both kdr and P450-mediated 

resistance [68, 69]). Clearly higher levels of resistance are possible with both kdr and P450-

mediated resistance than with either alone. Resistance due to kdr is manifested at all life 

stages, while resistance due to P450s can be life stage specific [70]. 

 

P450-mediated detoxification 

The cytochrome P450-dependent monooxygenases (P450s) are a vital biochemical 

system that metabolizes xenobiotics such as pesticides, drugs and plant toxins, and regulates 

the titers of endogenous compounds such as hormones and fatty acids [71].  Cytochrome 

P450s involved in xenobiotic metabolism are usually located on the smooth and rough 

endoplasmic reticulum. The centrifugal fraction used to isolate P450s (i.e. endoplasmic 

reticulum) is referred to as “microsomes.” 

P450s are named CYP (for cytochrome P450), followed by a number, a letter and a 

number indicating the family, subfamily and gene (isoform), respectively [72]. Alleles are 

designated v1, v2, etc. Since this nomenclature is based on overall protein sequence 

similarity, no information regarding the function of a P450 can be assumed based on its 

designation.  

 There is a wide range in the number of P450 genes in different insects, with 
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Pediculus humanus (37) and Apis mellifera (46) representing the lower range [73, 74] and 

Ae. aegypti (160) and Ae. albopictus (186) representing the higher end [75, 76]. Generally, 

the P450s from unrelated species vary dramatically (based on overall amino acid sequence) 

and even between two closely related species the vast majority of xenobiotic metabolizing 

P450s show little (<45%) overall amino acid sequence identity [77]. 

 There is large variation in substrate specificity of different P450s. Different P450s 

can have one (e.g. CYP7A1) or more than 20 substrates [78]. Certain P450s have 

overlapping substrate specificity (e.g. CYP2C subfamily in humans) [78] so that a single 

compound may be metabolized by multiple P450s. In addition, some P450s produce only a 

single metabolite from a given substrate, while other P450s can produce multiple 

metabolites. Information about known P450 substrates can be found in several reviews [78-86, 

87 ].  

Some P450s can be induced by exposure to xenobiotics, but it is difficult to infer a 

function for the P450s by measuring induction. This is because some xenobiotics are inducers, 

but not substrates. Some xenobiotics are substrates, but not inducers. Thus, inducers need not 

be substrates and vice versa [78]. 

A single species, even under similar selection pressures, can evolve resistance using 

different P450s. This evolutionary plasticity was first recognized in house flies [88] and 

subsequently observed in other species [89, 90]. Criteria for linking a specific P450 to 

resistance have been proposed [91]. Increased transcription of the P450 responsible for 

resistance can be due to either cis or trans acting factors [92-95].  

 

Identification of the P450(s) involved in insecticide resistance 
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From the information in the preceding section, it becomes clear that identification of a 

specific P450 responsible for resistance is challenging due to: 1) the multiple number of P450s 

in each species, 2) inability to infer xenobiotic substrates based on the P450 classification, 3) 

inability to infer substrates from inducers, 4) lack of clear orthologs of many P450s between 

species, 5) different populations of the same species evolving resistance via different P450s, 6) 

the resistance can be due to gene polymorphisms [96, 97] and/or to overexpression [98], and 7) 

different P450s having variable and overlapping substrate specificity. Monooxygenase-

mediated insecticide resistance is most definitively demonstrated using in vitro (using 

microsomes ± NADPH) and/or in vivo metabolism studies. Convenient, although less direct 

ways to implicate P450-mediated metabolism in resistance are use of P450 inhibitors (such 

as piperonyl butoxide (PBO)) to see if they block expression of resistance, or to determine if 

there are increases in total P450 levels (detected spectrophotometrically using microsomes) 

[91, 98, 99]. The use of model substrates to detect P450-mediated resistance is problematic 

[91].  

The importance of P450 mediated resistance has been unambiguously demonstrated 

for the highly resistant Singapore strain of Ae. aegypti where enhanced in vitro (NADPH 

dependent) and in vivo metabolism of permethrin has been observed [69]. P450 mediated 

resistance has been implicated by reductions in resistance using PBO in Ae. aegypti from 

Puerto Rico [100] and Ae. albopictus in Malaysia [101]. However, the presence of >150 

P450s in both Ae. aegypti and Ae. albopictus makes it challenging to find the specific 

P450(s) responsible for insecticide resistance [98]. 

Several efforts to identify the P450s responsible for resistance in Ae. aegypti have 

been made and these studies are summarized in Table 3. In a microarray study comparing 
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unrelated strains (two field resistant and two lab susceptible), Strode et. al. (2008) found that 

54% of overexpressed genes belonged to the CYP9 family of P450s or to the Epsilon 

glutathione transferases. However, because the strains used for the analysis were of different 

origins, it is not possible to determine the exact relationship between these overexpressed 

genes and insecticide resistance. Another study (also comparing unrelated strains) found that 

most commonly both CYP6 and CYP9 P450 families were overexpressed in adults of the 

Vauclin permethrin resistant strain [102]. The two P450s with the highest increase in 

transcript level in the resistant strain were CYP9J22 and CYP9M9. A comparison of nine 

resistant and two susceptible strains (all genetically unrelated) revealed the overexpression 

of CYP6M11, 6Z6, 6Z28, and 9J22 in at least one of the resistant strains, relative to the 

susceptible strains [103]. Curiously, CYP9M9 was overexpressed in the susceptible SBE 

strain, relative to the susceptible BORA strain, illustrating the difficulty in making solid 

conclusions about the role of a specific P450 in resistance when comparing unrelated strains. 

The expression of P450 genes was compared between adults from unrelated susceptible 

(Orlando) and resistant (Puerto Rico) strains by RT-qPCR and 33 P450s were upregulated, 

eight P450s were down regulated and 123 P450s were not differentially expressed [104]. 

CYP4D24, CYP4H29, CYP4J15v1, and CYP4H33 were expressed in Drosophila 

melanogaster and resulted in 60, 29, 64 and 11% survival to permethrin via residual 

exposure (there was 0% survival in the control strain)[104]. Adults of the Singapore (SP) 

strain of Ae. aegypti were found to be 1650-fold resistant to permethrin, PBO decreased the 

resistance 48-fold and nine P450s genes (CYP4C50, 6BB2, 6F2, 6F3, 6Z7, 6Z8, 9M4, 9M5 

and 9M6) were found to be (using microarrays) overexpressed >3-fold relative to the 

susceptible strain [69]. Expression of seven CYPs (CYP6BB2, 6Z7, 6Z8, 9M4, 9M5, 9M6 
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and 9M7) were investigated using RT-qPCR and all, except 9M7, were overexpressed in 

adult males and females, with 9M6 showing the largest difference between strains. 

Overexpression of 6Z7, 9M4, 9M5 and 9M6 was due in part to gene amplification [69]. 

Recently, deep targeted sequencing of 760 candidate genes was used as an approach to 

investigate deltamethrin resistance using four deltamethrin susceptible and five deltamethrin 

resistant strains (all unrelated; resistance levels ranged from 5- to 750-fold) [105]. Copy 

number variants were observed in several P450s and esterases. Overexpressed P450s varied 

between the resistant strains, indicating that different P450s may cause resistance in 

different populations or that these overexpressed P450s had another role (i.e. were not 

involved in deltamethrin resistance). No studies have yet reported on the relative abundance 

of individual P450 proteins in pyrethroid susceptible and resistant strains of Ae. aegypti. 

Heterologous expression studies have identified six Ae. aegypti P450s that can 

metabolize pyrethroids. Significant metabolism of deltamethrin and permethrin was seen for 

CYP9J24, 9J26, 9J28 and 9J32, but not for CYP6CB1 nor 9J19 [106]. Another study found 

that CYP9M6 and 6BB2 were capable of detoxifying permethrin, with 4ʹ-OH permethrin 

being a major metabolite [69].   

At this point in time it is not clear exactly which P450s confer resistance in different 

strains of Ae. aegypti , or how much evolutionary plasticity there is in the P450s that can be 

selected for. Globally, the most likely candidates are CYP6BB2 and CYP9J26 because they 

have been found to be overexpressed in all studies comparing resistant and susceptible 

strains (Table 3) and both were capable of metabolizing permethrin in a heterologous 

expression study [69]). Validation of the role of specific P450s in resistance will require 

additional studies.  
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Table 3. P450s reported to be over-expressed in pyrethroid resistant adult Aedes aegypti, relative 

to an unrelated susceptible strain.  

 Strain/collection site (sex used for the experiments) [reference] 

CYP A B C D E F G H I J K L1 M 

4C50          ↑ ↑  - 

4H33             ↑ 

4J15             ↑ 

4J16 ↓            - 

6AA5           ↑  - 

6AH1 ↓            - 

6BB2 ↑ ↑      ↑  ↑ ↑  ↑ 

6CB1  ↑  ↑         ↑ 

6CB2   ↑   ↑    ↑   - 

6F2          ↑ ↑  ↑ 

6F3          ↑ ↑  - 

6M5  ↑           - 

6M6   ↑       ↑  - - 

6M9  ↑           - 

6M11  ↑ ↑         ↑ ↑ 

6N12 ↑         ↑   ↑ 

6N13             ↑ 

6P12  ↓           - 

6S3 ↑            - 

6Z6   ↑ ↓  ↑ ↑  ↑  ↑ ↑ ↑ 

6Z7          ↑ ↑  - 

6Z8  ↑        ↑ ↑ ↑ ↓ 

6Z9 ↑   ↑ ↓        - 

9J6  ↑ ↑          - 

9J8  ↑  ↓ ↑        - 

9J9 ↑ ↑      ↑     - 

9J10 ↑ ↑  ↑ ↑   ↑     ↑ 

9J19 ↑    ↑        ↓ 

9J20 ↑ ↑   ↑        ↑ 

9J22  ↑ ↑   ↑  ↑    - - 

9J23  ↑      ↑     ↑ 

9J24     ↑        - 
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Table 3. Continuation.  

 Strain/collection site (sex used for the experiments) [reference] 

CYP A B C D E F G H I J K L1 M 

9J26 ↑ ↑  ↑       ↑  ↑ 

9J27 ↑ ↑  ↑ ↑      ↑  ↑ 

9J28 ↑ ↑   ↑ ↑   ↑ ↑   - 

9J31  ↑           ↑ 

9J32    ↑ ↑  ↑      - 

9M4          ↑ ↑  - 

9M5 ↑         ↑ ↑  - 

9M6   ↓ ↑      ↑ ↑  - 

9M9   ↑         ↑1 - 

12F6     ↑        ↑ 

12F7  ↑           - 

304C1  ↓ ↓ ↑         - 

325E3          ↑   - 

325Q1 ↑            - 

329B1 ↑ ↑  ↓         - 

P450s shown in bold are capable of metabolizing pyrethroids based on heterologous expression studies. 

P450s shown in italics confer resistance when expressed in Drosophila melanogaster. 

If a particular CYP was found to be overexpressed in one or more studies, then a ↓ or – is used if another 

study found a decreased or no change for the same CYP, respectively. CYPs that have only been 

reported as downregulated in a resistant strain are not shown. 

1Expression levels shown as ↑ if at least two of the nine resistant strains showed an increase relative to the 

susceptible Bora strain. CYP9M9 was found to be overexpressed in the susceptible SBE strain, relative 

to the susceptible Bora strain. 

A, CAYMAN/Grand Cayman (females) [168]; B, CUBA-DELTA SAN 12/Cuba (females) [168]; C, 

Vauclin/Martinique (males+females) [102]; D, PMDR/Thailand (females) [76]; E, IM/Mexico 

(males+females) [76]; F, Iquitos/Peru (males+females) [145]; G, Calderitas/Mexico (males+females) 

[145]; H, Lázaro/Mexico (males+females) [145]; I. Merida/Mexico (males+females) [145]; J. 

SP/Singapore (females) [69]; K. SP/Singapore (males) [69]; L. multiple strains from Martinique 

(female) [103]; M. Puerto Rico (female) [104]. The Puetro Rico strain also expressed elevated levels of 

CYP4D24, 4G35, 4G36, 4H29, 4H30, 6AG3, 6AG7, 6N9, 9J2, 9J21, 12F8, 15B1, 325G3 and 325M4 

[104], but these were left out in order to shorten the table. 
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Vssc mutations 

Pyrethroid insecticides exert their toxic effects on insects by prolonging the time the 

voltage sensitive sodium channel (VSSC) remains open. Resistance to DDT was mapped to 

chromosome 3 of house fly and was named knockdown resistance (kdr) (resistance is 

conferred to kill as well as knockdown) [107]. Subsequently, kdr was shown to confer cross-

resistance to pyrethroids [108] and be due to a L1014F mutation in Vssc [109, 110]. 

Numerous other Vssc mutations have been found in pyrethroid resistant insects and some of 

these mutations have been confirmed via heterologous expression/electrophysiological 

studies to reduce the sensitivity of VSSC to pyrethroids [111, 112]. Thus, kdr refers 

synonymously to a phenotype, a gene, an allele and a specific mutation. Herein, we will use 

the generic term kdr to refer to Vssc alleles that confer resistance to pyrethroids and use the 

name “Vssc;mutation(s)” to refer to specific alleles. 

Two excellent studies have evaluated the roles of individual and multiple Vssc 

mutations in conferring insensitivity to pyrethroid insecticides [113, 114] and their results 

are summarized in Table 4. The V1016G mutation causes insensitivity to permethrin and 

deltamethrin, while the F1534C mutation confers insensitivity only to permethrin. The 

S989P mutation causes no or very little insensitivity to pyrethroids (Table 4). The 

S989P+V1016G mutation increases the insensitivity of VSSC to both pyrethroids. The 

combination of S989P+V1016G+F1534C enhanced insensitivity to both deltamethrin and 

permethrin [113]. The results of these two studies are quite consistent even though the 

cDNA sequences of the Vssc cDNA used contained some interesting differences: There 

were three non-synonymous SNPs, the SMK strain cDNA [113] contained optional exon A, 

but not optional exons B or F, while the Waco strain cDNA [114] lacked optional Exon A, 
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but contained optional exons B and F (based on house fly exon nomenclature [115, 116]). 

This suggests that these differences do not overtly alter VSSC sensitivity to pyrethroids, 

although side-by-side comparisons of the two different cDNAs ± the V1016G and F1534C 

mutations would be needed before this can be claimed with certainty. If the EC25 was used 

to evaluate the role of mutations on insensitivity of VSSC, slightly different patterns were 

observed (Table 4) [113]. The very high levels of VSSC insensitivity conferred by the 

S989P + V1016G + F1534C mutations could make pyrethroids largely ineffective in 

populations that have this triple mutation. Unfortunately, Ae. aegypti with this triple 

mutation have been found in Myanmar [117].  

There appears to be some geographic variation in Vssc mutations: The V1016G is 

found in Asia, but not in the Americas, whereas V1016I is found in the Americas, but not in 

other regions. The data examining the role of the Vssc V1016I mutation in resistance is 

contradictory. Harris et al. [118], showed that the 1016I homozygous mosquitoes were not 

killed by permethrin (diagnostic concentration assay) and Saavedra-Rodriguez et al. [119] 

found strong association of permethrin resistance to the Vssc locus containing the V1016I 

mutation. In contrast, heterologous expression studies showed no difference in permethrin 

sensitivity between wild-type and 1016I VSSC channels [114]. One possibility is that the 

V1016I mutation does not cause resistance, but is that there is another mutation in this allele 

(e.g. Vssc;1016I+F1534C, [120]) responsible for the resistance (studies looking at the 

V1016I mutation have not sequenced the full length cDNA). This is possible because 

susceptible strains are known to have polymorphisms in their VSSC sequences [116]. A 

second possibility is that the V1016I mutation does not cause resistance by itself, but acts to 

enhance the insensitivity caused by another mutation. This has been observed for other Vssc 



 

28 

 

mutations [113, 121]. A third possibility is that the V1016I mutation has no role in 

insensitivity, per se, but compensates for the negative fitness cost of a different resistance 

mutation in Vssc. This is an important issue that needs to be resolved. 

 

Table 4. Effect of single and multiple Vssc mutations on insensitivity to pyrethroids. Each 

of these mutations have been observed in field collected Ae. aegypti. 

 IRa 

 Fold reduction in % modified 

channels relative to wildtypeb 

EC25 relative to wild typec 

 permethrin deltamethrin permethrin deltamethrin 

S989P 1.3/1.1 1.4/1.1 1 1 

V1016G 8/3.7 2.2/3.7 100 2 

S989P+V1016G 6.9/5.2 4.7/5.2 100 10 

F1534C 3.3/2.2 1.1/1.0 25 1 

S989P+V1016G+F1534C 7.6/NDd 6.1/NDd 1100 90 

aIR = Insensitivity ratio of heterologously expressed VSSCs. 
bRatios calculated from Hirata et. al. (using 0.1 μM data in Fig. 4) [113]/ratios calculated 

from Du et. al. [114] 
cFrom Hirata et al. [113]. 
dND= Not determined. 

 

 

Genetic analyses of resistance 

Quantitative trait loci mapping of 32 loci and their association with permethrin 

resistance (knockdown and survival were both evaluated) was reported from a strain 

originally collected in Isla Mujeres, Mexico, that was 300-fold resistant to permethrin 

(residual exposure of adults) [119]. Traits associated with resistance were found on 

chromosomes I, II and III with the greatest effect noted on chromosome III. The closest 

markers to the QTLs on chromosome III were CCEunk7o and kdr (V1016I mutation in 
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Vssc). It is not clear if CCEunk7o represents a resistance trait, or if this was simply pulled 

along (i.e. linked) during the selection of the Vssc V1016I allele. Other QTL markers 

identified were CYP6BB2 (survival), CYP6P12V1 and Sex (knockdown) on chromosome I, 

CYP12F5 (survival) and CYP9M8 (survival) on chromosome II, and CCEae1o and 

CYP4H32 (knockdown) on chromosome III [119]. 

 

Fitness costs of resistance 

Fitness costs associated with insecticide resistance are defined by Kliot and Ghanim 

[122] as “where the development of resistance to an insecticide is accompanied with high 

energetic cost or significant disadvantage that diminishes the insect’s fitness compared with 

its susceptible counterparts in the population”. This explains why genes that confer 

resistance rarely become fixed in a field populations. Fitness costs may manifest in 

numerous ways, including disadvantages in development, reproduction, and survival. Fitness 

studies are optimally done using coisogenic strains [123], so that differences observed can 

reasonably be attributed to the resistance allele(s), and under laboratory conditions fitness 

costs are environmentally dependent [124]. Despite the importance of fitness costs in the 

evolution of resistance, relatively few studies have been carried out with Aedes. 

 Two studies have examined the fitness costs associated with pyrethroid resistance 

due to Vssc mutations and/or P450 mediated resistance. In the first study, the Rock-kdr 

strain of Ae. aegypti was isolated by crossing the deltamethrin resistant CIT-32 strain with 

Rock and then backcrossing for eight generations. Allele specific PCR was used to select for 

Vssc;1016I+1534C. As expected, the resulting strain was homozygous for 

Vssc;1016I+1534C, but also still had the marker associated with P450-mediated resistance 
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[120]. Rock-kdr had a slower larval development time, were less able to compete in a high 

density environment, fewer of the females laid eggs, and individual females produced fewer 

number of eggs compared to ROCK [120]. In the second study, two strains of Ae. aegypti 

were isolated from a field collected strain: one strain (PMD) was resistant to DDT and 

susceptible to permethrin, and one strain (PMD-R) was resistant to both permethrin and 

DDT. There was no difference in the amount of total P450s between strains [125], but the 

PMD-R strain contained the Vssc1534C mutation, and the PMD strain did not [126]. 

Comparison of life history traits between the PMD and PMD-R strains found no fitness cost 

associated with the VsscF1534C mutation in PMD-R (in fact the PMD-R strain had higher 

indices of fitness compared to PMD under these environmental conditions)[125]. Thus, it is 

not clear what the fitness costs associated with are for the different Vssc mutations that cause 

pyrethroid resistance. 

 Three studies have examined the fitness costs associated with pyrethroid resistance 

in cases where the mechanisms were unknown. First, Kumar et. al. [127] subjected a strain 

of field collected Ae. aegypti to three different selection regimes: larvae selected with 

deltamethrin, larvae selected with deltamethrin + PBO and adults selected with deltamethrin. 

After 40 generations of selection the resistance increased 700, 66 and 5.3-fold for the larvae 

selected with deltamethrin, larvae selected with deltamethrin +PBO and adults selected with 

deltamethrin, respectively. All of the selected strains had shorter gonotrophic cycles, laid 

fewer eggs, and their eggs had reduced hatchability relative to the parental field collected 

strain [127]. It is not clear if the observed fitness effects were due to inbreeding depression 

(the number of individuals surviving each selection was not reported) or the resistance 

mutations in the selected strains. Second, Martins et. al. [128] compared the relative fitness 
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between a field collected strain of Ae. aegypti where adult females were either unselected or 

selected with deltamethrin (three replicates of the selected and unselected strains were 

carried out). Deltamethrin selection was associated with reductions in female longevity, 

blood meal engorgement, rate of egg laying and egg viability [128]. Third, starting with a 

field collected Ae. aegypti strain from Colombia, two lines were isolated: one in which 

larvae were selected with λ -cyhalothrin and one that was unselected. The λ-cyhalothrin 

selection increased resistance by 10-fold, and this strain had a reduced fecundity and 

survival relative to the unselected strain [129]. No studies using related strains of Ae. 

albopictus have thus far looked at fitness costs associated with permethrin resistance in this 

species. 

 

1.4. Summary and future directions 

Pyrethroid resistance in Ae. aegypti and Ae. albopictus is a global problem, although 

there is geographical variation in the levels of resistance found. The high levels of resistance 

found in larvae in some locations is a bit surprising, as larvae are not commonly targeted 

with pyrethroids, and the habitat of Aedes mosquitos would tend to make them less likely to 

encounter unintentional larval selection (e.g. in run-off from agricultural fields) relative to 

some other mosquito species. Certainly pyrethroid use against adults can lead to mutations 

that confer resistance in larvae (e.g. kdr), but P450-mediated resistance can be life stage 

specific [70]. Studies have identified several P450s that may play a role in pyrethroid 

resistance, notably CYP6BB2, and CYP9J26. However more work is needed to evaluate the 

role of individual P450s in pyrethroid resistance. Multiple Vssc mutations have been found 

in Ae. aegypti, alone and in combinations. This suggests that there is sequential 
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accumulation of mutations that are giving ever higher levels of resistance. It is interesting to 

note that S989P, V1016G and F1534C mutations have been found alone or in combination 

(Table 5). It would be of fundamental interest to investigate if alleles with these 

combinations of mutations arose via recombination events or not. Only the Vssc;F1534C/L 

mutations have been identified in Ae. albopictus.   

This review of the literature suggests several areas that could use additional studies. 

There continues to be a need to monitor and quantify resistance levels from field collections, 

particularly for Ae. albopictus. Bioassays on adults should optimally be carried out using a 

concentration response approach, such that resistance levels (not just presence/absence of 

resistance) can be quantified. This type of analysis is especially important since adults are 

often targeted for control with pyrethroids, because diagnostic concentrations can vary in 

their abilities to detect resistance, and quantification of resistance levels is an important 

aspect for developing management strategies. It would also be highly valuable to have adult 

bioassays (LD50 or LC50) done in the presence or absence of synergists (including a 

susceptible strain), so that the relative importance of metabolic vs. target site mechanisms 

can be evaluated. The use of model substrates to evaluate the role of P450s in resistance is 

not likely to yield definitive results [91]. Understanding the level of resistance conferred to 

different pyrethroids by specific P450s and Vssc mutations would be very helpful. It would 

be extremely valuable if strains of mosquitoes could be isolated in which individual 

resistance mutations (e.g. kdr) are the only mechanism of resistance, such that levels of 

protection afforded by each mutation could be evaluated in vivo. Identification of the 

specific P450s involved in resistance will continue to be important and should be 

encouraged. Additional heterologous expression/electrophysiology studies to examine other 
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Vssc mutations found in resistant strains of Ae. aegypti would be very helpful, as would 

experiments to resolve the protection conferred by the Vssc V1016I mutation. Given the 

high levels of resistance conferred by the Vssc S989P+V1016G+F1534C mutations, 

monitoring for this allele should be a priority. As specific mutations are identified as having 

a role in resistance, efforts should be made to understand the frequency of these alleles over 

time under field conditions, such that realistic estimates of their fitness costs can be 

obtained. 
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Table 5. Vssc mutations found in pyrethroid resistant Ae. aegypti or Ae. albopictus 

Species Mutationa Country Reference 

Aedes aegypti V1016G Thailand [156] 

  Indonesia [134, 156] 

  Vietnam [169] 

  Malaysia [66] 

 V1016I# Multiple Latin American [170] 

  Columbia [171] 

  Mexico [172, 173] 

  Grand Cayman [118] 

  Brazil [120, 174] 

  Venezuela [175] 

 L982W Vietnam [156] 

 S989P+V1016G Thailand [176, 177] 

  Singapore [69] 

  Myanmar [178] 

  China [157] 

  Indonesia [134] 

 F1534C Vietnam [179] 

  Thailand [126] 

  Singapore [69] 

  Myanmar [178] 

  Indonesia [134] 

  Malaysia [66] 

  India [67] 

  Venezuela [175] 

 V1016G+F1534C* Singapore [135] 

 S989P+V1016G+F1534C Myanmar [178] 

 V1016I+F1534C Grand Cayman [118] 

  Brazil [174] 

  Venezuela [175] 

 T1520I+F1534C India [180] 

 V1016G+D1763Y Taiwan, ROC [137, 181] 

 I1011V Multiple Latin American [170] 

  Thailand [182] 

 I1011M+G923V French Guyana [156] 

  Brazil [156, 183] 

  Martinique [156] 

 I1011M Brazil [171] 

Aedes albopictus F1534C Singapore [184] 

 F1534L USA (NJ) [146] 
Mutations in bold have been confirmed to confer resistance in heterologous expression/electrophysiology studies 

[112]. Combinations of mutations that confer enhanced insensitivity to VSSCs are shown in bold. Numbering is 

based on house fly VSSC. 

# Mutation does not make VSSC insensitive to permethrin or deltamethrin based on heterologous 

expression/electrophysiology studies [114], thus the role of this mutation in resistance is unclear. See text for 

details.  

*The S989P mutation was not evaluated in this study. 
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1.5. Supplemental information 

 

 

 
Supplemental Figure 1. Classification of each pyrethroid as Type I or Type II can 

vary by the criteria used (symptoms, speed of action, repetitive discharges, kinetics of the 

interaction with VSSC, etc.). Some pyrethroids have predominately a Type I action (e.g. 

pyrethrin I), predominantly a Type II action (e.g. deltamethrin), or may be more 

intermediate (e.g. permethrin and fenvalerate).  
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CHAPTER 2 

 

VOLTAGE-SENSITIVE SODIUM CHANNEL MUTATIONS S989P+V1016G IN 

AEDES AEGYPTI CONFER VARIABLE RESISTANCE TO PYRETHROIDS, DDT 

AND OXADIAZINES6 

 

Authors: Leticia B. Smith, Shinji Kasai and Jeffrey G. Scott 

 

Abstract  

BACKGROUND:  Aedes aegypti is a mosquito vector of several important human 

pathogens. Especially during disease outbreaks, control efforts rely primarily on 

insecticides, such as pyrethroids, for adult mosquito control. A. aegypti has developed 

resistance nearly everywhere it occurs and insecticides are used. An important mechanism of 

resistance is target-site insensitivity due to mutations in the voltage-sensitive sodium channel 

(Vssc) gene. Two mutations in particular, S989P+V1016G, commonly occur together in 

parts of Asia.  

RESULTS: We have created a strain (IsoKDR) that contains the Vssc mutations 

S989P+V1016G as the only mechanism of pyrethroid resistance within the genetic 

background of Rockefeller (ROCK), a susceptible lab strain. We created IsoKDR by 

crossing the pyrethroid resistant strain Singapore (SP) with ROCK followed by four 

backcrosses with ROCK and Vssc S989P+V1016G genotype selections. We determined the 

                                                 
6 Published: Smith, L., Kasai, S. and Scott, J. Mar 2018. Voltage-sensitive sodium channel mutations 

S989P+V1016G in Aedes aegypti confer variable resistance to pyrethroids, DDT and oxadiazines. Pest Manag 

Sci 74(3): 737-745 (doi:10.1002/ps.4771) 
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levels of resistance conferred by these mutations to seventeen structurally diverse 

pyrethroids, the organochloride DDT, and oxadiazines (VSSC blockers) indoxacarb 

(proinsecticide) and DCJW (the active metabolite of indoxacarb). The levels of resistance to 

the pyrethroids were variable ranging from 21-  to 107-fold, but no clear pattern between 

resistance and chemical structure was observed. Resistance is inherited as an incompletely 

recessive trait. IsoKDR had a >2,000-fold resistance to DDT,  37.5-fold cross-resistance to 

indoxacarb (37.5-fold) and 13.4-fold cross-resistance to DCJW.  

 CONCLUSION: Etofenprox (and DDT) should be avoided in areas where Vssc mutations 

S989P+V1016G exist at high frequencies. We found that pyrethroid structure cannot be used 

to predict the level of resistance conferred by kdr. These results provide useful information 

for resistance management and for better understanding pyrethroid interactions with VSSC. 
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2.1. Introduction 

 Aedes aegypti is an anthropophilic mosquito and vector of four important human 

disease viruses: dengue, yellow fever, chikungunya, and Zika. It is estimated that dengue is a 

risk to over 40% of the world’s population. There are an estimated 50 to 100 million dengue 

virus infections a year worldwide.[1-3]   Yellow fever, like dengue, is a viral hemorrhagic 

fever. This can be a lethal disease if not properly treated and despite the existence of a 

preventative vaccine, there are still about 200,000 cases of yellow fever each year resulting 

in 30,000 deaths worldwide.[4] Chikungunya and Zika viruses are new to the Americas as of 

2013[5] and 2015,[6] respectively. Chikungunya is no longer a disease of developing and 

low-income countries and can be endemic even in the wealthy and developed countries of 

temperate regions.[7] Zika is an emerging disease that has existed in Africa and Asia with 

little apparent impact on human health prior to 2007.[8] This disease has generated a great 

deal of human health concern since it reached the Americas in 2014 because of its rapid 

spread and associations with microcephaly and Guillain-Barré syndrome [9]. Given that A. 

aegypti has a wide global distribution and thrives in urban environments, it poses a serious 

risk to human health.   

 Insecticide resistance is a problem affecting the control of a wide range of pests and 

almost every aspect of human life including health, agriculture, and recreation. As of 2012, 

there have been over 450 insecticide-resistant arthropods species reported with at least 198 

of these being of medical importance.[10, 11] In regions where A. aegypti transmitted 

diseases are most prevalent, mosquitoes have high levels of resistance to insecticides due to 

the intensive selection pressure.[12] This compromises our ability to control these 

mosquitoes and the diseases they spread.                                                                                                                                                                                                                                                                                                                                        



 

51 

 

 Pyrethroid insecticides, such as cypermethrin, deltamethrin, and permethrin, are 

widely used for control of mosquitoes, including A. aegypti.[13] Pyrethroids are one of the 

most commonly used insecticide classes because of their high toxicity to insects and low 

risk to mammals. Insecticides are still the primary means to control A. aegypti in endemic 

areas, which has led to extensive use of pyrethroids for the last three decades.  

 A. aegypti has developed two major resistance mechanisms against pyrethroids, and 

resistance is found worldwide.[12] The two major mechanisms are mutations in the voltage-

sensitive sodium channel (Vssc) gene (generally known as knockdown resistance or kdr) and 

detoxification by cytochrome P450 monooxygenases (CYPs).[14] Pyrethroids act directly 

on the insect VSSC[15] and certain mutations in Vssc (such as S989P+V1016G) make the 

channel less sensitive to pyrethroids. The S989P+V1016G Vssc mutations (herein referred to 

as kdr) are common in Asia,[12] yet the level of resistance these mutations confer to 

pyrethroids is not known.   

 In this study, we determined the levels of resistance conferred to A. aegypti by Vssc 

mutations S989P+V1016G (kdr) for twenty insecticides that target the VSSC:  seventeen 

structurally diverse pyrethroids, the organochloride DDT and two oxadiazines (VSSC 

blockers indoxacarb [proinsecticide] and DCJW [active metabolite of indoxacarb]).[16] Our 

goal was to discover if there are any relationships between pyrethroid structure and the 

resistance conferred by these mutations, and to identify insecticides that should be avoided 

in areas where Vssc mutations S989P+V1016G exist at high frequencies. Knowing the levels 

of resistance to structurally diverse pyrethroids facilitates a greater understanding of how 

pyrethroids interact with VSSC and will provide insight into what pyrethroid structures are 

most affected by the S989P+V1016G mutations. Information from this study has direct 
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application for resistance management practices because it will identify the chemicals that 

may be the most, or least, effective against a population harboring these resistance 

mutations. 
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2.2. Experimental Methods 

Strains 

 In order to study the effects of Vssc mutations S989P+V1016G (kdr) without 

influence of other resistance mechanism or strain variations, we needed a strain of A. aegypti 

that was closely related to a susceptible strain but containing kdr. To accomplish this, we 

used the following parental strains: Rockefeller (ROCK), an insecticide-susceptible strain 

that has been reared in laboratories without exposure to insecticides for decades, which 

originated from the Caribbean,[17] and Singapore (SP), a pyrethroid resistant strain in which 

the mechanisms of resistance have been well studied.[14] Adult SP are 579-fold resistant to 

permethrin (relative to ROCK) due to kdr and CYP-mediated detoxification, while 

hydrolases and decreased penetration are not involved.[14]  

Mosquitoes were reared at 27˚C (± 1°C) and 70-80% RH. Females were blood fed 

using membrane covered water-jacketed glass feeders with cow blood obtained locally. 

Adults were maintained on 10% sugar water in cages ~35 x 25 x 25 cm holding ≤ 1000 

mosquitoes. Larvae were reared in 27.5 x 21.5 x 7.5 cm containers with ~2 L deionized 

water and fed Cichlid Gold fish food pellets (Hikari, Hayward, CA) (ground pellets for 1st 

instar and medium size pellets for 2nd to 4th instars). Food pellets were given daily, as 

needed depending on larval density (~ 400 – 600) and instar.  

The strain IsoKDR was isolated from crossing ROCK with SP followed by four 

backcrosses and genotype selections (see section 2.2). IsoKDR is near-isogenic to ROCK, 

but resistant to pyrethroids due to the Vssc mutations S989P+V1016G while containing no 

CYP-mediated resistance.  The procedure for isolating IsoKDR is illustrated in Figure 1. In 

short, unmated SP females were crossed en masse with ROCK males.  Unmated F1 females 
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were backcrossed with ROCK and unmated BC1 females were genotyped for the presence of 

Vssc mutations S989P+V1016G (see section 2.2). BC1 females that were heterozygous for 

P989+G1016 (kdr) were backcrossed to ROCK males.  This process was repeated for the 

BC2 and BC3 generations.  At BC4 both males and unmated females were genotyped and 

individuals that were heterozygous for P989+G1016 were reared en masse.  Males and 

unmated females from the next generation were genotyped and individuals that were 

homozygous for P989+G1016 were reared en masse.  The resultant strain was named 

IsoKDR (Fig. 1). 

 

 

Figure 1. Protocol for isolating the near-isogenic strain containing Vssc mutations 

V1016G+S989P (IsoKDR). Number of ROCK males included in each backcross varied 

depending on the number of females added to the cage (approximately ½ the number of 

females). 
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Genotype Selections 

Genomic DNA was extracted from the hind tarsus of unmated adults using an alkali 

extraction method as follows: legs were placed in individual wells of a 96-well PCR plate 

(Bio-Rad, Hercules, CA, USA) with approximately three 2.3-mm diameter zirconia/silica 

beads (BioSpec Products, Bartlesville, OK, USA) and 10 μL 0.2M NaOH per tube. The 

samples were pulverized for 1-2 min on a vortex mixer at maximum speed and then 

incubated for 10 min at 70˚C. Ten microliters of neutralization buffer (360 mM Tris-HCl, 

pH 7.5 and 10 mM EDTA) and 80 μL ddH20 were then added to each well. PCR was carried 

out using 1 µL gDNA, 12.5 µL GoTaq® Green Master Mix 2x (Promega, Madison, WI), 9.5 

µl ddH2O, and 2 µL of 10µM forward and reverse primer mix (see Table 1) using the 

following thermocycler conditions: 94˚C for 2 min, 35 x (94˚C for 30 sec, 60˚C for 30 sec, 

72˚C for 30 sec) and 72˚C for 10 min.   

The genotypes were determined using two methods: Sanger sequencing (BC1 

through BC3) and allele-specific polymerase chain reaction (ASPCR) (BC4 and BC4F1). For 

Sanger sequencing genotyping, PCR products were treated with ExoSAP (5 µl PCR 

product:1 µL ExoSAP mix), and sequenced (6 µL ExoSAP treated PCR product, 1 µL 

primer, 11 µL ddH2O) at the Cornell University Biotechnology Resource Center. For 

ASPCR,  forward and reverse primers (see Table 1) were made for both the resistant (kdr) 

and susceptible genotypes based on methods reported by Li et al.[18]  Susceptible and kdr 

primers were used on each sample with the following thermocycler conditions: 94˚C for 3 

min, 35 x (94˚C for 30 sec, 62˚C for 30 sec, 72˚C for 1 min) and 72˚C for 7 min.  Each 

ASPCR reaction was evaluated on a 1% agarose gel and was scored as homozygous 

susceptible (ASPCR band only with susceptible primers), homozygous kdr (ASPCR band 
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only with kdr primers) or heterozygous (ASPCR band with both kdr and susceptible 

primers).  The ASPCR was validated by using samples of known genotype based on 

sequences acquired from the Sanger sequencing method to ensure ASPCR results matched 

the sequencing results (Figure S1).  Control (ROCK, SP and F1 (ROCK x SP)) templates 

were run on every 96-well plate.  

 

 

 

Insecticides 

 A total of 20 insecticides that target the VSSC and 2 synergists were used in this 

study: acrinathrin (88.7%, Chem Service, West Chester, PA, USA), bioallethrin (3.8% cis, 

Table 1. Vssc primers used for genotype selections. 

Primer 

name 
Sequence Purpose 

AaSCF20 GACAATGTGGATCGCTTCCC Domain II PCR amplification 

(Forward)† 

AaSCR21 GCAATCTGGCTTGTTAACTTG Domain II PCR amplification 

(Reverse)† 

AaSCR22 TTCACGAACTTGAGCGCGTTG Domain II sequencing 

Ser 1F GCGGCGAGTGGATCG AAT Allele-specific susceptible 

genotype (Forward)‡ 

Val 1R GCAAGGCTAAGAAAAGGTTAAGTA Allele-specific susceptible 

genotype (Reverse)‡ 

Pro 1F GCGGCGAGTGGATCGAAC Allele-specific resistant genotype 

(Forward)‡ 

Gly 1R GCAAGGCTAAGAAAAGGTTAAGTC Allele-specific resistant genotype 

(Reverse)‡ 

† PCR fragment size = 614 bp 

‡ ASPCR product was 357 bp 
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95.7% trans, Chem Service), bioresmethrin (99.5%, Chem Service), cis-permethrin (99%, 

Chem Service), cyfluthrin (98%, Bayer CropScience, Leverkusen, Germany), cyhalothrin 

(90.2%, ICI Americas, Wilmington, DE, USA), cypermethrin (94.6%, ICI Americas), DDT 

(1,1-bis(4-chlorophenyl)-2,2,2-trichloroethane) (98%, Sigma-Aldrich, St. Louis, MO), 

deltamethrin (99.5%, Chem Service), diethyl maleate (DEM) (97%, Sigma-Aldrich), 

etofenprox (96.3%, Mitsui Toatsu, Tokyo, Japan), 1R-trans fenfluthrin (100%, Bayer 

CropScience), fenpropathrin (99.5%, Chem Service), flumethrin (100%, Bayer 

CropScience), indoxacarb (DPX-MP062, 100%) [and its bioactive metabolite DCJW, 98%],  

(DuPont, Wilmington, DE), tau-fluvalinate (93.8%, Chem Service), permethrin (99.5% pure, 

24.1% cis, 75.8% trans, Chem Service), piperonyl butoxide (PBO) (90%, Sigma-Aldrich), 

tefluthrin (96%, Sigma-Aldrich), transfluthrin (99.5%, Chem Service) and trans-permethrin 

(99% FMC, Philadelphia, PA). All insecticides were diluted in acetone (VWR, Radnor, PA, 

USA). 

 

Adult Bioassays 

 Topical adult bioassays were done on 3- to 7-day-old mated females. Mosquitoes 

were briefly anesthetized with CO2 and held on ice. A 0.22 μL drop of insecticide in acetone 

was applied to the thorax of each mosquito using a Hamilton PB-600 repeating dispenser 

equipped with a 10-µL syringe. Controls were treated with acetone only. At least five doses 

were used per bioassay with at least three giving mortality values between 0 and 100% and 

each containing 20 mosquitoes. Mosquitoes were given a cotton ball saturated with distilled 

water and held at 25˚C. A minimum of four replicates over at least two days and two cages 

were done per strain for each insecticide. Mortality was defined as mosquitoes that were 
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ataxic after 24 h. For indoxacarb, mortality was recorded at 72 h due to the slow action of 

this insecticide, and mosquitoes were given sugar water saturated cotton balls that were 

rehydrated at 24 and 48 h during the bioassay. Probit analysis [19], as adapted to personal 

computer use [20] using Abbott’s [21] correction for control mortality, was used to calculate 

the LD50 and the 95% confidence intervals (CI). All of the bioassay data fit a line (chi-

square test). Resistance ratios (RR) were calculated by dividing the LD50 of IsoKDR by the 

LD50 of ROCK. Significant differences were determined by calculating the RRs for the 

minimum and maximum LD50 values based on the 95% CI. If the minimum and maximum 

RR values did not overlap, they were deemed significantly different. 

Bioassays using a synergist [piperonyl butoxide (PBO) or diethyl maleate (DEM)] 

were performed as described above, except that 2.5 µg PBO or 2.5 µg DEM was applied to 

each mosquito 2 h prior to the insecticide application. For this, the mosquitoes were 

anesthetized on ice twice, once for PBO or DEM and once for permethrin or DDT 

application. Controls included a double acetone and an acetone plus synergist application. 

 

Larval Bioassays 

 Bioassays using mosquito larvae were performed with permethrin to allow 

comparison of the levels of resistance conferred by Vssc mutations S989P+V1016G between 

life stages. Bioassays were done on fourth instar larvae reared as described above. Twenty 

larvae were placed in a 177 mL frozen yogurt cup (Solo, Lake Forest Il, US) containing 99 

mL deionized water and 1.0 mL permethrin in acetone. Controls received 1 mL acetone 

without insecticide. At least five concentrations were done per bioassay with at least three 

giving mortality values between 0% and 100%. A total of 6 replicates from two rearing 
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batches were done for each strain. Larvae that were floating, ataxic, or unable to surface 

were counted as dead. 

 

Degree of Dominance 

 Unmated ROCK females (~400) were crossed with IsoKDR males (~200) and the 

F1s were tested (as described in section 2.4) to determine the degree of dominance (D) of the 

Vssc mutations S989P+V1016G. Reciprocal crosses were not needed because resistance is 

not sex-linked nor due to maternal factors.[14] Permethrin was used to determine D because 

it was the insecticide used for selecting the parent resistant strain SP. D was calculated using 

the formula from Stone 1968.[22]  
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2.3. Results 

 To confirm that IsoKDR did not have CYP-mediated resistance, we performed 

permethrin bioassays with and without PBO. As expected, there was no significant 

difference between the RR values for permethrin (40) and for PBO + permethrin (42).  We 

conclude that IsoKDR does not have CYP-mediated resistance.  

We tested seventeen pyrethroids against IsoKDR and ROCK (Figure 2). Resistance 

ratios (RR) varied by up to 5-fold for the different pyrethroids (Figure 3) ranging from 21 

(bioallethrin) to 107 (etofenprox). Permethrin, the insecticide used to select for resistance in 

the SP strain had a RR of 40. There was a significantly higher RR (1.5-fold) for trans-

permethrin compared to cis-permethrin. Interestingly, the RR for permethrin, which is a mix 

of isomers containing 75.8 % of the trans isomer, was not significantly different from cis-

permethrin. Comparing insecticides with a single structural change in the acid moiety 

revealed some interesting differences and similarities. Cyfluthrin, which differs from 

flumethrin by a chlorobenzene substitution in the acid moiety (see Figure 2), had a 2.5-fold 

lower resistance relative to flumethrin. Cyhalothrin and cypermethrin differ only due to a 

trifluoro- rather than a chloro- substituent in the alkene, yet the RR value for cyhalothrin 

was approximately 2-fold higher than cypermethrin. We found, however, no significant 

difference between cypermethrin and deltamethrin, which differ only by chlorines 

(cypermethrin) versus bromines (deltamethrin) on the alkene substituent. No broad 

generalization can be made concerning larger structural changes in the acid moiety and 

resistance levels, despite the variable RRs. Cyhalothrin, for example, which has an identical 

structure to acrinathrin, except for the substituent on the alkene group, has a nearly 2-fold 

greater RR than acrinathrin. However, there was no significant difference between RRs for 
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acrinathrin, deltamethrin, and cypermethrin, which also have different alkene substituents. 

Comparing insecticides with a single structural change in the alcohol moiety revealed no 

differences in RR values. Transfluthrin and 1-R trans flumethrin, for example, vary only by 

a single fluorine (on the benzene), but do not differ significantly in RR value. There was 

also no trend between the resistance levels of pyrethroids with and without α-CN groups. 

Comparing pyrethroids with large structural differences in the alcohol portion of the 

molecule, but with identical acid moieties, also showed no general trends. In one case, a 

change in the alcohol caused a 3-fold increase in resistance (bioresmethrin versus 

bioallethrin), while in others (transfluthrin versus 1-R trans fenfluthrin), there was no 

significant difference in resistance. Therefore, despite the variable RR values, we observed 

no general relationships between the RR values and chemical structures. 
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Figure 2. Chemical structures of the VSSC targeting insecticides used:  pyrethroids (A), 

oxadiazines (B), and DDT (C).  Stereochemistry is not shown for all structures. 
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Figure 3. Resistance ratios (RRs) for the 18 pyrethroids, DDT, and indoxacarb. RRs 

calculated as the LD50 of IsoKDR divided by the LD50 of ROCK. Error bars indicate the 

minimum and maximum 95% confidence interval range for the RRs of each insecticide. 

 

We determined the resistance to DDT because Vssc mutations are known to confer 

cross-resistance between pyrethroids and DDT. The RR for DDT was >2,000-fold with only 

27% mortality observed at the maximum concentration that was feasible to use (Figure 3). 

CYPs and glutathione-S transferases (GSTs) can both metabolize DDT.[23-25] To 

determine if IsoKDR had metabolism-mediated resistance to DDT (in addition to kdr), we 

used the CYP and GST inhibitors PBO and DEM,[26] respectively. Neither PBO nor DEM 

measurably increased the toxicity of DDT to the IsoKDR strain (Table 2), suggesting that 

neither CYPs nor GSTs played a major role in the observed DDT resistance.  

We tested the VSSC blocker (oxadiazine), indoxacarb, to see if kdr conferred any 
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cross-resistance to this class of insecticide, which targets the VSSC, albeit with a different 

mode of action from pyrethroids or DDT.[27] The RR for indoxacarb was 37.5-fold (Figure 

3). Because of the high cross-resistance, we tested DCJW to determine if the resistance was 

due to the Vssc mutations or the bioactivation of indoxacarb. Based on neurophysiological 

studies, indoxacarb itself has little toxicity towards VSSC, whereas its metabolite, DCJW, 

has high insecticidal potency (over 25-fold increased toxicity).[28] The RR to DCJW was 

13.4; significantly less (2.8-fold) than indoxacarb, but still significantly cross-resistant 

compared to ROCK mosquitoes. This suggests that indoxacarb is bioactivated less in 

IsoKDR than in ROCK and may be a hint that the gene coding for the bioactivation enzyme 

is close to Vssc (i.e. at the resistance locus).  

The inherent toxicity of the 20 insecticides, as judged by the ROCK LD50 varied over 

nearly three orders of magnitude (Table 2).  There was even a 460-fold variation in toxicity 

of the pyrethroids.  Deltamethrin (LD50 = 0.01 ng/mosquito), acrinathrin (0.02 ng/mosquito), 

cyhalothrin (0.02 ng/mosquito), cyfluthrin (0.02 ng/mosquito) and cypermethrin (0.06 

ng/mosquito) had highest toxicity (Fig. S2). The pyrethroids with the lowest toxicity were 

tefluthrin (4.64 ng/mosquito), bioallethrin (3.00 ng/mosquito), etofenprox (2.06 

ng/mosquito), and 1-R trans fenfluthrin (1.16 ng/mosquito). Generally, the pyrethroids with 

an alpha-CN group were the most toxic.  DDT was the least toxic insecticide tested, with a 

ROCK LD50 value of 10.1 ng/mosquito. Indoxacarb was the second least toxic compound 

(7.84 ng/mosquito), however DCJW had toxicity similar to some pyrethroids (1.30 

ng/mosquito). We found no relationship between the pyrethroid LD50 to Rock and the levels 

or resistance in IsoKDR (data not shown). 

Fourteen of the pyrethroids tested in this study were also tested against a house fly 
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strain, ALkdr, which is resistant to pyrethroids due to the classic L1014F mutation in an 

otherwise susceptible genetic background.[29] This provided a unique opportunity to look at 

how these different Vssc mutations, L1014F and S989P+V1016G, affects pyrethroid 

resistance. Here, when we compared the RR vales for both house fly and mosquito Vssc 

mutations, we found no relationship (R2 = 0.546) between them (Figure 4). Four pyrethroids 

(etofenprox, permethrin, cyfluthrin, and bioresmethrin) had higher resistance in ALkdr, 

while ten (fenpropathrin, tau-fluvalinate, flumethrin, 1-R trans fenfluthrin, transfluthrin, 

acrinathrin, cyhalothrin, cypermethrin, tefluthrin, and deltamethrin) were higher in IsoKDR 

(Figure S3).  However, there was no pattern between pyrethroid structure and resistance 

levels for either one.  
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Figure 4. Comparison of the fold difference in RRs for 14 pyrethroids between a strain with 

the S989P+V1016G mutations (IsoKDR; A. aegypti) and one with the L1014F mutation 

(ALkdr; house fly)[29].  Both strains were near-isogenic to the susceptible strains they were 

being compared to. Insecticides with higher resistance due to S989P+V1016G are in light 

gray and those with higher resistance conferred by L1014F are in black. 

 

We performed additional bioassays to compare resistance between the different life 

stages and to determine the inheritance of Vssc mutations S989P+V1016G. The IsoKDR 

larvae LD50 to permethrin was 48.3 ng/mL (95% CI=42.8 – 54.5; n=836), and the ROCK 

LD50 was 1.66 ng/mL (95% CI=1.48 – 1.94; n=573). Thus, the permethrin resistance of the 

adults (40-fold) was not significantly different from that in larvae (29-fold). The degree of 

dominance (D) for the F1 hybrid was -0.4, indicating an incompletely recessive inheritance 

of permethrin resistance. 
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Table 2: Toxicity of insecticides that target the VSSC against susceptible (ROCK) and 

resistant (IsoKDR) strains of A. aegypti. LD50 (ng/mosquito) 

Insecticide Strain LD50 (95% CI)  Slope (SE) n 

acrinathrin ROCK 0.021 (0.019 - 0.024)  3.9 (0.4) 480 

acrinathrin IsoKDR 0.62 (0.54 - 0.70) 2.7 (0.2) 580 

bioallethrin ROCK 3.00 (2.72 - 3.31) 4.5 (0.4) 480 

bioallethrin IsoKDR 63.2 (56.1 - 70.9) 4.0 (0.5) 520 

bioresmethrin ROCK 0.68 (0.61 - 0.75) 5.5 (0.7) 383 

bioresmethrin IsoKDR 41.5 (39.0 - 44.3) 4.1 (0.2) 1456 

cis-permethrin ROCK 0.55 (0.50 - 0.62) 4.4 (0.5) 540 

cis-permethrin IsoKDR 24.4 (21.3 - 28.0) 2.8 (0.3) 520 

cyfluthrin ROCK 0.023 (0.021 - 0.026) 3.5 (0.3) 700 

cyfluthrin IsoKDR 0.54 (0.49 - 0.60) 3.9 (0.4) 680 

cyhalothrin ROCK 0.021 (0.02 - 0.023) 3.5 (0.2) 959 

cyhalothrin IsoKDR 1.24 (1.05 - 1.49) 1.9 (0.2) 560 

cypermethrin ROCK 0.062 (0.056 - 0.068) 3.3 (0.3) 840 

cypermethrin IsoKDR 1.68 (1.51 - 1.87) 2.8 (0.2) 740 

deltamethrin ROCK 0.012 (0.010 - 0.013) 3.2 (0.2) 850 

deltamethrin IsoKDR 0.39 (0.35 - 0.44) 2.4 (0.1) 1269 

etofenprox ROCK 2.06 (1.88 - 2.26) 4.0 (0.4) 620 

etofenprox IsoKDR 221 (198- 246) 2.6 (0.2) 1030 

1 R-trans 

fenfluthrin ROCK 1.16 (1.00 - 1.32) 2.7 (0.2) 858 

1 R-trans 

fenfluthrin IsoKDR 54.8 (48.6 - 61.6) 3.1 (0.2) 660 

fenpropathrin ROCK 0.53 (0.46 - 0.63) 2.7 (0.3) 671 

fenpropathrin IsoKDR 28.7 (26.4 - 31.2) 2.9 (0.2) 1162 

flumethrin ROCK 0.50 (0.45 - 0.55) 3.6 (0.3) 647 

flumethrin IsoKDR 27.7 (24.4 - 31.3)  2.5 (0.2) 877 

permethrin ROCK 0.56 (0.52 -0.60)  4.7 (0.3) 1040 

permethrin IsoKDR 22.5 (20.8 - 24.4) 4.4 (0.3) 980 

permethrin 

Rock x IsoKDR 

F1 1.80 (1.76-1.84) 3.8 (0.1) 500 

permethrin + PBO ROCK 0.22 (0.20 - 0.24) 3.1 (0.2) 1361 

permethrin + PBO IsoKDR 9.14 (7.00 - 14.2) 1.7 (0.3) 504 
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Table 2: Continuation. 

Insecticide Strain LD50 (95% CI)  Slope (SE) n 

tau-fluvalinate ROCK 0.32 (0.29 - 0.36) 4.1 (0.4) 680 

tau-fluvalinate IsoKDR 22.5 (18.8 - 27.0) 1.7 (0.2) 660 

tefluthrin ROCK 4.64 (4.14 - 5.25) 3.3 (0.3) 830 

tefluthrin IsoKDR 134 (120 – 153) 2.3 (0.2) 1040 

transfluthrin ROCK 0.66 (0.60 - 0.72) 3.3 (0.2) 840 

transfluthrin IsoKDR 38.0 (35.1 - 41.5) 4.0 (0.3) 840 

trans-permethrin ROCK 0.46 (0.42 - 0.50) 4.1 (0.4) 600 

trans-permethrin IsoKDR 31.3 (28.5 - 34.3) 3.8 (0.3) 820 

DCJW ROCK 1.30 (1.20 – 1.41) 5.5 (0.6) 480 

DCJW IsoKDR 17.4 (15.1 – 19.9) 2.4 (0.2) 620 

Indoxacarb ROCK 7.84 (6.84 – 8.87) 2.7 (0.3) 500 

Indocacarb IsoKDR 293 (256 – 340) 2.0 (0.1) 770 

DDT ROCK 10.1 (9.31 – 11.0) 5.8 (0.6) 500 

DDT IsoKDR > 22,000† -- 650 

DDT + PBO IsoKDR >22,000 -- 360 

DDT + DEM ROCK 8.61 (7.58 – 9.68) 3.5 (0.4) 540 

DDT + DEM IsoKDR >22,000 -- 358 

† Less than 50% kill at 22 ug/mosquito. 
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2.4. Discussion and Conclusions 

 There was a 5-fold overall difference in RR levels between the structurally diverse 

pyrethroids. We found no general relationship between pyrethroid structure and RR values, 

but did observe a few differences and similarities due to single changes in chemical 

structures. These differences were, however, no more than 2.5-fold. Similarly, we observed 

no general resistance patterns for larger alcohol or acid moiety changes in the pyrethroid 

structures. The major challenge in making a comparison such as this one is that the 

commercial availability of bioactive compounds with single, specific changes in their 

structures is limited. The problem is that even small changes in the chemical structure of a 

pyrethroid may make it lose its toxicity to insects, or fail to increase the toxicity enough to 

warrant developing it into a new commercial product.  

The >2,000-fold DDT resistance appears to be due entirely to the Vssc mutations 

S989P+V1016G, because PBO and DEM were not able to measurably reduce the level of 

resistance. This high level of resistance raises the question of whether this pair of mutations 

evolved in response to DDT use (and subsequently conferred cross-resistance to 

pyrethroids), or whether one or both mutations evolved in response to pyrethroid use.  A 

common mechanism of resistance to DDT was initially linked to the gene knockdown 

resistance (also referred to as kdr).[30] It was demonstrated that kdr could confer cross-

resistance to pyrethrins and pyrethroids in several insects,[31-33] including A. aegypti [34] 

and that this was due to insensitivity of the nervous system [33, 35, 36]. This was 

subsequently found to be due to a L1014F mutation in the Vssc gene in house flies and 

German cockroaches.[37, 38] In Culex, the L1014F mutations was found to confer cross-

resistance between permethrin and DDT.[39] In A. aegypti, the classic L1014F mutation in 
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Vssc is absent, although other mutations have been found.[12] In fact, over the two decades 

the number of Vssc mutations that confer resistance has expanded greatly,[40] but the 

timelines over which these mutations occurred is unclear, particularly because sequencing 

Vssc only became a reality more than a decade after pyrethroids were introduced. Thus, it is 

unclear whether DDT or pyrethroids or both, are responsible for the evolution of the 

S989P+V1016G mutations in A. aegypti.    

The 37.5-fold cross-resistance to indoxacarb was partially (2.8-fold) lost when we 

tested the bioactivated form of this insecticide (DCJW), suggesting that the gene for the 

indoxacarb bioactivating enzyme was linked to the resistance locus.  This led us to examine 

the genome sequence of A. aegypti [41, 42] for candidate genes.  The enzyme that catalyzes 

the conversion of indoxacarb to DCJW is thought to belong to the esterase/amidase subclass 

of hydrolases.[28] Using NCBI’s most current A. aegypti genome assembly Aaeg5.0 

(www.ncbi.nlm.nih.gov) we looked for approximately 2 megabases in both upstream (5’) 

and downstream (3’) directions from Vssc. We found three genes (AAEL006034, 

AAEL006024, and AAEL006023) with hydrolase activity (according to gene ontology 

annotations GO:0016810 and GO:0016811 in VectorBase [www.VectorBase.org]) between 

approximately 740 kb to 860 kb downstream from Vssc (See supplementary Table S1). 

These genes are reasonable candidates for the indoxacarb bioactivation enzyme, and worthy 

of further study. There were no genes in the upstream region that appeared to have 

metabolic activity with indoxacarb or DCJW. 

The mechanism responsible for the 13.4-fold cross-resistance to DCJW is unclear.  

This could be due to the S989P+V1016G Vssc mutations or to some other factor at the 

pyrethroid resistance locus. Few other studies have investigated resistance to oxadiazines in 

http://www.ncbi.nlm.nih.gov/
http://www.vectorbase.org/
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pyrethroid resistant strains.[24, 43-45] Of those, only one had a known Vssc mutation 

(L1014F) in a resistant strain of house fly, and no cross-resistance was observed.[45] 

However, this is not the same mutation found in A. aegypti, so whether S989P+V1016G 

confers cross-resistance is still unclear. One study done in field collected A. albopictus in 

Pakistan found resistance to multiple classes of insecticides including pyrethroids and 

indoxacarb,[46] however, they did not evaluate the mechanisms of resistance present. 

Identification of the factor responsible for the DCJW cross-resistance in IsoKDR will 

require further study. 

When comparing the resistance levels in the IsoKDR strain to a house fly strain 

(ALkdr) with the L1014F mutation [29], we found no relationship between the resistance 

levels for the different pyrethroids. This suggests that L1014F and S989P+V1016G are 

conferring pyrethroid protection somewhat differently. In contrast to the difference in 

pyrethroid protection given by the different Vssc mutations, the inheritance of this trait 

seems very consistent.  Our results indicate the inheritance of resistance conferred by 

S989P+V1016G is incompletely recessive. This is what has commonly been observed for 

the inheritance of resistance for other Vssc mutations such as A1215D+F1538I[47], 

V1023G+D1794Y[48] and L1014F,[49] although some variation has been observed 

between pyrethroids for the L1014F mutation in house flies.[29] The inheritance of a 

resistance allele could have important implications for resistance management. For example, 

the frequency of a recessive allele may go down quickly under no insecticide selection 

pressure, but it will never be eliminated from the population, unless its fitness cost is high in 

heterozygous individuals. 

It would be expected that kdr would confer resistance in all life stages, due to the 
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nature of this resistance (mutation in the target site).  However, to our knowledge, the levels 

of resistance conferred by kdr have not been compared between life stages.  We found no 

significant difference in the levels of permethrin resistance in larvae and adults.  This was 

somewhat surprising because different bioassay methods were used and different methods 

can sometimes manifest different RRs.[26] 

In summary, we report for the first time the levels of pyrethroid, DDT and 

oxadiazine resistance conferred by Vssc mutations S989P+V1016G in vivo. Etofenprox (and 

DDT) should be avoided in areas where Vssc mutations S989P+V1016G exist at high 

frequencies. We also found that pyrethroid structure cannot be used to predict the level of 

resistance conferred by kdr. Investigations of the type we carried out are hampered because 

small changes in the structure of a pyrethroid can sometimes lead to dramatic loss of 

toxicity.  These results provide essential background for future investigation of pyrethroid 

interaction with VSSC and for resistance management of this important disease vector. 
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2.5. Supporting information 

 

Table S1: Annotated genes near the A. aegypti Vssc. Information from supercontig 1.186; NW_001810688.1 in www.VectorBase.org and in 

NCBI’s (www.ncbi.nlm.nih.gov) chromosome 3 assembly (reference sequence NC_035109.1) about 2 Mbp distances from LOC5567355. 

gene id 
NCBI gene 

symbol 
NCBI location description 

  AAEL010876 LOC5574031 NC_035109.1 (318461036..318496256, complement) N/A 

 AAEL012401 LOC23687892 NC_035109.1 (318339172..318420307) 
dehydrogenase/reductase SDR family 

member on chromosome X 

 AAEL012402 LOC5563869 NC_035109.1 (317998180..318183058, complement) 
elongation of very long chain fatty acids 

protein 7 

 AAEL012400 LOC5576206 NC_035109.1 (317920401..318296327) 
D-beta-hydroxybutyrate dehydrogenase, 

mitochondrial 

 AAEL011892 LOC5575514 NC_035109.1 (317151324..317153500, complement) 
guanine nucleotide-binding protein 

subunit beta-like protein 1 
 AAEL011893 LOC5575516 NC_035109.1 (317029276..317159240) sine oculis-binding protein homolog 
 AAEL013478 LOC5578045 NC_035109.1 (317007876..317016515, complement) transmembrane protein 39A-B 
 AAEL013479 LOC5580235 NC_035109.1 (317007192..317007869) LYR motif-containing protein 2 

 AAEL012324 LOC5580236 NC_035109.1 (316972730..316999854, complement) 
membrane-bound transcription factor site-

2 protease 
 AAEL012321 LOC5578048 NC_035109.1 (316681419..316960970, complement) N/A 

 AAEL012332 LOC5580244 NC_035109.1 (316665865..316668837, complement) 
oral-facial-digital syndrome 1 protein 

homolog 

 AAEL012329 LOC5580242 NC_035109.1 (316660781..316664236, complement) 
probable cysteine--tRNA ligase, 

mitochondrial 

 AAEL012325 LOC5580241 NC_035109.1 (316628393..316657087) 
proteasome-associated protein ECM29 

homolog 
 AAEL012326 LOC5580239 NC_035109.1 (316467800..316551186, complement) calmodulin 
 AAEL012330 LOC5580238 NC_035109.1 (316455498..316457804, complement) TATA-box-binding protein 
 AAEL012323 LOC5580237 NC_035109.1 (316425360..316441710) protein preli-like 

Vssc AAEL006019 LOC5567355 
NC_035109.1 (315926360..316405639, 

complement) 
voltage-gated sodium channel activity 

https://www.ncbi.nlm.nih.gov/nucleotide/157112051?report=genbank&log$=nuclalign&blast_rank=1&RID=KP0X503C014
http://www.vectorbase.org/
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Table S1: Continuation 

gene id NCBI gene NCBI location description 
 AAEL006032 LOC5567349 NC_035109.1 (315800121..315896611) OTU domain-containing protein 7B 
 AAEL014907 LOC5567357 NC_035109.1 (315773190..315793727, complement) merlin; moesin/ezrin/radixin homolog 2 
 AAEL006041 LOC5567351 NC_035109.1 (315750009..315763297) leucine-rich repeat-containing protein 47 
 AAEL006031 LOC5567353 NC_035109.1 (315711538..315731782, complement) large subunit GTPase 1 homolog 

 AAEL006036 LOC5566415 NC_035109.1 (315682637..315711625) 
RNA polymerase II subunit A C-terminal 

domain phosphatase SSU72 

 AAEL006034 LOC5567352 NC_035109.1 (315658341..315668048) 
vanin-like protein 1, nitrogen compound 

metabolic process 

 AAEL015161 LOC5566416 NC_035109.1 (315605020..315658201) 
vanin-like protein 2, nitrogen compound 

metabolic process 

 AAEL006023 LOC5567358 NC_035109.1 (315542318..315544574, complement) 
vanin-like protein 1, nitrogen compound 

metabolic process 
 AAEL002696 LOC5575673 NC_035109.1 (315501434..315504094, complement) glutamyl aminopeptidase 
 AAEL006017 LOC5567347 NC_035109.1 (315381682..315384874) N/A 

HPX1 AAEL006014 LOC5567513 NC_035109.1 (315325706..315431873, complement) heme peroxidase 
 AAEL006037 LOC5567359 NC_035109.1 (315262694..315291259) protein binding 
 AAEL011587 LOC5575037 NC_035109.1 (315246062..315252688) 60S ribosomal protein L27 

Dmn AAEL006029 LOC5567360 NC_035109.1 (315233282..315241035, complement) dynactin subunit 2 
 AAEL006016 LOC5567361 NC_035109.1 (315204259..315218808) mitoguardin 

 AAEL006013 LOC5567362 NC_035109.1 (315152265..315181041, complement) 
probable histone-lysine N-

methyltransferase CG1716 
 AAEL006027 LOC5567363 NC_035109.1 (315115609..315143461) lipase member H-A 
 AAEL006015 LOC5567364 NC_035109.1 (314752556..315059781) RNA polymerase II elongation factor Ell 
 AAEL006025 LOC5567367 NC_035109.1 (314735653..314744258) protein binding; heat shock protein STI1 
 AAEL006040 LOC5567368 NC_035109.1 (314664216..314723694) coatomer subunit beta' 
 AAEL010448 LOC5573368 NC_035109.1 (314253218..314281133) N/A 
 AAEL010451 LOC5573365 NC_035109.1 (314090916..314095200) girdin 
 AAEL010449 LOC5564744 NC_035109.1 (313952175..314052027, complement) huntingtin-interacting protein 1 
 AAEL014600 LOC5564745 NC_035109.1 (313919138..313926722, complement) 4-hydroxyphenylpyruvate dioxygenase 
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Figure S1: Validation of ASPCR.  Samples with known genotypes (kdr/kdr, kdr/+ or +/+ 

based on Sanger sequencing of PCR products) were evaluated using primers specific for kdr 

(A) or the susceptible Vssc allele (B). The ASPCR product size is 357 bp. The size ladder is 

shown in the left lane. 
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Figure S2: Toxicity, based on the LD50 of the susceptible ROCK strain, of 20 different VSSC 

targeting insecticides.   
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Figure S3: Correlation between the RRs of 14 pyrethroids between a strain with the 

S989P+V1016G mutations (IsoKDR A. aegypti) and one with the L1014F mutation (ALkdr 

house fly)[29].   
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CHAPTER 3 

CYP-MEDIATED RESISTANCE AND CROSS-RESISTANCE TO PYRETHROIDS 

AND ORGANOPHOSPHATES IN AEDES AEGYPTI IN THE PRESENCE AND 

ABSENCE OF KDR7 

 

Authors: Letícia B. Smith, Colin Sears, Haina Sun, Robert Mertz, Shinji Kasai, and Jeffrey G. Scott 

 

Abstract 

 Aedes aegypti is an important mosquito in public health because it thrives in urban 

environments and transmits several debilitating human viral diseases. For these reasons, our 

ability to control this mosquito species in endemic areas is of utmost importance. The use of 

insecticides, mostly pyrethroids and organophosphates (OPs), has long been the primary 

means of controlling A. aegypti, but widespread insecticide resistance has emerged. The two 

main mechanisms of pyrethroid resistance in A. aegypti are CYP-mediated detoxification 

and mutations in the target site, voltage-sensitive sodium channel (Vssc), referred to as 

knockdown resistance (kdr). Knowledge about the contributions and interactions of these 

mechanisms to resistance levels is important for the understanding of the molecular and 

evolutionary basis of insecticide resistance, and to determine the effectiveness of 

insecticides. This knowledge is currently unknown for A. aegypti and in this study, we fill 

this gap by addressing two aims: 1) determine the patterns of CYP-mediated cross-resistance 

to pyrethroid and OP insecticides, both in the presence and absence of kdr 

                                                 
7 Published: Smith, L., Sears, C., Sun, H., Mertz, R., Kasai, S., and Scott, J. 2019. CYP-mediated resistance and 

cross-resistance to pyrethroids and organophosphates in Aedes aegypti in the presence and absence of kdr. Pestic. 

Biochem. Physiol. In Press. 
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(S989P+V1016G), and 2) determine whether the interaction between the two mechanisms 

yields an additive, greater-than-additive, or less-than-additive effect on resistance. To do 

this, we tested seven pyrethroids and four OPs against three congenic strains of A. aegypti: 

ROCK (susceptible), CYP:ROCK (CR) (resistant due to CYP-mediated detoxification 

without kdr), and CYP+KDR:ROCK (CKR) (resistant due to both CYPs and kdr), and 

cmpared these to the congenic KDR:ROCK strain that was previously reported. We found 

that resistance ratios (RRs) were variable between pyrethroids and strains, ranging from 6.2- 

to 42-fold for CR, and 70- to 261-fold for CKR. Alone, CYP-mediated resistance 

contributes less to resistance than kdr for all except two pyrethroids, bioallethrin and 

cyfluthrin. The effect of the combined mechanisms on resistance was significantly greater-

than-additive for all pyrethroids except (1R)-trans-fenfluthrin. CYP-mediated pyrethroid 

resistance conferred cross-resistance to both methyl paraoxon and fenitrothion, and negative 

cross-resistance to methyl parathion and naled. Of the pyrethroids tested in this study, the 

greatest cross-resistance was to etofenprox when both mechanisms are combined (CKR 

strain) and to cyfluthrin when only the CYP-mediated resistance was present. Based on 

these results, we recommend that etofenprox and cyfluthrin be avoided for A. aegypti control 

in areas where these resistance mechanisms are prevalent. 
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3.1. Introduction 

Resistance to insecticides is the major threat to pest control, thus causing high 

economic and health costs to humans [1]. Strong selection pressure by insecticides can lead 

to multigenic insecticide resistance, each contributing to resistance via different 

mechanisms. Understanding the contributions and interactions of these mechanisms to 

resistance levels is an important step towards developing a clear understanding of the 

molecular and evolutionary basis of insecticide resistance.  

The interactions between the resistance mechanisms can shape how effective different 

chemical are at controlling a pest. The most common interaction between resistance 

mechanisms across different insecticides is greater than additive [2]. However, only one 

study has looked at this interaction in a mosquito species [3] and none have looked at Aedes 

aegypti.  

Every year, mosquitoes are responsible for transmitting over 400 million cases of 

several diseases and causing nearly 1 million deaths worldwide [4]. A. aegypti is one of the 

most consequential mosquito species for public health because it vectors four important 

human disease viruses: dengue, yellow fever, chikungunya, and Zika. Although A. aegypti 

are found primarily in the tropics, their geographical range spans every continent, except 

Antarctica, including 188 countries [5]. Approximately 50 to 100 million people become 

infected with the dengue virus per year and there are about 200,000 cases of yellow fever 

resulting in 30,000 deaths reported each year worldwide [4]. In the last decade, chikungunya 

and Zika viruses emerged in the Americas and Europe and have become new threats [6-9]. 

A. aegypti is an anthropophilic mosquito with a wide global distribution and that thrives in 

urban environments, making it a serious threat to human health.   
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The primary means of controlling A. aegypti in endemic areas is with insecticides, 

which has led to extensive use of pyrethroids and organophosphates in the last three 

decades. Pyrethroid insecticides, such as cypermethrin, deltamethrin, and permethrin, are 

widely used for control of adult A. aegypti [10]. Pyrethroids are one of the most commonly 

used insecticide classes because of their high toxicity to insects and low risk to mammals. 

Organophosphate (OP) insecticides are also widely used for the control of both adult and 

larval A. aegypti [10]. In most regions where A. aegypti transmitted diseases are most 

prevalent, mosquitoes have high levels of resistance to insecticides due to intensive selection 

pressure [11-24]. This compromises our ability to control these mosquitoes and the diseases 

they spread. 

The two main mechanisms of pyrethroid resistance in A. aegypti are increased 

detoxification by CYPs and mutations in the target-site gene, voltage-sensitive sodium 

channel (Vssc) (mutations in Vssc are commonly referred to as knockdown resistance or kdr) 

[13, 16, 25-31]. Although there is undisputed evidence for these mechanisms conferring 

resistance worldwide [24], we have no knowledge about the levels of resistance conferred 

by each mechanism individually in A. aegypti and about their interactions when combined 

[2]. The CYP inhibitor piperonyl butoxide (PBO) is widely used to demonstrate the 

involvement of CYPs in pyrethroid resistant Aedes [26, 32, 33], however, PBO cannot 

accurately quantify the contribution of CYPs to the observed resistance. In order to 

determine the contribution of specific mechanisms of resistance, it is necessary to use 

genetically related strains in order to reduce interference from different genetic 

backgrounds. Related strains containing different resistance loci (i.e. congenic) alone and in 

combination also can inform us about the interactions between the different resistance 
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mechanisms and whether the effects of these resistance mechanisms are additive, greater-

than-, or less-than-additive.  

Against organophosphates, increased detoxification is the main mechanism of 

resistance in A. aegypti [24, 34]. Organophosphate metabolic resistance in A. aegypti has 

been linked to overexpression of CYPs [35-37], carboxyl/esterases [35, 38, 39], and 

glutathione S-transferases [39]. Unlike pyrethroids, many organophosphates are 

proinsecticides that require activation by CYPs. Organophosphate resistance due to target 

site modifications seems to be a minor mechanism in A. aegypti since only one study has 

detected acetylcholinesterase (AChE) insensitivity [40] and no mutation in the AChE gene 

has been described [38]. Resistance to organophosphates is found worldwide [24, 34]. 

In this study, we determined the levels of resistance and cross-resistance conferred to 

A. aegypti by CYP-mediated resistance both independently and in combination with Vssc 

mutations S989P+V1016G (here referred to as kdr) for seven pyrethroids allowing us to 

determine if the combination of these two mechanisms yields an additive, greater-than-

additive or less-than-additive resistance. Given that OPs are also widely used to control A. 

aegypti, we also evaluated the levels of cross-resistance to four OPs conferred by CYP-

mediated pyrethroid resistance. Information from this study has direct application for 

resistance management practices because it will identify the chemicals that may be the most, 

or least, effective against a population harboring these resistance mutations, alone or in 

combination. 
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3.2. Materials and methods 

Strains 

Three congenic strains of A. aegypti were used in this study: Rockefeller (ROCK), an 

insecticide-susceptible strain which originated from the Caribbean [41] and has been reared 

without exposure to insecticides for decades, CYP+KDR:ROCK (CKR), a strain congenic to 

ROCK but containing both CYP-mediated resistance and voltage-sensitive sodium channel 

(Vssc) mutations S989P+V1016G (herein referred to as kdr) [42], and CYP:ROCK (CR), a 

strain also congenic to ROCK, but containing only CYP-mediated resistance and no kdr. 

Both CKR and CR were created using the parental strains ROCK and Singapore (SP), a 

pyrethroid resistant strain in which the mechanisms of resistance have been well studied 

[26]. Adult SP are 356-fold resistant to permethrin (relative to ROCK) due to CYP-mediated 

detoxification and kdr, while hydrolases and decreased penetration are not involved [26, 42]. 

Mosquitoes were reared at 27˚C (± 3°C), 3 – 37% (median = 14, average = 16) relative 

humidity, and a 14 hours light and 10 hours dark period. Adults were maintained on 10% 

sugar water in cages ~35 x 25 x 25 cm holding ≤ 1000 mosquitoes. Larvae were reared in 

27.5 x 21.5 x 7.5 cm containers with ~2 L deionized water and fed Cichlid Gold fish food 

pellets (Hikari, Hayward, CA) (ground pellets for 1st instar and medium size pellets for 2nd 

to 4th instars). Approximately six to twelve food pellets were given daily, as needed to 

ensure food was neither limiting nor excessive depending on larval density (~400 – 600) and 

instar. To collect eggs, females were blood fed using membrane covered water-jacketed 

glass feeders with cow blood obtained locally. 

The CKR strain was isolated as reported previously [42]. CR was isolated from CKR 

crossed with ROCK to remove the CKR kdr allele by a genotype selection (see section 2.2) 
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at the F2 and S0 generations. Individuals lacking kdr were then selected four times with a 

dose of permethrin sufficient to kill approximately 80% of individuals. The procedure for 

isolating CR is illustrated in Fig. 1.  

 

 

Fig. 1. Protocol for isolating the congenic CYP:ROCK (CR) strain containing CYP-

mediated resistance. Permethrin selections were done on unmated females. 

 

Genotype Selections and Validation 

To isolate the CR strain, a genotype selection was done on 1980 F2 females and 900 F2 

males to get approximately 500 homozygous susceptible (S989+V1016) females and ~200 

homozygous susceptible males (Fig. 1). Because a few F2 heterozygotes were accidentally 

released in the first selection, a second selection was done on 450 females and 180 males of 

the following generation (S0). A final total of 430 S989+V1016 females and 170 

S989+V1016 males were released in a cage for subsequent insecticide selection (see section 

above). The genotype selection was done by first extracting DNA from the hind tarsus of 
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unmated F2 (or S0) generation adults using an alkali extraction method described below. 

During the selection, mosquitoes were maintained in individual numbered 5 ml pipette tips 

sealed with a 10% sugar water saturated Kimwipe™ (Kimtech Science™, Irving, TX, 

USA). The genotype of individuals was determined by allele-specific polymerase chain 

reaction (ASPCR, see below), and mosquitoes lacking kdr were released into a cage to mate 

en masse.  The presence and absence of kdr in the parental CKR and final isolated CR 

strains were validated on a total of 90 individuals (45 females + 45 males) from each strain 

using the methods described below. 

Genomic DNA was extracted from the hind tarsus as follows: legs were placed in 

individual wells of a 96-well PCR plate (Bio-Rad, Hercules, CA, USA) with approximately 

three 2.3-mm diameter zirconia/silica beads (BioSpec Products, Bartlesville, OK, USA) and 

10 μL 0.2 M NaOH per tube. The samples were pulverized for 1-2 min on a vortex mixer at 

maximum speed and then incubated for 10 min at 70˚C. Ten microliters of neutralization 

buffer (360 mM Tris-HCl, pH 7.5 and 10 mM EDTA) and 80 μL ddH20 were then added to 

each well. ASPCR forward and reverse primers (see Supplemental Table 1) were made for 

both the resistant (P989+G1016 allele) and susceptible (S989+V1016) genotypes based on 

methods reported by Li et al. [43].  Susceptible and resistant allele primers were used on 

each sample with the following thermocycler conditions: 94˚C for 3 min, 35 x (94˚C for 30 

sec, 62˚C for 30 sec, 72˚C for 1 min) and 72˚C for 7 min.  Each ASPCR reaction was 

evaluated on a 1% agarose gel and was scored as homozygous susceptible (ASPCR band 

only with susceptible primers), homozygous resistant (ASPCR band only with resistant 

primers) or heterozygous (ASPCR band with both resistant and susceptible primers). 

Control (ROCK, SP and F1 (ROCK x SP)) DNA template were run on every 96-well plate 
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and gel.  

 

Insecticides 

Seven pyrethroids (chosen based on their structural diversity), four organophosphates 

(chosen based on structural diversity and previously reported cross- and negative cross-

resistance [44]) (Fig. 2), and one synergist were used in this study: bioallethrin (3.8% cis, 

95.7% trans, Chem Service, West Chester, PA, USA), cyfluthrin (98%, Bayer CropScience, 

Leverkusen, Germany), cypermethrin (94.6%, ICI Americas, Wilmington, DE, USA), 

etofenprox (96.3%, Mitsui Toatsu, Tokyo, Japan), fenitrothion (Sumitomo Chemical, 

Tokyo, Japan), (1R)-trans-fenfluthrin (100%, Bayer CropScience), fenpropathrin (99.5%, 

Chem Service), methyl parathion (98.8%, Chem Serve) and its active metabolite methyl 

paraoxon (97%, Chem Serve), naled (99%, Chem Serve), permethrin (99.5% pure, 24.1% 

cis, 75.8% trans, Chem Service), and piperonyl butoxide (PBO) (90%, Sigma-Aldrich). All 

insecticides were diluted in ACS reagent grade acetone (VWR, Radnor, PA, USA). 
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Fig. 2. Chemical structures of the insecticides used:  pyrethroids (A) and organophosphates 

(B).  Stereochemistry is not shown for insecticides that are a mix of isomers. 
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Adult Bioassays 

Topical adult bioassays were done on 3- to 7-day-old mated females. Mosquitoes were 

briefly anesthetized with CO2 and held on ice. A 0.22 μL drop of insecticide in acetone was 

applied to the thorax of each mosquito using a Hamilton PB-600 repeating dispenser 

equipped with a 10 µL syringe. Controls were treated with acetone only. At least five doses 

were used per bioassay with at least three giving mortality values between 0 and 100%. For 

each dose, twenty mosquitoes were tested per replicate. Mosquitoes were given a cotton ball 

saturated with distilled water and held in a chamber at 25˚C with a photoperiod of 12L: 12D. 

For each strain and insecticide, a minimum of four bioassay replicates over at least two days 

and two cages were done. Mortality was defined as mosquitoes that were ataxic after 24 h. 

Bioassays with the susceptible ROCK strain were done side-by-side with each resistant 

strain. If bioassays on resistant strains were done by a different investigator or at a different 

time, ROCK bioassays were repeated. 

Probit analysis [45], as adapted for R (http://cran.r-project.org/) (available at 

https://github.com/JuanSilva89/Probit-analysis) using Abbott’s [46] correction for control 

mortality, was used to calculate the LD50 and the 95% confidence intervals (CI). All of the 

bioassay data fit a line (chi-square test). Resistance ratios (RR) were calculated by dividing 

the LD50 of CKR or CR by the LD50 of ROCK. Significant differences were determined by 

calculating the RRs for the minimum and maximum LD50 values based on the LD50 95% CI. 

If the minimum and maximum RR values for the different insecticides/strains did not 

overlap, they were deemed significantly different. To determine whether RR values of each 

insecticide were additive, greater-than-, or less-than-additive between the CYP and kdr 

mechanisms, the RR values for CR and the congenic KR strain (that contains kdr as its only 
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resistance mechanism) (reported in [47]were added. If the CKR RR was greater than the 

CR+KR RR and the RR CIs did not overlap, the resistance value of CKR was deemed 

greater-than-additive. If the RR CI values between CKR and CR+KR overlapped, the CKR 

resistance was deemed additive. For OP cross-resistance, if the LD50 95% CI values of the 

resistant strain did not overlap with ROCK the values were considered significantly 

different. RR values above 1 indicate cross-resistance, and values below 1 indicate negative 

cross-resistance. 

The presence of CYP-mediated resistance in both CR and CKR was validated by 

bioassays using the CYP inhibitor piperonyl butoxide (PBO). If the RR decreases, this 

indicated that CYP-mediated resistance is present, and if the RR does not change, this 

indicates other mechanisms, such as kdr or other detoxifying enzymes, are responsible for 

the resistance levels. The bioassays were performed as described above, except that 2.5 µg 

PBO was applied to each mosquito 2 h prior to the insecticide application. For this, the 

mosquitoes were anesthetized on ice twice, once for PBO application and once for 

permethrin application. Controls included acetone twice and acetone plus synergist 

application. 
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3.3. Results 

Strain validations 

 All CR mosquitoes lacked kdr, and all CKR mosquitoes were homozygous for kdr (n 

> 90 for each strain, genotype results not shown). Pyrethroid resistance was PBO 

suppressible in both CR and CKR, confirming the presence of CYP-mediated resistance in 

both strains. PBO blocked permethrin resistance in CR, reducing the resistance ratio (RR) 

from 6.2 to 1.4 (Table 1).  PBO reduced permethrin resistance in CKR from 111 to 77-fold 

(Table 2). The remaining 77-fold resistance in CKR is due to kdr [42].  
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Table 1: Toxicity of pyrethroid and organophosphate insecticides against 

susceptible (ROCK) and resistant (CR) strains of A. aegypti.  

Insecticide Strain LD50
a (95% CI)  Slope (SE) n 

Pyrethroids 

bioallethrin ROCK 1.75 (1.74 - 1.77) 5.0 (0.04) 320 

bioallethrin CR 38.2 (35.9 - 40.7) 3.9 (0.2) 820 

cyfluthrin ROCK 0.02 (0.017 - 0.024) 2.0 (0.2) 740 

cyfluthrin CR 0.83 (0.76 - 0.90) 3.1 (0.2) 720 

cypermethrin ROCK 0.05 (0.05 - 0.06) 5.5 (0.9) 320 

cypermethrin CR 1.08 (0.82 - 1.42) 2.1 (0.5) 320 

etofenprox ROCK 1.91 (1.84 - 1.99) 6.4 (0.5) 440 

etofenprox CR 18.8 (18.0 - 19.8) 4.3 (0.3) 480 

(1R)-trans-fenfluthrin ROCK 0.96 (0.85 - 1.08) 3.8 (0.4) 700 

(1R)-trans-fenfluthrin CR 6.66 (6.40 - 6.94) 3.9 (0.2) 500 

fenpropathrin ROCK 0.68 (0.68 - 0.68) 5.1 (0.02) 420 

fenpropathrin CR 4.30 (4.03 - 4.60) 4.4 (0.3) 320 

permethrin ROCK 1.03 (1.01 - 1.06)  8.1 (0.4) 400 

permethrin CR 6.36 (6.04 - 6.69) 4.9 (0.3) 560 

permethrin + PBO ROCK 0.29 (0.28 - 0.30) 6.2 (0.3) 420 

permethrin + PBO CR 0.40 (0.34 - 0.46) 4.7 (0.7) 438 

Organophosphates 

fenitrothion ROCK 1.11 (1.08 - 1.15) 8.0 (0.4) 480 

fenitrothion CR 2.40 (2.32 - 2.48) 6.7 (0.4) 680 

methyl paraoxon ROCK 0.43 (0.42 - 0.44) 8.7 (0.5) 1040 

methyl paraoxon CR 0.55 (0.48 - 0.62) 5.6 (0.9) 600 

methyl parathion ROCK 1.23 (1.13 - 1.33) 5.9 (0.6) 400 

methyl parathion CR 0.93 (0.90 - 0.95) 9.8 (0.6) 840 

naled ROCK 2.99 (2.84 - 3.14) 8.5 (0.8) 800 

naled CR 2.32 (2.22 - 2.43) 8.2 (0.6) 760 
aLD50 in units of ng/mosquito 
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Table 2: Toxicity of pyrethroid and organophosphate insecticides against 

susceptible (ROCK) and resistant (CKR) strains of A. aegypti.  

Insecticide Strain LD50 
a (95% CI)  Slope (SE) n 

Pyrethroids 

bioallethrin ROCK 3.3 (2.93 - 3.67) 3.3 (0.3) 720 

bioallethrin CKR 255 (248 - 261) 4.7 (0.1) 422 

cyfluthrin ROCK 0.02 (0.01 - 0.02) 3.9 (0.2) 600 

cyfluthrin CKR 1.82 (1.69 - 1.97) 2.6 (0.1) 880 

cypermethrin ROCK 0.05 (0.05 - 0.06) 5.5 (0.9) 320 

cypermethrin CKR 9.68 (8.21 - 11.4) 2.7 (0.3) 500 

etofenprox ROCK 1.91 (1.84 - 1.99) 6.4 (0.5) 440 

etofenprox CKR 500 (421 - 593) 2.8 (0.4) 494 

(1R)-trans-fenfluthrin ROCK 1.44 (1.32 - 1.57) 4.0 (0.3) 760 

(1R)-trans-fenfluthrin CKR 101 (82 - 123) 3.0 (0.5) 660 

fenpropathrin ROCK 0.68 (0.68 - 0.68) 5.1 (0.02) 420 

fenpropathrin CKR 70.1 (63.2 - 77.7) 5.6 (0.7) 440 

permethrin ROCK 1.03 (1.01 - 1.06)  8.1 (0.4) 400 

permethrin CKR 115 (95 - 138) 2.9 (0.4) 500 

permethrin + PBO ROCK 0.29 (0.28 - 0.30) 6.2 (0.3) 420 

permethrin + PBO CKR 22.3 (22.1 - 22.6) 6.9 (0.1) 480 

Organophosphates 

fenitrothion ROCK 1.05 (0.92 - 1.19) 5.2 (0.7) 500 

fenitrothion CKR 1.91 (1.70 - 2.15) 4.8 (0.6) 420 

methyl paraoxon ROCK 0.43 (0.42 - 0.44) 8.7 (0.5) 1040 

methyl paraoxon CKR 0.48 (0.46 - 0.50) 6.4 (0.4) 580 

methyl parathion ROCK 0.98 (0.87 - 1.12) 3.4 (0.4) 500 

methyl parathion CKR 0.37 (0.34 - 0.42) 2.4 (0.2) 580 

naled ROCK 2.94 (2.87 - 3.02) 4.9 (0.1) 740 

naled CKR 2.02 (1.85 - 2.21) 6.7 (0.8) 500 
aLD50 in units of ng/mosquito. 
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Pyrethroids 

RRs for the CR strain ranged from low (<10-fold) to moderate (11- to 100-fold) with 

permethrin (6.2), fenpropathrin (6.3), (1R)-trans-fenfluthrin (7.0) and etofenprox (9.8) at the 

low range and cypermethrin (20), bioallethrin (22), and cyfluthrin (42) at the moderate range 

(Fig. 3 and Table 1). There was, however, no general pattern between the chemical 

structures and RRs for CR (Fig. 2 and 3). Pyrethroids with an alpha-cyano group (cyfluthrin, 

cypermethrin, and fenpropathrin) were found both in the moderate (cyfluthrin and 

cypermethrin) and low (fenpropathrin) RR range. Despite this lack of a global trend, some 

specific structural modifications caused significant changes in RR. For example, there was a 

significant (3.2-fold) difference between permethrin and cypermethrin RRs, yet the only 

structural difference between them is the alpha-cyano group. The metabolism of cis and 

trans isomers of pyrethroids occurs at different rates [36, 48-51]. Given that there were 

different ratios of cis and trans isomers for some of the insecticides (see Materials and 

Methods), this may have obscured some of the differences between the pyrethroids.  

RRs for the CKR strain, reflecting the combined protection afforded by kdr and CYP-

mediated resistance, ranged from moderate to high (>100 fold). (1R)-trans-fenfluthrin (70) 

and bioallethrin (78) were at the moderate range and cypermethrin (179) and etofenprox 

(261) at the high range (Fig. 3 and Table 2). In general, compounds with shorter carbon 

chains had lower RR values. No other patterns were observed. 

Generally, resistance mechanisms interact to give a greater-than-additive resistance 

[2].  Our results are consistent with this, with six of the seven pyrethroids exhibiting a 

greater-than-additive interaction between the kdr and CYP-mediated resistance mechanisms 

(Fig. 3). The greater-than-additive effect ranged from about 1.8-fold for bioallethrin, 
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fenpropathrin, and cyfluthrin to about 2.4-fold for cypermethrin, permethrin, and etofenprox. 

The interaction between kdr and CYP-mediated resistance was additive only for 1R-trans-

fenfluthrin.  For all pyrethroids except bioallethrin and cyfluthrin, kdr was the mechanism of 

resistance conferring the greatest protection. Cyfluthrin is the only insecticide where 

detoxification by CYPs provides higher protection than kdr. Both CYPs and kdr provide 

about equal resistance to bioallethrin. There was no association between chemical structure 

and the greater-than-additive effects of kdr + CYP. 

 

Fig. 3. Resistance ratios (RRs) for the seven pyrethroids. RRs calculated as the LD50 of the 

resistant strain (CR, KR, or CKR) divided by the LD50 of ROCK. RRs for KR are from a 

previous report [47]. CR+KR values are the added RR values of CR and KR included for 

determining if the CKR resistance values are additive, less- or greater-than-additive. Error 

bars indicate the minimum and maximum 95% confidence interval (CI) for the RRs of each 

insecticide. Values with different letters were significantly different (non-overlap of RR 

CIs). 
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Organophosphates 

Both negative cross-resistance and cross-resistance to the OPs was observed. There 

was slightly greater negative cross-resistance to methyl parathion (0.76- and 0.38-fold) than 

to naled (0.78- and 0.69-fold) for CR and CKR respectively (Fig. 4 and data in Tables 1 and 

2). Interestingly, while both strains exhibited negative cross-resistance to methyl parathion, 

they also exhibited cross-resistance to fenitrothion (2.2- and 1.8-fold for CR and CKR 

respectively). Fenitrothion differs from methyl parathion by a single methyl group on the 

benzyl ring (Fig. 2). Both strains also exhibited cross-resistance (1.3- and 1.1-fold for CR 

and CKR respectively) to methyl paraoxon, the active form of methyl parathion. Methyl 

paraoxon differs from methyl parathion only by an oxygen instead of a sulfur bond to the 

phosphorous (Fig. 2).  

 

 

Fig. 4. Resistance ratios (RRs) for the four organophosphates. RRs calculated as the LD50 of 

CKR or CR divided by the LD50 of ROCK. Error bars indicate the minimum and maximum 

95% confidence interval range for the RRs of each insecticide. All values were significantly 

different from 1.0. 
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3.4. Discussion 

CYP-mediated resistance can be greatly influenced by the structure of the insecticide 

(i.e. structural changes that make the insecticide a more or less suitable CYP substrate). 

CYP-mediated detoxification of pyrethroids is primarily via metabolism of the 

phenoxybenzyl group, although metabolism of the methyl groups on the cyclopropane group 

and ester cleavage have also been reported [36, 49-51]. Thus, we might expect that structural 

modification of a pyrethroid could result in decreased CYP-mediated detoxification due to 

the protection of one of these sites from metabolism (with a halogen substitution, for 

example) or by becoming sterically less able to fit into the CYP active site. For example, 

CYP6D1 in house flies (Musca domestica) gives primarily the 4´-OH-cypermethrin 

metabolite [52]. Pyrethroids that render this part of the molecule less susceptible to 

metabolism (e.g. cyfluthrin which has a halogen addition to the phenoxybenzyl group) result 

in little or no expression of the CYP6D1-mediated resistance [53]. Similarly, in the Culex 

pipiens quinquefasciatus ISOP450 strain, the major permethrin metabolite is 4´-OH-

permethrin [54] (likely mediated by CYP9M10 [55]), and therefore substitutions on the 

phenoxybenzyl group reduces resistance [44, 56]. In the ISOP450 strain, the addition of an 

alpha-cyano group also reduces CYP-mediated resistance [44], revealing an interesting 

difference between CYP6D1- and CYP9M10-mediated detoxification. Our results, however, 

show a different pattern. Resistance was higher to both cyfluthrin and cypermethrin (6.7- 

and 3.2-fold respectively) compared to permethrin, despite the phenoxybenzyl protection in 

cyfluthrin by a halogen (fluorine) and the addition of the alpha-cyano group in both 

cyfluthrin and cypermethrin. In the CR and CKR parental resistant strain (SP), the major 

permethrin metabolite is a 4´-OH-permethrin [26]. CYP-mediated permethrin resistance in 
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CKR (and consequently CR) is genetically linked to the overexpression of CYPs 6BB2, 6Z8, 

9M5, and 9M6 [42]. It is, therefore, possible that the substrate specificity of the CYPs 

involved in resistance in these strains are, unlike CYP6D1 and CYP9M10, not impacted by 

the phenoxybenzyl substitution, nor by the presence or absence of the alpha-cyano group. 

One general conclusion is that chemical structure alone cannot predict the pattern of CYP-

mediated pyrethroid resistance. 

In addition to conferring different patterns of cross-resistance to different pyrethroids, 

the intensity of the resistance levels conferred by CYPs can also vary. CYP9M10-mediated 

permethrin resistance in C. pipiens quinquefasciatus confers 1200-fold resistance [44]. In 

house flies, CYP6D1-mediated permethrin resistance confers 170-fold resistance [57] and 

CYP-mediated resistance in the ALHF strain of house fly was 120-fold [58]. In contrast, the 

CYP-mediated permethrin resistance in the CR strain of A. aegypti was only 6.2-fold. Thus, 

not only is the pattern of CYP-mediated cross-resistance difficult to predict, but the 

magnitude of this resistance is also considerably variable. This agrees with the observation 

that pyrethroid resistance in A. aegypti is commonly <300-fold [24] and is generally less 

than that found in house flies (e.g. [53, 58, 59]) or C. pipiens quenquefasciatus (e.g. [26, 55, 

60]). These patterns do not appear to have any correlation to the number of CYPs in each 

species, since A. aegypti has a similar number of CYP genes (160) [61] as either C. pipiens 

quenquefasciatus (170) [62] or house flies (149) [63].  

For the organophosphates (OPs), CYP-mediated pyrethroid resistance conferred both 

cross- and negative cross-resistance, although the levels were ≤ 2-fold. CYPs are responsible 

for converting phosphorothionates to phosphates [64, 65], which is a potential mechanism 

for negative cross-resistance if the CYP(s) responsible for pyrethroid resistance also 



 

102 

 

bioactivate the OP. This enhanced bioactivation of methyl parathion by the CYPs 

responsible for pyrethroid resistance is potentially the mechanism responsible for the 

negative cross-resistance that we observed. CYPs also detoxify methyl paraoxon, methyl 

parathion, and fenitrothion [66]. Relative to methyl parathion, fenitrothion has one 

additional site for CYP-mediated detoxification (3-methyl group) [67]. It appears that one 

(or more) of the overexpressed CYPs in CR and CKR can bioactivate methyl parathion (and 

this is supported by the observation of low (but significant) negative cross-resistance to 

methyl parathion), however, the addition of a 3-methyl substituent in fenitrothion now 

makes a substrate that the overexpressed CYPs accelerate the detoxification of. Similar to 

our findings, Hardstone et al. also found negative cross-resistance (0.55-fold) to methyl 

parathion associated with CYP-mediated permethrin resistance [44]. 

The results of this study provide further evidence for the contribution of CYPs to 

insecticide resistance and provide new insight into the interactions between CYP- and kdr- 

mediated resistance. We found that CYP-mediated resistance against structurally diverse 

pyrethroids varies greatly between compounds and strains, and that CYP-mediated 

resistance alone contributes less to resistance than kdr for all except two pyrethroids 

(bioallethrin and cyfluthrin). Our results also show that the combined resistance mechanisms 

were significantly greater-than-additive for all pyrethroids except (1R)-trans-fenfluthrin. 

This predicts an evolutionary advantage for mosquitoes evolving both mechanisms under 

strong insecticide pressure. Based on our pyrethroid resistance results, etofenprox should be 

avoided in areas were A. aegypti have the Vssc S989P+V1916G mutations and cyfluthrin 

should be avoided in areas with a high frequency of the CYP-mediated resistance locus 

found in SP. We also detected both cross- and negative cross-resistance to different OPs. 
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This suggests that a rotational use of pyrethroids and certain OPs (such as methyl parathion 

and naled that confer negative cross-resistance) could hold promise as a resistance 

management strategy against A. aegypti.   
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CHAPTER 4 

CYP-MEDIATED PERMETHRIN RESISTANCE IN AEDES AEGYPTI AND 

EVIDENCE FOR TRANS-REGULATION8 

 

Authors: Letícia B. Smith, Rakshit Tyagi, Shinji Kasai, and Jeffrey G. Scott 

 

Abstract 

 Aedes aegypti poses a serious risk to human health due to its wide global 

distribution, high vector competence for several arboviruses, frequent human biting, and 

ability to thrive in urban environments. Pyrethroid insecticides remain the primary means of 

controlling adult A. aegypti populations during disease outbreaks. As a result of decades of 

use, pyrethroid resistance is a global problem. Cytochrome P450 monooxygenase (CYP)-

mediated detoxification is one of the primary mechanisms of pyrethroid resistance. 

However, the specific CYP(s) responsible for resistance have not been unequivocally 

determined. We introgressed the resistance alleles from the resistant A. aegypti strain, 

Singapore (SP), into the genetic background of the susceptible ROCK strain. The resulting 

strain (CKR) was congenic to ROCK. Our primary goal was to determine which CYPs in SP 

are linked to resistance. To do this, we first determined which CYPs overexpressed in SP are 

also overexpressed in CKR, with the assumption that only the CYPs linked to resistance will 

be overexpressed in CKR relative to ROCK. Next, we determined whether any of the 

overexpressed CYP(s) were genetically linked to resistance (cis-regulated) or not (trans-

regulated). We found that CYP6BB2, CYP6Z8, CYP9M5 and CYP9M6 were overexpressed 

                                                 
8 Published: Smith, L., Tyagi, R., Kasai, S., Scott, J. Nov 2018. CYP-mediated permethrin resistance in Aedes 

aegypti and evidence for trans-regulation. PLoS Negl Trop Dis. 12(11): e0006933 
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in SP as well as in CKR. Based on the genomic sequences and polymorphisms in each 

strain, none of these genes were linked to resistance, except for CYP6BB2, which was 

partially linked to the resistance locus. Hence, overexpression of these four CYPs is due to a 

trans-regulatory factor(s). Knowledge on the specific CYPs and their regulators involved in 

resistance is critical for resistance management strategies because it aids in the development 

of new control chemicals, provides information on potential environmental modulators of 

resistance, and allows for the detection of resistance markers before resistance becomes 

fixed in the population. 
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Author summary 

 Cytochrome P450 monooxygenases (CYPs) are one of the most important 

mechanism of insecticide resistance in mosquitoes. These CYP enzymes break down 

insecticides into non-toxic forms that can be readily excreted. An increase of this CYP-

mediated detoxification is commonly found in pyrethroid resistant Aedes aegypti, however 

the link between specific CYPs and the resistance loci have not been clearly established for 

this species. In this study, we measured the expression levels of nine candidate CYPs in two 

strains highly resistant to permethrin: SP, a field collected strain that was selected with 

permethrin for high levels of resistance and CKR, a strain that contains the resistance 

mechanisms from SP, but that is congenic (i.e. has the genetic background) to the insecticide 

susceptible strain, ROCK. We found seven overexpressed CYPs in SP and four in CKR, 

confirming their involvement in resistance. Next, we sequenced the CYP genes (with the 

exception of the duplicated ones) to determine if the genes themselves are located in the 

resistance locus (meaning their expression is cis-regulated) or not (meaning their expression 

is trans-regulated). We found no reduced polymorphisms in any of the resistant strain (SP) 

CYPs, suggesting that the overexpression of these CYPs (and thus CYP-mediated 

resistance) is trans-regulated. 
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4.1. Introduction 

 Aedes aegypti is an important pest capable of transmitting four important human 

disease viruses: dengue, yellow fever, chikungunya, and Zika. Dengue, for example causes 

morbidity and mortality in 141 countries across the tropical and subtropical regions of the 

world  and is estimated to be a risk to over 50% of the world’s population [1]. Yellow fever 

is an endemic disease in the tropical regions of Africa and South America with a recently 

rising number of cases in Brazil [2,3].  Chikungunya is a disease new to the Americas as of 

2013 [4] that often causes debilitating joint pains in addition to flu-like symptoms. Zika was 

introduced to the Americas in 2015 [5] and has generated great concerns due to its 

association with birth defects and Guillain-Barré syndrome [6]. Given that A. aegypti has a 

wide global distribution, high vector competence for several arboviruses, frequent human 

biting, and thrives in urban environments, it poses a serious risk to human health.   

 Insecticides are still the primary means to control A. aegypti in endemic areas. More 

specifically, pyrethroids are the most widely used class of insecticides for control of adult A. 

aegypti [7] in the past three decades. As a result of this continued use, pyrethroid resistance 

in A. aegypti is a global problem [8]. 

 Cytochrome P450 monooxygenase (CYP)-mediated detoxification is one of the 

primary mechanisms of pyrethroid resistance in mosquitoes. CYPs are a large family of 

enzymes that metabolize both endogenous substrates and xenobiotics, such as insecticides. 

A. aegypti have approximately 160 CYP genes [9]. Several studies have directly (e.g. in vivo 

and/or in vitro metabolism) or indirectly (reduction in resistance with the CYP inhibitor 

piperonyl butoxide (PBO)) implicated CYPs as a mechanism of pyrethroid resistance in A. 

aegypti [8].  Elucidating the specific CYP(s) responsible for resistance is challenging 
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because of the large number of CYPs and because CYP-mediated resistance can be due to 

overexpression of a CYP or to a mutation in the open reading frame of a CYP [10]. 

However, identifying these CYPs is extremely important to manage resistance because it 

allows us to detect resistance markers and stop insecticide use before resistance becomes 

fixed in the population [11].  Knowledge of the specific CYPs may also aid in the 

development of new insecticides and resistance inhibitors as well as allow us to better 

understand the influence of environmental xenobiotics in the development of insecticide 

resistance [12]. 

 Most studies done to identify the CYPs responsible for resistance in A. aegypti have 

looked at changes in expression levels using unrelated strains [9,13-16]. However, when 

strains of different origins are used, it is not possible to determine the exact relationship 

between the overexpressed genes and insecticide resistance, because CYP expression can 

vary for reasons unrelated to insecticide resistance. For example, CYP9M9 was 

overexpressed in the SBE strain, relative to the BORA strain [13], even though both were 

susceptible strains. 

 Increased transcription of a CYP resulting in resistance could be due to a change in 

the regulatory region of the CYP [17], to a change in a CYP regulatory protein, or an 

increase in the copy numbers of the CYP through gene amplification [18,19].  These 

processes of increasing CYP expression would give different outcomes.  First, a mutation in 

a specific CYP that leads to increased expression (cis-regulation) would be expected to show 

a specific increase in only that CYP, and the resistance would map to that CYP.  In contrast, 

if resistance is due to a mutation in a gene regulatory protein (trans-regulation), there could 

potentially be multiple CYPs whose expression are elevated in the resistant strain, even if 
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only one of them is responsible for the resistance.  In addition, the resistance locus would 

not map to the CYP that is overexpressed. There are now several cases where CYP 

overexpression is found in insecticide resistant strains, and the overexpression is due to 

trans-regulation of the CYP.  Examples include CYP6D1 in Musca domestica [20], 6A2 and 

6A8 in Drosophila melanogaster [21], 6BJa/b, 6BJ1, 9Z25, and 9Z29 in Leptinotarsa 

decemlineata, and 4G7, 4G14 and 6BQ in Tribolium castaneum [22-24].  Gene 

amplification could also lead to increased expression of a single CYP or multiple CYP genes 

occurring in tandem depending on the length of the duplicated region. In this case, the 

resistance locus could map either to one or more of the duplicate CYPs. 

 CYPs as a group are rapidly evolving genes [25] and are frequently polymorphic 

within and between strains [26,27]. When a mutation causing resistance occurs and is under 

high selection pressure such that the resistance allele becomes fixed in the strain or 

population, the region near this mutation will have decreased amounts of polymorphisms 

relative to the rest of the genome [28-35].   Thus, reduced abundance of single nucleotide 

polymorphisms (SNPs) are useful to detect resistance loci [31-33]. The footprint of the 

region around the resistance locus will decrease in time, as recombination introduces back 

variation, but this will be a slow process.  Furthermore, if a mutation in a CYP causes 

resistance, we would expect the CYP to have a single unique allele in the resistant strain, but 

be polymorphic in susceptible strains. 

 One of the best-characterized pyrethroid resistant strains of A. aegypti is Singapore 

(SP). SP developed a 1650-fold resistance to permethrin (relative to the susceptible SMK 

strain) after 10 generations of selection [19]. Pyrethroid resistance in SP is due to CYP-

mediated detoxification and target site insensitivity (V1016G+S989P mutations in the 
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voltage sensitive sodium channel [Vssc]). CYP-mediated resistance was unambiguously 

demonstrated in SP through in vitro and in vivo metabolism experiments and by PBO 

suppression of the resistance. Nine CYP genes (CYP9M6, 9M5, 9M4, 6Z8, 6Z7, 6F3, 6F2, 

6BB2 and 4C50) in SP were overexpressed >3-fold relative to the susceptible SMK strain 

[19].  Overexpression of four of these (CYP6Z7, 9M4, 9M5 and 9M6) was due, in part, to 

gene amplification. The genetic linkage of these CYPs, or the genetic linage of their 

overexpression, relative to resistance has not been investigated. 

 In order to understand which CYPs in SP map to the resistance locus, we 

introgressed the resistance from SP into the genetic background of the susceptible ROCK 

strain resulting in CYP+KDR:ROCK (CKR), a resistant strain congenic to ROCK. We then 

asked two questions. First, which CYPs overexpressed in SP are also overexpressed in CKR 

relative to ROCK? Second, are any of the overexpressed CYP genes cis- (map to a resistance 

locus) or trans-regulated (do not map to a resistance locus)? 
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4.2. Materials and methods 

A. aegypti strains and rearing 

Two parental strains of A. aegypti were used: Rockefeller (ROCK), an insecticide-

susceptible strain which originated from the Caribbean [36] and has been reared without 

exposure to insecticides for several decades, and Singapore (SP), a pyrethroid resistant strain 

in which the mechanisms of resistance have been well studied [19]. SP is resistant to 

permethrin due to two mutations in Vssc, V1016G+S989P (referred to as kdr), and CYP-

mediated detoxification, but not by hydrolases or decreased cuticular penetration [19].  A 

third strain, CYP+KDR:ROCK (CKR), was isolated from crossing ROCK with SP followed 

by four backcrosses and permethrin selections. CKR is congenic to ROCK, but resistant to 

pyrethroids due to CYP-mediated resistance and to Vssc mutations S989P+V1016G.  The 

procedure for isolating CKR is illustrated in Figure 1. In short, unmated ROCK females 

were crossed en masse with SP males.  Unmated F1 females were backcrossed with ROCK 

males and unmated BC1 females were selected with a permethrin dose that killed at least 

60%. BC1 females that survived were backcrossed to ROCK males.  This process was 

repeated for the BC2 and BC3 generations, again using doses of permethrin that gave 

approximately 60% mortality. To ensure that we retained all the resistance alleles, both male 

and unmated female BC3 were selected with permethrin (~60% kill) and crossed with each 

other prior to backcrossing to ROCK again. At BC4 both males and unmated females were 

selected with permethrin (~60% kill) and reared en masse.  Males and unmated females 

from the following three generations were selected with permethrin (~60% kill) and reared 

en masse. At BC4F4, kdr homozygosity was confirmed by allele-specific polymerase chain 

reaction (ASPCR),  ( n=190) following our established protocol [37]. The resultant strain 
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was named CKR (Fig 1). 

Mosquitoes were reared at 27˚C ( 1˚C) with 70-80% relative humidity, and a 

photoperiod of 14L:10D. Females were blood fed using membrane-covered water-jacketed 

glass feeders with cow blood (Owasco Meat Co., Moravia, NY). Adults were maintained on 

10% sugar water in cages approximately 35 x 25 x 25 cm holding ≤ 1000 mosquitoes. 

Larvae (~400-600) were reared in 27.5 x 21.5 x 7.5 cm containers with 1 L distilled water 

and fed Cichlid Gold fish food pellets (Hikari, Hayward, CA) (ground pellets for 1st instar 

and medium size pellets for 2nd to 4th instars). Food pellets were given daily as needed.   

 

 

Fig 1. Protocol used to isolate the congenic pyrethroid resistant CKR strain. Number of 

ROCK males included in each backcross varied depending on the number of females added 

to the cage (approximately ½ the number of females). Permethrin selection are indicated by 

shading and the doses used for each selection are shown in parenthesis. 
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Adult bioassays 

 Adult bioassays were done by topical application using 3- to 7-day-old mated 

females. Permethrin (99.5% pure, 24.1% cis, 75.8% trans, Chem Service) and piperonyl 

butoxide (PBO) (90%, Sigma-Aldrich) were diluted in acetone (VWR, Radnor, PA, USA) 

for the bioassays. Mosquitoes were briefly anesthetized with CO2 and held on ice. A 0.22 μL 

drop of permethrin in acetone was applied to the thorax of each mosquito using a Hamilton 

PB-600 repeating dispenser equipped with a 10-µL syringe. Controls were treated with 

acetone only. At least five doses were used per bioassay with at least three giving mortality 

values between 0 and 100% and each containing 20 mosquitoes. Mosquitoes were given a 

cotton ball saturated with distilled water and held at 25˚C. A minimum of four replicates 

over at least two days and two cages were done per strain. Mortality was defined as 

mosquitoes that were ataxic after 24 h. Probit analysis [38], as adapted to personal computer 

use [39] using Abbott’s [40] correction for control mortality, was used to calculate the LD50 

and the 95% confidence intervals (CI). All of the bioassay data fit a line (chi-square test). 

Resistance ratios (RR) were calculated by dividing the LD50 of the resistant strain (SP or 

CKR) by the LD50 of ROCK. Significant differences were determined by calculating the 

RRs for the minimum and maximum LD50 values based on the 95% CI. If the minimum and 

maximum RR values did not overlap, they were deemed significantly different. Bioassays 

using the synergist PBO was performed as described above, except that 2.5 µg PBO 

(maximum sublethal dose for the ROCK strain) was applied to each mosquito 2 h prior to 

permethrin application. For this, the mosquitoes were anesthetized on ice twice, once for 

PBO and once for permethrin application. Two controls were run: double acetone and an 

acetone plus PBO application. 
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RT-qPCR 

 Ten 5-7 days old mated female mosquitos were pooled into 2 mL micro tubes 

(Starstedt AG & Co., Nümbrecht, Germany) containing 500 µL of TRIzol reagent 

(Invitrogen, Carlsbad, CA, USA) per replicate and four replicate tubes were prepared. The 

mosquitos were pulverized at 4.5 m/s for 20 s with an MP FastPrep 24 bead beater (MP-

Biomedicals, Santa Ana, CA, USA). The RNA content was extracted following Invitrogen’s 

TRIzol reagent protocol. The concentration of RNA was measured using a NanoDrop 2000 

spectrophotometer (Thermo Fisher Scientific Inc., Waltham, MA, USA) and then diluted to 

10 µg/50µL with nuclease-free water to standardize the concentration between the tubes. 

DNA was removed by DNase treatment (TURBO DNA-free kit, Invitrogen) following the 

manufacturer’s instructions. Complete digestion of DNA was confirmed by lack of PCR 

amplification of the 5’ UTR of CYP6Z7 (Sl Table) determined by visual inspection on an 

ethidium bromide-stained 1% agarose gel. 

Complementary DNA (cDNA) was synthesized with 1 µg of total RNA per reaction 

using the Promega GoScriptTM Reverse Transcription System kit (Promega, Madison, WI, 

USA) and random primers per the manufacturer’s instructions. The cDNA pools were then 

diluted 1:5 using nuclease-free water before use in real time quantitative polymerase chain 

reaction (RT-qPCR).  

RT-qPCR plates were set up with three cDNA biological replicates and two technical 

replicates of each biological replicate. Two strains were compared at a time; first ROCK and 

SP, then ROCK and CKR. For each strain comparison, the nine CYPs were run along with 

two internal control genes, ribosomal protein S3 (RPS3) and eukaryotic translation 

elongation factor 1-alpha (EF1α). Plates were spun down at 2100 RPM for 1 minute to 
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ensure the liquid had reached the bottom of the wells. The reaction volume (20 µL) 

contained 10 µL of 2 × iQTM SYBR® Green SuperMix, 7.4 µL of nuclease-free water, 0.8 

µL of 10 µM of each specific primer (S1 Table), and 1 µL of first-strand cDNA template. 

The qPCR was performed in a CFX Connect™ Real-Time PCR Detection System (Bio-Rad, 

Hercules, CA, USA) thermocycler with the following program: an initial denaturation and 

enzyme activation at 95°C for 10 min followed by 40 cycles of denaturation at 95°C for 10 

s, annealing at 60°C for 10 s with a plate read, and extension at 72°C for 10 s. An automatic 

dissociation step cycle was added for melting curve analysis.   

 

Calculations 

 Relative quantification analysis was performed using the amplification efficiency-

corrected ΔΔCt method [41]. The change in Ct value of each strain between the target CYP 

gene and the reference gene (RPS3 or EF1) represents a ΔCt value, while the change in ΔCt 

value of a CYP between the susceptible strain (ROCK) and a resistant strain (SP or CKR) 

represents a ΔΔCt, or fold-expression difference value. This is synonymous to, and will be 

referred to as, an R/S value in this paper. Amplification efficiency for each gene and strain 

was determined using LinRegPCR with a 20% exclusion of outliers from the median value, 

along with a manual correction of the window of linearity to fit the straight continuous set of 

data points in the log-linear phase of the amplification plots [42]. Data were normalized to 

the two endogenous controls for both strain comparisons. Multiple t-tests were conducted to 

determine the significance of the R/S ratios.  
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Genotyping 

 Genomic DNA was extracted using two methods; 1) an isopropanol precipitation 

method from whole bodies of pooled mosquitoes, and 2) an alkali extraction from the hind 

legs of individual mosquitoes. The isopropanol extraction was conducted as follows: eight 

whole mosquitoes were placed in 2 mL tubes (Starstedt Inc., Nümbrecht, Germany) 

containing ten 2.3-mm diameter zirconia/silica beads (BioSpec Products, Bartlesville, OK, 

USA) and 400 µl Buffer A (100 mM Tris-HCl, pH 8.0, 100 mM EDTA, 100 mM NaCl, 

0.5% SDS, ddH2O). Samples were homogenized and 800 µl of 4.3 M LiCl and 1.4 M KOAc 

solution was added followed by centrifugation (14,100 x g for 10 min) and collection of 

supernatant. Next, 570 µl isopropanol was added, mixed, centrifuged (14,100 x g for 10 

min), and supernatant removed to isolate DNA pellet. Tubes containing the pellet were 

centrifuged (14,100 x g for 30 sec) once more with 500 µl of 70% EtOH. The supernatant 

was removed, then the DNA pellet was dried and resuspended in ddH2O. The alkali 

extraction method was conducted as follows: legs of individual mosquitoes were placed in 

individual wells of a 96-well PCR plate (BioRad, Hercules, CA, USA) containing three 2.3-

mm diameter zirconia/silica beads and 10 μl 0.2 M NaOH per well. The leg samples were 

beaten for 1-2 min on a vortex mixer at maximum speed and then incubated for 10 min at 

70˚C. Ten μL of neutralization buffer (360 mM Tris-HCl, pH 8.0 and 10 mM EDTA) and 80 

μL ddH2O were then added to each well. 

PCR was carried out using 2 µl template gDNA, 10 µl PrimeSTAR® GXL Buffer 

(Takara Bio Inc., Shiga, Japan), 4 µl dNTP Mixture, 1 µl PrimeSTAR® GXL DNA 

Polymerase, 2 µl forward and reverse primer mix (S1 Table, S1 Fig), 31 µl ddH20 and the 

following thermocycler conditions: 95˚C for 3 min, 37 x (98˚C for 10 sec, 60˚C for 15 sec, 
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68˚C for 3 min) and 68˚C for 10 min.   

 

CYP sequencing and alignment 

 Our goal was to examine the polymorphisms in the CYPs that are overexpressed in 

the SP strain [19] to look for markers or mutations that can link the CYPs to resistance. To 

do this we sequenced CYP gDNA from pools of mosquitoes from the SP and ROCK strains.  

If polymorphisms were found in the pools, eight additional mosquitos were sequenced 

individually. If no polymorphism were found in the pools, this process was repeated until we 

had high confidence in the polymorphisms in each strain. For genes where SNPs were 

found, the SP sequences were compared to ROCK sequences to check for any reliable and 

unique SNPs in SP. We then sequenced from CKR any CYP with a reliable marker to 

examine if it was inherited from the ROCK or SP parent strain (i.e. linked to resistance or 

not).  

ROCK and SP gDNA were sequenced and aligned for each of the single copy CYPs 

(4C50, 6BB2, 6F2, 6F3, and 6Z8) that are overexpressed in the SP strain. Four of the nine 

overexpressed CYPs found by Kasai et al. [19] could not be used to search for SNPs due to 

multiple gene copies; these were CYP6Z7, 9M4, 9M5 and 9M6. CYP sequences were 

determined by Sanger sequencing using PCR products treated with ExoSAP (Thermo Fisher 

Scientific, Waltham, MA, USA) and sequenced at the Cornell University Biotechnology 

Resource Center (BRC). Sequence alignments were carried out on DNASTAR’s Lasergene 

software, EditSeq and SeqMan Pro (Madison, WI). SNPs were searched for using the SNP 

Report feature in SeqMan Pro and confirmed by visually inspecting the alignments and 

chromatograms.  
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4.3. Results 

Insecticide bioassays 

 CKR and SP were both resistant to permethrin (110- and 360-fold respectively) 

relative to ROCK (Table 1). The resistance was PBO suppressible in both CKR and SP, 

lowering the RR to 77- and 70-fold, respectively, confirming CYP-mediated resistance in 

both strains. The 3-fold difference in the resistance ratio (RR) between the CKR and SP 

strains suggests some minor mechanism of resistance was lost during the isolation of the 

CKR strain. 

 

Table 1. Toxicity of permethrin +/- the CYP inhibitor PBO to the susceptible (ROCK) 

and resistant (SP and CKR) strains of A. aegypti. 

Insecticide Strain LD50 (95% CI) Slope (SE) n P# RR‡ 

Permethrin ROCK 1.03 (1.01 - 1.06) 8.1 (0.4) 400 0.23 - 

Permethrin CKR 115* (95.2 - 138) 2.9 (0.4) 480 0.09 112 

Permethrin SP 367*^ (302 - 447) 3.0 (0.5) 455 0.12 356^ 

PBO+permethrin ROCK 0.29 (0.27 - 0.31) 6.2 (0.3) 420 0.23 - 

PBO+permethrin CKR 22.3* (22.1 - 22.6) 6.9 (0.1) 480 0.45 77 

PBO+permethrin SP 20.3* (20.2 - 20.4) 7.3 (0.1) 400 0.62 70 

The average weight of ROCK, CKR and SP females used in the bioassays was 1.9, 2.5 

mg and 1.8 mg, respectively. 

#p value from chi squared test for fit of the data to the log-dose probit line. 

‡RR= Resistance Ratio (LD50 of resistant strain/LD50 of susceptible strain). 

*Significantly greater than Rock. 

^Significant greater than CKR. 

 

 

CYP expression 

 To determine if overexpression was genetically linked to permethrin resistance, CYP 

expression was quantified in both the SP and CKR strains relative to ROCK. CYP6BB2, 
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6Z8, 9M5 and 9M6 were overexpressed in both SP and CKR indicating that their 

overexpression is linked to resistance. Seven CYPs are significantly overexpressed in the SP 

strain relative to ROCK: CYP6BB2, 6F2, 6F3, 6Z7, 6Z8, 9M5 and 9M6 (Fig 2). The level of 

increased expression in SP was 169 for CYP9M6 (p = 7.0 x 10-6), 54 for CYP9M5 (p = 6.6 x 

10-6), 7.5 for CYP6BB2 (p = 0.01), 5.2 for CYP6Z7 (p = 0.01), 3.8 for CYP6Z8 (p = 2.2 x 10-

4), 1.7 for CYP6F3 (p = 0.03), and 1.4 for CYP6Z2 (p = 0.03). For CKR relative to ROCK, 

only CYP6BB2, CYP6Z8, CYP9M5 and CYP9M6 were significantly overexpressed (Fig 2).  

The fold- change in expression (R/S) in CKR were 76 for CYP9M6 (p = 0.05), 21 for 

CYP9M5 (p = 0.02), 6.9 for CYP6BB2 (p = 2.8 x 10-3), and 1.5 for CYP6Z8 (p = 0.03). 

When comparing the two resistant strains, SP had a higher level of expression of CYP6F2 (p 

= 4.0 x 10-3), 6F3 (p = 3.0 x 10-3), 6Z7 (p = 0.01), 6Z8 (p = 4.8 x 10-4), CYP9M5 (p = 1.5 x 

10-3), and CYP9M6 (p = 0.02) compared to CKR. On average, the expression in SP was 

about 2.4-fold greater than seen for CKR. CYP4C50, 6BB2 and 9M4, and were not 

significantly different between SP and CKR (Fig 2).  

The basal CYP transcription levels (ΔCt values) were also investigated for each strain 

relative to RPS3 and EF1. Expression levels of all nine CYPs were readily detectable (S2 

Fig, S3 Fig) and similar between both endogenous controls.    
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Fig 2. Expression of nine CYPs in the permethrin resistant SP and CKR strains relative to 

the susceptible ROCK (S) strain of A. aegypti. Asterisks (*) indicate a significant difference 

between SP and ROCK, and CKR and ROCK or SP and CKR (P-value ≤ 0.05). Bars 

represent the average and standard errors from four biological replicates. 
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CYP polymorphisms 

 Genomic DNA of five single copy CYPs (4C50, 6BB2, 6F2, 6F3, 6Z8) were 

sequenced from both the ROCK and SP strains (see S1 Fig for diagram of genes and 

approximate primer locations). GenBank accession numbers for consensus CYP sequences 

are listed in S2 Table. These CYPs were selected because they are overexpressed in SP, but 

not duplicated [19].  SP had more SNPs than ROCK in CYP4C50, 6F2, 6F3 and 6Z8 (Table 

2). The frequency of polymorphisms per kilobase (kb) ranged from 23-53 in SP and from 

18-36 in ROCK.  However, there were no strain-specific polymorphisms (i.e. neither a 

unique nucleotide between strains at a non-polymorphic site, nor a SNP in which both 

nucleotides differed between strains). This is not what would be expected for a gene at a 

resistance locus and  leads us to conclude that the CYP4C50, 6F2, 6F3 and 6Z8 genes are 

not linked to resistance, even though their increased expression was (see above).  In contrast 

to these four CYPs, there were many less SNPs detected in CYP6BB2, which had 0.08 and 

zero SNPs per kb in ROCK and SP, respectively (Table 2). CYP6BB2 had a unique, strain-

specific synonymous polymorphism (thymine in ROCK and cytosine in SP at position 1595) 

that was homozygous in both strains.  This allowed us to test if CYP6BB2 was linked to 

resistance by sequencing this CYP from the CKR strain.  We found seven individuals 

homozygous for the SP allele, 10 heterozygotes, and four homozygous for the ROCK allele 

in the CKR strain.  This indicates a partial genetic linkage of CYP6BB2 and the resistance 

locus. Based on the methods used to isolate the CKR strain, a measurement of the linkage 

was not possible.  
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Table 2. Total number of single nucleotide polymorphisms (SNPs) found within 

each strain (ROCK and SP) and proportion of unique SNPs found in only one, but 

not the other strain. Consensus sequences codes are available for both ROCK and 

SP in GenBank (S2 Table). 

 Rock SP 

CYP Total 

SNPs 

Bases 

sequenced 

SNP 

freqa 

Total 

SNPs 

Bases 

sequenced 

SNP 

freqa 

4C50 24 1331 18 54 1319 41 

6BB2 2 2430 0.8 0 2437 0 

6F2 34 1552 22 35 1552 23 

6F3 55 1529 36 81 1530 53 

6Z8 53 1522 35 71 1522 47 
aNumber of polymorphisms per kilobase (kb) sequenced. 
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4.4. Discussion 

 Our bioassay results generated compelling data that we had isolated a strain (CKR) 

that had CYP-mediated resistance and kdr from the SP strain. Most of the resistance in SP 

was recaptured in the isolation of the CKR strain, although the 3-fold lower permethrin 

resistance in CKR (110-fold) compared to SP (360-fold) reveals that some resistance alleles 

may have been lost in the selection process.  This can happen if the resistance factor is 

recessive and/or has a high fitness cost [43]. Interestingly, the RR value to SP is nearly 5-

fold lower than that reported in Kasai et al. 2014.  There are at least three possible 

explanations for this. First, different batches of permethrin were used and this is known to 

alter the expression of resistance [44].  Second, different susceptible strains were used and 

this can cause differences in levels of resistance reported [45]. Third, the SP strain may have 

lost some resistance while being maintained in the lab since it was received in 2014.  

Bioassays with PBO, reduced the RR to 77- and 70-fold in CKR and SP respectively, 

confirming the involvement of CYP-mediated resistance in both strains. The suppression of 

resistance with PBO was incomplete (kdr alone confers 40-fold resistance [37]) as is 

commonly seen in strains with CYP-mediated resistance [19,46].  Both CKR and SP are 

homozygous for the S989P+V1016G Vssc mutations. 

Our study both validates previous work [19] and provides new information about the 

basis of CYP-mediated resistance in SP. Consistent with what was previously reported [19], 

we find elevated expression of CYP6BB2, 6Z7, 6Z8, 9M5 and 9M6 in SP.  Given that we 

used a different susceptible strain in this study, and still found increased expression of these 

CYPs in SP, strengthens the hypothesis that these CYPs are involved in resistance.  Further, 

our data provides evidence that the overexpression of four CYPs in pyrethroid resistance in 
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the SP strain are genetically linked to resistance: CYP6BB2, 6Z8, 9M5 and 9M6.  For 

CYP9M5 and 9M6 (but not 6BB2 or 6Z8), this is due in part to gene duplication [19].  

How many different transcriptional regulation genes might be involved in insecticide 

resistance is an important, but unanswered question. Thus far, several different transcription 

factors have been implicated in insecticide resistance, including Gfi-1 in M. domestica 

[17,51], cap n collar C (CncC) and muscle aponeurosis fibromatosis (Maf) family 

transcription factors in Tribolium castaneum (Kalsi and Palli 2015).  Identification of the 

mutation responsible for the increased expression of CYPs in the SP strain would expand our 

knowledge about this important evolutionary process and would provide a means by which 

the population genetics of this resistance could be studied.  There is clearly some 

evolutionary plasticity in CYP-mediated resistance [52], but identification of the 

transcriptional regulatory factors, the mutations that cause CYP overexpression and the 

geographic frequency of these mutations are needed before we will start to have a 

satisfactory understanding of this important mechanism of resistance.   

CYP genes are generally highly polymorphic.  For example, in Anopheles gambiae 

CYPs have an average SNP frequency of 1 every 26 bp compared to the 1 every 34 bp 

genome average [26]. Determining the genetic diversity of A. aegypti has proven to be a 

challenging task due to the large genome size and high percentage of repetitive transposable 

elements [47]. One study found the average SNP frequency in the A. aegypti genome to be 

12 per kb, however estimates of average nucleotide diversity (π) have varied greatly, ranging 

from about 0.001 to 0.015 [48] [49,50]. We found that the CYPs we studied (with the 

exception of 6BB2) had a frequency of polymorphisms similar to the average reported for 

An. gambiae [26] with an average SNP frequency of 1 per 36 bp in ROCK and 1 per 26 bp 
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in SP. However, CYP6BB2 also had little variation (only two SNPs in the 2430 bp 

sequenced) in ROCK.  The low level of polymorphism in CYP6BB2 appears more to do 

with the stains we used, rather than the gene per se, as wild A. aegypti populations from 

Uganda and Senegal had 164 CYP6BB2 SNPs, from Mexico there were 45 SNPs, and in 

populations from Sri Lanka there were no SNPs [48].   

Overall, our results suggest that CYP-mediated resistance in SP is due to a trans-

regulatory factor(s) that is capable of increasing the expression of multiple CYPs. The 

overexpression of four CYPs (CYP6BB2, 6Z8, 9M5 and 9M6) were linked to resistance. 

However, sequencing of the five single-copy CYPs that were found to be overexpressed in 

the SP strain, revealed that none of them showed expected signs of being at the resistance 

locus, except for CYP6BB2 which showed partial linkage to a resistance locus. Given that 

three of the CYPs have multiple copies in SP precluded us from being able to evaluate their 

linkage to resistance.  Hopefully more sequence information will become available for these 

amplicons in the future which would allow for testing of linkage.  Based on these results and 

other studies [20-24,53-55], it appears that trans-regulation of CYP expression may be a 

common mechanism of insecticide resistance. 
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4.5. Supporting information 

S1 Table.  PCR and sequencing primers used in this study. 

Gene Primer name Sequence Use 

CYP4C50 4C50CUF1 GTCACGACTACGAGTTCCTG PCR and sequencing 

CYP4C50 4C50F7 TCAGCGATGCCTATCGATCC PCR and sequencing 

CYP4C50 4C50CUR1 CACTCTCGCCGACTGATC PCR and sequencing 

CYP6BB2 6BB2F1 GGCTTCATCCTAGAAGGATC PCR and sequencing 

CYP6BB2 6BB2F15 TTACGTTGCTGCGGAACTTC PCR and sequencing 

CYP6BB2 6BB2F7 GTGTAACTCGATTAAGAACCCG PCR and sequencing 

CYP6BB2 CYP6BB2R6 CGATCGGTTCAATCTTCAGGTATATCC PCR and sequencing 

CYP6BB2 6BB2R2 CTCTACACAGTCACTCCTTC PCR only 

CYP6BB2 6BB2R17 GCAATTCACTGGAAGTCCTC PCR only 

CYP6F2 6F2F1 CCGCTTTGCGGGCTTAGTATC PCR and sequencing 

CYP6F2 6F2F2 GGCCTTCGCGTTTTTGAAC PCR and sequencing 

CYP6F2 6F2F7 GGTATGTAGTAGGTGTCTTGTCTG PCR and sequencing 

CYP6F2 6F2R1 CAAACATTCGAGACCCAACCATCCC PCR and sequencing 

CYP6F2 6F2R3 ATCACCAGTTCCGGTTCGTC PCR and sequencing 

CYP6F3 6F3F1 GCGCTCGCAAAGAGGTAACAACC PCR and sequencing 

CYP6F3 6F3F7 GGTGTGCGACTGATAACTCTC PCR and sequencing 

CYP6F3 6F3R1 GTCTACTCGCGACAGCTAACC PCR and sequencing 

CYP6Z8 6Z8F1 GTTTGTGGTCTTCACTCTTCG PCR and sequencing 

CYP6Z8 6Z8F7 GCGCTGCTGCATCGTTTATC PCR and sequencing 

CYP6Z8 6Z8R2 CCTCGATGCCAATGAAGTCC PCR and sequencing 

RPS3 aegRPF7 AGCGTGCCAAGTCGATGAA RT-qPCR internal control 

RPS3 aegRPR8 GTGGCCGTGTCGACGTACT RT-qPCR internal control 

EF1-α EF1aF5 CGCCCTGATTGCCAAGAGT RT-qPCR internal control 

EF1-α EF1aR6 AGCAGACCGTCCATCTCGAT RT-qPCR internal control 

CYP4C50 4C50F5 TACGCGTACATCCCGTTCAG RT-qPCR  

CYP4C50 4C50R6 CCGCCTCTATGCGGAACTTT RT-qPCR  

CYP6BB2 6BB2F3 AGAAAGAGCACAGCTGCGAAA RT-qPCR  

CYP6BB2 6BB2R4 ACTGCCGGCTGGAAGAAGTT RT-qPCR  

CYP6F2 6F2F5 TCCGGAGGTGAAGAGCAAAC RT-qPCR  

CYP6F2 6F2R6 AACTTCGACAGCAGCAGACA RT-qPCR  

CYP6F3 6F3F1 GGTGGCGTTTGGCATTAAGATCG RT-qPCR  



 

138 

 

S1 Table.  Continuation. 

Gene Primer 

name 

Sequence Use 

CYP6F3 6F3R1 CGCATGTTGTTTCGGAAGTTTG RT-qPCR  

CYP6Z7 6Z7F5 CAGGACTGCTGAAGTATACAGGAA RT-qPCR  

CYP6Z7 6Z7R6 TGAATGAAATCCTTACGCGTCACA RT-qPCR  

CYP6Z8 6Z8F8 CGCGAATTGGTGTCACGATG RT-qPCR  

CYP6Z8 6Z8R9 TGAACGCATCGTTCGGATCATTAA RT-qPCR  

CYP9M4 9M4F5 CCGTACACGTTGGAAGATTATGAC RT-qPCR  

CYP9M4 9MFR6 TTGGGATCTGGACAGCTTGTC RT-qPCR  

CYP9M5 9M5F6 GGAATCGTCAGCAGAAAGTGTGT RT-qPCR  

CYP9M5 9M5R7 CGACTGCAGTGGAATTTGAATG RT-qPCR  

CYP9M6 9M6F88 TCGGTGCACAATCCAAACAAC RT-qPCR  

CYP9M6 9M6R89 GTCGGGTACGACCAACGAAA RT-qPCR  

CYP6Z7 6Z7_5'UTR_F GTCGCATCAACCTGAACACGATG gDNA contamination test 

CYP6Z7 6Z7R5 AGCTTATCACCCACTGCCAA gDNA contamination test 

 

 

 

 

 

S2 Table. GenBank accession numbers for the five CYPs from ROCK and SP. 

CYP Strain GenBank accession number 

4C50 Rockefeller MF804422 

4C50 Singapore MH632742 

6BB2 Rockefeller MH632736 

6BB2 Singapore MH632737 

6F2 Rockefeller MH632738 

6F2 Singapore MH632739 

6F3 Rockefeller MH632740 

6F3 Singapore MH632741 

6Z8 Singapore MH473729 

6Z8 Rockefeller MH632735 
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S1 Fig. Illustration of the primer locations for each of the CYPs. The black line indicates 

the exons, solid gray line indicates introns, and dashed gray lines indicates long introns that 

are not to scale relative to the rest of the gene. 
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S2 Fig. CYP levels in ROCK and SP trains of A. aegypti. Data was normalized to ribosomal 

protein S3 (RPS3). Asterisks (*) indicate a significant difference between ROCK and SP (P-

value ≤ 0.05). Bars represent the average and standard errors from four biological replicates. 
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S3 Fig. CYP levels in ROCK and CKR strains of A. aegypti. Data was normalized to 

ribosomal protein S3 (RPS3). Asterisks (*) indicate a significant difference between ROCK 

and CKR (P-value ≤ 0.05). Bars represent the average and standard errors from four biological 

replicates. 
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CHAPTER 5 

FITNESS COSTS OF INDIVIDUAL AND COMBINED PYRETHROID 

RESISTANCE MECHANISMS, KDR MUTATIONS S989P+V1016G AND CYP-

MEDIATED DETOXIFICATION, IN AEDES AEGYPTI 9 

 

Authors: Letícia B. Smith, Connie Chen, Juan J. Silva, Laura Harrington, and Jeffrey G. Scott 

 

Abstract 

 Aedes aegypti is an important vector of many human diseases and a serious threat to 

human health due to its wide geographic distribution and preference for living near humans. 

A. aegypti also has widespread resistance to pyrethroid insecticides due to the extensive use 

of this insecticide class over the past decades. Mutations that cause insecticide resistance 

result in fitness costs in the absence of insecticides. Measuring fitness can be challenging 

because different types of experiments can resolve fitness costs differently, and synthesis of 

these results can be difficult. The fitness costs of pyrethroid resistance in A. aegypti are still 

poorly understood. Here, we evaluated fitness based on both specific fitness components 

(i.e. life table and mating competition), and by measuring overall fitness via an allele-

competition study to determine the costs of the different resistance mechanisms individually 

and in combination. Studies measuring fitness costs of mutations are optimally done using 

strains with the same genetic background. In this study, we used three pyrethroid resistant A. 

aegypti strains that are congenic to the susceptible Rockefeller (ROCK) strain. KDR:ROCK 

(KR) contains only voltage-sensitive sodium channel (Vssc) mutations S989P+V1016G 

                                                 
9 In preparation for submission to PLoS NTD 
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(kdr) and no CYP-mediated resistance; CYP:ROCK (CR) contains only CYP-mediated 

resistance and no kdr; and CYP+KDR:ROCK (CKR) contains both CYP-mediated 

resistance and kdr. Allele-competition experiments were done to determine the overall cost 

of the kdr allele in the presence and absence of CYP-mediated resistance. We found that the 

frequency of the kdr allele decreased over nine generations regardless of the presence or 

absence of CYP-mediated resistance. Female and larval life table experiments were 

conducted on all strains and used to calculate the net reproductive rate (R0), intrinsic rate of 

increase (r), generation time (T), and a fitness cost ratio (based on final R0 value). We found 

that fitness costs were variable by strain and component measured. CR and CKR had a 

lower R0 than ROCK or KR, and KR was not different than ROCK, indicating that based on 

the R0 metric, CYP-mediated resistance has a higher fitness cost than kdr. We also found no 

correlation between the level of permethrin resistance conferred by the different mechanisms 

and their fitness cost ratio. A mating competition experiment was done on CKR males to 

determine if resistance caused a reduced mating success. We found that CKR males had a 

reduced mating success relative to ROCK males when attempting to mate with ROCK 

females. Understanding fitness costs is important for resistance management practices 

because it helps determine whether and how quickly resistance will be lost after pesticide 

application has ceased 

 

 

 

 

 



 

144 

 

5.1. Introduction 

 Insecticide resistance mutations and the pleiotropic effects that affect organismal 

fitness play an important role in the dynamics of the evolution of insecticide resistance [1]. 

Resistance alleles have a cost to the individuals carrying them when there is no insecticide 

present (in the absence of a compensatory mutation) [2-4]. The rate of resistance evolution 

in a population is directly related to the intensity of the selection pressure, allele frequency, 

dominance, and relative fitness of the resistance versus susceptible genotypes [5]. Fitness 

costs associated with insecticide resistance can manifest in numerous ways, including 

disadvantages in development, reproduction, and survival. However, costs associated with 

specific resistance mechanisms are largely unknown and how multiple fitness costs might 

interact within an organism is even more unclear. Understanding the fitness effects and 

evolution of resistance is critical in integrated resistance management practices to help 

determine whether and how quickly resistance will be lost under field conditions after 

pesticide application has ceased.  

 Effective management of insecticide resistance is critical in disease vectors, 

including the anthropophilic mosquito, Aedes aegypti, which is responsible for the spread of 

dengue, yellow fever, chikungunya, and Zika viruses worldwide. Its wide global distribution 

and its ability to thrive in urban environments makes it a serious threat to human health. 

Dengue virus is the most important pathogen vectored by A. aegypti due to its estimated 50 

to 100 million dengue virus infections a year worldwide [6, 7]. Yellow fever, like dengue, is 

a viral hemorrhagic fever that can be lethal if not properly cared for. Despite the existence of 

a preventative vaccine, there are still about 200,000 cases and 30,000 deaths of yellow fever 

worldwide each year [8] and these values are on the rise due to a recent outbreak in Brazil 
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[9]. Chikungunya fever is a re-emerging mosquito-borne disease caused by chikungunya 

virus [10, 11]. Zika has generated a great deal of human health concerns since it reached the 

Americas in 2014 because of its rapid spread and associations with microcephaly and 

Guillain-Barré syndrome [12-15]. 

 Pyrethroid insecticides, such as permethrin, are widely used for mosquito control, 

including control of adult A. aegypti. Insecticides are still the primary means to control A. 

aegypti in dengue endemic areas, which has led to extensive use of permethrin in the past 

decades. As a consequence, pyrethroid resistant A. aegypti populations are now found 

worldwide [16].  

 The two major mechanisms of pyrethroid resistance in A. aegypti are detoxification 

by cytochrome P450 monooxygenases (CYPs) and mutations in the target site, voltage-

sensitive sodium channel gene (Vssc) [17]. In resistant strains, the increased expression of 

CYP genes or non-synonymous mutations in CYP proteins can increase the metabolism of 

insecticides into less-toxic metabolites, while mutations in Vssc make the channel 

insensitive to pyrethroid insecticides. The most well characterized pyrethroid resistant strain 

of A. aegypti is Singapore (SP) [17].  In SP, resistance is linked to the overexpression of 

CYPs [18] and two Vssc mutations, S989P+V1016G (referred to as knock down resistance 

or kdr) [17]. 

Fitness costs can be evaluated either by a population cage study where the resistance 

levels or resistance allele frequencies are tracked over time or by measuring the specific life 

history components. Both methods have their advantages and disadvantages. In a population 

cage study, the overall presence and magnitude of a cost can be measured in a given 

environment, but the specific component(s) responsible for the cost remains elusive. In a life 
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history study, the presence and magnitude of a specific cost can be measured in a given 

environment, but costs may also be completely missed if the specific component was not 

measured. There is, therefore, a higher chance of capturing fitness costs when both methods 

are used. Fitness is dependent on the environment, and under laboratory conditions the 

number of biotic and abiotic stressors is more limited than under field conditions, so choice 

of conditions must be considered carefully [2]. To reasonably associate fitness differences 

with resistance, fitness studies are optimally done using isogenic (or congenic) strains [19]. 

This is also especially important in the case where a laboratory susceptible strain is used for 

the comparison, because such a strain will be adapted to laboratory conditions, and thus 

likely perform better than a more recently field collected strain.  

Results from previous fitness studies on pyrethroid resistant insects are variable, but 

also variable are the mutations, mechanisms, and components measured in these studies. We 

know, however, that resistance usually confers a fitness cost at some level. All ten studies 

that measured reversion of either resistance alleles or resistance levels found a decrease over 

time [2, 3, 20-27]. Similarly, four out of five studies that calculated a net reproductive rate 

(R0) or intrinsic rate of increase (r or rm) found a reduced reproductive output for pyrethroid 

resistant strains [25, 28-31]. When measuring specific components, a general trend is less 

clear. In general, more studies find a cost in some reproductive (about 61%) and 

developmental (about 58%) component, but fewer see a cost due to longevity (about 45%) 

or body size (about 33%), and none have reported a cost due to sex ratio [3, 25, 28-30, 32-

46]. Part of this variation is likely a result of the different mutations and mechanisms (and 

their combinations) being tested, since these are likely to confer different types of fitness 

costs. The shortage of studies with known resistance mechanisms makes it difficult to draw 
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general conclusions on the fitness costs of pyrethroid resistance and in particular, on the 

costs of the different resistance mechanism. 

Interactions between CYP-mediated resistance and kdr can influence the rate at 

which pyrethroid resistance evolves and therefore, influence the level of resistance in a 

population. Few studies have looked at the interaction between different insecticide 

resistance mechanisms and how this affects resistance levels [47, 48], and none have also 

looked at the effects of this interaction on fitness. Understanding this interaction would give 

us new insight into the evolution of these mechanisms.  

The goal of this study is to understand the evolution of the two main mechanisms of 

resistance, kdr and CYP-mediated detoxification, in A. aegypti by looking at what fitness 

costs do they have individually and collectively in the absence of insecticides. Three 

congenic resistant strains of A. aegypti were used for comparisons: one with only the Vssc 

mutations S996P+V1016G (KDR:ROCK or KR), one with only the CYP-mediated 

detoxification mechanism (CYP:ROCK or CR), and one containing both kdr plus CYP-

mediated resistance (CYP+KDR:ROCK or CKR). The individual and combined 

contributions to insecticide resistance of these two A. aegypti resistance mechanisms, kdr 

and CYP-mediated detoxification, were assessed in previous studies [48, 49]. This study 

seeks to answer three questions: What are the fitness costs of the individual resistance 

mechanisms? When both mechanisms are present, are the fitness costs additive, greater-

than, or less-than additive? And what is the relationship between the resistance levels and 

fitness costs of the individual and combined resistance mechanisms? The fitness costs were 

evaluated both based on specific fitness components (i.e. adult and larval life tables, and 

mating competition) and by measuring overall fitness via an allele-competition study. The 
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results from this study contribute to our understanding of the evolution of pyrethroid 

resistance by providing information on how these genes interact in regards to both their 

advantages and disadvantages for the organism. This also has implications for studies of 

fitness costs and for insecticide resistance management strategies because the genetic 

interactions between these two resistance mechanisms can affect the rate in which resistance 

will spread in a population. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

149 

 

5.2. Materials and Methods 

Mosquito Strains 

Four congenic strains of A. aegypti were used in this study: Rockefeller (ROCK), a 

well-studied insecticide-susceptible strain [50], and three permethrin resistant strains with 

different resistance mechanisms (originating from the Singapore (SP) strain) introgressed 

into the ROCK genetic background. KDR:ROCK (KR) has Vssc mutations S989P+V1016G 

(kdr) as the only mechanism of resistance [49], CYP:ROCK (CR) has only CYP-mediated 

resistance and no kdr [48] and CYP+KDR:ROCK (CKR) has kdr and CYP-mediated 

resistance [18]. At the start of the allele-competition study (see next section), the KR strain 

was found to contain 4.4% heterozygous individuals (Supplementary table). An additional 

genotype selection for homozygous kdr individuals was done on 630 females and 180 males 

prior to the fitness component studies (see Fitness component studies section) to ensure the 

following generations of KR were homozygous for kdr. 

 

Allele competition experiments 

Two independent allele competition lines were created to determine the fitness cost 

of kdr alone and in combination with CYP-mediated resistance: To look at kdr alone, KR 

and ROCK strains were crossed. To examine kdr in combination with CYP-mediated 

resistance, CKR and ROCK were crossed (see Fig 1). Because the mutation causing CYP-

mediated resistance is still unknown, we cannot track the CYP resistance genotype, and thus 

could not repeat this experiment with the CR strain. Reciprocal crosses A (KR or CKR 

females x ROCK males) and B (ROCK females x KR or CKR males) were set-up by 

releasing 400 virgin females and 400 virgin males of each parental strain in the appropriate 
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cage and mosquitoes were left to mate en masse for 7 days. Crosses A and B were split into 

two replicate cages each (A1, A2, B1, B2) making a total of four cages per experiment. 

Mosquitoes were reared in a room with temperatures ranging from 25 – 30°C (median and 

average = 28), 3 – 37% (median = 14, average = 16) relative humidity, and a 14:10-h 

(light/dark) photoperiod. Due to physical limitations in rearing space the allele competition 

experiments with KR x ROCK and CKR x ROCK were carried out from April 2016-March 

2017 and April 2017-January 2018, respectively. Females were blood fed using membrane 

covered water-jacketed glass feeders with cow blood obtained locally (Owasco Meat Co. 

Inc., Moravia, NY). Adults were maintained on 10% sucrose water in cages approximately 

36 x 25 x 25 cm. Larvae were reared in 29.5 x 23 x 8.4 cm plastic containers 

(LOCK&LOCK Co., Ltd., Seocho-gu, Korea) with  ~1.5 L distilled water and Hikari 

Cichlid Gold fish food pellets (Hikari, Hayward, CA, USA) (ground pellets for 1st instar and 

whole medium size pellets for 2nd to 4th instars). Food pellets were given daily, as needed 

depending on larval density (between approximately 600 - 1000) and instar. For each strain, 

two larval containers were maintained. Approximately 600-1000 pupae from the larval 

containers were picked to go into cages for each following generation. Additional emerging 

males and females were stored separately in 2 ml Eppendorf tubes at -80˚C until they were 

genotyped. 
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Figure 1: Allele-competition reciprocal (A and B) crosses. Two separate experiments were 

conducted: one crossing KR with ROCK and one crossing CKR with ROCK. Both 

experiments were maintained for nine generations. 

 

 Genomic DNA was extracted from the legs (~3 - 6 legs) of individual mosquitoes 

using an alkali extraction method as follows. Legs were placed in individual wells of a 96-

well PCR plate (BioRad, Hercules, CA, USA) with approximately three 2.3-mm diameter 

zirconia/silica beads (BioSpec Products, Bartlesville, OK, USA) and 10 μL 0.2 M NaOH per 

tube. The samples were pulverized for 1-2 min on a vortex at maximum speed and then 

incubated for 10 min at 70˚C. Ten microliters of a neutralization buffer (360 mM Tris-HCl, 

pH 7.5 and 10 mM EDTA) and 80 μL dH20 were then added to each well.  

For generations F1, F3, F5, F7, and F9, the kdr genotypes were determined for 90 

mosquitoes from each cage (45 males and 45 females) using allele-specific polymerase 

chain reaction (ASPCR). Forward and reverse primers (see Table 1) were made for both the 

kdr (resistant) and susceptible genotypes as described previously [51].  Resistant (R) and 

susceptible (S) primers were used on each sample with the following thermocycler 
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conditions: 94˚C for 3 min, 35 x (94˚C  for 30 sec, 62˚C for 30 sec, 72˚C for 1 min) and 

72˚C (7 min).  Each ASPCR reaction was evaluated on a 1% agarose gel and was scored as 

homozygous susceptible (ASPCR band only with S primers), homozygous for kdr (ASPCR 

band only with R primers) or heterozygous (ASPCR band with both R and S primers). 

Controls (2 x each of ROCK, SP, and F1) were run on every 96-well plate.  

 

 

 

Allele competition data analysis 

Deviation from Hardy-Weinberg equilibrium (HWE) between generations was 

assessed using a chi-square test (χ2), with the genotype frequency of the previous generation 

used as the expected genotype frequencies. The level of significance for all statistical 

analyses was p < 0.05. Simulations were used to assess the likelihood of the observed allele 

frequency changes to result from genetic drift alone. Simulations were done with R software 

[52] and scripts applied as in a previous study [2]. The model assumed a diploid and 

panmictic population with a fixed size of 800 individuals and the initial R allele frequency 

for each generation was defined as the observed frequency in the previous interval. 

Table 1: Vssc primers used for genotype selection. 

Primer 

name 
Sequence (5’ to 3’) Purpose 

AaSCF20 GACAATGTGGATCGCTTCCC Domain II PCR amplification (Forward) 

AaSCR21 GCAATCTGGCTTGTTAACTTG Domain II PCR amplification (Reverse) 

AaSCR22 TTCACGAACTTGAGCGCGTTG Domain II sequencing 

Ser 1F GCG GCG AGT GGA TCG AAT 
Allele-specific susceptible genotype 

(Forward) 

Val 1R 
GCA AGG CTA AGA AAA GGT 

TAA GTA 

Allele-specific susceptible genotype 

(Reverse) 

Pro 1F GCG GCG AGT GGA TCG AAC 
Allele-specific resistant genotype 

(Forward) 

Gly 1R 
GCA AGG CTA AGA AAA GGT 

TAA GTC 
Allele-specific resistant genotype (Reverse) 
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Simulations were repeated 10,000 times per generation and p-values were estimated as the 

number of simulations in which ending allele frequency was equal or more extreme than the 

initial value of the interval divided by the total number of simulations. The null hypothesis 

assumed all fluctuations in allele frequency could be explained by genetic drift. 

Differences between genotype and allele frequencies across generations were tested 

using a linear mixed model (using the lme4 package in R, based on [53]) and checked for 

significance from F-values generated from ANOVA (using the lmerTest package in R [54]). 

Pairwise comparisons between genotype and allele frequencies were done using Tukey’s 

method (using the emmeans package in R (https://github.com/rvlenth/emmeans)) to 

determine significant differences (p < 0.05) across generations. A linear regression analysis 

was used to determine if the change in allele frequency was significantly associated with 

generation time. In addition to the regression analysis, a Fisher’s combined probability test 

of the HWE p-values was also used to determine if allele frequency changes across all the 

generations are in Hardy-Weinberg equilibrium, as a proxy to determine if the changes are 

due to selection. This method considers multiple tests with the same hypothesis and assesses 

the probability that all hypotheses are true in order to obtain a global p-value [55, 56]. This 

test was also used to obtain a global p-value for genetic drift effect.  

 

Fitness component studies 

ROCK, KR, CR, and CKR mosquitoes were reared in a chamber at 70 - 80% RH and 

27°C ± 1°C with a photoperiod of 14:10-h (light/dark). To ensure synchronized hatching, 

eggs were first soaked in dH20 for 30 min, followed by 30 min in a vacuum. First instar 

larvae were then separated for use in either the female life table experiment (200 larvae per 

https://github.com/rvlenth/emmeans
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27.5 x 21.5 x 7.5 cm container with ~ 2L dH2O) or the larval life table experiment (single 

larva per well of a six-well plate – see method below).  

For the female life table experiment, approximately 200 pupae were transferred to 

eclosion cups inside 35 x 25 x 25 cm cages with access to 10% sucrose ad libitum for three 

days post-eclosion and to allow for en masse mating. Three days post-eclosion, females 

were blood fed from a human volunteer (L.B.S.). For each strain, 50 blood-fed females were 

transferred to individual 0.5 L paper soup cartons (Choice, Clark Associates Companies, 

Lancaster, PA) with modified tulle lids where they stayed for the duration of the experiment. 

Each carton also contained a cup (clear 30 ml, DART Container Corp., Mason, MI) filled 

with dH20 and lined with strips of white paper towel (Pacific Blue®, Georgia-Pacific Corp., 

Atlanta, GA) for egg laying and as a source of water for hydration. The 200 cartons were 

arranged randomly at different heights to ensure uniform exposure to any variations in 

temperature, humidity, and light inside the rearing chamber. A blood meal was offered every 

three days from a human volunteer (L.B.S.) and whether or not a female blood-fed was 

tracked for the duration of the experiment. Mosquitoes were given approximately 5 min to 

feed. Females that did not feed to completion or at all were given a second chance to feed (5 

min), after which, if they did not feed, they were counted as not feeding for that day. To 

measure fecundity, cups were checked daily for eggs and replaced with fresh filter paper 

whenever eggs were laid or replenished with water as needed. Eggs were counted daily 

under a magnifying glass. Adult mortality was recorded daily. Once all females of a single 

strain died, the experiment was ended. To estimate the body size, wings were removed (at 

the axillary incision) from each mosquito after they died and placed on a piece of double-

sided tape pressed between two microscope slides (75x25x1 mm, VWR International, LLC. 
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Radnor, PA). The distance from the axillary incision to the apical margin (excluding the 

fringe of scale) was measured as described previously [57] on an Olympus SZX9 

microscope (Olympus Corp., Shinjuku, Tokyo, Japan) equipped with an Olympus DP22 

camera using imaging software (Olympus cellSens Standard version 1.17). The entire 

experiment was repeated three times. 

For the larval life table experiment, 60 first instar larvae (L1) were placed in 

individual wells of 6-well plates with approximately 13 ml dH2O each (total of 10 plates per 

strain). Approximately 4-5 mg of Cichlid Gold fish food pellets was delivered as a food 

slurry to each well to sustain the larvae throughout its entire development. Ecdysis (1-4 

instars), pupation, adult emergence/sex, and mortality were recorded every 24 h to determine 

the mean development time for each stage and the sex ratio. The experiment was repeated 

four times. 

To determine the viability of the eggs (i.e. fertility), mosquitoes were hatched using 

the vacuum hatch method as described above and 200 larvae were transferred to larval 

containers containing ~ 2L of dH2O. Pupae were transferred into test tubes until adult 

eclosion. Fifty females and fifty males (of each strain) were released into a 35 x 25 x 25 cm 

cage supplied with 10% sucrose water for en masse mating. Three days after eclosion, 

mosquitoes were blood fed from a human volunteer (L.B.S.). An egg-laying cup lined with 

white paper towel was placed in each cage 3 days after the blood meal and removed two 

days later. Water was kept in the cup for an additional day to allow for proper 

embryogenesis and then removed to allow the paper to dry for three days. Random pieces of 

the egg paper were cut for egg hatching. Eggs were hatched using the vacuum method 

described above plus an additional 24 h for hatching. Larvae were counted after the vacuum 
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hatch and 24 h later. The number of eggs used for the egg viability experiment was counted 

using an Olympus SZX9 microscope equipped with an Olympus DP22 camera using 

imaging software. The egg viability was calculated as the total number of larvae from the 

total number of eggs. This experiment was repeated eight times. 

 A mating competition experiment was done to determine if the kdr and CYP-

mediated resistance has an impact on mating success of male mosquitoes. This experiment 

was done with the resistant CKR and the susceptible ROCK strains. Larvae were hatched 

and reared as described above. Pupae were transferred into test tubes until adult eclosion to 

ensure they were virgin prior to release into 35 x 25 x 25 cm cages. Adults were released 

into cages supplied with 10% sucrose water and allowed to mate en masse for two days. All 

cages included equal numbers (25 each) of ROCK and CKR males, and either 25 CKR or 25 

ROCK females. Females were allowed to blood feed using membrane covered water-

jacketed glass feeders with cow blood obtained locally. Females that successfully blood-fed 

were placed individually into Drosophila vials (Narrow polypropylene vials, VWR 

International, LLC. Radnor, PA)  lined with white paper towel for egg-laying, filled 

approximately 2 cm with dH2O, and closed with a cotton stopper. After three days, the eggs 

were allowed to dry inside the vials for two days and then hatched by adding dH2O to the 

vials once more. The offspring of individual females were genotyped via ASPCR in the 

same method as described in the allele competition experiment section to determine if the 

male parent was CKR or ROCK. Two offspring from each female parent were genotyped in 

order to confirm cross results. This experiment was repeated fourteen times. 
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Population growth and life table calculations 

The population growth components of the different strains were calculated based on 

the methods described in [58] from the survival, fecundity, egg viability, and sex ratio data 

obtained in the fitness component studies described above. The net reproductive rate (R0) is 

calculated with the equation R0 = ∑lxmx, where lx = fraction of females alive at age x, and 

mx = number of daughters born to surviving females at age x. The R0 gives us a value for 

how many times a population will multiply in each generation assuming no predation or 

resource limitation. The intrinsic rate of increase (r) was calculated using the equation ∑e(-

rx)lxmx = 1, where lx, mx, and x are the same values as described above. The intrinsic rate of 

increase gives us a value for the growth potential of a population. When r = 0, the population 

isn’t increasing or decreasing, if r > 0, the population is increasing, and if r < 0, the 

population is decreasing. The mean length of a generation (T) was calculated using the 

equation T = ln(R0)/r, where R0 and r are defined above. To evaluate the fitness cost of the 

different resistance mechanisms in relation to the fitness advantage (i.e. permethrin 

resistance level conferred by each mechanism), a fitness cost ratio was calculated using the 

following equation: 1 - (Final R0 of resistant strain/ Final R0 of ROCK) where the final R0 

was the average final R0 value of all three replicates for each strain. To determine if the 

fitness cost effects of having both mechanisms combined in the same strain have a greater-

than, less-than, or additive effect, a two-way ANOVA with an interaction term for additivity 

was used with each mechanisms, CYP-mediated resistance and kdr, as a factor. 
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Fitness component data analysis 

Differences between strains for the life table experiments, mating competition, and 

growth components were tested using a linear mixed model (using the lme4 package in R, 

based on Bates et al. 2015 [53]) and checked for significance from F-values generated from 

ANOVA (using the lmerTest package in R [54]). Pairwise comparisons between strains 

were done using the Tukey’s method (using the emmeans package in R 

(https://github.com/rvlenth/emmeans)) to determine statistical differences (p < 0.05) across 

strains. 
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5.3. Results 

Allele competition experiment  

In the absence of insecticide pressure, there is a fitness cost associated with kdr (Vssc 

mutations S989P+V1016G), both in the presence (Fig 2C, 2D) and absence (Fig 2A, 2B) of 

the CYP-mediated resistance. There was no significant difference between the reciprocal 

crosses A and B or between male and female samples (data not shown), therefore the results 

were pooled to provide an overall change across generations. The frequency of the kdr allele 

decreased from an average of 0.46 to 0.32 (in KR, F1,18=29.12, p = 0.0000397, R2 = 0.596) 

and 0.50 to 0.27 (in CKR, F1,18=45.57, p = 0.00000251, R2 = 0.701) between the F1 and F9 

generations (Tables 2 and 3, and Fig 2A and C). The susceptible genotype (SS) genotype 

increased from 0.31 at F3 for both KR and CKR to 0.46 and 0.54 at F9 for the KR and CKR 

experiments respectively (Table 2 and 3, and Fig 2B and D). This suggests that under these 

conditions and using these metrics, there is a fitness advantage to being homozygous 

susceptible (SS). 

 The overall genotype frequency between all generations and replicates are not in 

Hardy-Weinberg equilibrium indicating that they are changing across generations (KR 

Fisher’s combined probability, χ2 = 143, p < 0.0001; CKR Fisher’s combined probability, χ2 

= 126, p < 0.0001) (Tables 2 and 3). Based on the genetic drift model, the cumulative allele-

frequency change was not due to genetic drift (KR Fisher’s combined probability, χ2 = 198, 

p < 0.0001; and CKR Fisher’s combined probability, χ2 = 237, p < 0.0001) (Tables 2 and 3). 

This indicates that the observed decrease in the kdr allele was due to selection (i.e. fitness 

cost). 
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Figure 2: Allele-competition results for the KR (A and B) and CKR (C and D) experiments. 

Frequency of the kdr allele was significantly reduced from generation F3 to F7 for both 

KR(F1,18=29.12, p = 0.0000397, R2 = 0.596) (A) and CKR (F1,18=45.57, p = 0.00000251, R2 

= 0.701) (C). The SS genotype (white bars) increased significantly from generation F3 to F7 

for both KR (B) and CKR (D), but was not significantly different from F3 to F9 for the KR 

experiment (B). The RR genotype changed significantly from F3 to F7 in the CKR 

experiment (B), but there was no significant difference in the KR experiment (D). Frequency 

of heterozygotes (RS) did not change between generations. Different letters represent 

significant differences (p < 0.05) of the susceptible and kdr alleles (A and C) or the SS, RS, 

and RR genotypes (B and D) across generations only. 



 

161 

 

 

 

 

 

Table 2: Genotype and allele frequencies for each replicate of the KR x ROCK experiment and their 

associated Hardy-Weinberg (HWE) and genetic drift p-values. 

Gen. 
Sample 

size 

Observed genotype frequency  

(expected#) 

Allele 

frequency 
HWE  

(p-value) 

Genetic 

drift  

(p-value) SS RS RR S R 

AF1 90 0.07  0.93  0.00  0.53 0.47 --- --- 

BF1 88 0.10 0.90  0.00  0.55 0.45 --- --- 

         

A1F3 89 0.37 (0.39) 0.51 (0.47) 0.12 (0.14) 0.62 0.38 0.015* 0.000 

A1F5 89 0.31 (0.33) 0.52 (0.49) 0.17 (0.18) 0.57 0.43 0.142 0.002 

A1F7 85 0.45 (0.51) 0.53 (0.41) 0.02 (0.08) 0.71 0.29 0.000* 0.000 

A1F9 178 0.60 (0.61) 0.37 (0.34) 0.04 (0.05) 0.78 0.22 0.006* 0.000 

         

A2F3 89 0.29 (0.36) 0.61 (0.48) 0.10 (0.16) 0.60 0.40 0.005* 0.000 

A2F5 88 0.33 (0.34) 0.51 (0.49) 0.16 (0.17) 0.59 0.42 0.564 0.273^ 

A2F7 87 0.47 (0.50) 0.45 (0.42) 0.08 (0.09) 0.70 0.30 0.003* 0.000 

A2F9 180 0.30 (0.34) 0.57 (0.49) 0.13 (0.17) 0.58 0.42 0.000* 0.000 

         

B1F3 88 0.26 (0.28) 0.52 (0.49) 0.22 (0.23) 0.52 0.48 0.378 0.047 

B1F5 89 0.50 (0.39) 0.35 (0.47) 0.20 (0.14) 0.62 0.38 0.000* 0.000 

B1F7 89 0.43 (0.44) 0.47 (0.45) 0.10 (0.11) 0.66 0.34 0.244 0.011 

B1F9 90 0.50 (0.48) 0.40 (0.43) 0.11 (0.10) 0.69 0.31 0.330 0.059^ 

         

B2F3 88 0.30 (0.27) 0.44 (0.50) 0.26 (0.23) 0.52 0.48 0.152 0.023 

B2F5 89 0.41 (0.44) 0.50 (0.44) 0.09 (0.12) 0.66 0.34 0.000* 0.000 

B2F7 93 0.47 (0.45) 0.40 (0.44) 0.13 (0.11) 0.67 0.33 0.391 0.189^ 

B2F9 90 0.42 (0.45) 0.50 (0.44) 0.08 (0.11) 0.67 0.33 0.197 0.480^ 

Global χ2 (df=32) = 143.28 198.07 

Global p-value = 0.000* 0.000 

# Expected genotype frequency values estimated from same generation  

* Values out of HWE  

^ Unable to reject null hypothesis of allele frequency changes due to genetic drift 
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Table 3: Genotype and allele frequencies for each replicate of the CKR x ROCK experiment and their 

associated Hardy-Weinberg (HWE) and genetic drift p-values. 

Gen. 
Sample 

size 

Genotype frequency observed 

(expected#) 

Allele 

frequency 
HWE  

(p-value) 

Genetic 

drift 

 (p-value) SS RS RR S R 

AF1 90 0.00  1.00  0.00  0.50 0.50 --- --- 

BF1 90 0.00  1.00  0.00  0.50 0.50 --- --- 

         

A1F3 90 0.33 (0.33) 0.48 (0.49) 0.19 (0.19) 0.57 0.43 0.047* 0.000 

A1F5 90 0.33 (0.36) 0.53 (0.48) 0.13 (0.16) 0.60 0.40 0.184 0.057^ 

A1F7 90 0.40 (0.46) 0.51 (0.44) 0.07 (0.11) 0.68 0.32 0.014* 0.000 

A1F9 90 0.41 (0.37) 0.38 (0.47) 0.21 (0.17) 0.60 0.40 0.001* 0.000 

         

A2F3 90 0.19 (0.22) 0.57 (0.50) 0.24 (0.28) 0.47 0.53 0.142 0.059^ 

A2F5 90 0.29 (0.32) 0.56 (0.49) 0.15 (0.19) 0.57 0.43 0.116 0.000 

A2F7 90 0.39 (0.41) 0.50 (0.46) 0.11 (0.13) 0.64 0.36 0.046* 0.000 

A2F9 89 0.47 (0.53) 0.51 (0.40) 0.02 (0.08) 0.73 0.27 0.002* 0.000 

         

B1F3 90 0.29 (0.27) 0.46 (0.50) 0.26 (0.24) 0.52 0.48 0.340 0.164^ 

B1F5 90 0.33 (0.36) 0.53 (0.48) 0.13 (0.160 0.60 0.40 0.018* 0.000 

B1F7 90 0.47 (0.49) 0.47 (0.42) 0.07 (0.09) 0.70 0.30 0.020* 0.000 

B1F9 87 0.60 (0.60) 0.36 (0.35) 0.05 (0.05) 0.78 0.22 0.029* 0.000 

         

B2F3 90 0.42 (0.42) 0.46 (0.45) 0.12 (0.12) 0.65 0.35 0.000* 0.000 

B2F5 90 0.44 (0.42) 0.41 (0.45) 0.14 (0.12) 0.65 0.35 0.378 0.506^ 

B2F7 90 0.54 (0.57) 0.44 (0.36) 0.03 (0.07) 0.75 0.25 0.002* 0.000 

B2F9 90 0.68 (0.68) 0.29 (0.29) 0.03 (0.03) 0.82 0.18 0.035* 0.000 

Global χ2 (df=32) = 125.46 237.43 

Global p-value = 0.000* 0.000 

# Expected genotype frequency values estimated from same generation 

* Values out of HWE  

^ Unable to reject null hypothesis of allele frequency changes due to genetic drift 
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Fitness component studies 

 The fitness costs of the different fitness components varied by strain (Table 4). 

Relative to the susceptible ROCK, KR had an approximately 4 hour faster time to pupation 

(6.7 days relative to 6.9 days), but the KR adults did not emerge faster than ROCK or the 

other resistant strains (Table 4). No other components were significantly different between 

KR and ROCK. CR had a nine day reduction in adult survival time, but females emerged 

about 6 hours faster than ROCK (9.2 relative to 9.4 days) (Table 4 and Fig 3A). The 

mortality patterns show that for CR most females (52%) die within the first 30 days, while 

the mortality patterns for the other strains were more uniform (ROCK = 35%, KR = 34%, 

and CKR = 44%) across time (Fig 3B). CKR had an approximately 1.6% reduced body size 

and reduced female to male ratio relative to all other strains (Table 4 and Fig 3D). Egg 

viability, fecundity, larval survival, and male developmental time were not different from 

ROCK for any of the resistant strains (Table 4 and Fig 3C). When comparing between 

resistant strains, KR had a longer survival time than both CR and CKR and a higher egg 

viability than CR (Table 4 and Fig 3A). Overall, the strains with CYP-mediated resistance 

had a fitness cost based on some components, but not all, and the KR strain had no fitness 

costs for any of the specific components measured in the adult or larval stage. 
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Table 4: Fitness components in congenic strains of A. aegypti. Values represent the mean ± SE except for sex ratio 

(percent female to male) (n=3).  

Fitness component ROCK KR CR CKR 

Adult survival (days) 41.7 ± 6.0bc 45.1 ± 6.6c 32.7 ±5.0a 37.4 ± 6.0ab 

Fecundity at week 1 (# of eggs) 18.0 ± 2.6a 18.0 ± 2.2a 17.2 ± 2.0a 18.2 ± 1.9a 

Female body size (mm) 3.15 ± 0.02b 3.14 ± 0.02b 3.15 ± 0.02b 3.10 ± 0.02a 

Sex ratio (F:M) 50:50 46:54 47:53 38:62* 

Egg viability  0.75 ± 0.04ab 0.84 ± 0.02b 0.72 ± 0.03a 0.81 ± 0.03ab 

Egg to pupa (days) 6.9 ± 0.1b 6.7 ± 0.0a 6.9 ± 0.0ab 6.8 ± 0.0ab 

Egg to female (days) 9.4 ± 0.1b 9.3 ± 0.1ab 9.2 ± 0.1a 9.4 ± 0.1ab 

Egg to male (days) 9.0 ± 0.1a 9.0 ± 0.1a 8.9 ± 0.1a 9.0 ± 0.1a 

Fitness Cost Ratio 0.00 ± 0.00c 0.01 ± 0.01c 0.32 ± 0.01b 0.41 ± 0.01a 

R0 304 ± 26b 302 ± 29b 207 ± 16a 179 ± 17a 

r 0.80 ± 0.01ab 0.83 ± 0.01b 0.79 ± 0.01ab 0.75 ± 0.02a 

T 7.14 ± 0.14a 6.87 ± 0.20a 6.77 ± 0.20a 6.97 ± 0.30a 

Same letters within rows are not significantly different at the 0.05 level of significance. Asterisk (*) for sex ratio indicates 

significant difference between female to male ratio for that strain. 
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Figure 3: Comparison of life table components in four congenic strains of A. aegypti. A) 

Kaplan-Meyer survival plot of females. B) Average number of dead females per day for 

each strain. C) Kaplan-Meyer survival curve of larvae. D) Mean number of females and 

males emerged from an equal number of larvae (sex ratio). Bars represent the standard error 

of the means. E) Mean R0 value across three replicates normalized by the highest R0 and 

time of each replicate.  
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 The net reproductive rate (R0), intrinsic rate of increase (r), and generation time (T) 

were calculated based on the survival, fecundity, sex ratio, and egg viability components 

from the life table experiments. Combined, these values inform us about the overall 

reproduction and growth of the population of each strain. KR had R0, r, and T values that 

were not different from ROCK, but an R0 value (302 ± 47) that was different from CR and 

CKR (207 ± 47 and 179 ± 47 respectively) (Table 4 and Fig 3E). There was no difference in 

R0 between CR and CKR. R0 values varied by about 2-fold between replicates, but the trend 

between strains remained the same (see supplemental Fig). KR had a higher r value than 

CKR, however all of the r values were above 0 indicating the populations are increasing 

(Table 4). There was no significant difference in T between strains. Overall, the R0 values, 

but not r or T, indicate a strong fitness cost for the CYP-mediated resistance mechanism in 

these strains.  

 ROCK females had a strong preference (p = 0.0003) for mating with ROCK males 

whereas CKR females had no preference (p = 0.145) for either ROCK or CKR males (Fig 

4). We obtained genotype results of offspring from 254 CKR females and 274 ROCK 

females in total with an average of about 19 females per replicate. On average, 8.2 (±1.7) 

CKR females mated with CKR males (45%) and 9.9 (±1.5) females mated with ROCK 

males (55%). An average of 7.4 (±1.6) ROCK females mated with CKR males (38%) and 

12.1 (±1.6) mated with ROCK males (62%). These results suggest that susceptible males are 

more successful at mating with susceptible females than are males homozygous for kdr + 

CYP-mediated resistance. 
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Figure 4: Mating competition comparison between ROCK and CKR strains of A. aegypti. 

Box plot of the number of males that mated with either ROCK or CKR females. The white 

line in the middle represents the median, the lower and upper hinges correspond to the first 

and third quartiles (the 25th and 75th percentiles), the whiskers represent the minimum and 

maximum values no further than 1.5 times the distance between the first and third quartiles, 

and the points are the outliers (data beyond the end of the whiskers). ns = not statistically 

significant. 
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 To compare the fitness costs of the resistance mechanisms alone and in combination 

with the levels of permethrin resistance they provided, we calculated fitness cost ratios for 

each strain using the final R0 values averaged across three replicates. The fitness cost ratios 

were highest for the strains containing CYP-mediated resistance indicating higher fitness 

costs for those strains (Table 4). CKR had a significantly higher fitness cost ratio (0.41) 

relative to the other strains, followed by CR (0.32). The fitness cost ratios of KR and ROCK 

were not significantly different. When plotted against the permethrin resistance ratio levels 

of each strain [48, 49], CKR has both the highest resistance level and the highest fitness cost 

(Fig 5). CR had the second highest fitness cost, but the lowest resistance level, whereas KR 

had no fitness cost and a moderate resistance level. The interaction between the fitness cost 

ratios of CR and KR was marginally greater-than additive (p = 0.0501).  
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Figure 5: Relationship between fitness cost ratio and resistance ratio of each strain. 

Resistance ratio values reported in previous publications [48, 49]. Dashed line represents 

where values for CR and KR should fall in if in a linear relationship. Fitness ratio values are 

significantly different (p < 0.05) except for where labeled as “ns” (not significantly 

different). Bars represent the standard error of the means. 
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5.4. Discussion 

 We found that kdr and CYP-mediated resistance have fitness costs, but that they are 

manifested differently. Strains with CYP-mediated resistance (CR and CKR) have a 

significantly reduced net reproductive rate (R0) relative to the susceptible (ROCK) and the 

strain containing only kdr (KR), indicating a higher overall fitness cost to CYP-mediated 

resistance than kdr using this metric. The fitness cost ratios (measured based on the life table 

components) suggests that the two resistance mechanisms have a marginally greater-than 

additive fitness cost effect and that there is no correlation between the fitness cost ratios and 

resistance levels. The kdr allele has a fitness cost when measured in the allele competition 

experiments, but not in the life table experiments. The fitness costs of CYP-mediated 

resistance were seen in the life table studies. This highlights the importance of different 

types of fitness studies to capture true fitness costs. The fitness costs of kdr seen in the 

allele-competition studies may be due to reduced mating success. Overall, we might expect 

the cost of kdr to manifest in fitness assays where a slightly impaired nervous system affect 

the result (behavior, locomotion, etc.), and we might expect the cost of CYP-mediated 

resistance to manifest in assays were the diversion of resources to maintain elevated CYPs is 

impactful. These predictions are in line with what we observed. The only experiment in 

which we could contrast the combined fitness costs of kdr and CYP-mediated resistance 

with the individual mechanisms was the life table studies where the combination of 

mechanisms did not radically change any of the components except sex ratio and body size. 

This contrasts with the greater than additive insecticide resistance the two mechanisms 

provide [48]. 
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 Results from fitness cost studies of pyrethroid resistance in A. aegypti are variable 

across the limited literature that compares related strains with known resistance 

mechanisms. Alvarez-Gonzalez et al. [28] found reduced egg viability, adult longevity, 

survival, rm, R0, and generation time, and no difference in fecundity, developmental time or 

sex ratio in their resistant A. aegypti strain containing CYP-mediated resistance plus a 0.5 

frequency of the V1016I +F1534C Vssc allele and 0.5 frequency of the F1534C allele. 

Nearly opposite results, with reduced fecundity and developmental time, but no difference in 

longevity, egg viability, larval survival, and mating competition were found for the resistant 

Rock-kdr strain containing Vssc mutations V1016I+F1534C and a slightly elevated CYP-

activity. Both of these strains had the same Vssc mutations (although in Alvarez-Gonzalez et 

al. the V1016I is not homozygous), but they differed in their genetic background and CYP-

mediated resistance. These studies also did not check the full cDNA sequence of Vssc for 

other mutations (e.g. V410L and G923V), and this could have influenced the results. Our 

strains have the same genetic background as Rock-kdr [3], but yielded very different results. 

Our KR strain, which should differ from the Rock-kdr strain [3] only by the mutations in 

Vssc, showed no fitness costs from the life table studies. None of our strains had a reduced 

fecundity or differences in their developmental time. CKR’s high fitness cost ratio (i.e. low 

R0), was mostly attributed to its male skewed sex ratio that was not measured in Rock-kdr, 

and unlike Rock-kdr, CKR males had a lower mating success than ROCK males. Most other 

fitness studies done on A. aegypti have used unrelated strains or have unknown or unclear 

resistance mechanisms and are therefore not useful in extrapolating a relationship between a 

specific resistance mechanism and its fitness costs. It is unclear if the differences between 

our studies and those with Rock-kdr [3] are due to the different Vssc mutations present, the 
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elevated CYP-activity in Rock-kdr or something else.  Based on the three studies that have 

now been done on different mutations and fitness costs in A. aegypti, it appears possible that 

the different kdr alleles could have significantly different fitness costs. 

 Few studies have looked at the fitness costs of CYP-mediated pyrethroid resistance 

without kdr in mosquitoes. To our knowledge, none have done so using related strains of A. 

aegypti prior to this study and only one has done it in Culex [40]. The permethrin resistant 

Cx. pipiens quinquefasciatus strain (IsoP450) contained only CYP-mediated resistance, and 

had reduced body size and nutritional content in teneral, two- and four-day old females, but 

no difference in survival, and developmental time [40]. Contrary to IsoP450, however, CR 

had a significantly reduced survival and no difference in body size. Interestingly, the 

developmental time, which was unchanged for IsoP450, was actually faster for CR 

compared to ROCK. CKR had a smaller body size and no significant difference in survival 

and developmental time, similar to IsoP450. CYP-mediated resistance in IsoP450 is likely 

due to a single CYP, CYP9M10, whereas in our strains, CYP-mediated resistance is due to 

the overexpression of several CYPs [18]. The fitness cost results from these two studies 

suggest that costs due to CYP-mediated resistance is different depending on the CYPs 

involved. 

 Previous reversion studies have found a decline in the kdr allele frequency over time 

[3, 20], consistent with our results. In one allele competition study using the same Rock-kdr 

strain of A. aegypti described above, the kdr allele (V1016I+F1534C) decreased from 50% 

to an average of 21.7% and from 75% to an average of 20% [3]. Another reversion study, 

using a resistant field strain of A. aegypti reared with and without exposure to insecticide, 

found that the proportion of knockdown individuals at a diagnostic concentration changed 
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from 0.14 to 0.70 over 10 generations in unselected tents [20]. They also found that the 

susceptible haplotype frequency (F1534+V1016) increased from 0.07 to 0.12, one resistant 

haplotype 1534C decreased from 0.34 to 0.14, whereas the other resistant haplotypes (1016I 

and 1016I+1534C) did not change (other Vssc mutations were not examined) [20]. These 

two studies support our conclusion that the different kdr alleles have different fitness costs.  

 Although not always detected in fitness experiments, fitness costs associated with the 

kdr mutations in the absence of insecticides still exists because mutations can cause minor 

variations in the gating mechanisms of VSSC thus modifying the excitability of neurons and 

in doing so, their physiological functioning [59]. VSSCs are involved in the transmission of 

electrical signals in neurons through the propagation of action potentials allowing them to 

mediate many physiological functions in mosquitoes. Mutations in VSSC can alter its 

stability and conformation in molecular dynamic simulations [60] and in mammals, Vssc 

mutations have been associated with several diseases and disorders [61, 62]. In insects, the 

biophysical functions of VSSC and the effects of mutations on these are far less understood. 

However, several Xenopus oocyte studies have demonstrated an effect of Vssc mutations on 

channel gating (see review [59]). The physiological reason for the kdr fitness costs we 

observed for both the KR and CKR strains in the allele-competition study, but not in the 

specific fitness component experiments, is unclear. CKR males had a clear mating 

competition cost when attempting to mate with the susceptible ROCK females, but had no 

problem competing with ROCK males when mating with fellow CKR females. This 

suggests that the CKR or ROCK females are making different mate choices and that ROCK 

females can somehow detect a deficiency in CKR males that CKR females cannot. 

Alternatively, CKR males might be failing at mating cues, potentially due to differences in 
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cuticular hydrocarbons [63], pheromone profiles [64], or an inability to harmonically 

converge [65] with ROCK females. Further studies to determine the cause of the decline in 

kdr frequency would be interesting; especially a mating competition study on KR to 

determine if kdr or CYP-mediated resistance causes the reduced mating success seen for 

CKR males. 

 Fitness costs due to CYP-mediated resistance could be a result of a mutation in a 

transcription factor that targets multiple genes [66], changes in regulation of one gene that 

can have pleiotropic effects on other traits [67-69], or by CYP overexpression diverting 

resources from other fitness-enhancing traits [70]. CYPs are a vital biochemical system that 

metabolizes xenobiotics such as pesticides, drugs and plant toxins, and regulates the titers of 

endogenous compounds such as hormones and fatty acids [71], including synthesis and 

degradation of ecdysteroids and juvenile hormones that are essential for insect growth, 

development, and reproduction [72]. CYPs can also metabolize sex pheromones [73-75], are 

important for insect olfaction [76, 77], and may be involved in circadian rhythm [78]. The 

effects of xenobiotic induced changes in CYP expression have been implicated with fitness 

cost by interfering with hormonal regulated networks [79]. In the CR and CKR strains, 

CYP-mediated resistance is primarily conferred by the trans upregulation of four CYPs [18]. 

In this study, fitness costs for strains having CYP-mediated resistance manifested as reduced 

survival time in CR, a male-biased sex ratio and smaller female body size of CKR and a 

reduction in R0 for both strains.  We did not find a significant cost to reproduction (number 

of eggs and egg viability) between the strains having CYP-mediated resistance and ROCK. 

The physiological mechanisms responsible for these fitness costs remains uncertain. 
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Identification of the mutation that gives rise to the CYP-mediated resistance would greatly 

facilitate future studies on this important resistance mechanism. 

 Many challenges and limitations exist in conducting fitness studies, which results in 

a gap in the literature on the fitness effects of insecticide resistance. These challenges are 

creation of congenic strains, the diverse and non-overlapping methods to assess fitness, and 

the need to know the causative mutations for resistance in the congenic strains. It is 

laborious and time consuming to identify resistance mechanisms [80] and to construct 

congenic strains. A major limitation to fitness studies is the nearly infinite number of 

components and environments (including field versus lab) that can be measured and how to 

interpret biological relevance of the different components and conditions measured. As can 

be seen from the results we present herein, the fitness costs of different resistance alleles 

manifested under some conditions, but not all. It would be beneficial to conduct field studies 

on the fitness costs of resistance in A. aegypti. However, optimally this would require 

knowing the different resistance alleles (at each locus) so that individual genotypes can be 

determined with high precision. We are close to being able to achieve this for the mutations 

in Vssc, as many resistance alleles are now known [81, 82]. However, without knowing the 

allele responsible for the CYP-mediated resistance this trait cannot be accurately detected in 

individual mosquitoes. Our results indicate that in the presence of both kdr and CYP-

mediated resistance at least one fitness cost is manifested (distorted sex ratio). Thus, the 

results from studies looking at changes in the different Vssc alleles over time in field 

populations can be significantly influenced by other resistance alleles in the population. 

Despite these challenges and limitations, fitness studies are still important for both our 

understanding of the evolution of resistance mechanisms, and whether the selective 
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disadvantages are large enough to be useful in practical situations, such as resistance 

management or for new control strategies (e.g. gene editing). Lab studies using congenic 

strains, such as the one presented here, are important to gain preliminary understanding of 

how fitness costs are manifested and the potential pleiotropic effects of insecticide resistance 

mutations. 
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5.5. Supplemental materials 

 

Supplementary table: Genotype data. ASPCR results 

Population/generation Sex 

Sample 

size per 

gender 

Genotype 

SS 

Genotype 

RS 

Genotype 

RR 

KDR:ROCK (parental) Male 57 0 3 54 

KDR:ROCK (parental) Female 56 0 2 54 

ROCK (parental) Male 57 57 0 0 

ROCK (parental) Female 57 57 0 0 

AF1 Male 45 6 39 0 

AF1 Female 45 0 45 0 

BF1 Male 43 6 37 0 

BF1 Female 45 3 42 0 

A1F3 Male 44 15 22 7 

A1F3 Female 45 18 23 4 

A2F3 Male 44 14 25 5 

A2F3 Female 45 12 29 4 

B1F3 Male 44 16 20 8 

B1F3 Female 44 7 26 11 

B2F3 Male 44 12 21 11 

B2F3 Female 44 14 18 12 

A1F5 Male 44 13 25 6 

A1F5 Female 45 15 21 9 

A2F5 Male 44 18 17 9 

A2F5 Female 44 11 28 5 

B1F5 Male 44 19 17 8 

B1F5 Female 45 21 14 10 

B2F5 Male 45 13 28 4 

B2F5 Female 44 23 17 4 

A1F7 Male 43 18 23 2 

A1F7 Female 42 20 22 0 

A2F7 Male 43 23 16 4 

A2F7 Female 44 18 23 3 

B1F7 Male 45 19 22 4 

B1F7 Female 44 19 20 5 

B2F7 Male 45 21 20 4 

B2F7 Female 48 23 17 8 

A1F9 Male 89 57 29 3 

A1F9 Female 89 49 36 4 

A2F9 Male 90 25 52 13 

A2F9 Female 90 29 50 11 

B1F9 Male 45 21 18 6 

B1F9 Female 45 23 18 4 

B2F9 Male 45 18 21 6 

B2F9 Female 45 20 24 1 
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Supplemental Figure: R0 values for each replicate across the duration of the experiment. 

 

 


