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ABSTRACT 

 
      Insecticides are the most common management strategy used for the control of 
mosquitoes. Changes in ambient temperature can alter the toxicity of insecticides to 
ectothermic organisms. Studies show organophosphate insecticides exhibit a positive 
correlation between ambient temperature and mortality for many insect species, and 
carbamate insecticides exhibit a slightly negative to positive correlation between ambient 
temperature and mortality. Pyrethroid insecticides exhibit a distinctly negative correlation 
between increasing ambient temperature and mortality for insects. However, this 
relationship has not been systematically studied for adult mosquitoes. Therefore, we 
examined the influence of temperature on the susceptibility of adult Aedes aegypti 
(Diptera: Culicidae) when exposed to permethrin. Dose-response probit regression lines 
and the median lethal concentration, LC50, were estimated for adult Ae. aegypti when 
exposed to eight concentrations of permethrin (ranging from 0.06 - 0.58 ng/cm2) at each 
of the following temperatures, 16, 23, 26, 30, 32, and 34 oC for 24 hours in bottle assays. 
The estimated LC50 for each temperature was 0.25, 0.34, 0.36, 0.48, 0.26, 0.31 ng/cm2, 
respectively. Results indicated a negative correlation between temperature and mortality 
from 16 oC to 30 oC, a positive correlation between temperature and mortality from 30 oC 
to 32 oC, and a negative correlation between temperature and mortality from 32 oC to 34 
oC. Most important, the largest negative temperature coefficient (-1.92) was observed at 
30 oC. If mosquito populations are expanding in space and time because of increased 
temperatures due to global warming and cannot be managed as effectively with 
pyrethroids, the spread of mosquito-borne diseases may pose considerable risk to public 
health. 
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CHAPTER 1 

INTRODUCTION 

Insecticides 

 Insecticides are the second most common group of pesticides in the world (Yu 

2008). Benefits of insecticides include an increase and stability in food production and a 

decrease in the transmission of insect-borne pathogens that cause disease. Individual 

classes of insecticides are differentiated by their chemical structure and mode of action.   

 Chemical insecticides originated with materials that were readily available, such 

as arsenicals, petroleum oils, and botanicals (Matsumura 1985). Dinitrophenol 

compounds and thiocyanates, were the first organic insecticides to be sold (Matsumura 

1985). However, dichlorodiphenyltrichloroethane (DDT) became the most significant 

insecticide when Paul Müller, a chemist from Switzerland, discovered its insecticidal 

properties in 1939 (Yu 2008). During World War II, DDT saved millions of lives, but in 

1973 DDT was banned from use in the United States and other Western countries (Yu 

2008). The banning of DDT in the US and other Western countries was associated with 

its high environmental persistence, high lipophilicity, and increased bioaccumulation. 

However, DDT remains an important insecticide for the control of malaria in India and 

African countries. DDT ushered in the use of synthetic insecticides and many other 

chlorinated hydrocarbon insecticides/DDT analogs followed (Yu 2008).  

The next significant class of insecticides introduced was the organophosphates. 

This class of insecticides resulted from chemical warfare research for the development of 
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nerve gases during World War II in Germany. Although some  organophosphates were 

known to be highly toxic to mammals, they remained unmatched for the control of 

insects until the introduction of synthetic pyrethroids (Matsumura 1985, Yu 2008). 

 
Pyrethroid Insecticides 

Pyrethroids are synthetic derivatives of the naturally occurring insecticide, 

pyrethrum, which is extracted from the dried flowers of Chrysanthemum 

cinerariaefolium (Casida 1980, Lund and Narahashi 1983, Yu 2008). Based on 

toxicological and physical properties, as a class of insecticides, synthetic pyrethroids can 

be classified as Type I (non-cyano group), Type II (𝛼-cyano group), or non-ester (Table 1 

and Figure 1) (USATSDR 2001, Yu 2008). There are two types of stereoisomerism for 

pyrethroids, cis and trans isomers, with both isomers being biologically active 

(Soderlund 1992). Pyrethroid insecticides are highly nonpolar chemicals that do not 

volatilize or solubilize in water easily (Laskowski 2002). The use of synthetic pyrethroids 

rapidly increased during the 1970s (Schleier III and Peterson 2011), as they have a quick 

knockdown effect, high insecticidal potency, low mammalian toxicity, and do not 

bioaccumulate (Swain et al. 2009, Casida 2010).  

The first synthetic pyrethroid introduced in 1949 by the Rothamsted Experimental 

Station Group was allethrin (Schechter et al. 1949). Although allethrin successfully 

controlled household pests, it was not nearly as efficacious as the broad spectrum 

insecticide DDT (Casida 2010). The discovery of three key synthetic pyrethroids between 

1967 and 1975 by Michael Elliott and colleagues quickly allowed synthetic pyrethroids to 

replace DDT.  
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Table 1. Classification of Synthetic Pyrethroids 

Type I Pyrethroidsa Type II Pyrethroidsb Non-Ester Pyrethroid 
allethrin cyfluthrin etofenprox 

bifenthrin cyhalothrin  
permethrin cypermethrin  
phenothrin deltamethrin  
resmethrin fenvalerate  
tefluthrin fenpropathrin  

tetramethrin flucythrinate  
metofluthrin flumethrin  

 fluvalinate  
 tralomethrin  
 esfenvalerate  
 τ-fluvalinate  
 λ-cyhalothrin  
 acrinathrin  
 imiprothrin  

a Type I: non-cyano pyrethroids 
b Type II: α-cyano pyrethroids 
Based on data from USATSDR 2013  
 

 

 
 
     
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Chemical Structure of Type I, Type II, and Nonester Pyrethroids.  
Adopted from Schleier III and Peterson 2012. 
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The first of the three new synthetic pyrethroids introduced was resmethrin in 1967 

(Elliott et al. 1967), followed by permethrin in 1973 (Elliott et al. 1973, Soderlund 1992). 

The last key synthetic pyrethroid, cypermethrin, was introduced in 1975 and is known for 

its increased potency to insects (Casida 2010). Since then, permethrin and cypermethrin 

have become the most widely used pyrethroids in the United States (Elliott et al. 1973, 

USEPA 2008, 2009b). 

Permethrin (3-phenoxyphenyl) methyl 3-(2,2-dichloroethenyl)-2,2-

dimethylcyclopropane carboxylate, the first photostable insecticide, transformed the use 

of insecticides in agriculture (Schleier III and Peterson 2011). The increased 

photostability of permethrin resulted from replacing the benzylfurylmethyl group in the 

alcohol moiety with the photostable group phenoxybenzyl (Elliott et al. 1973).  

According to the United States Environmental Protection Agency (USEPA), two 

million pounds of permethrin are estimated to be applied for agricultural, residential, and 

public health purposes each year (USEPA 2009b). The compound permethrin can exist as 

a colorless crystal to a pale yellow viscous liquid. Permethrin has a molecular weight of 

391.3 g/mol, a melting point of 35 oC, a boiling point of 220 oC, and a vapor pressure of 

6.9 x 10-6 Pa at 25 oC (FOA 2008, USEPA 2009a, b). Permethrin is soluble in acetone, 

ethanol, ether, xylene, and water less than 1 ppm (USEPA 2009a). Permethrin has a 

photolysis half-life of 110 days in water and 104 days in soil (Laskowski 2002). 

Permethrin exhibits a low to moderate persistence in soil (Wauchope et al. 1992), and has 

an approximate aerobic soil half-life of 18-23 days and anaerobic soil half-life of 197 

days (Laskowski 2002, Yu 2008). For agricultural purposes, the maximal seasonal rates 

are from 0.1 to 0.4 pounds of active ingredient per acre (lb ai/A) (USEPA 2009b) . 
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Although the number of applications in a season depends on the type of crop, the number 

of applications can range from one to eight in a given season. In a public health setting, 

permethrin is applied at rates typically ranging from 0.0035 to 0.007 (lb ai/A) (USEPA 

2009b).   

Permethrin is a Type I pyrethroid that lacks the α-cyano group seen in Type II 

pyrethroids such as cypermethrin (Figure 1). Studies show that the α-cyano group in 

Type II pyrethroids is associated with a slower rate of esteratic cleavage, and as a result 

are effective at lower application rates (Shono et al. 1979). Like all other synthetic 

pyrethroids, permethrin has a cis and trans isomer, with the cis isomer being less 

biodegradable and more toxic (Holmstead et al. 1978, Holden 1979). In particular, 

technical grade permethrin is a mixture of 40% cis isomer and 60% trans isomer (Yu 

2008). 

 
Absorption, Distribution, Metabolism, and Excretion of Permethrin 

Synthetic pyrethroids, pyrethrins, DDT, DDT analogs, and organophosphates are 

neurotoxins that alter the nervous system of organisms. To elicit their toxicological 

effect, these xenobiotics must first be absorbed by the organism. The most common route 

of insecticide uptake for insects is contact with deposits on surfaces, suspensions, 

solutions, or vapors that are readily available in their aquatic or terrestrial environment 

(Yu 2008).  

After a pyrethroid, in particular permethrin, has been absorbed by an insect, this 

xenobiotic must enter the systematic circulation via haemolymph to elicit its toxic effect. 

The metabolism of permethrin is relatively low for the first three hours of exposure, but 
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metabolism of the parent compound increases after 17 hours of exposure (Holden 1979). 

This study also found the trans-isomer of permethrin is more readily metabolized when 

compared to the cis-isomer of permethrin. Holden (1979) found total paralysis in the 

adult cockroach, Periplaneta americana (Blattodea: Blattidae), after 17 hours of exposure 

to permethrin. The metabolites that resulted from in vivo biotransformation of permethrin 

by the adult cockroach were 2-phenoxybenzyl alcohol (PBOH) and 3-(2, 2-

dichlorovinyl)-2,2-dimethylcyclopropanecarboxylic acid (DCCA) (Holden 1979). This 

suggests it takes several hours for permethrin to reach its target site and the initial 

metabolism of permethrin occurs at the ester-bond.  

The cytochrome P450 monoxygenase system and esterase enzymes are known for 

their ability to metabolize xenobiotics. There are often two phases involved in the 

detoxification of xenobiotics such as permethrin. Phase I is carried out by esterase 

enzymes that attack the central ester bond, and result in less toxic intermediate 

compounds (Sogorb and Vilanova 2002). However, an alternative mechanism for Phase I 

detoxification can be achieved by cytochrome P450 enzymes at one or more of the 

alcohol or acid moieties. The metabolites generated from Phase I cleavage of the ester 

bond are 3-phenenoxybenzoic acid (PBA), 3-phenoxybenzaldehyde (PBALD), and 3-(2, 

2-dichlorovinyl)-2,2-dimethylcyclopropanecarboxylic acid (DCCA) (Sogorb and 

Vilanova 2002). In Phase II metabolism of pyrethroid insecticides such as permethrin, the 

intermediate molecules are conjugated to a more water-soluble form by a variety of 

enzymes. At this point, the molecules are hydrophilic and can be readily excreted as 

either free metabolites or conjugated with sugars or amino acids which are rapidly 

excreted (Schleier III and Peterson 2011). However, the mode-of-action and mechanism 
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of biotransformation for a given xenobiotic can vary for different insect orders (Holden 

1979).  

Excretion of permethrin metabolites begins in the Malpighian tubules, which are 

analogous to the vertebrate kidneys, and is completed in the hindgut (Klowden 2007). 

The metabolites of trans-permethrin are more readily excreted when compared with the 

excretion of cis-permethrin metabolites (Bigley and Plapp 1978). However, a higher 

proportion of the cis-permethrin isomer is excreted as the unmetabolized parent 

compound (Bigley and Plapp 1978). Studies have found there are different mechanisms 

of excretion for carboxylic acid moieties, and the mechanism of excretion is species 

specific (Shono and Casida 1978, Shono et al. 1979, Zerba 1988).  The metabolites travel 

from the hindgut to the rectum of insects and exit through the anus (Klowden 2007).  

 
Physiological Mechanisms of Toxicity 

 
Although pyrethroids can be classified as Type I or Type II based on behavior and 

chemical characteristics, all pyrethroids affect  nervous systems by modifying the 

voltage-gated sodium channels (VGSC) (Table 2) (Soderlund 1995, Alout et al. 2012). 

Type I pyrethroids alter the closed sodium channels, and Type II pyrethroids alter the 

open but not inactivated sodium channels (Soderlund 2010). Type I pyrethroids are 

classified by repetitive long action potentials (Wright et al. 1988, Breckenridge et al. 

2009). Type II pyrethroids cause prolonged opening of the activation (voltage-dependent) 

m gate and inactivation h gate of the voltage-gated sodium channel (Davies et al. 2007).  
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Table 2. Comparison of Type I and Type II Pyrethroid Insecticides 
Pyrethroid Type Sodium Channel 

State 
Sodium Channel 

Modifications 
Syndrome 

 
Type I 

 
Closeda 

 
Repetitive long action 

potentialsb 

 
Whole body tremors 

 (T syndrome)d 
 
 

 
Type II 

 
Open but not 

inactiveda 

 
Prolonged resting 

membrane potentialb 
 

Prolonged opening of 
the activation m gate 
and inactive h gatec 

 
Choreoathetosis with 

salivation  
(CS syndrome)d  

a Information from Soderlund 2010. 
b Information from Wright et al. 1988, Breckenridge et al. 2009. 
c Information from Davies et al. 2007. 
d Information from Schleier III and Peterson 2011. 

 

In addition, Type II pyrethroids are characterized by prolonged resting membrane 

potential (Wright et al. 1988). This modification of the sodium channel lasts for only tens 

or hundreds of milliseconds for Type I pyrethroids, but modifications to the sodium 

channel can last for many seconds with Type II pyrethroids (Davies et al. 2007). Non-

ester pyrethroids act in a similar manner as Type I pyrethroids because they induce 

repetitive firing (Nishimura et al. 1996). Once the pyrethroid has modified the sodium 

channel, there is a constant influx of sodium to the intracellular space (Davies et al. 

2007). By modifying the sodium channel, there is an inability of the channel to close 

(Davies et al. 2007). This results in hyperexcitability, a phenomenon also known as 

“knockdown” in insects (Davies et al. 2007). Notably, Type I pyrethroids such as 

permethrin are better able to elicit this knockdown effect as they frequently bind and 

dissociate from their target site (Davies et al. 2007).    
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As mentioned above, pyrethroids can be classified based on the behavior they 

induce in an organism (Table 2). Permethrin and other Type I pyrethroids are 

characterized by whole body tremors (T syndrome) and Type II pyrethroids are 

characterized by choreoathetosis with salivation (CS) syndrome. Type I pyrethroids are 

known to cause sensitivity to external stimuli, aggressive sparring, and elevation of core 

body temperature. In contrast, Type II pyrethroids are known to decrease core body 

temperature, and initially elicit physical pawing and burrowing. Type II pyrethroids also 

trigger profuse salivation and terminal chronic seizures when administered at near lethal 

doses in both mice, Mus musculus, and rats, Rattus norvegicus (Rodentia: Muridae) 

(Verschoyle and Aldridge 1980, Lawrence and Casida 1982, Schleier III and Peterson 

2011). In general, insects exposed to pyrethroids exhibit a loss of coordination, intervals 

of convulsive activity, and paralysis (Soderlund and Bloomquist 1989). However, 

behavioral symptoms that distinguish Type I and Type II pyrethroid intoxication for 

insects are not as clearly defined as for mammals (Soderlund and Bloomquist 1989).  

Permethrin causes a mixed-state modification in the sodium channel and, in 

contrast to other type I pyrethroids, permethrin has been shown to work on both closed 

and open sodium channels of insects (Warmke et al. 1997, Zhao et al. 2000, Vais et al. 

2003, Soderlund 2010). However, permethrin exhibits a greater binding affinity when 

sodium channels are open (Soderlund 2010).  

 
Mechanisms of Insecticide Resistance 

 
 Although pyrethroids have become the insecticide of choice for the control of 

indoor and outdoor pests, in particular mosquitoes, there is growing concern associated 
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with insecticide resistance (Schleier III and Peterson 2011, Du et al. 2013). The resistance 

in insects is directly tied to the volume and frequency of insecticide application. In 

addition, insecticide resistance is associated with physiological characteristics of insects. 

Currently, there are two accepted mechanisms of resistance to pyrethroids presented in 

the literature:  (1) target site resistance associated with the para voltage gated sodium 

channel of insects, and (2) metabolic resistance associated with overexpression of 

cytochrome P450 genes (Davies et al. 2007, Schleier III and Peterson 2011, Gong et al. 

2013). 

 Insecticide resistance due to target site/sodium channel mutations has gained 

much attention in the past few years, but was first identified in the house fly, Musca 

domestica (Diptera: Muscidae), by Busvine in 1951 (Busvine 1951, Davies et al. 2007). 

This form of resistance is also referred to as knockdown resistance, kdr, and has evolved 

around the world and in many insect pests (Soderlund 2005, Davies et al. 2007, Du et al. 

2013, Rinkevich et al. 2013). There are different levels of kdr resistance, but point 

mutations or substitutions resulting from single nucleotide polymorphisms (SNP) in the 

sodium channel which replace leucine (L) with phenylalanine (F), histidine (H), or serine 

(S) are the most common and result in low levels of insecticide resistance (Dong 2007, 

Xu et al. 2011). These substitutions take place in domain II segment 6 of the insect 

sodium channel (Dong 2007). Focusing on dipteran examples presented in the literature, 

the leucine to phenylalanine substitution has been reported in M. domestica (Miyazaki et 

al. 1996, Williamson et al. 1996), Culex pipiens (Diptera: Culicidae) (Martinez-Torres et 

al. 1999), Anopheles gambiae (Diptera: Culicidae) (Martinez-Torres et al. 1998, Ranson 

et al. 2000), Culex quinquefasciatus (Diptera: Culicidae) (Xu et al. 2005), and the horn 
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fly, Haematobia irritans (Diptera: Muscidae) (Guerrero et al. 1997). In addition, the 

leucine to serine substitution has been reported in Cu. pipiens (Martinez-Torres et al. 

1999) and An. gambiae (Ranson et al. 2000). 

The next level of insecticide resistance associated with mutation in the insect 

sodium channel is super-kdr (Dong 2007). This mutation results in highly resistant 

strains, and has been most notably reported in the house fly (Miyazaki et al. 1996, 

Williamson et al. 1996). In addition, increased resistance had been observed in the horn 

fly (Guerrero et al. 1997). This level of resistance is characterized by substitution of 

methionine (M) by threonine (T) in conjunction with the low-level resistance substitution, 

leucine (L) by phenylalaniane (F) (Guerrero et al. 1997, Dong 2007). However, computer 

models suggest there are many more sodium channel mutations present in mosquito 

populations around the world (Du et al. 2013).  

The second form of insecticide resistance commonly presented in the literature is 

induction and constitutive overexpression of the P450 coding genes due to insecticide 

exposure (Gong et al. 2013). In mosquitoes, increased detoxification of insecticides has 

been associated with several cytochrome P450 genes (Chandor-Proust et al. 2013, Gong 

et al. 2013). Moreover, induction of the CYP6Z15 and CYP9J39 genes has been observed 

in resistant and susceptible strains of mosquitoes when exposed to permethrin (Gong et 

al. 2013). Some of the P450 that have been linked to insecticide resistance include: 

CYP6M2 and CYP6P3 in An. gambiae (Mueller et al. 2008, Stevenson et al. 2011), 

CYP6P9b in Anopheles funestus (Diptera: Culicidae) (Riveron et al. 2013), and CYP9J32 

in Aedes aegypti (Diptera: Culicidae) (Stevenson et al. 2012).  
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Global Climate Change 
 
 
 As previously mentioned, there are currently two accepted mechanisms of 

resistance seen in mosquitoes: knockdown resistance (kdr) and the induction of multiple 

cytochrome P450 genes (Davies et al. 2007, Schleier III and Peterson 2011, Du et al. 

2013, Gong et al. 2013). However, there is evidence that changes in ambient temperature 

can alter the toxicity of insecticides to ectothermic organisms (Andersson and Forlin 

1992). The possible temperature-dependence relationship in insecticides is of great 

importance, as from 1948 to 1991 there was a shift to warmer temperatures in the evening 

hours when compared to other parts of the day for all seasons of the year in the United 

States (Knappenberger et al. 1996). Globally, there was an increase in the annual 

maximum temperature from 1950 to 2004 except for northern Mexico and northern 

Argentina (Vose et al. 2005). Equally important, there has been a global increase in the 

annual minimum temperature from 1950 to 2004 except for Mexico, northeastern 

Canada, and sections of the western Pacific Ocean (Vose et al. 2005). Globally, it is 

projected that by the year 2100, there will be approximately a 1.0 to 3.5 oC increase in 

temperature (Karl et al. 1995, USGCRP 2009, Johnson and Sukhdeo 2013). Although it 

is not clear whether climate plays an important role in insecticide resistance (Rinkevich et 

al. 2007, Scott et al. 2013), this topic should be further researched because a majority of 

current mosquito management strategies utilize insecticides in environments shown to 

have increasing annual minimum, maximum, and late afternoon temperatures 

(Knappenberger et al. 1996, Vose et al. 2005). Increased temperature due to global 

warming has also been shown to positively affect mosquito population development and 
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survival, the biting rate of mosquitoes, and the incubation/replication time of a virus 

within mosquitoes (Moudy et al. 2007, Kilpatrick et al. 2008, Johnson and Sukhdeo 2013, 

Anyamba et al. 2014). All of the above mentioned scenarios pose considerable risk to 

public health and the spread of mosquito-borne diseases.   

 
Insecticides, Toxicity, and Temperature 

 
 

Many organisms have been used to study the effect of temperature on the toxicity 

and toxicokinetic process of different classes of insecticides. Changes in ambient 

temperature can alter the rate of chemical uptake, metabolism, depuration, and pesticide 

toxicity in ectothermic organisms (Osterauer and Kohler 2008, Harwood et al. 2009, 

Weston et al. 2009, Laetz et al. 2014).  

For many insect orders, temperature directly affects the toxicity of insecticides to 

insects (Devries and Georghiou 1979). Organophosphates are known to exhibit a positive 

correlation between ambient temperature and mortality for many insect species, and 

carbamates are known to exhibit a slightly negative to positive correlation between 

ambient temperature and mortality for many insect species (Devries and Georghiou 

1979). Pyrethroids are known to exhibit a clearly negative correlation between increasing 

ambient temperature and mortality for many insect species (Devries and Georghiou 

1979). In particular, permethrin has a distinctively negative correlation between 

temperature and mortality compared with other pyrethroids (Sparks et al. 1983) 

Temperature coefficients are often used in laboratory trials to determine the 

relationship between temperature and toxicity for an insecticide over a range of 

temperatures (Ma et al. 2012, Glunt et al. 2013). For each unit increase (1 oC) in 
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temperature, the coefficient can be used to determine the efficacy and activity of 

insecticides (Ma et al. 2012). As previously mentioned, pyrethroids and DDT are known 

to have a negative temperature coefficient. In a study using third-instar Apolygus lucorum 

(Hemiptera: Miridae), Ma et al. (2012) found 𝛽-cypermethrin and 𝜆-cyhalothrin, both 

Type II pyrethroids, were characterized by a negative temperature coefficient from 15 to 

30 oC after 48 hours of exposure. Interestingly, the temperature coefficient for 𝛽-

cypermethrin was 70.27 times greater at 30 oC when compared with the baseline 

temperature, 15 oC. This suggests as the temperature increases, the toxicity of 𝛽-

cypermethrin decreases for temperatures up to 30 oC. However, the temperature 

coefficient for 𝛽-cypermethrin was 51.35 times higher at 35 oC when compared to 15 oC. 

This suggests that at the highest temperature tested (35 oC), 𝛽-cypermethrin is more 

effective than at 30 oC, and the temperature coefficient changes from negative to positive 

for temperatures between 30 and 35 oC. In contrast, when third-instar A. lucorum were 

exposed to 𝜆-cyhalothrin, the negative temperature coefficient was observed for all 

temperatures. Notably, the most significant negative temperature coefficient for 𝜆-

cyhalothrin was seen at 35 oC. This suggests that the toxicity of 𝜆-cyhalothrin constantly 

decreased as temperature increases.  

In another study, a susceptible and two resistant strains of 3-day-old adult female 

M. domestica were topically treated with six insecticides dimethoate, parathion, isolan, 

bioresmethrin, lindane, and CP 47412. After 24 hours of exposure to the DDT analogue 

CP 47412, a negative temperature coefficient for toxicity was observed from 15 to 25 oC 

for the resistant and susceptible strains. Likewise, the pyrethroid insecticide 
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bioresmethrin was characterized by a negative temperature coefficient from 15 to 25 oC 

for the resistant and susceptible strains. However, the negative temperature coefficient for 

lindane from 15 to 25 oC was limited to the resistant strain. For the carbamate isolan, a 

slight negative temperature coefficient for toxicity was limited to the susceptible strain 

from 15 to 25 oC.  Notably, the remaining insecticides, parathion and dimethoate, showed 

no significant differences in toxicity for the two temperatures in the resistant and 

susceptible strains (Devries and Georghiou 1979). 

In a study conducted by Sparks et al. (1983), Anthonomus grandis grandis 

Boheman (Coleoptera: Curculionidae) were exposed to different classes of insecticides at 

15.6, 26.7, and 37.8 oC. For each of these temperatures, mortality was assessed at 24, 48, 

and 72 hours. Permethrin, fenvalerate, and deltamethrin, all pyrethroid insecticides, were 

characterized by a negative temperature coefficient for toxicity. Under the same 

conditions, third instar Heliothis virescens (Lepidoptera: Noctuidae) displayed a negative 

temperature coefficient for toxicity when exposed to DDT and phenothrin. However, a 

slightly negative temperature coefficient for toxicity was observed for the Type II 

pyrethroid flucythinate (Sparks et al. 1983). Therefore, 𝛼-cyano group present in Type II 

pyrethroids may influence the temperature coefficient for toxicity, and ultimately result in 

greater toxicity for Type II pyrethroids.   

In another study, adult Diaphorina citri (Hemiptera: Psyillidae) were exposed to 

five different classes of insecticides at 17, 27, and 37 oC for 48 hours (Boina et al. 2009). 

The organophosphates, carbamate, and avermectin displayed a positive temperature 

coefficient for toxicity from 17 to 37 oC. The organophosphate, carbamate, and 

avermectin temperature coefficients for toxicity were found to be 10.5, 4.18, and 17.91, 
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respectively. The Type II pyrethroid insecticides, zeta-cypermethrin, fenpropathrin, and 

λ-cyhalothrin, displayed a negative temperature coefficient for toxicity. Notably, the 

temperature coefficient for the pyrethroid insecticide bifenthrin was characterized as 

negative from 17 to 27 oC, and positive from 27 to 37 oC. A positive temperature 

coefficient for toxicity was observed for all three neonicotinoids	
  (Boina et al. 2009).   

Weston et al. (2009) found that while Chironomus dilutus (Diptera: 

Chironomidae) biotransformed permethrin at 13 and 23 oC, the rate of parent compound 

biotransformation to the less toxic metabolites at 13 oC was half the rate of 

biotransformation at 23 oC. Weston et al. (2009) also found that bifenthrin, esfenvalerate, 

λ-cyhalothrin, and permethrin, all synthetic pyrethroids, became more toxic to Hyalella 

azteca (Amphipoda: Dogielinotidae) as the temperature decreased from 23 to 13 oC. 

There was a doubling in toxicity from 23 to 18 oC and a tripling in toxicity from 18 to 13 

oC for the four pyrethroid insecticides (Weston et al. 2009). This suggests the 

toxicokinetic process for insecticides in ectothermic organisms is temperature-dependent 

and temperature has a great influence on the toxicity of most insecticides (Laetz et al. 

2014).  

 

Temperature and Toxicity Relationships for Mosquitoes 

 
The few studies presented in the literature that have characterized the influence of 

temperature on insecticide toxicity in mosquitoes have focused on the aquatic, immature 

stages. Species studied include Anopheles quadrimaculatus, Anopheles albimanus, Aedes 

triseriatus, Culex restuans, and Culex salinarius (Diptera: Culicidae) (Swain et al. 2008). 
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When Ae. aegypti were reared at four different temperatures, 28, 32, 34, and 36 oC, and 

subsequently exposed to three organophosphates in the third or fourth instar, toxicity of 

the organophosphates increased (Polson et al. 2012). The larvicide temephos was less 

effective for resistant strains at the baseline temperature of 28 oC (Polson et al. 2012). It 

is important to note that temephos was the only larvicide tested in this study, and this 

could possibly be associated with the greater resistance seen for this insecticide when 

compared with the two adulticides tested in this study, malathion and fenthion (Polson et 

al. 2012). This study suggests that increased rearing temperatures can also affect the 

temperature coefficient for toxicity.  

To our knowledge, only two studies have been conducted to test the effects of 

temperature on insecticide toxicity to adult mosquitoes (Hadaway and Barlow 1963, 

Hodjati and Curtis 1999, Muturi et al. 2011). The influence of temperature (16, 22, 28, 

and 37 oC) on the toxicity of permethrin to pyrethroid-resistant and susceptible adult 

strains of Anopheles spp. showed equivocal results (Hodjati and Curtis 1999). When the 

susceptible adult Anopheles stephensi (Diptera: Culicidae) BEECH strain was exposed to 

permethrin, a negative temperature coefficient for toxicity was observed from 16 to 22 

oC. However, a positive temperature coefficient for toxicity was observed when the 

susceptible adult An. stephensi (BEECH) were exposed to permethrin between 22 and 28 

oC for one hour of exposure. After five hours of exposure to permethrin, a negative 

temperature coefficient for toxicity was seen for resistant An. stephensi (DUB 234) 

between 16 and 22 oC. However, a positive temperature coefficient for toxicity was 

observed between 28 and 37 oC. For susceptible and resistant strains of adult An. 

gambiae, a positive temperature coefficient was observed between 16 and 22 oC for 24 
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hours of permethrin exposure (Hodjati and Curtis 1999). In Hadaway and Barlow (1963), 

adult An. stephensi were exposed to five different insecticides for 24 hours. Notably, a 

negative temperature coefficient was observed for DDT exposure between 20 and 30 oC. 

For the organophosphate diazinon, a positive temperature coefficient was observed 

between 20 and 30 oC (Hadaway and Barlow 1963). 

 
Objectives and Rationale 

 
Pyrethroids are known to exhibit an inverse relationship between increasing 

ambient temperature and toxicity for many insect species (Sparks et al. 1983, Schleier III 

and Peterson 2011). However, this relationship for adult mosquitoes has not been 

systematically studied. As a result, our study will characterize the influence of 

temperature on the susceptibility of adult Ae. aegypti when exposed to the Type I 

pyrethroid insecticide, permethrin. We hypothesize that mortality of adult Ae. aegypti 

will decrease with increasing ambient temperature after exposure to permethrin.  

Studying the influence that temperature has on the susceptibility of mosquitoes to 

pyrethroid insecticides is important to public health. Currently, insecticides are the most 

prevalent tactic used for the control and management of mosquitoes (Alves et al. 2002). 

However, many studies have documented that temperature greatly influences the toxicity 

of insecticides for insects (Hadaway and Barlow 1963, Devries and Georghiou 1979, 

Sparks et al. 1983, Hodjati and Curtis 1999, Boina et al. 2009, Ma et al. 2012, Polson et 

al. 2012). Given the changes in environmental temperature associated with global 

warming, and the temperature dependency of insecticide toxicity, there is the likelihood 

of increased occurrence of vector-borne diseases around the world (Polson et al. 2012). 
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The Ae. aegypti mosquito, which vectors the pathogens that cause dengue virus (family 

Flaviviridae, genus Flavivirus, DENV), chikungunya virus (family Togaviridae, genus 

Alphavirus, CHIKV), and yellow fever virus (family Flaviviridae, genus Flavivirus, 

YFV) (Kuno 2010), can be found throughout the tropics and subtropics worldwide (South 

America, Southeast Asia, Africa) (Vontas et al. 2012).  Every year, 50-100 million people 

are infected with pathogens that are vectored by Ae. aegypti (Vontas et al. 2012, WHO 

2013). It is estimated that for a 1 oC increase in mean temperature, the risk of dengue in 

endemic regions will increase by 31 to 47% (Patz et al. 1998). More important, there 

currently is no specific dengue treatments and prevention is limited to vector control 

(WHO 2013).  

If increasing ambient temperatures decrease the mortality of mosquitoes when 

they are exposed to pyrethroids, the findings of this study could have important 

implications for future integrated mosquito management worldwide. If mosquito 

populations are expanding in space and time because of increased temperatures due to 

global warming, and at the same time they cannot be managed as effectively with 

pyrethroids, then this may pose considerable risk to public health. 
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CHAPTER 2 
 

THE INFLUENCE OF AMBIENT TEMPERATURE ON THE SUSCEPTIBILITY OF 

AEDES AEGYPTI TO THE PYRETHROID INSECTICIDE PERMETHRIN 

 
Introduction 

 
Aedes aegypti (Diptera: Culicidae), which vectors the viruses that cause dengue 

(family Flaviviridae, genus Flavivirus, DENV), chikungunya (family Togaviridae, genus 

Alphavirus, CHIKV), and yellow fever  (family Flaviviridae, genus Flavivirus, YFV) 

(Kuno 2010), can be found throughout the tropics and subtropics worldwide (Vontas et 

al. 2012). Ae. aegypti thrive in environments closely associated with humans, and the 

majority of their breeding sites result from outdoor pots and containers around human 

dwellings (Vontas et al. 2012).  

Insecticides are the most common management strategy used for mosquito control 

(Alves et al. 2002, Swain et al. 2009). Over the past decade, the use of pyrethroid 

insecticides for the control of vector-borne diseases has increased (Gratz 2004, Vontas et 

al. 2012). The use of synthetic pyrethroids rapidly increased during the 1970’s (Table 1) 

(Schleier III and Peterson 2011), as they have a quick knockdown effect, high insecticidal 

potency, low mammalian toxicity, and do not bioaccumulate (Swain et al. 2009, Casida 

2010). However, due to the extensive use of pyrethroid insecticides, resistance has 

evolved in many insect species (Swain et al. 2009).  

Changes in ambient temperature can alter the toxicity of insecticides to 

ectothermic organisms (Andersson and Forlin 1992). The temperature-dependence 
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relationship in insecticides is of great importance, as from 1948 to 1991 there was a shift 

to warmer temperatures in the late afternoon hours when compared to other parts of the 

day for all seasons of the year in the United States (Knappenberger et al. 1996). Globally, 

it is projected that by the year 2100, there will be approximately a 1.0 to 3.5 oC increase 

in temperature (Karl et al. 1995, USGCRP 2009, Johnson and Sukhdeo 2013).  

This is important because a majority of current mosquito management strategies 

utilize insecticides in environments shown to have increasing annual minimum, 

maximum, and late afternoon temperatures (Knappenberger et al. 1996, Vose et al. 2005). 

Increased temperature due to global warming has also been shown to positively affect 

mosquito population development and survival, the biting rate of mosquitoes, and the 

incubation/replication time of a virus within mosquitoes (Moudy et al. 2007, Kilpatrick et 

al. 2008, Johnson and Sukhdeo 2013, Anyamba et al. 2014). All of the above mentioned 

scenarios may pose considerable risk to public health and the spread of mosquito-borne 

diseases.   

Studies have shown that changes in ambient temperature can alter the rate of 

chemical uptake, metabolism, depuration, and pesticide toxicity in many ectothermic 

organisms (Osterauer and Kohler 2008, Harwood et al. 2009, Weston et al. 2009, Laetz et 

al. 2014). For insect orders, studies have shown that temperature directly affects the 

toxicity of insecticides to insects (Devries and Georghiou 1979). Organophosphates are 

known to exhibit a positive correlation between ambient temperature and mortality for 

many insect species, and carbamates are known to exhibit a slightly negative to positive 

correlation between ambient temperature and mortality for many insect species (Devries 
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and Georghiou 1979). Pyrethroids are known to exhibit a clearly negative correlation 

between increasing ambient temperature and mortality for many insect species.  

The few studies presented in the literature that have characterized the influence of 

temperature on insecticide toxicity in mosquitoes have focused on the aquatic, immature 

stages. Species studied include Anopheles quadrimaculatus, Anopheles albimanus, Aedes 

triseriatus, Culex restuans, and Culex salinarius (Diptera: Culicidae) (Swain et al. 2008). 

To our knowledge, only two studies have been conducted to test the effects of 

temperature on insecticide toxicity to adult mosquitoes (Hadaway and Barlow 1963, 

Hodjati and Curtis 1999). Hodjati and Curtis (1999) observed a positive temperature 

coefficient between 16 and 22 oC for susceptible and resistant strains of adult Anopheles 

gambiae (Diptera: Culicidae) exposed to permethrin. In contrast, Hadaway and Barlow 

(1963) observed a negative temperature coefficient between 20 and 30 oC when adult 

Anopheles stephensi (Diptera: Culicidae) were exposed to DDT, an insecticide known to 

have a similar toxicity-temperature relationship as pyrethroid insecticides (Devries and 

Georghiou 1979).  

As a result of the equivocal findings presented in the literature for adult 

mosquitoes, our study characterizes the influence of temperature on the susceptibility of 

adult Ae. aegypti when exposed to the Type I pyrethroid insecticide, permethrin. We 

hypothesize that mortality of adult Ae. aegypti will decrease with increasing ambient 

temperature.  
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Materials and Methods 

 
Insects  

All experiments were conducted from 2012 to 2014.  Aedes aegypti was the 

model organism used because of its medical importance as a major vector of pathogens 

causing significant disease (Vontas et al. 2012, Powell and Tabachnick 2013).  It also is a 

species that is relatively easy to rear, manipulate, and share through the shipment of eggs 

within the continental United States (Kuno 2010). Eggs of  Ae. aegypti from the ROCK 

(short for Rockefeller) strain were provided by the East Baton Rouge Mosquito 

Abatement and Rodent Control (EBRMARC, Baton Rouge, Louisiana) (Paul et al. 2006, 

Kuno 2010). The EBRMARC colony, which was started in 1995, originates from the 

New Orleans Mosquito, Termite, and Rodent Control Board colony (New Orleans, 

Louisiana), and has been in culture for more than 20 years with no wild supplements. 

 
Insect Rearing 

  Eggs were shipped (USDA APHIS Permit Number 123889) over-night in secure 

packaging from EBRMARC to Montana State University (MSU) and immediately placed 

in a rearing room (7.65 m2) with temperature of 27 ± 2 oC, relative humidity 60-80%, and 

photoperiod 14:10 [L/D]. The eggs were housed in plastic containers (27.94 cm x 16.83 

cm x 6.99 cm or 35.56 cm x 22.23 cm x 10.16 cm) containing 27 ± 2 oC deionized water. 

On day three and day six of rearing, Ae. aegypti larvae were fed 2.46 mL (1/2 teaspoon) 

of ground Wardley Pond Pellets fish food (The Hartz Mountain Corporation, Secaucus, 

New Jersey). At pupation, they were transferred to 27± 2 oC deionized water in 29.57 mL 
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graduated containers. Each 29.57 mL container was placed in a 2.36 L cylindrical holding 

container with a netted top. The cylindrical holding containers were placed in small 

rearing cages (31.12 cm x 31.12 cm x 31.12 cm) until adult eclosion. The adults were 

provided with a 10% sucrose solution. After adult eclosion, 125 to 150 adult female 

mosquitoes were placed in 946 mL (one quart) plastic holding containers with netted tops 

and provided a 10% sucrose solution. The mosquitoes were transferred to the plastic 

holding containers via aspiration. After 5 to 7 days, a 946.35 mL container, housing 125 

to 150 adult females, was randomly selected and used for a Wheaton bottle bioassay 

replication. 

 
Chemicals 

Permethrin was the active ingredient for all experiments because it is the most 

commonly used insecticide for adult mosquito control in the United States (USEPA 

2009a). Technical grade permethrin (98% purity, 50:50 mixture of the toxicologically 

active cis and trans isomers) was obtained from Sigma-Aldrich (St. Louis, Missouri) and 

stock solutions were prepared in high-pressure liquid chromatography acetone (99.7% 

purity; EMD Chemicals, Gibbstown, New Jersey). 

 
Range Finding Bioassays  

 Before the temperature-toxicity relationship for adult mosquitoes could be 

characterized, a range of concentrations at which mortality resulted was determined under 

normal rearing conditions (27 ± 2 oC, 60-80% humidity, and 14:10 [L/D] photoperiod). 
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The best range of concentrations resulted when the median lethal concentration, LC50, 

was found to be the middle concentration for the range of test concentrations.  

 After determining the effective range of concentrations, a total of seven 

replications were conducted under rearing room conditions. The CDC bottle bioassay 

protocol (4.3.3 CDC Bottle Bioassays) was followed for all replications with adult 

mosquitoes (Brogdon and McAllister 1998a, b). One set of 250-mL glass Wheaton 

bottles (A. Daigger & Company, Inc., Vernon Hills, Illinois) were dosed with a 2-mL 

aliquot of permethrin solution at one of eight concentrations (0.06, 0.13, 0.19, 0.22, 0.26, 

0.29, 0.39, 0.58 ng/cm2) or an acetone control (2 mL). The Wheaton bottles were placed 

on mechanical rollers (model HDR-565, The Helman Group, Ltd., Oxnard, California) 

and rotated until the acetone dried and the permethrin evenly coated each bottle.  

 In the rearing room (27 ± 2 oC, 60-80% humidity, and 14:10 [L/D] photoperiod), 

10-12 adult females (5-7 days old) were introduced to each Wheaton bottle and covered 

with a treated cap. After 24 hours, the number of alive and dead/knocked-down 

mosquitoes was assessed. If control mortality was greater than 20%, the experiment was 

discarded and conducted again. Individuals that lacked movement when stimulated by 

shaking the holding bottle were considered dead.  

 
Bioassays at Different Temperatures  

 Similar to the range finding bioassays, the CDC bottle bioassay protocol (4.3.3 

CDC Bottle Bioassays) was used for all adult mosquito replications at different 

temperatures (Brogdon and McAllister 1998a, b). Four Percival Growth Chambers 

(model E30B, Percival Scientific, Inc., Perry, Iowa) in the MSU Plant Growth Center 
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(PGC) were randomly set to temperatures 16, 23, 26, 30, 32, 34 ± 2 oC with relative 

humidity 60-80% and photoperiod 14:10 [L/D] h.  

 Two sets of 250-mL glass Wheaton bottles (A. Daigger & Company, Inc., Vernon 

Hills, Illinois) were dosed with a 2-mL aliquot of permethrin solution at one of eight 

different concentrations (0.06, 0.13, 0.19, 0.22, 0.26, 0.29, 0.39, 0.58 ng/cm2) or an 

acetone control (2 mL). The Wheaton bottles were placed on mechanical rollers (model 

HDR-565, The Helman Group, Ltd., Oxnard, California) and rotated until the acetone 

dried and the permethrin evenly coated each bottle. Treated bottles and caps were placed 

in the rearing room (27 ± 2 oC, relative humidity 60-80%, and photoperiod 14:10 [L/D] 

h) overnight and covered to avoid light exposure.  

 The next morning, two 946 mL plastic holding containers with mosquitoes and 

the 18 treated bottles were transported to the PGC in a large weatherproof plastic 

container. Each holding container with mosquitoes was placed in a randomly selected 

temperature unit/environmental growth chamber and allowed to acclimate for two hours. 

After 1.5 hours of female mosquito acclimation, the dosed Wheaton bottles were 

introduced into the environmental growth chambers and allowed to acclimate to the 

respective temperature for 30 min. Then, 10-12 adult females (5-7 days old) were 

introduced to each Wheaton bottle and covered with a treated cap. After 24 hours, the 

number of alive and dead/knocked-down mosquitoes was assessed. If control mortality 

was found to be greater than 20%, the experiment was discarded and conducted again. 

Individuals that lacked movement when stimulated by shaking the holding bottle were 

considered dead.  
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Experimental Design 

 The experimental design was a complete randomized block with 70-100 

individuals per concentration, nine concentrations, and six temperatures (16, 23, 26, 30, 

32, 34 ± 1 oC) (blocks). A minimum of seven replications were conducted at each 

temperature.  

Statistical Analyses 

 Control mortality was corrected using Abbott’s formula (Abbott 1925, Urbano et 

al. 2013). The data were pooled and analyzed by probit analysis (Finney 1971, Paul et al. 

2006). All probit transformations were derived by first transforming each proportion 

response to its normal equivalent deviate (NED) (Gaddum 1933). The NED values were 

increased by five to obtain the probability units or probit responses (Bliss 1934). The 

addition of five to each NED was proposed by Chester Ittner Bliss to eliminate the 

negative NED values that result when the original probability is less than 50% for a 

normal frequency distribution (Finney 1971). 

After probit transformation, a simple linear regression model (R 2012) was used 

to determine the intercept, slope, and estimate the probit regression line for 27 oC (normal 

rearing room conditions). The explanatory variable was log concentration (quantitative 

variable) and the probit transformed proportion mortality was the response variable. The 

LC50 and associated 95% confidence interval was calculated at 27 oC. The LC50 and 

probit line for 27 oC were not compared with the LC50 and probit regression lines 

generated for the six test temperatures, but rather used as a baseline.  
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Equation 1 was manipulated to determine the log concentration associated with 

50% mortality for all temperatures of interest and the 27 oC baseline. 

 

         𝑌 = 𝛽𝑜 + 𝛽1 log(𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛)                      (1) 

 

Y is set to the probit value 5, 𝛽𝑜 is the intercept from the regression output, and 

𝛽1 is the slope from the regression output. 

At each temperature (16, 23, 26, 30, 32, 34 oC), the data were pooled, and probit 

transformed. After probit transformation, a multiple linear regression model with an 

interaction was fit using R Foundation for Statistical Computing Version 3.0.2 (R 2012). 

Although there were no significant interactions, an interaction model was selected to 

estimate the probit regression lines for each temperature. The explanatory variables were 

log concentration (conc), a quantitative variable, and temperature (temp), a categorical 

variable with six levels. Temperature was treated as a categorical variable to determine 

the y-intercept, slope, and standard error for each temperature. The response variable was 

the probit transformed proportion mortality.  

 

𝑌 = 𝛽!   + 𝛽!  𝐼!"#$!" + 𝛽!  𝐼!"#$!" + 𝛽!  𝐼!"#$!"   +   𝛽!  𝐼!"#$!" +   𝛽!𝐼!"#$!" + 𝛽!𝑐𝑜𝑛𝑐 +

𝛽!    𝐼!"#$!"×  log 𝑐𝑜𝑛𝑐 +

𝛽!    𝐼!"#$!"×  log 𝑐𝑜𝑛𝑐 +

𝛽!    𝐼!"#$!"×  log 𝑐𝑜𝑛𝑐 + 𝛽!"    𝐼!"#$!"×  log 𝑐𝑜𝑛𝑐 +   𝛽!!    𝐼!"#$!"×  log 𝑐𝑜𝑛𝑐                (2)    
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Probit regression lines were estimated for each temperature. The LC50 and associated 

95% confidence interval was calculated at each temperature. The intercept is 𝛽o, the 

indicator variable for each temperature is I, and the slope for each interaction is 𝛽7, 𝛽8, 

𝛽9, 𝛽10, and 𝛽11, respectively. Differences between LC50 values for the temperatures 

were considered insignificant if the 95% confidence intervals overlapped (Paul et al. 

2006, Mascarin et al. 2010).  

The temperature coefficients, which represent how changes in temperature affect 

the toxicity of a compound at the LC50, were calculated for each temperature (Toth and 

Sparks 1988, Alzogaray et al. 1998). To determine the temperature coefficient, the larger 

LC50 value was divided by the smaller LC50 value. A temperature coefficient was 

designated negative if the LC50 value at the higher temperature is larger than the LC50 at 

the lower temperature and designated positive if the opposite occurred (Alzogaray et al. 

1998).  

 

Results and Discussion 

 
 The toxicity of permethrin to adult female Ae. aegypti was first estimated under 

normal rearing room conditions (27 ± 2 oC, 60-80% humidity, and 14:10 [L/D] 

photoperiod). The LC50 was estimated to be 0.39	
  ng/cm2 with an associated 95% 

confidence interval from 0.29 to 0.52	
  ng/cm2 after 24 hours of exposure to permethrin 

(Figure 2).  
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Figure 2. Probit Regression Line for Adult Female Aedes aegypti after 24 Hour Exposure  
               to Permethrin at 27 oC.  
 

 The toxicity of permethrin to adult female Ae. aegypti was estimated at 16, 23, 26, 

30, 32, and 34 oC (Table 3). The estimated LC50 for each temperature was 0.25, 0.34, 

0.36, 0.48, 0.26, and 0.31 ng/cm2, respectively. Significantly different LC50 estimates 

were observed between 16 oC (95% CI = 0.19-0.33) and 30 oC (95% CI = 0.35-0.66), 30 

oC (95% CI = 0.35-0.66) and 32 oC (95% CI = 0.21-0.32), as the confidence intervals did 

not overlap (Table 3).   
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Table 3. Estimated Median Lethal Concentration (LC50) and Associated 95%  
              Confidence Interval (CI) for Adult Female Aedes aegypti after 24 Hour     
              Exposure to Permethrin at Each Temperature.  

Temperature (oC) LC50 (ng/cm2)  95% CI (ng/cm2) Slope (SE) 

16 0.25a 0.19-0.33 0.81 (0.17) 
23 0.34 0.26-0.46 0.96 (0.25) 
26 0.36 0.28-0.47 1.11 (0.25) 
30 0.48a,b 0.35-0.66 1.14 (0.25) 
32 0.26b 0.21-0.32 1.07 (0.25) 
34 0.31 0.24-0.39 1.03 (0.25) 

a,b LC50	
  values	
  without	
  overlapped	
  95%	
  confidence	
  intervals	
  were	
  considered	
  significantly	
  
different	
  
 

 The probit regression slopes were used to compare mortality at each temperature. 

The 16 oC slope (0.81) was found to be significantly different (P < 0.05) from the probit 

slopes for all other temperatures (Table 4 and Figure 3). Based on the slope values and 

increasing line steepness between 16 and 30 oC, as temperature increased a small change 

in concentration caused large changes in mortality. The slope values for 32 oC and 34 oC 

decreased and were not as steep as the slopes for 23 oC and 30 oC. However, given that 

none of the slope values were greater than two, the test mosquitoes were considered 

heterogeneous with a large variance in response (Ma et al. 2012).   
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Table 4. Summary Output from the Multiple Linear Regression Model with 16 oC as the  
              Reference Level 
 Estimate SEa t value Pr(>|t|) 
(Intercept)   6.119417 0.289078 21.169 < 2e-16 b 
temp23 -0.107609 0.408818 -0.263 0.794 
temp26  -0.007338 0.408818 -0.018 0.986 
temp30  -0.298019 0.408818 -0.729 0.471 
temp32   0.315703 0.408818 0.772 0.445 
temp34 0.085209 0.408818 0.208 0.836 
log(conc)   0.812858 0.179116 4.538 6.1e-05 b 
temp23:log(conc) 0.148495 0.253308 0.586 0.561 
temp26:log(conc) 0.298928 0.253308 1.18 0.246 
temp30:log(conc) 0.329008 0.253308 1.299 0.202 
temp32:log(conc) 0.262537 0.253308 1.036 0.307 
temp34:log(conc) 0.226294 0.253308 0.893 0.378 
Residual standard error: 0.3188 on 36 degrees of freedom 
Multiple R-squared:  0.8646, Adjusted R-squared:  0.8233  
F-statistic: 20.91 on 11 and 36 DF, p-value: 2.007e-12 
a Standard error (SE) 
b Significantly different (P < 0.05) 
Data from this table were used to determine the intercept, slope, and standard error at 
each temperature. 
 

When compared with the LC50 at 16 oC, all temperature coefficients were 

negative (Table 5). The negative temperature coefficient value constantly increased until 

30 oC. As suspected, the largest negative temperature coefficient was observed at 30 oC. 

Interestingly, the negative temperature coefficient was lower at 32 oC than at 34 oC 

(Table 5). As a result, there was a negative correlation between temperature and toxicity 

from 16 to 30 oC, a positive correlation between temperature and toxicity from 30 to 32 

oC, and a negative correlation between temperature and toxicity from 32 to 34 oC (Figure 

4).   
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Figure 3. Probit Regression Lines for Adult Female Aedes aegypti after 24 Hour  
               Exposure to Permethrin at 16, 23, 26, 30, 32, and 34 oC.  
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Table 5. Temperature Coefficient Estimates for Adult Female Aedes aegypti After 24  
              Hour Exposure to Permethrin. 

Temperature 
 (oC) 

Unit Increase (oC)a LC50  
(ng/cm2) 

Temperature Coefficientb 

16 --- 0.25 --- 
 7  -1.36 

23 7 0.34 -1.36 
 3  -1.05 

26 10 0.36 -1.44 
 4  -1.33 

30 14 0.48 -1.92 
 2  +1.84 

32 16 0.26 -1.04 
 2  -1.19 

34 18 0.31 -1.24 
a Values to the left are the unit increase (oC) from the baseline temperature (16 oC). 
Values to the right are the unit increase (oC) between the two temperatures. 
b Values to the left are for temperature coefficients calculated using the 16 oC baseline 
temperature. Values to the right are the temperature coefficients calculated between two 
temperatures.  
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Figure 4. LC50 and Associated 95% CI for Adult Female Aedes aegypti after 24 Hour  
               Exposure to Permethrin at 16, 23, 26, 30, 32, and 34 oC.  
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pyrethroids (Toth and Sparks 1988, Alzogaray et al. 1998, Ma et al. 2012). For example, 

Boina et al (2009) reported a negative temperature coefficient for toxicity when adult 

Diaphorina citri (Hemiptera: Psyllidae) were exposed to the Type I pyrethroid bifenthrin 

between 17 and 27 oC, but a positive temperature coefficient for toxicity was observed 

between 27 and 37 oC. Likewise, Toth and Sparks (1988) reported a small positive 

temperature coefficient for toxicity between 26.7 and 37.8 oC when cis and trans 

permethrin were topically applied to third instar Trichoplusia ni (Lepidoptera: 

Noctuidae). Toth and Sparks (1988) also reported a small positive temperature coefficient 

for toxicity between 15.6 and 26.7 oC when cis permethrin was incorporated into the diet 

of T. ni.  

 When susceptible and resistant strains of adult An. gambiae were exposed to 

permethrin for 24 hours, a positive temperature coefficient for toxicity was observed 

between 16 and 37 oC (Hodjati and Curtis 1999).  However, as part of the same study, a 

positive temperature coefficient for toxicity was only observed between 28 and 37 oC 

when resistant An. stephensi were exposed to permethrin. We also observed varying 

temperature coefficients for toxicity when adult Ae. aegypti were exposed to permethrin 

at different temperatures (Table 5). Negative temperature coefficients for toxicity were 

observed between 16 and 23 oC, 23 and 26 oC, 26 and 30 oC, and between 32 and 34 oC. 

A positive temperature coefficient for toxicity was observed between 30 and 32 oC. Our 

largest negative temperature coefficient for toxicity (-1.92) was observed at 30 oC when 

compared to our lowest temperature, 16 oC. Similarly, the largest negative temperature 

coefficient for toxicity reported by Ma et al. (2012) occurred at 30 oC when Apolygus 

lucorum  (Hemiptera: Miridae) were exposed to 𝛽-cypermethrin for 48 hours. These 
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studies and our results suggest pyrethroids often display negative temperature coefficients 

for toxicity, but for a given range of temperatures the temperature coefficient can 

alternate from a negative to positive temperature coefficient for toxicity.  

 Changes in ambient temperature affect the rate of chemical uptake, binding 

affinity, metabolism, and excretion of insecticides for insects, as they are ectothermic 

organisms (Osterauer and Kohler 2008, Harwood et al. 2009, Weston et al. 2009, Laetz et 

al. 2014). Previous studies have suggested different mechanisms for the decrease in 

toxicity often associated with pyrethroid insecticides as temperature increases (Devries 

and Georghiou 1979, Toth and Sparks 1988, Alzogaray et al. 1998, Ma et al. 2012). 

Passive penetration of pyrethroid insecticides through the insect cuticle greatly influences 

the ability of an insecticide to illicit its toxic effect (Zerba 1988). There are two 

insecticide penetration theories: 1) non-electrolytic penetration via the wax and pore 

canals and 2) lateral diffusion of insecticides through the integument to the tracheae and 

then to target organs (Zerba 1988). However, Zerba (1988) reported that when fifth instar 

nymphs and adult Triatoma infestans (Hemiptera: Reduviidae) were exposed to 

insecticides, intersegment membranes and the area between dorsal and ventral cuticle 

were the preferred entry sites in adults. In fifth instars, insecticides penetrated the entire 

integument (Alzogaray et al. 1998). This suggests that developmental stage affects 

insecticide penetration for insects, as the cuticle of larvae and nymphs is mostly 

comprised of endocuticle (Fontan and Zerba 1987, Zerba 1988). In addition, Toth and 

Sparks (1988) found cis and trans permethrin were more toxic to third instar T. ni when 

topically applied as opposed to being incorporated into T. ni diet. The above studies 

suggest developmental stage, penetration, and method of application are confounding 
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factors that can greatly influence the toxicity of insecticides for insects. As a result, 

further studies that account for these factors and incorporate temperature should be 

conducted with larval and adult mosquitoes.  

  It is well accepted that temperature affects metabolic function and toxicokinetic 

rates of many ectothermic organisms (Weston et al. 2009). Weston et al. (2009) reported 

greater uptake of permethrin at 23 oC when compared with 13 oC for Chironomus dilutus 

(Diptera: Chironomidae). As a result, we suspect that at lower temperatures there is less 

penetration of the parent compound and less metabolite formation in insects. This is 

supported by the decreased rate of   parent compound biotransformed to the less toxic 

metabolites at 23 oC compared with 13oC when C. dilutus were exposed to permethrin. 

Insecticide metabolism is temperature dependent, and at lower temperatures the more 

toxic parent compound persists in insects. Build-up of the more toxic parent compound at 

lower temperatures causes changes in the voltage-gated sodium channels, and for type I 

pyrethroids, such as permethrin, result in repetitive nerve firing (Khan and Akram 2014). 

Likewise, decreased temperature may also increase the susceptibility of neurons to 

pyrethroid insecticides making them more sensitive to excitation (Salgado et al. 1989). 

Although the precise mechanism was not determined, each of these provide likely 

mechanisms for the lower LC50 values observed at 16 oC compared with 23 oC when 

adult Ae. aegypti were exposed to permethrin (Table 4). However, it is well accepted that 

enzymatic processes are temperature dependant, and enzymes have an optimum 

temperature range (Laetz et al. 2014).  

 Temperature affects the excretion of parent compound, but does not affect the 

excretion of metabolites (Weston et al. 2009). Parent compound excretion increases as 
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temperature increases from 13 to 23 oC for C. dilutus (Weston et al. 2009). If the rate of 

parent compound metabolism and parent compound elimination constantly increases as 

temperature increases, it is possible the decreased mortality we observed as temperature 

increased up to 30 oC could be linked to increased excretion due to temperature.   

 Although studies suggest the negative temperature coefficient observed at lower 

temperatures is associated with decreased metabolism of the parent compound or 

decreased penetration, other studies suggest the positive temperature coefficient seen at 

higher temperatures is associated with heat stress (Grafius 1986, Toth and Sparks 1988). 

We observed a positive temperature coefficient for toxicity from 30 to 32 oC (Table 5). 

However, the positive temperature coefficient for toxicity was not observed between 32 

and 34 oC (Table 5). To determine if heat stress influenced the positive temperature 

coefficient seen between 30 and 32 oC, molecular tests on heat shock gene expression are 

needed. The expression of heat shock protein genes, in particular, hsp70 genes are 

induced by a number of stressors including increased temperature (Gross et al. 2009). 

 Our hypothesis that stress was related to the positive temperature coefficient for 

toxicity between 30 and 32 oC is supported by the increased control mortality seen at 32 

and 34 oC (mortality ranged from 8 to 36% at the higher temperatures). Although 

replications with greater than 20% control mortality at each temperature were discarded 

and conducted again, there was an increase in the amount of replications discarded at the 

higher temperatures when compared with the lower temperatures. As ectothermic 

organisms, the higher temperatures possibly cause an increase in stress levels for the 

controls in the absence of insecticides.  



40 
	
  
 Insect rearing conditions can affect the toxicity of insecticides. This is supported 

by the lower LC50 value (0.29 ng/cm2 ) reported by Paul et al. (2006) for female adult 

Ae. aegypti. They reared Ae. aegypti under fluctuating temperature conditions (from 22 to 

30 oC) to mimic a normal summer day (Paul et al. 2006). In contrast, we observed an 

LC50 of 0.39 ng/cm2 when adult female Ae. aegypti were exposed to permethrin under 

normal rearing conditions. Our mosquitoes were reared at a constant temperature (27 ±  2 

oC), but all other rearing conditions were similar to Paul et al. (2006). Therefore, we 

suggest future mosquito rearing protocols incorporate fluctuations in rearing temperature, 

when feasible, to more accurately determine the toxicity of insecticides to mosquitoes, 

ultimately allowing for more accurate inferences to wild mosquito populations (Brady et 

al. 2013). Willming et al. (2013) show that variations in temperature should also be 

incorporated into toxicity tests. When compared to toxicity tests under constant 

temperature, tests conducted under environmentally realistic daily temperatures resulted 

in greater mortality for C. dilutus (Willming et al. 2013). 

 Pyrethroids are photostable insecticides, and in particular, permethrin has a foliar 

half-life of 35 days (USEPA 2009b). Therefore, we eliminated chemical degradation as a 

possible cause of the decreased mortality seen at 30 oC. Although we suspect the increase 

in mortality observed between 30 oC and 32 oC is associated with heat stress, the 

increased mortality at 32 oC could also provide evidence against chemical degradation at 

higher temperatures. We observed increased flight of adult females in the bottles at 26, 

30, 32, and 34 oC, but eliminated the possibility that they contacted more insecticide with 

increased flight and landing rates (behavioral toxicity) at these temperatures, as mortality 

was lowest at 30 oC. If there was behavioral toxicity as a result of increased flight and 
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landing rates, and therefore more exposure to permethrin, we would have expected to see 

increased mortality at all temperatures where flight pattern increased.  

 Further molecular studies are needed to determine the mechanisms affecting 

insecticide toxicity for ectothermic organism under warming environmental conditions. 

In particular, this knowledge is needed for mosquitoes, as pyrethroid insecticides are 

commonly used in public health practices to control mosquitoes and the spread of vector-

borne diseases (Gratz 2004, Vontas et al. 2012). Pyrethroid insecticides and formulated 

products are applied by ultra-low volume equipment, indoor residual sprayers, and long-

lasting insecticide treated nets to repel, disable, and/ or kill adult mosquitoes (Preftakes et 

al. 2011, Glunt et al. 2013). Ground-based ultra-low volume applications commonly 

occur at dusk, when adult mosquitoes are most active and seeking blood meals (Glunt et 

al. 2013).  

 According to Knappenberger et al. (1996), temperatures in the late afternoon have 

become increasingly warmer when compared with other parts of the day for all seasons of 

the year in the United States. Given our results, pyrethroid insecticides may not be as 

effective for the control of adult mosquitoes when applied at dusk. In particular, the 

monthly high for average air temperature from 1961 to 1990 was 27.5 for Jacksonville, 

Florida, 27.7 for New Orleans Louisiana, 29.1 for Brownsville, Texas, 27.5 for 

Charleston, South Carolina, and 28.1 Memphis, Tennessee (Eisen et al. 2014).  If global 

temperatures increase by 1.0 to 3.5 oC by the year 2100 (Karl et al. 1995, USGCRP 2009, 

Johnson and Sukhdeo 2013), then mosquito mortality associated with current pyrethroid 

outdoor management strategies may decrease by 29% based on our results.  
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 Glunt et al. (2013) reported that indoor temperatures in African dwellings are 

usually a few degrees Celsius warmer than those recorded outdoors, and the mean indoor 

temperature is 25 oC. If global temperatures increase by 1.0 to 3.5 oC by the year 2100 

(Karl et al. 1995, USGCRP 2009, Johnson and Sukhdeo 2013), this may also affect the 

toxicity of indoor residual sprays and long-lasting insecticide treated nets, which are 

indoor adult mosquito control strategies utilizing pyrethroid insecticides. For example, 

nighttime minimum indoor temperatures range from 13 to 22 oC in most parts of Africa 

(Glunt et al. 2013). If temperatures rise by 1.0 to 3.5 oC mosquito mortality associated 

with indoor management strategies may decrease by 6% based on our results. Although 

the decrease in mortality with increase in temperature is not as substantial for indoor 

control strategies when compared with the decrease in mortality associated with outdoor 

management strategies, this is of great concern as indoor malaria vector control in Africa 

relies heavily on indoor residual sprays and long-lasting insecticide treated nets. 

 The results of this study can be inferred to other populations of Ae. aegypti. 

Further studies are needed to determine the temperature-toxicity relationship for other 

medically important mosquito species when exposed to pyrethroid insecticides. Although 

Hodjati and Curtis (1999) studied the temperature-toxicity relationship for resistant and 

susceptible strains of adult An. gambiae and An. stephensi when exposed to permethrin, 

the results were equivocal. We hypothesize the inverse relationship between temperature 

and toxicity will also be observed for other medically important mosquito species, as this 

temperature-toxicity phenomenon for pyrethroid insecticides has been observed in other 

insect orders with several species (Devries and Georghiou 1979, Sparks et al. 1983, Toth 
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and Sparks 1988, Hodjati and Curtis 1999, Boina et al. 2009, Ma et al. 2012, Khan and 

Akram 2014). 

 As part of our study, we dosed the polyethylene cap as we noticed test organisms 

often congregated at the tops and spent less time in insecticide treated parts of the 250 

mL Wheaton bottles. However, to further improve the study design, future studies should 

replace the treated polyethylene caps with treated netting. This will allow for the 

temperature and humidity inside the Wheaton bottles to be more consistent with the 

growth chamber temperature, and ultimately better mimic the environmental conditions 

under which mosquitoes contact insecticides in their natural environment.  

 To our knowledge, no studies presented in the literature have observed the 

temperature-toxicity relationship for the relatively new nonester pyrethroids such as 

etofenprox (Table 1). Similar to Type I pyrethroids, nonester pyrethroids result in 

repetitive nerve firing that prolong the opening of the insect voltage-gated sodium 

channel (Nishimura et al. 1996). However, other studies have reported a similar binding 

site for Type II pyrethroids and nonester pyrethroids (Karunaratne et al. 2007, Perera et 

al. 2008). As a result, it is unknown if the temperature-toxicity profile for nonester 

pyrethroids will behave similar to Type I or Type II pyrethroids.  

 In addition, studies are needed to determine the effect temperature has on the 

synergistic relationship between pyrethroids and piperonyl butoxide (PBO). Given that 

PBO is a P450 inhibitor (Paul et al. 2006), a study incorporating temperature could 

potentially provide information on metabolic processes when insects are exposed to 

insecticides at different temperatures. In particular, a study of this kind would highlight 

the role P450s play in insecticide biotransformation under various temperatures. Paul et 
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al. (2006) reported that when temperature was not a factor, the LC50 for permethrin 

decreased from 0.29 ng/cm2 without PBO to 0.11 ng/cm2 with PBO (90% difference in 

LC50 values).  
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CHAPTER 3 

 
CONCLUSION 

 
The results of this study support our hypothesis that increased ambient 

temperature would cause a decrease in insecticide toxicity for adult female Aedes aegypti 

when exposed to permethrin. Interestingly, the toxicity of permethrin increased as 

temperature increased from 30 to 32 oC and decreased as temperature increased from 32 

to 34 oC. Although there are many proposed mechanisms associated with the negative 

and positive temperature coefficients reported for Type I and Type II pyrethroids, further 

molecular studies are needed to fully determine the mechanism affecting insecticide 

toxicity as temperature increases. Insecticides are the most common management strategy 

used for adult mosquito control, and over the past decade the use of pyrethroid 

insecticides for the control of vector-borne diseases has increased. Based on our data, 

with a projected 1 to 3.5 oC increase in global temperatures by 2100, we predict a 28.5% 

decrease in mosquito mortality associated with the current adult mosquito control 

management strategies. Therefore, under warming climate conditions, the current adult 

mosquito management strategies may not serve as effective tools to control adult 

mosquitoes and the spread of vector-borne diseases.  

Future studies of this kind will provide more accurate results by incorporating 

environmentally realistic temperatures for mosquito rearing and test bioassays. Future 

studies should utilize treated netting as opposed to treated polyethylene caps for Wheaton 

bottle bioassays. This will allow for more uniform humidity and temperature between the 

test organisms, the Wheaton bottles, and the environmental chamber. Likewise future 
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pyrethroid toxicity studies should compare different application methods to determine the 

most precise toxicity estimates, as studies with other test organisms have found topical 

application to be the most effective method of application for pyrethroid insecticides. 

Although equipment limitations did not allow for bioassay tests at all temperatures on a 

given day, future studies should seek to conduct bioassays at all temperatures on the same 

day. This will eliminate possible time effects associated with data collection.   
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