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ABSTRACT 

 Selective insecticides such as insect growth regulators that kill pests but cause 

little or no harm to non-target organisms have become increasingly important in crop 

production systems worldwide.  The insect growth regulator pyriproxyfen has been 

successfully used for the last decade in Arizona as part of an integrated pest management 

(IPM) program for the sweetpotato whitefly, Bemisia tabaci, a problematic pest in 

Arizona and other regions of the world throughout the world. 

 A serious threat to the continued success of the IPM program in Arizona is the 

evolution of insecticide resistance in B. tabaci.  To enhance the ability to design sound 

strategies for managing whitefly resistance to pyriproxyfen we: 1) compared 

susceptibility to pyriproxyfen between male and female B. tabaci; 2) determined the 

dominance of pyriproxyfen resistance; 3) determined if fitness costs were associated with 

resistance; 4) estimated the number of genes affecting resistance; 5) developed resistance 

management models.  

 Laboratory and field bioassays investigated the genetics of pyriproxyfen 

resistance in males and females from a pyriproxyfen-susceptible and pyriproxyfen-

resistant strain (>1000 fold resistance).  Results showed that male and female B. tabaci 

did not differ in susceptibility to pyriproxyfen, resistance was partially to completely 

dominant under approximated field conditions, and fitness costs were not associated with 

resistance.  Similar traits in field populations could threaten the efficacy of pyriproxyfen.  

Model results indicated that the current IPM program for B. tabaci could be improved by 

curtailing the use of pyriproxyfen in cotton-intensive regions, synchronizing the use of 
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pyriproxyfen with key crop production stages in the field, and applying the lowest 

pyriproxyfen concentration needed to provide effective control. 

 Knowledge generated from this research has provided insight into factors 

affecting B. tabaci resistance to pyriproxyfen, which could improve management 

strategies for B. tabaci in Arizona cotton and other crops.  This project represents a 

proactive approach to understanding pyriproxyfen resistance and its potential impacts 

before resistance evolves to problematic levels in the field.  In addition, the project 

provided insight into mechanisms affecting resistance in a haplodiploid pest.  Thus, the 

research can serve as a model for basic research on other haplodiploid pests. 
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INTRODUCTION 

 Evolution of insecticide resistance is a global problem that provides some of the 

most compelling examples of adaptation by natural selection (Denholm and Rowland, 

1992; Onstad, 2007; Tabashnik et al., 2008).  Although nearly all techniques for 

analyzing inheritance of insecticide resistance focus on diploid insects, haplodiploidy is a 

key factor influencing evolution of resistance and other traits in some important 

arthropod pests including spider mites, thrips, and whiteflies (Denholm et al. 1998; 

Carrière 2003).  Here we developed and applied methods for analyzing insecticide 

resistance in the haplodiploid whitefly Bemisia tabaci. 

 B. tabaci is one of the world's most destructive crop pests (Byrne and Bellows 

1991; Bedford et al. 1994; Brown et al. 1995; Ellsworth and Martinez-Carillo 2001; 

Viscaret et al. 2003).  B. tabaci is a species complex, with numerous biotypes that differ 

in biological and genetic characteristics (Brown et al. 1995; Perring 2001).  The B and Q 

biotypes are considered the most harmful by virtue of polyphagy, propensity for 

resistance, and global spread by human transport of infected plant material (Denholm et 

al., 1998; Horowitz et al., 2005).  The B biotype was introduced to the U.S. at the end of 

the 1980's (Brown et al. 1995; Ellsworth and Martinez-Carillo 2001) and is a key pest of 

cotton and other crops in the U.S. Southwest. 

 Controlling pests like B. tabaci with specific, environmentally friendly methods 

rather than broad-spectrum insecticides is a cornerstone of integrated pest management 

(IPM) (Lewis et al. 1997; Matson et al. 1997; Ellsworth and Martinez-Carillo 2001; 

Carrière et al. 2004b).  Use of two insect growth regulators (IGRs), pyriproxyfen and 

buprofezin, to control B. tabaci in Arizona and Israel exemplifies integration of selective 

IGRs in IPM systems (Dennehy and Williams 1997; Denholm et al. 1998; Ellsworth and 

Martinez-Carillo 2001).  These IGRs have been rotated with other insecticides in Arizona 
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cotton since 1996.  A single, timely application of either of these IGRs has dramatically 

reduced broad-spectrum insecticide use, helped conserve natural enemies, and restored 

farmer’s profits (Dennehy and Williams 1997; Ellsworth and Martinez-Carillo 2001; 

Naranjo et al. 2004).  However, bioassays show that resistance levels to pyriproxyfen are 

increasing in certain regions of Arizona (Li et al. 2003; Dennehy et al. 2004; T.J. 

Dennehy unpublished results), representing a serious threat to the IPM program. 

 Understanding the biological, environmental, and anthropogenic factors that can 

affect resistance to pyriproxyfen in B. tabaci is essential for developing effective and 

economical management strategies for this pest.  In this dissertation we used a 

combination of empirical and theoretical approaches to examine these factors.  Models of 

whitefly resistance to pyriproxyfen were developed to analyze the affects of biological 

and operational (i.e. factors that can be modified by farmers) on the evolution of 

resistance.  These models were used not only to predict the rate of resistance evolution in 

the field under various conditions, but also to generate hypothesis that could be tested 

experimentally.  Laboratory and field experiments were conducted to analyze the 

inheritance of resistance to pyriproxyfen in B. tabaci males and females, estimate the 

number of loci affecting resistance, and determine whether fitness costs were associated 

with resistance.  These approaches provided a detailed understanding of several 

mechanisms underlying resistance to pyriproxyfen, and can be used as a guide to improve 

current management strategies for B. tabaci in Arizona and abroad. 
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CHAPTER ONE 

MODELING EVOLUTION OF RESISTANCE TO  

PYRIPROXYFEN IN BEMISIA TABACI 
 

1.1 INTRODUCTION 

Models of insecticide resistance have focused almost exclusively on diploid pests, while 

haplodiploid pests have received little attention (Denholm et al. 1998; Carrière 2003).  

Yet, differences between diploid and haplodiploid species can have important 

implications on the evolution of resistance.  In this chapter we simulated the population 

dynamics and genetics of B. tabaci to analyze its potential for evolution of resistance to 

pyriproxyfen.  We used sensitivity analysis to examine effects of pyriproxyfen 

concentration, dominance, and other key factors on the evolution of resistance. 

 

1.2 MATERIALS AND METHODS 
 

1.2.1 Model Structure 

We used a temperature-dependent, deterministic model written in FORTRAN (Intel 

2003).  The standard region had two dimensionless cotton fields:  1) treated: treated with 

pyriproxyfen and other insecticides and 2) external refuge: treated only with insecticides 

other than pyriproxyfen.  Based on pyriproxyfen use in Arizona cotton from 1999-2004 

(Arizona Agricultural Statistics Service 1999, 2000, 2001, 2002, 2003, 2004), 20% of 

cotton fields were treated with pyriproxyfen and 80% were external refuges.  We also 

performed simulations without insecticides to compare population dynamics predicted by 

the model with field observations on untreated cotton fields (Watson et al. 1992; Naranjo 

and Ellsworth 2005). 
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 The model included three life stages: eggs, nymphs, and adults.  All functions 

were simulated independently in each field with a daily time step.  Accumulated degree-

days (DD) and temperature were based on the 30 yr average for each date in Maricopa, 

AZ (WRCC 2003), with DD accumulated using a base of 12.8°C and a maximum of 

30°C (Silvertooth 2001a, b). 

 

1.2.2 Genetics of Resistance 

We assumed that resistance to pyriproxyfen was controlled by one gene with two alleles 

(S for susceptibility; R for resistance).  Males were S or R.  Females were SS, RS, or RR. 

 

1.2.3 Crop Phenology 

Cotton fields were planted on 20 April (225 DD) (Silvertooth and Brown 2001) at 98,800 

plants per ha.  The first leaves occurred on 1 May, �95 DD after planting (UCDANR, 

1996).  The number of leaves increased linearly to 200 per plant by 11 August, �1675 

DD after planting (Silvertooth 2001b), and remained at 200 throughout the season.  

Increasing leaf age affected oviposition and movement after 11 August until 1 October, 

�2500 DD after planting, coinciding with a typical date of cotton defoliation in Arizona 

(Naranjo et al. 1998), at which point we assumed leaves were unsuitable for oviposition. 

 

1.2.4 Immature Development and Survival 

We used data from three studies (Butler et al. 1983; Powell and Bellows 1992a; Wagner 

1995) to determine the developmental rate of eggs and nymphs, with the four nymphal 
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instars modeled as a single stage.  We used non-linear regression (PROC NLIN, SAS 

Institute 2002) to fit the data to an equation from Logan et al. (1976):   

R = a x [exp{b x (T-THR)}-exp{(b x [TM-THR])-({(TM-THR)-(T-THR)}/c)}] (1) 

R is the developmental rate (1/days), THR is the minimum temperature threshold for 

development, TM is the maximum temperature threshold, and a, b, and c are fitted 

parameters.  We used 10.8°C for THR and 36°C for TM (Butler et al. 1983; Von Arx et 

al. 1983).  When fit to the observed data, the estimates for a, b, and c were 0.048, 0.079, 

1.436, respectively, for eggs (n = 35, r2 = 0.98) and 0.040, 0.141, and 6.071, respectively, 

for nymphs stage (n = 35, r2 = 0.98).  Eggs completing development became nymphs.  

Nymphs completing development became 1 d old adults. 

 Based on field data from insecticide-free plots in Maricopa, AZ (Naranjo and 

Ellsworth 2005), we assumed that 63.5% of eggs hatched and 15.7% of nymphs became 

adults.  Thus, survival from the egg to adult stage was 10%. 

 

1.2.5 Adult Longevity 

We used linear regression (PROC GLM, SAS Institute 2002) to determine the longevity 

of adult B. tabaci as a function of average daily temperature (T) based on data from three 

studies (Butler et al. 1983; Von Arx et al. 1983; Powell and Bellows 1992b).  Female 

longevity, LF,T, (n = 6, r2 = 0.57, P = 0.057) was: 

LF,T = -1.86 x T + 69.56        (2) 

Male longevity, LM,T, (n = 6, r2 = 0.55, P = 0.057) was: 

LM,T = -1.49 x T + 56.64        (3) 



 19 

 For the temperature range modeled (14-32°C), longevity was 10-44 d for females 

and 9-36 d for males. 

 

1.2.6 Adult Movement 

We modeled adult movement based on observations of B. tabaci in the field and flight 

chambers (Horowitz 1986; Horowitz and Gerling 1992; Watson et al. 1992; Blackmer 

and Byrne 1993a, b; Blackmer et al. 1995a, b; Isaacs and Byrne 1998; Naranjo and 

Ellsworth 2005).  Adults moved only once at 5 d old. 

 Each day, under standard conditions, 6% of 5 d old adults went into a “cotton 

movement pool” that was distributed between the two cotton fields in proportion to their 

relative abundance.  Thus, under standard conditions with 20% pyriproxyfen-treated 

fields and 80% external refuges, 4.8% of 5 d old adults in treated fields moved to external 

refuges (6% in movement pool x 0.80 external refuge) and 1.2% of 5 d old adults in 

external refuges moved to treated fields (6% in movement pool x 0.20 treated). 

 We also modeled immigration to and emigration from cotton fields.  From 1 wk 

after the first leaf appeared (8 May) until 7 June (�560 DD after planting), 0.1 adults 

immigrated to cotton per plant per day.  The number of immigrants to cotton per plant per 

day increased linearly from 0.1 to 50 from 7 June to 23 June (�830 DD after planting), 

was 50 from 23 June until 9 July (peak bloom), and was 0 for the rest of the year.  The R 

allele frequency of immigrants in year 1 was 0.001.  For all other years, the R allele 

frequency of immigrants was equal to the R allele frequency of adults that emigrated 

from cotton the previous year.  The percentage of adults that emigrated from cotton was 
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0% before 11 August, increased linearly from 0 to 18% from 11 August until 1 October, 

and remained at 18% for the rest of the year. 

 

1.2.7 Mating and Oviposition 

One d old females mated randomly with males age 2 d old or greater in the natal field (Li 

et al. 1989).  All females mated if males were present in the field.  Females age 2 d or 

greater laid viable eggs (Wagner 1994; Tsai and Wang 1996; Wang and Tsai 1996). 

 Fecundity was affected by age of the female, temperature, and leaf age (Gameel 

1974; Von Arx et al. 1983; Horowitz and Gerling 1992; Powell and Bellows 1992b). 

We used the following formula from Von Arx et al. (1983) to calculate the fecundity rate 

(eggs per day) based on age (A), RA: 

RA = {8.9413 x (A - 0.4344)} / {1.2264(A - 0.4344)}     (4) 

 We fit the following function for oviposition rate based on temperature (T), RT, 

(Von Arx et al. 1983), to data from two studies (Powell and Bellows 1992b; De Barro 

and Hart 2000) (PROC NLIN, SAS Institute 2002) (n = 5, r2 = 0.94): 

RT = 0.00384 x T3 - 0.3029 x T2 + 7.8049 x T - 65.0074    (5) 

When equation 5 produced negative RT values, RT was set to 0. 

 The oviposition rate as a function of leaf age, RLA, was 1.0 until 8 August.  RLA 

decreased linearly from 1.0 to 0.0 from 11 August until 1 October, corresponding with 

increasing leaf age (Gameel 1974; Von Arx et al. 1983). 
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 The standard value for proportion of male eggs, PM, was 0.4 (De Barro and Hart 

2000).  The number of male eggs per day, EM, of genotype i in field p as a function of 

the number of females of age A and genotype j in field p, FA,j,p was: 

EMi,p = (�
=

L

2A 

FA,j,p x RA x RT x RLA x 0.4) x �
=

3

1 j

Qj    (6) 

Q is the frequency of eggs of genotype i (S or R) produced by females of genotype j (SS, 

SR, or RR) and L is the longevity of females at temperature T. 

The number of female eggs per day, EF, of genotype i in field p was: 

EFi,p = (�
=

L

2A 

 FA,j,p x RA x RT x RLA x 0.6) x �
=

3

1 j
�

=

2

1k 

Qj,k    (7) 

Q is the frequency of eggs of genotype i (SS, SR, or RR) produced by females of 

genotype j (SS, SR, or RR) mated by males of genotype k (S or R). 

 

1.2.8 Pyriproxyfen 

In treated fields, pyriproxyfen was the first insecticide applied when adult densities 

exceeded three adults per leaf (Ellsworth et al. 1996).  Pyriproxyfen was limited to one 

use per year.  External refuges were not treated with pyriproxyfen.  Pyriproxyfen inhibits 

egg hatching and adult eclosion (Ishaaya and Horowitz 1992; Horowitz and Ishaaya 

1994).  Mortality caused by pyriproxyfen depended on the genotype of the insect and the 

concentration (high, medium, or low).  The three concentrations are associated with 

variation associated with variable rates used by growers and/or deposition of insecticide.  

B. tabaci on new growth after a spray were not affected because pyriproxyfen is not 

systemic (Ellsworth and Martinez-Carrillo 2001).  Thus, as plants grew in treated fields 
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after a pyriproxyfen spray, the new growth served as an internal refuge in the treated 

fields.  Although direct mortality caused by pyriproxyfen can decline significantly within 

2 wk after a spray, B. tabaci populations can be suppressed for 4 to 8 wk after a spray 

(Ellsworth and Martinez-Carillo 2001).  Population suppression after 2 wk may result 

from increased effectiveness of natural enemies at low B. tabaci densities or delayed 

population resurgence (Ellsworth and Martinez-Carillo 2001).  We assumed the direct 

effects of pyriproxyfen were constant for 28 d, during which period no additional 

insecticide sprays were used.  Pyriproxyfen did not kill resistant (R or RR) eggs or 

nymphs.  Mortality of susceptible (S or SS) eggs due to pyriproxyfen was 40, 60, and 

90% with a low, medium, and high concentration, respectively.  Mortality of susceptible 

nymphs due to pyriproxyfen was 70, 95, and 99% with a low, medium, and high 

concentration, respectively.  Mortality due to pyriproxyfen for eggs and nymphs occurred 

at egg hatching or adult eclosion, respectively.  For females, the survival of RS eggs and 

larvae was affected by dominance (h) and insecticide concentration, where h is: 

h = (Survival RS - Survival SS) / (1 - Survival SS)     (8) 

We simulated values for h of 0, 0.1, 0.5, 0.9, and 1 for each concentration. 

 

1.2.9 Insecticides other than Pyriproxyfen 

Insecticides other than pyriproxyfen were applied to both field types depending on adult 

densities (Ellsworth et al. 1996, 2006; Naranjo et al. 1998).  When densities first 

exceeded five adults per leaf in the external refuge, an insecticide was applied that killed 

90% of immatures for 28 d.  This control interval of 28 d was based on upper estimates 
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for spiromesifin and acetamiprid (Ellsworth et al. 2006).  In the treated field, an 

insecticide was applied no less than 28 d after a pyriproxyfen spray if densities exceeded 

five adults per leaf.  If densities in the external refuge or treated field again exceeded five 

adults per leaf more than 28 d after an insecticide spray, another insecticide was applied. 

   

1.2.10 Simulation Conditions 

For each set of conditions (Table 1.1), we ran the model for 100 yr.  The time to 

resistance was the number of years for the R allele frequency to reach 0.5.  For each year, 

the R allele frequency was calculated at the end of the cotton-growing season based on 

individuals that moved out of the region, because individuals remaining in the region died 

when cotton was harvested and thus did not influence future generations. 

 

1.2.11 Sensitivity Analysis 

We analyzed the influence of variation in eight factors: dominance, concentration, initial 

R allele frequency, refuge size, adult movement, proportion of male eggs laid by mated 

females, susceptibility of males relative to females, and fitness costs (Table 1.1).  For 

each sensitivity analysis, all parameters except the one being varied were set to the 

standard values.  For each parameter value for the latter six factors listed above, we ran 

simulations with 15 combinations of toxin concentration (low, medium, and high) and 

dominance (h = 0, 0.1, 0.5, 0.9, and 1). 

 Based on bioassay data for B. tabaci susceptibility to several insecticides 

(reviewed by Carrière 2003), we tested effects of greater susceptibility to pyriproxyfen in 
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males than females as follows: survival of susceptible eggs and nymphs for males relative 

to females was 1.0, 0.5 or 0.25; mortality of resistant male eggs and nymphs due to 

pyriproxyfen at any concentration was 0%, 10% or 25%; and both of the above 

(susceptible and resistant males more susceptible than their female counterparts). 

 We simulated four cases with fitness costs, in which the survival of resistant 

individuals was reduced compared to S males and SS females:  1) 10% reduction in 

survival for R males and RR females; 2) 10% reduction in survival for R males and RR 

females, 5% reduction in survival for RS females; 3) 20% reduction in survival for R 

males, 10% reduction in survival for RR females; 4) 20% reduction in survival for R 

males, 10% reduction in survival for RR females, 5% reduction in survival for RS 

females (Table 1.1).  These costs occurred during the immature stage for individuals in 

the external refuge and treated fields when pyriproxyfen was not present.  In addition, 

because fitness costs could affect the survival of B. tabaci over the winter (not modeled 

in standard simulations), we simulated these costs over four generations during the winter.  

For these generations, the change in the R allele frequency was calculated assuming that 

reproduction and survival were based solely on relative fitness. 

 

1.3 RESULTS 

1.3.1 Simulations without Insecticides 

Without insecticide use, adult and immature populations remained at low densities early 

in the season and grew exponentially later in the season when temperature and plant 

conditions were more favorable (Fig. 1.1).  These trends are similar to field observations 
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of B. tabaci population growth in untreated cotton fields (Watson et al. 1992; Naranjo 

and Ellsworth 2005). 

 

1.3.2 Concentration, Dominance, Initial Allele Frequency and Refuge Size 

Resistance evolved faster with increases in toxin concentration and dominance (Fig. 1.2).  

The effect of pyriproxyfen concentration on the evolution of resistance decreased as 

dominance increased (Fig. 1.2).  Resistance evolved faster as initial frequency of the R 

allele or proportion of the region treated with pyriproxyfen increased (results not shown).   

 Population density reached a maximum of 4-6 adults per leaf in treated fields with 

low R allele frequency (< 0.10) (Fig. 1.3).  As resistance evolved and pyriproxyfen 

became less effective, the maximum population density in treated fields increased (Fig. 

1.3).  With a high concentration and low R allele frequency, a single spray of 

pyriproxyfen reduced densities below 3 adults per leaf for the remainder of the year, 

while 2 insecticide applications per year were needed with a medium or low 

concentration.  With any concentration, as the R allele frequency approached 0.5, 3 

insecticide applications were needed per year in treated fields.  Two insecticide 

applications per year were sufficient to maintain populations in the external refuge below 

5 adults per leaf. 

 

1.3.3 Movement 

Variation in adult movement among cotton fields had little effect on the rate of resistance 

evolution, except at extreme values (Table 1.2).  Effects of movement were greater with a 
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low pyriproxyfen concentration than with a high or medium concentration (Table 1.2).  

With a low concentration, resistance evolved slower when movement among cotton fields 

was low (maximum time = 52 yr, 0% in cotton movement pool [see methods]) than when 

it was high (minimum time = 22 yr, 100% in cotton movement pool).  

 

1.3.4 Proportion of Males 

With a medium or high pyriproxyfen concentration, the proportion of male eggs laid by 

mated females (PM) had little or no effect on resistance evolution (results not shown).  At 

a low pyriproxyfen concentration, resistance evolved slowest with PM = 0.5 and fastest at 

the extreme value of 0.8 (Fig. 1.4). 

 With a low concentration, changing PM affected population dynamics in both 

field types, which affected the evolution of resistance.  With PM = 0.5, when resistance 

evolved slowest, the average density of adults in the treated field was 0.3-0.4 times the 

density in the refuge during the period when adults moved out of cotton.  With PM = 0.4, 

the average density of adults in the treated field was 1.3-1.6 times greater than in the 

refuge.  Finally, with PM = 0.8, the average density of adults in the treated field was 2.3-

2.4 times greater than in the refuge.  The frequency of resistance to pyriproxyfen was 

greater in individuals surviving a pyriproxyfen treatment than in individuals surviving 

other insecticides in the refuge.  Thus, as the capacity of whitefly populations to buildup 

after a pyriproxyfen treatment increased compared to populations in external refuges, the 

strength of selection for resistance to pyriproxyfen increased and the efficacy of external 

refuges decreased.  Accordingly, PM modulated the evolution of resistance through its 
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effects on population dynamics, which affected selection intensity and external refuge 

efficacy. 

 

1.3.5 Increased Susceptibility of Males 

Increased susceptibility of males compared to females affected the evolution of resistance 

to pyriproxyfen, especially with a medium or low concentration.  With a high 

concentration, increased susceptibility of S males compared to SS females, increased 

susceptibility of R males compared to RR females, or both had little or no effect on the 

evolution of resistance:  In most cases, the time to resistance changed less than 1 yr 

compared to the standard simulations. 

 With a low concentration, resistance evolved faster with susceptibility to 

pyriproxyfen greater for S males than SS females (Fig. 1.5).  In general, increased 

susceptibility of males had a smaller effect on the evolution of resistance as dominance 

increased.  When half or a quarter as many S males as SS females survived the effects of 

pyriproxyfen, the time to resistance decreased by 29-58 or 41-77%, respectively, 

compared to the standard simulations (Fig. 1.5).  Results were similar with a medium 

concentration, although the change was smaller than with a low concentration. 

 Resistance evolved slower with increased susceptibility of R males compared to 

RR females (Fig. 1.5).  With any level of dominance, when 10 or 25% of R male eggs 

and larvae incurred mortality due to pyriproxyfen, the time to resistance increased by 12-

19 or 24-71%, respectively, compared to the standard simulations (Fig. 1.5).  Again, 
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results were similar with a medium concentration, although the change was smaller than 

with a low concentration. 

 Resistance generally evolved faster with a medium or low concentration and 

increased susceptibility of both S and R males compared to SS and RR females, 

respectively.  Thus, in most cases, increased susceptibility of S males compared to SS 

females affected the evolution of resistance more than increased susceptibility of R males 

compared to RR females.  However, in several cases, the effects of increased 

susceptibility of both S males and R males effectively cancelled each other. 

  

1.3.6 Fitness Costs 

Fitness costs associated with pyriproxyfen slowed the evolution of resistance, especially 

if they were greater in males than females (Tables 1.3, 1.4).  When fitness costs were 

simulated for 4 generations over the winter each year, resistance to pyriproxyfen was 

further delayed (Table 1.4). 

 When fitness costs were only expressed in individuals on cotton plants not treated 

with pyriproxyfen, the impact of fitness costs increased as dominance of resistance and 

toxin concentration decreased (Table 1.3).  The evolution of resistance was least affected 

with a 10% reduction in survival for both R males and RR females and most affected 

with a 20, 10, and 5% reduction in survival for R males, RR females, and RS females, 

respectively.  Greater costs in males than females slowed resistance more than costs in 

heterozygous females (Table 1.3). 
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 When fitness costs were expressed in individuals on cotton plants not treated with 

pyriproxyfen as well as over 4 generations during the winter, generally the R allele 

frequency did not reach 0.5 within 100 yr (Table 1.4).  With a low concentration, the R 

allele frequency never reached 0.5 within 100 yr with any fitness cost simulated.  Results 

were similar with a medium and high concentration, although there were some cases 

where the R allele frequency reached 0.5 within 100 yr.  However, even when the R 

allele frequency reached 0.5 within 100 yr, the R allele frequency reached a limit (Table 

1.4).  Thus, if fitness costs impact survival on cotton and overwintering crops, the R 

allele frequency may reach a limit when increases in R allele frequency due to selection 

with pyriproxyfen is equal to decreases in R allele frequency due to fitness costs.   

  

1.4 DISCUSSION 

Model results showing that whitefly resistance to pyriproxyfen can evolve in less than 20 

yr, especially with high concentrations, are consistent with decreases in susceptibility 

observed in the field in less than 10 yr in Arizona (Li et al. 2003; Dennehy et al. 2004) 

and Israel (Horowitz et al. 1999; Horowitz et al. 2005).  In addition, B. tabaci strains 

exhibited reduced susceptibility in less than 10 yr to other insecticides (Prabhaker et al. 

1992; Bloch and Wool 1994; Horowitz and Ishaaya 1994; Cahill et al. 1996b). 

 Resistance evolved in our simulations partly because resistant individuals moved 

into external refuges.  In the treated field, a small but significant proportion of surviving 

resistant individuals moved into the external refuge.  Thus, although resistance evolved 

faster in treated fields than external refuges, the R allele frequency built up rapidly in 
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external refuges.  In addition, because external refuges were treated with insecticides 

other than pyriproxyfen, densities in external refuges were generally similar to densities 

in fields treated with pyriproxyfen.  This decreased the impact of susceptible individuals 

moving from external refuges into treated fields.  Thus, resistance to pyriproxyfen might 

be delayed by increasing action thresholds in external refuges compared to fields treated 

with pyriproxyfen, a hypothesis explored in chapter four. 

 Resistance evolved faster with increases in dominance, initial allele frequency, 

and proportion of the region treated with pyriproxyfen.  These results are similar to 

results from models of diploid insects (Tabashnik and Croft 1982; Roush 1989; 

Tabashnik 1990; Denholm and Rowland 1992).  Resistance also evolved faster as 

insecticide concentration increased.  However, contrary to the assumption used here, 

dominance is likely to decrease as concentration increases (Roush and Daly 1990; 

Carrière 2003; Tabashnik et al. 2004).  Therefore, the differences between a high and low 

concentration may not be as great as results of this model suggest.  In chapter two, we 

determined dominance as a function of concentration to address this issue. 

 Consistent with findings of Carrière (2003) but not with conclusions of Denholm 

et al. (1998), our results suggest that dominance in females can greatly affect resistance 

evolution in haplodiploid insects, especially as toxin concentration decreases (Fig. 2).  

Dominance is an important factor affecting the evolution of resistance in diploids (Onstad 

et al. 2001; Tabashnik et al. 2004; Crowder and Onstad 2005; Crowder et al. 2005), 

another similarity between haplodiploid and diploid systems. 
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 The minor effects of movement between the treated and untreated fields seen here 

differ markedly from previous modeling studies (Peck et al. 1999; Caprio 2001; Ives and 

Andow 2002; Storer 2003; Sisterson et al. 2004; Sisterson et al. 2005).  In our model, 

pyriproxyfen applications killed whiteflies only on leaves present at the time of 

application.  As new leaves developed, internal refuges expanded within treated fields.  

Thus, movement between treated and untreated leaves within fields treated with 

pyriproxyfen may have affected resistance more than dispersal between fields. 

 The proportion of male eggs laid by mated females affected the results with a low 

concentration.  This result may be due to differential effects of sex ratio on population 

dynamics in treated fields and external refuges.  Although PM was the same in both 

treated fields and external refuges, the effects of PM varied between the two field types.  

Accordingly, PM modulated the evolution of resistance through its differential effects on 

population dynamics in both fields, which affected selection intensity and external refuge 

efficacy.  These trends did not occur with a high or medium concentration, because 

population effects mediated by sex ratio became less important as the efficacy of 

pyriproxyfen and other insecticides applied in external refuges became more comparable.  

Although we cannot fully explain the effects of PM on resistance, the evolution of 

resistance may vary across regions with different sex ratios. 

 Our results and those of Carrière (2003) show that increased susceptibility of 

resistant males compared to resistant females slowed evolution of resistance.  However, 

we found that resistance evolved faster with increased susceptibility of susceptible males 

compared to susceptible females.  In haplodiploid insects, both susceptible and resistant 
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males are often more susceptible than their female counterparts (Carrière 2003).  Results 

here suggest that when both resistant and susceptible males have increased susceptibility 

compared to their female counterparts, the two opposing effects may cancel each other.  

 Similar to previous results from models of diploid and haploid insects (Carrière 

and Tabashnik 2001, Carrière 2003, Tabashnik et al. 2005), fitness costs delayed 

resistance.  The effects of fitness costs were strongest when they occurred over the winter 

as well as on cotton not treated with pyriproxyfen.  When fitness costs affected survival 

over the winter, the evolution of resistance was greatly delayed or even prevented.  

However, observed trends of reduced susceptibility in the field (Li et al. 2003; Dennehy 

et al. 2004) contradict this prediction, which implies the assumptions in this case are 

overly optimistic.  To address this issue, we assessed whether fitness costs were 

associated with resistance in a laboratory-selected resistant strain in chapter six. 

We modeled a simplified habitat in which cotton was the dominant crop and the R 

allele frequency on other crops had no effect.  Because some regions have a diverse 

mixture of crops that support B. tabaci, important effects of such crops may be missing 

from our model.  In more diverse agricultural regions where cotton fields receive more 

insecticide treatments than other crops hosting whiteflies, the other crops may help to 

delay resistance by increasing the size of external refuges.  This effect might be 

particularly important at the beginning and end of the cotton growing season, when 

movement between cotton and other crops is most likely.  We assessed the impact of 

other crops using the expanded model of chapter four. 
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We also made the simplifying assumption that resistance did not evolve to 

insecticides other than pyriproxyfen.  In the long run, such resistance could evolve, 

thereby increasing the complexity of the situation.  Ultimately, the durability of the 

scenarios explored here depends on management of resistance to all insecticides used 

against whitefly on cotton.   

For non-systemic insecticides such as pyriproxyfen, the timing of sprays may be 

important.  Treating fields with pyriproxyfen during a period when cotton is developing 

fastest will likely delay resistance, as in-field refuges will develop quicker than during 

other times of the season.  This hypothesis was explored in more detail in chapter four.  

Growers may be able to prolong efficacy of pyriproxyfen against B. tabaci by varying 

their IRM practices, such as applying lower toxin concentrations, promoting susceptible 

populations in external refuges, and optimally timing insecticide applications, while 

maintaining an economically beneficial IPM plan.
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Table 1.1 Parameter values used in the model 

             
Parameters       Values useda    

Percentage of landscape treated with pyriproxyfen  10, 20*, 40 
Concentration of pyriproxyfen    High, Medium, Low 
Dominance of resistance in females (h)   0, 0.1, 0.5, 0.9, 1.0 
Initial R allele frequency     0.001*, 0.01, 0.05 
Percentage of adults that move between cotton fields 6*, 0-100  
Proportion of males laid by mated females   0.4*, 0.2-0.8 
Mortality of susceptible (S males and SS females) eggs  
as a function of pyriproxyfen concentrationb   High      Medium   Low 
 1)  Standard      90%*         60%*   40%* 
 2)  S males 1/2 survival of SS females  95%            80%            70% 
 3)  S males 1/4 survival of SS females             97.5%        90%            85% 
Mortality of susceptible (S males and SS females)  
larvae as a function of pyriproxyfen concentrationb    High      Medium   Low 
 1)  Standard      99%*         95%*   60%*  
 2)  S males 1/2 survival of SS females  99.5%         97.5%        80% 
 3)  S males 1/4 survival of SS females  99.75%        98.75%      90% 
Mortality of resistant eggs and larvae (R males and RR 
females) with any pyriproxyfen concentrationc  0%*, 10%, 25% 
Reduction in survival (%) for immatures in areas  
not treated with pyriproxyfen (fitness cost)d   R        RR     RS  
 1)  Standard      0*         0*     0* 
 2)  Case 1      10         10     0 
 3)  Case 2      10         10     5 
 4)  Case 3      20         10     0 
 5)  Case 4      20         10     5  
a  Default values are indicated by an asterisk 
b  Values used in sensitivity analyses were varied only for S males (not SS females) to 
represent increased susceptibility of males compared to females   
c  Values used in sensitivity analyses were varied only for R males (not RR females) to 
represent increased susceptibility of males compared to females 
d  R denotes males of genotype R.  RR and RS denote females of genotypes RR and RS.
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Table 1.2 Number of years for the frequency of the allele for resistance to pyriproxyfen, 
R, to reach 0.5 in simulations based on movement, dominance, and pyriproxyfen 
concentration.  Movement is expressed as the percentage of individuals capable of 
moving between fields 
             
           Dominance of resistance (h)    
Movement between 
fields (%)a  0.0  0.1  0.5  0.9  1.0 
      High concentration     
0%   12  11   8  7  7 
6%   13  11   9  7  7 
50%   15  13   9  7  7 
100%   16  14  10  7  7  
      Medium concentration    
0%   18  16  12  10  9 
6%   18  16  12  10  9 
50%   17  16  11  9  8 
100%   16  15  11  8  8  
      Low concentration     
0%   52  44  27  19  18  
6%   48  41  26  18  17 
50%   31  28  19  15  14  
100%   22  20  15  12  11  
a The percentage of individuals capable of movement between treated cotton fields and 
external refuge cotton fields
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Table 1.3 Number of years for the frequency of the allele for resistance to pyriproxyfen, 
R, to reach 0.5 in simulations based on fitness costs, dominance, and pyriproxyfen 
concentration.  These fitness costs were only applied for individuals on cotton plants not 
treated with pyriproxyfen (i.e., not in the overwintering generations) 
             
          Dominance of resistance (h)    
Fitness cost  0.0  0.1  0.5  0.9  1.0  
      High concentration     
1) None  13  11   9   7   7 
2) R 10%, RR 10% 14  13  12   8   8 
3) R 10%, RR 10%,  16  17  12   9   8 
    RS 5% 
4) R 20%, RR 10% > 100  > 100  16  10   9 
5) R 20%, RR 10, > 100  > 100   21  11  10  
    RS 5%            
      Medium concentration    
1) None  18  16  12  10   9 
2) R 10%, RR 10% 25  25  24  15  14 
3) R 10%, RR 10%, 31  28  18  13  12 
    RS 5% 
4) R 20%, RR 10% > 100  > 100  28  15  14 
5) R 20%, RR 10%, > 100   > 100  34  17  14  
    RS 5%            
      Low concentration     
1) None  48  41  26  18  17 
2) R 10%, RR 10%     > 100  100  42  26  23 
3) R 10%, RR 10%, > 100  > 100  73  34  29 
    RS 5% 
4) R 20%, RR 10% > 100  > 100  98  39  34 
5) R 20%, RR 10%, > 100  > 100  > 100  58  47  
    RS 5%            
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Table 1.4 Number of years for the frequency of the allele for resistance to pyriproxyfen, 
R, to reach 0.5 in simulations based on fitness costs, dominance, and pyriproxyfen 
concentration.  Costs were applied for individuals on cotton plants not treated with 
pyriproxyfen and during 4 overwintering generations on non-cotton plants 
             
                Dominance of resistance (h)    
Fitness cost  0.0  0.1  0.5            0.9       1.0  
      High Concentration     
1) None  13       11  9            7       7 
2) R 10%, RR 10% > 100  > 100  > 100   17       17 
3) R 10%, RR 10%, > 100   > 100   > 100  35      24 
    RS 5% 
4) R 20%, RR 10% > 100  > 100  > 100   >100   >100 
5) R 20%, RR 10%,  > 100      > 100  > 100             > 100  > 100 
    RS 5%            
      Medium Concentration    
1) None  18       16   12  10  9  
2) R 10%, RR 10% > 100      > 100  > 100  29   23  
3) R 10%, RR 10%, > 100       > 100  > 100  > 100  > 100     
    RS 5% 
4) R 20%, RR 10% > 100  > 100  > 100  > 100  > 100  
5) R 20%, RR 10%, > 100       > 100  > 100  > 100  > 100  
    RS 5%            
      Low Concentration     
1) None  48       41  26           18  17 
2) R 10%, RR 10% > 100       > 100  > 100            > 100  > 100  
3) R 10%, RR 10%, > 100       > 100  > 100            > 100  > 100  
    RS 5% 
4) R 20%, RR 10% > 100       > 100  > 100            > 100  > 100 
5) R 20%, RR 10%, > 100       > 100  > 100            > 100  > 100  
    RS 5%            
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Figure 1.1 Simulated densities of (A) adults and (B) immatures over one season without 
insecticides 
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Figure 1.2 Number of years for the frequency of the allele for resistance to pyriproxyfen, 
R, to reach 0.5 in simulations based on dominance (h) and pyriproxyfen concentration 
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Figure 1.3 Maximum population density in treated fields for the first 50 simulated years 
with dominance (h) = 0 and three pyriproxyfen concentrations 
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Figure 1.4 Number of years for the frequency of the allele for resistance to pyriproxyfen, 
R, to reach 0.5 in simulations with a low concentration based on dominance and the 
proportion of males produced by mated females, PM 
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Figure 1.5 Difference (%) in the number of years for the allele for resistance to 
pyriproxyfen, R, to reach 0.5 in simulations with increased susceptibility of males 
compared to the standard simulations with a low concentration based on dominance and 
susceptibility of males compared to females 
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CHAPTER TWO 

INHERITANCE OF RESISTANCE TO PYRIPROXYFEN IN MALES 

AND FEMALES OF BEMISIA TABACI 
 

2.1 INTRODUCTION 

In haplodiploid insects, if males and females are equally susceptible to pesticides, the 

frequency of resistance alleles can build up more rapidly in males than females and 

resistance evolves faster than in diploid pests (Denholm et al. 1998; Carrière 2003; 

chapter one).  Resistance can be slowed when resistant males have higher mortality than 

resistant females (Carrière 2003; chapter one).  Several studies have examined resistance 

to pyriproxyfen by the B and Q biotypes of B. tabaci (Horowitz and Ishaaya 1994; 

Horowitz et al. 1999, 2002, 2003, 2005; Li et al. 2003; Dennehy et al. 2004), yet none 

have directly compared the response of males and females.   

 Here, we evaluated effects of pyriproxyfen on survival by males and females of B. 

tabaci (B biotype) from a susceptible and a laboratory-selected resistant strain, as well as 

hybrid female progeny from reciprocal crosses between the strains.  Insects were exposed 

to pyriproxyfen as either eggs or nymphs.  Dominance of resistance was measured at 

several concentrations. 

 

2.2 MATERIALS AND METHODS 

2.2.1 Strains 

All strains were of the B biotype.  The pyriproxyfen-susceptible strain (YM04-S), was 

derived from a cotton field in Yuma, AZ, in 2004, and was reared on cotton plants 
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without exposure to insecticides.  The pyriproxyfen-resistant strain (QC02-R) was 

derived from cotton fields in Queen Creek, AZ, in 2002.  Laboratory-selection with 

pyriproxyfen over six months resulted in an increase in the LC50 of QC02-R from 0.0057 

to 6.3 �g per ml of pyriproxyfen (>1000-fold increase) (Dennehy et al. 2004).  Starting in 

April 2003, this strain was reared on cotton plants sprayed with 1.0 �g per mL of 

pyriproxyfen. 

 

2.2.2 Insect Types 

We tested five types of B. tabaci: YM04-S males and females, QC02-R males and 

females, and hybrid females from reciprocal crosses between the strains.  Virgin females 

and males of both strains were sexed and isolated as pupae (Horowitz et al. 2003).  Each 

pupa was placed individually in a 10-ml scintillation vial containing a leaf disk on agar.  

The sex of emergent adults was confirmed under a microscope.  Unmated females from 

both strains produced only male progeny, while mated females produced male and female 

progeny.  For the reciprocal crosses, 10 virgin females (susceptible or resistant) were 

placed in 20-ml scintillation vials containing agar and a leaf disk to mate with 15 males 

of the other strain for 2 d.  These crosses produced males (susceptible or resistant) and 

hybrid females. 

 

2.2.3 Bioassays 

Two types of bioassays were conducted with pyriproxyfen: egg bioassays and nymph 

bioassays.  For the egg bioassays, excised cotton seedlings (15-25 cm tall) with one true 
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leaf were dipped for 20 s in 0 to 320 �g per ml of formulated pyriproxyfen (Knack™ 

0.86 EC; Valent USA).  Ten virgin females from a strain or 10 mated pairs (YM04-S, 

QC02-R, YM04-S female x QC02-R male, and QC02-R female x YM04-S male) were 

aspirated into modified Petri dishes containing a seedling.  The stems of the seedlings 

extended out of a small hole in the Petri dish and were held in water.  Seedlings thus 

arranged were held in growth chambers (27°C, 50% RH, 16:8h light:dark) for females to 

lay eggs for 48 h.  After 48 h, adults were removed, eggs were counted, and seedlings 

were inserted individually into 20-ml scintillation vials containing tap water.  To assess 

mortality, live nymphs were counted 7 d after oviposition and adults were collected 20 

and 25 d after oviposition.  Adults were frozen and sexed the day they were counted. 

 For the nymph bioassays, 10 virgin females from a strain or 10 mated pairs laid 

eggs for 48 h on untreated excised seedlings with one true leaf, after which they were 

removed and eggs counted.  Insects were reared in growth chambers for 11 d, at which 

point all individuals surviving on seedlings were second or third instar.  Then, seedlings 

were dipped for 20 s in 0 to 100 �g per ml of formulated pyriproxyfen.  To assess 

mortality, pupae were counted and sexed 15 and 20 d after oviposition, and adults were 

collected and sexed as described above. 

Egg bioassays were conducted in October 2005 and March 2007; nymph 

bioassays were conducted in January 2006 and April 2007.  The YM04-S female x 

QC02-R male cross was done only in October 2005 and January 2006.  The QC02-R 

female x YM04-S male cross was done only in March and April 2007.  For each bioassay, 

3-6 replicates were performed with each concentration. 
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2.2.4 Data Analysis 

When progeny included both sexes, the number of eggs of each sex was estimated by 

correcting for the sex ratio of adult progeny from controls (Horowitz et al. 2003).  The 

number of male nymphs was estimated based on the estimated number of male eggs and 

their average survival under the appropriate treatment.  The estimated number of male 

nymphs was subtracted from the total number of nymphs to estimate the number of 

female nymphs. 

 We used two-way ANOVA to compare mortality across dates for the four insect 

types that were tested in two separate months (YM04-S males, YM04-S females, QC02-

R males, and QC02-R females).  Month, pyriproxyfen concentration, and their interaction 

were factors in the ANOVA.  With any insect type or bioassay, neither month nor the 

interaction term were significant (� = 0.05).  Thus, for all subsequent analysis, data were 

pooled across dates. 

 Mortality observed at each pyriproxyfen concentration was corrected for control 

mortality (Abbott 1925).  Probit analysis (PROC PROBIT, SAS Institute 2002) was used 

to estimate slopes of the concentration-mortality lines and their standard errors, as well as 

the LC50 values and their 95% fiducial limits.  Resistance ratios of each insect type were 

calculated as their LC50 divided by the LC50 of the susceptible strain for the same sex.  

LC50 values were considered significantly different if their 95% fiducial limits did not 

overlap. 

 A two-way ANOVA on mortality (arcsine square root transformed) was used to 

compare mortality of the sexes of each strain.  Sex, concentration, and their interaction 
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were factors in the ANOVA.  A separate ANOVA was performed for each assay and 

strain.  In both bioassays, mortality in the treated stage (egg or nymph) was similar to egg 

to adult mortality (P > 0.10).  Thus, results reported are egg to adult mortality to facilitate 

comparisons between bioassays.   

 Dominance of resistance (h) at each concentration was calculated as follows: h = 

(Wh – Ws) / (Wr – Ws), where Ws, Wr, and Wh are the survival of susceptible, resistant, 

and hybrid females, respectively (Liu and Tabashnik 1997).  When Ws � Wh � Wr, h 

ranges from 0 to 1, with h = 0 indicating recessive resistance and h = 1 dominant 

resistance.  We use the terms partially recessive (0 < h < 0.5) and partially dominant (0.5 

< h < 1).  We used regression (PROC GLM, SAS Institute 2002) to determine if h varied 

linearly with the logarithm of concentration. 

 

2.3 RESULTS 

2.3.1 Egg Bioassays 

The QC02-R strain was resistant to pyriproxyfen, with resistance ratios of 620 for 

females and 670 for males relative to the YM04-S strain (Table 2.1; Fig. 2.1a).  The LC50 

of hybrid females from reciprocal crosses did not differ significantly (Table 2.1; Fig. 

2.1a). 

 Mortality in the susceptible and resistant strains was affected by concentration, 

but in both strains the interaction of sex and concentration was not significant (Table 2.2).  

Mortality caused by pyriproxyfen did not differ significantly between susceptible males 

and susceptible females or between resistant males and resistant females (Tables 2.1-2.2).   
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2.3.2 Nymph Bioassays 

The QC02-R strain was resistant to pyriproxyfen, with resistance ratios of 110,000 for 

females and 8100 for males relative to the YM04-S strain (Table 2.3, Fig. 2.1b).  The 

LC50 of hybrid females from reciprocal crosses did not differ significantly (Table 2.3, Fig. 

2.1b).  The LC50 for susceptible insects and resistant males were lower than for B. tabaci 

treated as eggs. 

 Mortality caused by pyriproxyfen was affected by concentration in both strains, 

but the interaction of sex and concentration was not significant (Table 2.2).  Mortality 

caused by pyriproxyfen did not differ significantly between susceptible males and 

susceptible females (Tables 2.2-2.3).  Mortality of resistant males was higher than 

resistant females (Tables 2.2-2.3). 

 

2.3.3 Dominance of Resistance 

In each bioassay, dominance of resistance (h) decreased as pyriproxyfen concentration 

increased (Fig. 2.2).  In all cases, resistance was partially or completely dominant at the 

lowest concentration tested and completely recessive at the highest concentration tested 

(Fig. 2.2). 

 

2.4 DISCUSSION 

Resistant males of the QC02-R strain treated as nymphs had higher mortality than 

resistant females across all pyriproxyfen concentrations, although resistant males were 

highly resistant to pyriproxyfen compared to susceptible males.  Differences in 
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susceptibility between haploid males and diploid females are expected if detoxification 

enzymes play a role in resistance and dosage compensation is imperfect (Carrière 2003).  

This suggests that metabolic resistance contributes to pyriproxyfen resistance in the 

QC02-R strain.  Other studies have shown that detoxification enzymes contribute to 

pyriproxyfen resistance in the Q biotype of B. tabaci (Devine et al. 1999) and in 

houseflies, Musca domestica (Zhang et al. 1997; 1998). 

Dominance of resistance decreased as pyriproxyfen concentration increased, such 

that resistance was totally recessive at high concentrations.  This is consistent with other 

studies that have analyzed the impact of insecticide concentration on dominance (Liu and 

Tabashnik 1997; Tabashnik et al. 2002, 2005; Carrière 2003; Alves et al. 2006).  In the Q 

biotype of B. tabaci, resistance to pyriproxyfen was estimated to be partially recessive (h 

= 0.26) (Horowitz et al. 2003).  Nevertheless, resistance in the QC02-R strain was not 

recessive in the field (chapter three).  This suggests that concentrations expressed in the 

field are too low, or residue deposition too discontinuous, to cause recessive inheritance. 

 Hybrid female progeny from reciprocal crosses responded alike in bioassays, 

suggesting that maternal effects were not associated with resistance in the QC02-R strain.  

Similarity of F2 male progeny of virgin hybrid females provided further evidence that 

maternal effects are not associated with resistance in QC02-R (chapter five).  Maternal 

effects also did not contribute to resistance in the Q biotype of B. tabaci (Horowitz et al. 

2003).  Data for hybrid males were not evaluated because differences in their response 

are difficult to interpret, as they could be due to variation in F1 male or maternal 

genotypes.  However, these data suggest that mortality caused by pyriproxyfen for hybrid 
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male progeny of YM04-S females x QC02-R males did not significantly differ from 

YM04-S males (as expected under haplodiploidy).  Similarly, mortality caused by 

pyriproxyfen for hybrid male progeny of QC02-R females x YM04-S males did not differ 

significantly from QC02-R males. 

 Susceptibility to pyriproxyfen was lower for eggs than nymphs for the B biotype 

here, as reported previously for the Q biotype of B. tabaci (Horowitz et al. 1999).  These 

results may indicate that pyriproxyfen is more effective against B. tabaci nymphs than 

eggs.  However, the difference between egg and nymph bioassays may also be 

attributable to methodology.  Eggs were indirectly exposed to pyriproxyfen, as 

pyriproxyfen had to move from treated leaves via the egg pedicel.  In contrast, nymphs 

were contacted directly by pyriproxyfen because leaves with nymphs were dipped in a 

pyriproxyfen mixture.  Moreover, in field experiments where relatively low 

concentrations of pyriproxyfen were applied, no differences in susceptibility occurred 

between individuals treated as eggs or nymphs (chapter three).  These data support the 

hypothesis that methodology contributed to the higher mortality in nymph bioassays seen 

here. 

As described above, results from laboratory and field bioassays were not always 

similar.  When possible, laboratory and field results should be compared to obtain a better 

understanding of factors affecting resistance evolution (Dennehy and Granett 1984, 

Farnham et al. 1984; Roush and Miller 1986; Cahill et al. 1996a).  Levels of mortality 

and dominance observed here at pyriproxyfen concentrations between 0.1 and 1.0 �g per 

ml were similar to those in field experiments using the same strains of B. tabaci (chapter 
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three).  Thus, future laboratory experiments using concentrations in this range may best 

approximate field conditions. 

 In egg and nymph bioassays, mortality in the treated stage was similar to 

mortality from egg to adult.  Thus, in egg bioassays, measuring lifetime mortality in 

addition to egg mortality did not provide additional insight on the effects of pyriproxyfen.  

This suggests that the common practice of measuring only egg mortality in pyriproxyfen 

bioassays is appropriate (Ishaaya and Horowitz 1992, 1995; Horowitz and Ishaaya 1994; 

Horowitz et al. 1999, 2002, 2003, 2005; Li et al. 2003; Dennehy et al. 2004).  This also 

suggests that pyriproxyfen did not have any adverse effects on nymphs before the pupal 

stage, as reported previously (Ishaaya and Horowitz 1992, 1995).  However, measuring 

lifetime mortality was appropriate to better compare mortality between B. tabaci treated 

as eggs and nymphs. 

Models suggest that resistance can be greatly delayed in haplodiploid pests if 

resistant males have higher mortality than resistant females, refuges where insecticides 

are not used are present, and resistance is nearly recessive (Carrière 2003; chapter one).  

This study showed that resistance was recessive with high pyriproxyfen concentrations 

and resistant male nymphs had higher mortality than resistant female nymphs.  

Nevertheless, pyriproxyfen applications in the field did not bring these favorable changes 

(chapter three), suggesting that sustainability of pyriproxyfen could be threatened by 

populations with traits similar to QC02-R under current whitefly management conditions.  

It is unclear whether application methods could be modified to favorably modify the 

phenotypic attributes of pyriproxyfen resistance in the field. 
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Table 2.1 Response to pyriproxyfen in egg bioassays 
             
Insect Type  n a Slope (SE) LC50 (95% FL)b  RRc   
Susceptible male 3348 0.61 (0.060) 0.0059 (0.0029-0.011) 1.0  
Susceptible female 3072 0.65 (0.070) 0.0053 (0.0027-0.0093) 1.0 
Resistant male  4104 1.0 (0.12) 4.0 (2.4-5.9)   670 
Resistant female 4039 1.3 (0.11) 3.3 (2.4-4.4)   620 
Hybrid female (a)d 1574 1.2 (0.16) 0.50 (0.27-0.84)  94 
Hybrid female (b)e 496 0.87 (0.13) 0.44 (0.21-0.85)  83   
a.  Number of insects 
b.  Units are �g of pyriproxyfen per ml of deionized water 
c.  Resistance ratios were calculated by dividing the LC50 of an insect type by the LC50 of 
the susceptible strain of the same sex 
d.  Hybrid female (a) were progeny of YM04-S females x QC02-R males 
e.  Hybrid female (b) were progeny of QC02-R females x YM04-S males
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Table 2.2 Two-way ANOVAs to compare mortality between males and females of the 
YM04-S or QC02-R strains in the egg and nymph bioassays.  A separate ANOVA was 
conducted for each strain and each bioassay   
             
              ANOVA Factor     
              Sex           Concentration   Sex x concentration  
Strain  Bioassay F       df        P       F         df          P       F      df       P  
Susceptible Egg  0.03  1,74   0.87   52   1,74 < 0.0001  0.10    1,74     0.76 
  Nymph 0.20  1,86   0.69   42   1,86 < 0.0001 0.0090 1,86     0.93 
Resistant Egg  0.2    1,92   0.64   43   1,92 < 0.0001 0.030   1,92     0.86 
  Nymph 5.9    1,65   0.018 61     1,65 < 0.0001  1.9    1,65     0.20
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Table 2.3 Response to pyriproxyfen in nymph bioassays 
             
Insect Type  na Slope (SE) LC50 (95% FL)b        RRc  
YM04-S male  3128 0.43 (0.060) 1.1 E-4 (2.3 E-5-3.3 E-4)             1.0 
YM04-S female 2168 0.37 (0.047) 2.9 E-5 (7.3 E-6-8.1 E-5)             1.0 
QC02-R male  3781 0.90 (0.074) 0.89 (0.58-1.3)          8,100 
QC02-R female 2122 1.2 (0.12) 3.2 (2.1-4.6)         110,000 
Hybrid female (a)d 1173 0.52 (0.094) 0.31 (0.094-1.4)        11,000 
Hybrid female (b)e 982 0.68 (0.14) 0.090 (0.028-0.41)               3,100  
a.  Number of insects 
b.  Units are micrograms of pyriproxyfen per milliliter of deionized water 
c.  Resistance ratios were calculated by dividing the LC50 of an insect type by the LC50 of 
the susceptible strain of the same sex 
d.  Hybrid female (a) were progeny of YM04-S female x QC02-R males 
e.  Hybrid female (b) were progeny of QC02-R females x YM04-S males 
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Figure 2.1 Mortality caused by pyriproxyfen (± SE) for five insect types in (A) egg and 
(B) nymph bioassays.  Hybrid female (a) were progeny of YM04-S females x QC02-R 
males.  Hybrid female (b) were progeny of QC02-R females x YM04-S males 
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Figure 2.2 Dominance of resistance (h) in (A) egg and (B) nymph bioassays.  Hybrid 
female (a) were progeny of YM04-S females x QC02-R males.  Hybrid female (b) were 
progeny of QC02-R females x YM04-S males.  For hybrid female (a), dominance varied 
with concentration as follows:  h = (0.54 - 0.25 x log[conc]) in egg bioassays (t5 = -10.75, 
P = 0.0004, r2 = 0.97); h = (0.38 - 0.11 x log[conc]) in nymph bioassays (t6 = -2.4, P = 
0.061, r2 = 0.54).  For hybrid female (b), dominance varied with concentration as follows:  
h = (0.43 - 0.19 x log[conc]) in egg bioassays (t5 = -4.32, P = 0.013, r2 = 0.82); h = (0.24 - 
0.19 x log[conc]) in nymph bioassays (t6 = -5.9, P = 0.0019, r2 = 0.88).  Values of h = 0 
are indicated with an asterisk 
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CHAPTER THREE 

FIELD EVALUATION OF RESISTANCE TO PYRIPROXYFEN 
 

IN BEMISIA TABACI 
 

3.1 INTRODUCTION 

The inheritance of resistance to pyriproxyfen in laboratory experiments was tested in 

chapter two, but field evaluations of pyriproxyfen resistance in B. tabaci have not been 

reported previously.  Here, we used field experiments to measure some important factors 

influencing evolution of resistance to pyriproxyfen in the B biotype of B. tabaci.  Arizona 

cotton fields were sprayed aerially with pyriproxyfen to assess survival of males and 

females from a susceptible strain and a laboratory-selected resistant strain, as well as 

survival of hybrid female progeny from crosses between the two strains. Insects were 

exposed directly to pyriproxyfen sprays in the field or exposed indirectly by rearing them 

on sprayed leaves collected from the field.  The results show non-recessive inheritance of 

resistance to pyriproxyfen that could threaten sustainability of pyriproxyfen in the field.   

 

3.2 MATERIALS AND METHODS 

3.2.1 Strains and Insect Types 

The strains (YM04-S and QC02-R) and insect types were the same as in chapter two. 
 

3.2.2 Field Sites 

Two cotton fields in Marana, AZ, were used for the bioassays.  Cotton plants were 

approximately 1 m high when sprays occurred.  Fields were sprayed by a commercial 

applicator attached to a fixed-wing airplane between 0500 and 0600 hours.  Field one was 

sprayed on 18 July 2006.  Field two was sprayed on 25 July 2006.  For both fields, the 
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area sprayed was 18 x 403 m, along an edge of the field, representing 441 rows.  Fields 

were sprayed using formulated pyriproxyfen (Knack™ 0.86 EC; Valent USA).   The 

concentration applied was 0.58 liters per ha in a volume of water of 28 liters per ha (per 

label instructions). 

 

3.2.3 Direct Exposure Bioassays 

Concurrent assays were conducted to test the response of eggs and nymphs to direct 

exposure with pyriproxyfen.  For the egg exposure assay, 3 d before a field was sprayed, 

five virgin females (YM04-S or QC02-R) or five mated pairs (YM04-S, QC02-R, or 

YM04-S female x QC02-R male) were aspirated into petri dishes containing an excised 

untreated cotton seedling (15-25 cm tall) with one true leaf to lay eggs for 48 h in growth 

chambers (27°C, 50% RH, 16:8h light:dark).  After 48 h, adults were removed, eggs were 

counted, and seedlings were inserted individually into waterpiks containing deionized 

water.  The following day, between 0100 and 0400 hours, the waterpiks containing 

seedlings were attached to wooden stakes and placed 1-5 cm below the uppermost leaves 

of the cotton canopy.  Within 1 h after fields were sprayed, seedlings were brought to the 

lab and placed in 20-ml scintillation vials.  To assess mortality, live nymphs were 

counted 7 d after seedlings were collected and adults were counted 20 and 25 d after 

seedlings were collected.  Adults were frozen and sexed the day they were counted.   

 The methods for the nymphal exposure assay were the same, except for the 

following modifications:  the 48 h oviposition period in growth chambers began 13 d 

before fields were sprayed.  After oviposition, eggs were counted and seedlings were held 
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in growth chambers for 11 d, at which point all individuals surviving on seedlings were 

second or third instars.  Seedlings were placed in the field and collected as described 

above.  Adults were counted and sexed as described above. 

Both direct and indirect exposure assays were conducted in treated fields one and 

two, described above.  For field one, a portion of an adjacent cotton field 200m outside of 

the sprayed area was used as the control.  For field two, an unsprayed portion of the field 

150 m outside of the sprayed area was used as the control.  For both assays, eight 

replicates of each insect type were placed in each treated field (5 insect types x 8 

replicates per type = 40 seedlings total) and four replicates of each type were placed in 

each unsprayed (control) field.  In each treated field, seedlings were randomly distributed 

in 10 evenly spaced rows, with four seedlings containing eggs or nymphs in each row 

(Fig. 3.1).  For the controls, seedlings were randomly placed in two rows (Fig. 3.1).  In 

both treated and control fields, seedlings were spaced 3 m from each other and at least 4.5 

m from field edges. 

 

3.2.4 Indirect Exposure Bioassays 

For indirect exposure bioassays, cotton leaves were sampled from the field at two time 

intervals: the day fields were sprayed and 2 wk after fields were sprayed.  Leaves were 

removed at the fourth terminal node from plants in treated and control fields (Ellsworth et 

al. 1999).  Leaves were removed from plants next to seedlings for the direct exposure 

bioassays.  Leaves were taken to the lab within 1 h and were trimmed to an area of 

approximately 12 cm2 (Ellsworth et al. 1999).  The trimmed area was examined under a 
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microscope and all visible organisms were removed.  These clean leaves were placed in 

petri dishes with five virgin females or five mated pairs.  After 48 h, adults were removed 

and eggs were counted.  Seven d later, nymphs were counted and egg mortality was 

assessed.  Mortality from egg to adult was not measured as leaves taken from the field 

typically remained in good condition for only 2 wk.  For leaves collected the day of 

spraying, this assay was done in both treated fields.  For leaves collected 2 wk after 

spraying, this assay was performed only in field two, because field one was accidentally 

sprayed a second time before 2 wk elapsed. 

 

3.2.5 Data Analysis 

When progeny included males and females, the number of eggs of each sex was 

estimated by correcting for the sex ratios of adult progeny emerging from controls 

(Horowitz et al. 2003).  The number of male nymphs was estimated based on the 

estimated number of male eggs and their average survival under the relevant treatment.  

The estimated number of male nymphs was used to estimate the number of female 

nymphs. 

 Mortality on treated seedlings was corrected for control mortality (Abbott 1925).  

For the direct exposure bioassays, a three-way ANOVA on proportion mortality (arcsine 

square root transformed) was used to compare mortality from egg to adult for all 

treatments.  Insect type, field, treatment stage, and all interactions were explanatory 

variables.  For the indirect exposure bioassays, two separate ANOVAs were performed.  

The first compared mortality on leaves taken from the field on the day of spraying based 
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on the explanatory variables insect type, field, and their interaction.  The second 

compared mortality in the egg stage in field two based on the explanatory variables insect 

type, time after spraying, and their interaction.  These analyses were performed 

seperately, because data on mortality 2 wk after the spray were not collected in field one.  

Mortality in the egg stage was compared between the direct and indirect exposure 

bioassays (0 d after a spray) using a three-way ANOVA with insect type, field, type of 

exposure, and all interactions as explanatory variables.  When significant differences 

were detected, Tukey HSD tests were used to test for differences between levels. 

Dominance of resistance (h) was calculated as in chapter two: h = (Wh – Ws) / (Wr – Ws), 

where Ws, Wr, and Wh are the survival of susceptible, resistant, and hybrid females, respectively, 

in the presence of the insecticide (Liu and Tabashnik 1997).  When Ws � Wh � Wr, h ranges from 

0 to 1, with h = 0 indicating recessive resistance and h = 1 dominant resistance.  We use the 

terms partially recessive (0 < h < 0.5) and partially dominant (0.5 < h < 1).  Values of h > 1 

occur if Wh is greater than Wr.  If Wh is significantly greater than Wr, this would indicate 

overdominance.  However, as seen here in some cases, this difference was not significant and 

thus we reported resistance as completely dominant in these cases. 

 

3.3 RESULTS 

3.3.1 Direct Exposure to Eggs and Nymphs 

In direct exposure bioassays, insect type was the only factor that significantly influenced 

mortality caused by pyriproxyfen (F4,97 = 45.7, P < 0.0001, Fig. 3.2).  Survival did not 

differ based on the stage treated, the field, or any interaction term (P > 0.3 for each).  
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None of these factors became significant when non-significant variables were removed 

from the ANOVA model (reduced model: F4,112 = 48.8, P < 0.0001, r2 = 0.64). 

 Mortality caused by pyriproxyfen from egg to adult was highest in YM04-S males 

(67.8%) and YM04-S females (67.1%) and did not differ significantly between those 

types (Fig. 32).  Mortality was lowest in QC02-R males (9.5%), QC02-R females (7.3%), 

and hybrid females (16.6%), and did not vary significantly among these types (Fig. 3.2). 

 

3.3.2 Indirect Exposure to Eggs 

Mortality of eggs laid on leaves collected from fields on the day of spraying depended on 

insect type (F4,51 = 32.3, P < 0.0001).  Mortality did not differ between fields, and the 

interaction of insect type and field was not significant (P > 0.6 for each).  Neither of these 

factors became significant when non-significant variables were removed from the 

ANOVA model (reduced model: F4,56 = 35.9, P < 0.0001, r2 = 0.72). 

 Mortality did not differ significantly between YM04-S males (76.9%) and YM04-

S females (87.0%) or between YM04-S males and hybrid females (62.2%) (Fig. 3.3).  

Mortality was higher for YM04-S females than hybrid females.  QC02-R males (10.9%) 

and QC02-R females (8.4%) had the lowest mortality (Fig. 3.3) 

 Mortality was higher on leaves collected the day pyriproxyfen was sprayed than 

on leaves collected 2 wk after the spray (F1,45 = 37.0, P < 0.0001) and varied based on 

insect type (F4,45 = 10.1, P < 0.0001) (Fig. 3.4).  A significant interaction occurred 

between insect type and time after spraying (F4,45 = 5.1, P = 0.0018).  
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Mortality of eggs was highest for YM04-S males (69.1%), YM04-S females 

(82.7%), and hybrid females (62.2%) and lowest for QC02-R males (11.1%) and QC02-R 

females (5.4%) on leaves collected the day pyriproxyfen was sprayed (Fig. 3.4).  Egg 

mortality was low for all insect types on leaves collected 2 wk after the spray: YM04-S 

males (13.5%), YM04-S females (20.0%), QC02-R males (2.9%), QC02-R females 

(13.6%), hybrid females (9.2%) (Fig. 3.4). 

 

3.3.3 Comparison of Direct and Indirect Exposure 

Mortality was affected by insect type (F4,95 = 41.3, P < 0.0001), the type of exposure 

(F1,95 = 27.1, P < 0.0001), and the interaction between these terms (F4,95 = 5.0, P = 0.001).  

Mortality was not affected by field or interaction terms other than insect type and type of 

exposure (P > 0.3 for each term).  None of these factors became significant when non-

significant variables were sequentially removed from the ANOVA model (reduced model: 

F9,105 = 26.0, P < 0.0001, r2 = 0.69). 

 Egg mortality was lower with direct than indirect exposure bioassays (F1,105 = 

29.6, P < 0.0001).  The interaction between insect type and type of exposure affected 

mortality (Table 3.1).  Mortality was highest in YM04-S males and YM04-S females 

exposed indirectly.  Mortality was lowest in QC02-R males and QC02-R females, 

regardless of exposure.  Mortality for all other combinations of insect type and exposure 

were intermediate between these extremes (Table 3.1). 
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3.3.4 Dominance of Resistance 

In the direct exposure bioassays, resistance was partially or completely dominant in B. 

tabaci treated as eggs or nymphs and dominance (h) varied from 0.64-1.12 (Table 3.2).  

Resistance was partially recessive in the indirect exposure bioassay (day after spraying), 

with h = 0.42 in field one and h = 0.27 in field two.  Values of h increased from 0.27 

(partially recessive) to 1.67 (completely dominant) over the 2 wk period after 

pyriproxyfen was sprayed (Table 3.2). 

 

3.4 DISCUSSION 

Results showed that survival of direct exposure to pyriproxyfen in the field and to leaves 

sprayed with pyriproxyfen was higher for the QC02-R strain than for the YM04-S strain.  

Resistance varied from partially recessive to completely dominant depending on the 

method and timing of exposure.  When the observed values for mortality and dominance 

from both the direct and indirect exposure bioassays where incorporated into the model 

of chapter 1, resistance evolved in less than 20 yr with 20% of fields treated with 

pyriproxyfen.   Thus, assuming that a similar type of resistance is present in individuals 

from field populations of B. tabaci (B biotype), resistance would be expected to increase 

despite the currently recommended rotation strategy (Ellsworth and Martinez-Carillo 

2001; Palumbo et al. 2001; Li et al. 2003; Dennehy et al. 2004).  Moreover, the model 

predictions indicate that even relatively large refuges (areas not treated with pyriproxyfen) 

would not delay future resistance development. 
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 In Israel, resistance to pyriproxyfen in field populations of the Q biotype of B. 

tabaci was detected after five yr of pyriproxyfen use, despite limits of one application per 

season (Denholm et al. 1998; Horowitz et al. 1999; Horowitz et al. 2002).  Previous 

experiments performed in field simulation cages have indicated that pyriproxyfen was not 

effective in controlling these resistant strains of B. tabaci (Horowitz et al. 2002).  These 

results, along with those described here, demonstrate the potential future impact of the 

resistance to pyriproxyfen isolated in Arizona.  However, resistance has not been 

documented in field populations of the B biotype in Arizona (Dennehy et al. 2004; T.J. 

Dennehy unpublished results).  Resistance in strains of the Q biotype appears to be 

monogenic (Horowitz et al. 2003), but the QC02-R strain may have more than one 

resistance gene (chapters five and six).  This distinction and differences in the 

mechanism(s) and intensity of resistance to pyriproxyfen between these biotypes may 

partially account for the observed levels of resistance in field populations. 

 Pyriproxyfen mortality was higher, and resistance more recessive, as a result of 

indirect exposure compared to direct exposure.  This was surprising and counter to 

observed trends in the laboratory (chapter two).  Indirect exposure was expected to result 

in lower mortality because rather than being contacted at time of spraying, eggs may only 

be affected when pyriproxyfen moves up the pedicel.  Additionally, leaves for the 

indirect exposure assay were taken from the fourth node of cotton plants, while seedlings 

for the direct exposure assay were placed higher in the canopy (�15 cm) and were 

expected to receive a higher dose of pyriproxyfen.  Because control mortality on field 

collected leaves did not differ from control mortality of seedlings (data not shown), it is 
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unlikely that reduced quality and increased handling of field collected leaves compared to 

seedlings magnified the effects of pyriproxyfen.  The simplest explanation for these 

results is that eggs exposed directly were 16-64 h old at the time pyriproxyfen was 

sprayed, while eggs in the indirect contact bioassays were exposed to pyriproxyfen as 

soon as they were laid.  As pyriproxyfen inhibits embryogenesis in eggs (Ishaaya and 

Horowitz 1992), susceptibility to pyriproxyfen may decrease as eggs develop. 

 Mortality caused by pyriproxyfen decreased significantly in 2 wk after a spray.  

This is consistent with findings that the residual time of pyriproxyfen is less than 14 d 

(Ellsworth and Martinez-Carillo 2001) or 3.5-16.5 d in cotton fields (Knack IGR Tech. 

Info. Bull., Valent, USA).  However, growers often report control for 30 d following a 

pyriproxyfen application (Ellsworth and Martinez-Carillo 2001).  In the field, pest 

suppression may last longer than 2 wk as a result of increased mortality caused by natural 

enemies (Ellsworth and Martinez-Carillo 2001), or by sterilization of adult females 

feeding on treated leaves.  Thus, in contrast to broadly-toxic insecticides, the benefits of 

pyriproxyfen likely last for several wk after it no longer kills B. tabaci.  

Laboratory bioassays showed that when treated with pyriproxyfen as nymphs, 

resistant males had higher mortality than resistant females (chapter two).  Here, no 

difference in susceptibility to pyriproxyfen was found between susceptible males and 

susceptible females or resistant males and resistant females.  Thus, differential mortality 

of males and females may not be a factor affecting evolution of resistance in the field.  If 

males and females are equally susceptible to an insecticide, resistance evolution can 
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occur faster in haplodiploid than diploid pests when selection favors resistant hemizygous 

males (Denholm et al. 1998; Carrière 2003; chapter one).  

 Laboratory bioassays also indicated that pyriproxyfen was more active against B. 

tabaci treated as nymphs than eggs (Horowitz et al. 1999; chapter two), although, at least 

in the B biotype, this result may have been caused by differences in treatment methods 

rather than variation between the life stages.  In contrast, mortality in the field did not 

differ based on the stage treated.  These results suggest that treating B. tabaci in either 

stage with pyriproxyfen may be equally effective. 

 As described above, results from laboratory and field bioassays were not always 

similar.  Other studies have similarly shown that levels of resistance to insecticides in B. 

tabaci differed in laboratory bioassays and field-simulation trials (Rowland et al. 1991; 

Cahill et al. 1996a).  Thus, field trials are a useful complement to laboratory bioassays in 

understanding the potential impacts of resistance. 
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Table 3.1 Insect type, exposure method, and mortality of whiteflies treated with 
pyriproxyfen 
             
Insect Type         Exposure   Mortality (%)abc    SEc  
Susceptible male         Direct           42.8cd     5.6 
Susceptible male         Indirect           76.9ab     5.2 
Susceptible female         Direct                   47.0cd     6.2 
Susceptible female         Indirect                   87.0a     5.6 
Resistant male          Direct                     5.2e     5.9 
Resistant male          Indirect                   10.9e     5.2 
Resistant female         Direct                    12.9e     5.9 
Resistant female         Indirect             8.4e     5.9 
Hybrid female                  Direct                  30.8de     6.2 
Hybrid female                  Indirect                   59.5bc     6.2  
a  Averaged across fields (one or two) 
b  Values followed by different letters were significantly different (Tukey HSD test; � = 
0.05) 
c  Data shown were backtransformed
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Table 3.2 Effects of type of exposure and bioassay interval on dominance of resistance (h) 
to pyriproxyfen in field tests.  Values of h were calculated based on female mortality, and 
usually range from 0 (completely recessive) to 1 (completely dominant).  Data not 
collected for indirect exposure 2 wk after spraying in field one 
            
         Female mortality (%)    
  Bioassay 
Exposure Interval Field YM04-S        Hybrid          QC02-R       h  
Direct  Egg to adult One     64.5  15.3  7.0     0.86 
(Eggs)    Two     78.4  19.3  4.9      0.80 
Direct  Egg to adult    One         56.8  22.5  3.3     0.64 
(nymphs)   Two     69.9  7.5  14.1     1.12a 
Indirect   Egg to nymph One         90.1  56.9  11.9     0.42 
(0 d after spray)  Two     82.7  62.2       5.5     0.27 
Indirect  Egg to nymph Two     20.1  9.2  13.6     1.67a 
(2 wk after spray)           
a  In two cases, mortality was numerically lower for hybrid females than for resistant 
females, but these differences were not significant and we interpret these as complete 
dominance rather than overdominance 
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Figure 3.1 Diagram of the experimental design (not drawn to scale) in treated and control 
fields.  Circles represent the location of bioassay seedlings and field collected leaves 
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Figure 3.2 Mortality caused by pyriproxyfen (% ± SE) from egg to adult (pooled across 
fields and treatment stage) in direct exposure bioassays.  Values that do not share the 
same letter were significantly different (Tukey HSD test; � = 0.05) 
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Figure 3.3 Mortality caused by pyriproxyfen (% ± SE) in the egg stage (pooled across 
fields) in indirect exposure bioassays.  Values that do not share the same letter were 
significantly different (Tukey HSD test; � = 0.05) 
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Figure 3.4 Mortality caused by pyriproxyfen (% ± SE) in the egg stage on leaves 
collected from the field the day pyriproxyfen was sprayed or 2 wk after a spray in indirect 
exposure bioassays.  Values that do not share the same letter were significantly different 
(Tukey HSD test; � = 0.05) 
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CHAPTER FOUR 

EFFECTS OF OPERATIONAL FACTORS ON THE EVOLUTION OF  

RESISTANCE TO PYRIPROXYFEN IN BEMISIA TABACI 
 

4.1 INTRODUCTION 

In chapter one, we developed a simulation model to examine the effects of several factors 

on B. tabaci resistance to pyriproxyfen.  Results showed that pyriproxyfen resistance 

evolved slower with a low initial resistance allele frequency, recessive resistance, and 

lower toxin concentrations.  To assess how the current B. tabaci IPM program could be 

modified to sustain use of pyriproxyfen in Arizona, we expanded the model in chapter 

one with results from chapters two and three to analyze the impact of operational factors 

(i.e., factors that can be modified by farmers) on the evolution of resistance.  We used 

sensitivity analyses to examine effects of variation in action thresholds, crop diversity, 

planting date, and pyriproxyfen decay on the evolution of resistance. 

 

4.2 MATERIALS AND METHODS 

All model functions and parameters were the same as those described in chapter one (and 

in Table 1.1), except we varied the mortality caused by pyriproxyfen and included new 

functions for the distribution of adults and immature. 

 

4.2.1 Pyriproxyfen 

Mortality caused by pyriproxyfen was based on laboratory and field data (chapters two 

and three).  Pyriproxyfen did not affect resistant (R or RR) eggs and nymphs.  Mortality 



 75 

of susceptible (S or SS) eggs and nymphs due to pyriproxyfen was 90, 70, and 50% with 

a high, medium, and low concentration, respectively.  Based on results in chapter two and 

the levels of mortality described above, dominance was 0.25, 0.5, and 0.7 with a high, 

medium, and low concentration, respectively.  We varied each of these values to 

determine the effects of dominance on resistance (Table 4.1). 

 

4.2.2 Distribution of Immatures and Adults 

B. tabaci adults prefer to feed and oviposit on young leaves, and are typically most 

abundant on the upper sections of cotton plants (Naranjo and Flint 1994, 1995).  Each 

day, 50% of adults were located (and laid eggs) on the upper third of plants, 40% on the 

middle third, and 10% on the bottom third (Naranjo and Flint 1995). 

 

4.2.3 Sensitivity Analysis 

We analyzed the influence of four factors on the evolution of resistance: action thresholds, 

crop diversity, planting date, and pyriproxyfen decay (Table 4.1).  For these analyses, all 

parameters except the one being varied were set to the standard values. 

 Action Thresholds.  We simulated action thresholds of one, three, and five adults 

per leaf for pyriproxyfen; and three, five, and ten adults per leaf for insecticides in 

external refuges (Table 4.1). 

 Crop Diversity.  Three types of agricultural landscape were simulated, 

corresponding to typical regions in Arizona (Palumbo et al. 1999, 2003): cotton intensive 

(100% cotton all year); cotton/melon (100% cotton until 1 July, after which the amount 
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of non-cotton crops [e.g., fall melons] increased linearly from 0% to 100% until the end 

of the year); and multi-crop (50% cotton and 50% non-cotton crops [e.g. leafy vegetables 

and melon] for the whole year). 

 B. tabaci immigrated to cotton from non-cotton crops and vice versa.  For 

simplicity, we simulated three ratios for the number of immigrants to cotton from non-

cotton crops relative to the number of emigrants from external cotton refuges: 0.5, 1.0, 

2.0, and 3.0 (Table 1).  This ratio reflects the impact of non-cotton crops relative to 

external cotton refuges (i.e. ratios > 1 indicate more emigrants disperse out of non-cotton 

crops than external cotton refuges per unit area).  The R allele frequency in non-cotton 

crops was the same as in external cotton refuges.  This assumes equal population growth 

in external cotton refuges and non-cotton crops but different rates of movement out of 

these crop types.  Emigration from cotton to non-cotton crops, or immigration to cotton 

from non-cotton crops, occurred based on the relative abundance of the crop types. 

 Planting Date.  We simulated three planting dates:  20 March, 20 April, and 20 

May (Table 4.1).  In each case, the growth of cotton and immigration of insects into the 

region was based on accumulated DD after the planting date based on the conditions of 

the standard model. 

 Pyriproxyfen Decay.  We simulated two rates of pyriproxyfen decay.  Mortality 

caused by pyriproxyfen for susceptible and heterozygous insects decreased daily by 1% 

with slow decay and by 3% with fast decay.  For example, with a high concentration and 

slow decay, the mortality of susceptible eggs was 90% on d 1, 89% on d 2, 88% on d 3, 

etc.  We assumed dominance varied from the standard value as pyriproxyfen decayed. 
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4.3 RESULTS 

4.3.1 Dominance 

With any pyriproxyfen concentration, varying dominance had little effect on resistance 

(Table 4.2).  Thus, for all results to follow, we only simulated the standard values for 

dominance of 0.25, 0.5, and 0.7 with a high, medium, and low concentration, respectively. 

 

4.3.2 Population Density and Insecticide Use 

Population density reached a seasonal maximum of 4-6 adults per leaf in fields treated 

with a high concentration and R allele frequencies below 0.4 (Fig. 4.1a).  Population 

density reached a seasonal maximum of 8-12 adults per leaf in fields treated with a low 

concentration and R allele frequencies below 0.25 (Fig. 4.1b).  As resistance evolved, the 

seasonal maximum population density in treated fields increased to 26 adults per leaf.  

With a high concentration, the number of insecticide sprays in treated fields increased 

from one spray per year with R < 0.1 to three sprays per year with R > 0.95 (Fig. 4.1a).   

With a low concentration, the number of insecticide sprays in treated fields increased 

from two sprays per year to three as resistance evolved (Fig. 4.1b).  Results with a low 

and medium concentration were similar.  With any concentration or R allele frequency, 

the seasonal maximum population density in external refuges was six adults per leaf and 

two insecticide sprays were needed per year. 
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4.3.3 Action Thresholds 

Resistance evolved slower as the action threshold for pyriproxyfen decreased (Fig. 4.2a).  

With a threshold of one adult per leaf, pyriproxyfen was applied on 25 June, nearly a 

month before pyriproxyfen was applied if the threshold was three adults per leaf (22 July) 

or five adults per leaf (26 July).  Resistance evolved slower as the action threshold for 

other insecticides in external refuges increased (Fig. 4.2b).  In several cases, lower action 

thresholds increased the total number of insecticide sprays per year (Fig. 4.2). 

  

4.3.4 Crop Diversity 

The effects of crop diversity on resistance evolution depended on immigration to and 

emigration from cotton (Table 4.3).  Resistance evolved slower when more adults 

immigrated to cotton.  Resistance evolved slower in simulations of a multi-crop region 

compared to the cotton/melon region, especially as immigration to cotton increased 

(Table 4.3).  The effects of crop diversity on resistance evolution were greatest with a 

medium or low pyriproxyfen concentration.  With the highest levels of immigration to 

cotton and a medium or low concentration, resistance did not evolve in 100 yr in a multi-

crop region.  The number of insecticide sprays did not vary based on crop diversity. 

 

4.3.5 Planting Date 

Resistance evolved slower with later planting dates (Fig. 4.3).  The impact of planting 

date on resistance evolution was consistent across all pyriproxyfen concentrations.  Fewer 

insecticides sprays were used with earlier planting dates (Fig. 4.3). 
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4.3.6 Pyriproxyfen Decay 

Resistance evolved slower as the pyriproxyfen decay rate increased (Fig. 4.4).  The 

impact of pesticide decay was greater with a high or medium concentration compared to a 

low concentration.  Pyriproxyfen decay affected the number of insecticide sprays in only 

one case (Fig. 4.4). 

 

4.4 DISCUSSION 

The simulation results reported here show the potential impact of several operational 

factors on the evolution of pyriproxyfen resistance in B. tabaci.  Variation in each of the 

four factors examined with the model could result in different rates of resistance 

evolution in Arizona and elsewhere.  Over the range of values examined, increased crop 

diversity had the greatest impact on the evolution of resistance compared to the other 

factors, followed by pesticide decay and action thresholds.  The impact of planting date 

on resistance evolution was relatively small compared to the other three factors examined 

with the model. 

As simulated pyriproxyfen resistance evolved, population densities and the 

number of insecticide applications per year increased.  Simulation models have shown 

that insect densities, and/or yield loss, increase as insecticide resistance evolves (Onstad 

and Guse 1999; Onstad et al. 2003a; Crowder et al. 2005, chapter one).  Models also 

show that insecticide resistance can increase the number of insecticide applications 

needed for pest control (Gutierrez et al. 1979; Caprio 1998; Tang et al. 2005; chapter 

one).  Population density and the number of insecticide applications are often not 
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reported in resistance models, despite the value of these metrics in evaluating the impacts 

of resistance.  Our results suggest that farmers may not see appreciable reductions in 

pyriproxyfen performance until relatively high levels of resistance are reached (i.e. R > 

0.25 with a low or medium concentration; R > 0.4 with a high concentration), as 

population densities were relatively constant over time until these values were reached. 

Conducting both field efficacy tests and resistance bioassays are important 

components of IPM.  Simulation models can link results from these studies.  For example, 

bioassays suggest that pyriproxyfen concentrations used in the field are low (chapter 

three).  Under these conditions, the modeled seasonal maximum population densities 

increased from 8 to 12 adults per leaf (a 33% increase) over the first twenty years of 

pyriproxyfen use despite a 250 fold increase in R allele frequency (0.001 to 0.25).  Such a 

small increase in population density may be negligible to growers (and not significant in 

field efficacy studies), although bioassays would clearly show increasing levels of 

resistance.  This may partially explain why bioassays have shown low levels of resistance 

to pyriproxyfen in certain regions of Arizona (Li et al. 2003; Dennehy et al. 2004; T.J. 

Dennehy unpublished results), but field efficacy studies have indicated that pyriproxyfen 

remains effective in the field (Ellsworth et al. 2007).  Our results suggest that models can 

be used to reconcile differences between the bioassays and field efficacy studies.  Models 

that relate the impact of resistance evolution to the field performance of an insecticide 

could improve the use of resistance bioassays as a predictive tool for IPM practitioners. 

As pyriproxyfen resistance evolved to high levels, pyriproxyfen became less 

effective and more applications of other insecticides were needed to suppress B. tabaci 
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populations.  The increased use of insecticides after pyriproxyfen resistance evolved 

could increase the risk of resistance to these other toxins.  For pests such as B. tabaci that 

are controlled with multiple insecticides, resistance to any one insecticide can increase 

the potential risk of resistance to others.  Preventing or delaying the evolution of 

pyriproxyfen resistance could prolong the efficacy of both pyriproxyfen and other 

insecticides.    

 Action thresholds for pyriproxyfen impacted resistance evolution by affecting 

both external and internal refuges.  Resistance evolved slower when the action threshold 

for pyriproxyfen decreased in part because population densities in the treated field 

decreased relative to populations in the external refuge field.  As the action threshold for 

pyriproxyfen decreased, population densities in the treated field decreased, while 

population densities in the external refuge did not change.  As the resistance allele 

frequency was lower in external refuges than treated fields, smaller populations in treated 

fields increased the effectiveness of external refuges and delayed resistance.  Along these 

lines, raising action thresholds for insecticides in external refuges delayed resistance 

evolution. 

 Action thresholds for pyriproxyfen also impacted external refuges by affecting 

survival of whiteflies immigrating to treated fields.  The immigration of whiteflies to 

cotton increased linearly from early June to early July.  With a low threshold, 

pyriproxyfen sprays occurred before the maximum immigration period.  Thus, fewer 

susceptible whiteflies immigrating to treated fields were exposed to pyriproxyfen than 

with a higher threshold.  This allowed for greater survival of later arriving susceptible 
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whiteflies which delayed resistance.  However, increased densities of susceptible 

whiteflies could increase a farmer's need to spray insecticides later in a season, placing 

greater selection pressure for resistance to other insecticides. 

 Action thresholds for pyriproxyfen influenced resistance evolution by affecting 

internal refuges, an important factor in delaying resistance evolution in B. tabaci (chapter 

one).  As pyriproxyfen is not systemic (Ellsworth and Martinez-Carrillo 2001), new 

growth in treated fields after a pyriproxyfen spray serves as an internal refuge.  

Decreased action thresholds for pyriproxyfen resulted in sprays earlier in the season when 

cotton was growing faster.  Thus, as action thresholds decreased, internal refuges 

increased faster, which slowed resistance evolution. 

 A lower action threshold for pyriproxyfen delayed resistance, yet a threshold of 

one adult per leaf may not be advisable due to unpredictability in whitefly population 

dynamics.  The action threshold of one adult per leaf was reached in late June in our 

simulations.  Nevertheless, if left untreated, the population density decreased to 0.33 

adults per leaf by mid-July before increasing again, after which time the thresholds of 

three and five adults per leaf were reached.  Monsoon-associated heavy rainfall and high 

winds are common beginning in July in Arizona and can delay initiation of the 

exponential population growth phase in the field (Naranjo and Ellsworth 2005, Ellsworth 

et al. 2007).  Thus, field populations that reach a low threshold of one adult per leaf could 

sometimes fail to increase significantly later in the season.  For example, up to 30% of 

fields in central Arizona were never sprayed for whiteflies in 2007, despite the presence 

of B. tabaci at low levels (P.C. Ellsworth unpublished results).  In such cases, a 
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pyriproxyfen spray would be unnecessary.  Thus, until more precise information of 

whitefly population dynamics is obtained, our results do not warrant changing the current 

action threshold for pyriproxyfen.  They do reinforce the idea that whitefly populations 

should be targeted as early as possible once populations begin to grow exponentially 

(Ellsworth and Martinez-Carillo 2001) to increase the effectiveness of pyriproxyfen and 

the impact of refuges.   

Action thresholds can affect the number of insecticide sprays per year.  In the 

field, an action threshold of five adults per leaf for pyriproxyfen resulted in fewer 

insecticide sprays than a threshold of one or three adults per leaf (Ellsworth and Diehl 

1995).  Similarly, our results show that fewer insecticide sprays were used with higher 

thresholds.  A potential trade-off of lowering the action threshold for pyriproxyfen is that 

more insecticide sprays may be needed, which could affect returns and resistance to 

insecticides besides pyriproxyfen.   

 The diversity and configuration of crops in a region can affect resistance 

evolution (Onstad et al. 2003a, b; Carrière et al. 2004a, b).  Denholm et al. (1998) 

suggested that whitefly resistance to pyriproxyfen evolves fastest in cotton-intensive 

regions.  Our model results reinforce this idea.  Thus, cotton intensive regions may be the 

first place where resistance occurs in the field, while resistance evolution could take 

longer in multi-crop regions.  However, this result depends on the assumption that 

pyriproxyfen is used only in cotton, and is sprayed at most once per season.  In Arizona, 

pyriproxyfen was recently approved for use on leafy vegetables and cucurbits.  As 
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pyriproxyfen registrations change or expand, the potential impact of crop diversity on 

resistance evolution could differ from that reported here.  

 Movement between crops affected resistance evolution, especially in a multi-crop 

region.  The number of insects that move between cotton and non-cotton crops could be 

influenced by several factors, including population densities, quality of host plants (e.g., 

decline of spring melons at harvest time), rate of harvest of non-cotton crops (e.g., hay 

alfalfa harvested many times during the cotton season), and distance between crops.  We 

assumed equal population growth in non-cotton crops and external cotton refuges in 

simulations, which produced equal frequency of the resistance allele in the two types of 

refuges.  However, faster population growth in non-cotton crops compared to external 

cotton refuges would result in a lower resistant allele frequency in non-cotton crops than 

in external cotton refuges, while slower growth in non-cotton crops than in external 

cotton refuges would have the opposite effect.  We also assumed that the ratio of 

reciprocal movement between crops was constant.  Naranjo and Ellsworth (2005) showed 

that the highest rates of immigration to cotton occur in mid-season (June-July), and the 

highest rates of emigration from cotton occur late in the season (September-October).  If 

immigration is limited to June and July, fewer susceptible insects would move to cotton 

from non-cotton crops, which could limit the impact of crop diversity in delaying 

resistance.  In contrast, if emigration is limited to the late cotton season, more susceptible 

insects would remain in cotton and delay resistance.  Thus, depending on the true 

difference in population dynamics between non-cotton crops and cotton, and the rates of 

movement between crops, our results could have underestimated or overestimated the 
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role of crop diversity in delaying resistance.   Nevertheless, results suggest that diverse 

regions with high levels of gene flow between crops should represent a lower risk for 

evolution of pyriproxyfen resistance. 

The timing of planting can affect the intensity of whitefly pressure during a 

season (Ellsworth and Martinez-Carillo 2001, Ellsworth et al. 2007).  Planting earlier in 

the season has been suggested as a method to reduce whitefly pressure on crops into the 

summer and fall, when whitefly populations are typically at their peak.  Our results 

suggest that early planting could result in faster evolution of resistance because plants 

were nearly fully grown before populations surpassed the action threshold for using 

pyriproxyfen, and internal refuges had little effect.  Cotton planted later was in an earlier 

stage of development when populations reached the action threshold, which increased the 

effectiveness of internal refuges once sprays were made.  Planting earlier in the season 

did decrease the number of insecticide sprays per season, indicating that whitefly 

densities were lower in early planted fields.  Thus, planting fields early could increase the 

likelihood that a farmer would not need to spray any insecticides for B. tabaci, which 

would be beneficial both economically and could actually delay the onset of resistance. 

Pyriproxyfen residues decay rapidly in the field (Ellsworth and Martinez-Carillo 

2001; chapter three).  In our simulations, resistance evolved slower as pyriproxyfen 

decayed faster, consistent with other systems (Taylor et al. 1983; Luttrell et al. 1991; 

Baveco and De Roos 1996; Onstad and Gould 1998).  Insecticide decay delays resistance 

because it allows for greater survival of susceptible and heterozygous insects.  However, 

insecticide decay can also increase dominance of resistance.  Field experiments showed 
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that resistance became completely dominant 2 wk after a pyriproxyfen spray (chapter 

three).  Despite the fact that resistance became more dominant as insecticides decayed in 

the model, decreased mortality of susceptible and heterozygous individuals slowed 

resistance evolution. 

Our results all depend on the simplifying assumption that resistance did not 

evolve to insecticides other than pyriproxyfen.  Although resistance to some insecticides 

has generally declined in Arizona since the introduction of the whitefly IPM program 

(Dennehy and Williams 1997; Ellsworth and Martinez Carillo 2001; Dennehy et al. 2004), 

such resistance could evolve in the long run, thereby complicating the situation.  The 

operational factors explored in this paper may affect the number of insecticide sprays.  

More sprays would increase the potential for resistance to insecticides other than 

pyriproxyfen.  Ultimately, the durability of the scenarios explored here depends on 

management of resistance to all insecticides used against B. tabaci. 

Our simulations indicate that the evolution of resistance to pyriproxyfen can vary 

greatly across regions based on operational factors.  Similar results have been 

documented over the past 11 years in bioassays (Li et al. 2003; Dennehy et al. 2004; T.J. 

Dennehy unpublished results).  Lower action thresholds for using pyriproxyfen, later 

planting dates for cotton fields, and increased rates of pyriproxyfen decay could delay 

resistance, but with the potential cost of larger B. tabaci populations, more insecticide 

sprays, and increased selection pressure for resistance to other insecticides.  One 

promising alternative would be to curtail the use of pyriproxyfen in cotton intensive 

regions and promote use of buprofezin, an insect growth regulator that has not been 



 87 

affected by increased B. tabaci resistance levels (Dennehy et al. 2004; T.J. Dennehy 

unpublished results).  When pyriproxyfen must be used in cotton intensive regions, 

increasing the effectiveness of both internal and external refuges could delay resistance.  

Planting external refuges earlier than pyriproxyfen-treated fields could result in larger 

refuge populations at the time pyriproxyfen is sprayed and delay resistance.  The same 

result could be achieved by increasing action thresholds for insecticides other than 

pyriproxyfen in external refuges.  In regions with greater crop diversity, distributing non-

cotton refuges and cotton fields uniformly to reduce isolation of pyriproxyfen-treated 

fields, or synchronizing the harvest of spring non-cotton crops with pyriproxyfen sprays 

in cotton fields could increase dispersal of susceptible individuals into cotton fields and 

delay resistance.  While these options seem promising for delaying pyriproxyfen 

resistance and sustaining the whitefly IPM program in Arizona, field testing will be 

needed to evaluate their feasibility and impact on cotton production. 
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Table 4.1 Parameter values used in the model 
             
Parameters       Values Useda    
Percentage of cotton fields treated with pyriproxyfen 20 
Percentage of adults that move between cotton fields 6  
Percentage of adults on three cotton sections   Top      Middle       Bottom 
         50          40    10 
Initial R allele frequency     0.001 
Dominance of resistance in females (h) 
as a function of pyriproxyfen concentration: 
 High       0.1, 0.25*, 0.4 
 Medium      0.25, 0.5*, 0.75 
 Low       0.5, 0.7*, 0.9 
Mortality of susceptible (S males and SS females) eggs  
and nymphs as a function of pyriproxyfen concentration High      Medium   Low 
        90%*         70%*   50%* 
Mortality of resistant eggs and nymphs (R males and RR 
females) with any pyriproxyfen concentration  0% 
Action threshold for pyriproxyfen (adults per leaf)  1, 3*, 5 
Action threshold for insecticides other than pyriproxyfen 5* 
in pyriproxyfen treated field (adults per leaf) 
Action threshold for insecticides in external refuges  3, 5*, 10 
(fields not treated with pyriproxyfen) (adults per leaf) 
Proportion of region planted to non-cotton crops  0*, 100% until 30 June and  
         decreasing linearly to 
0% for          rest of year, 
50% all year 
Ratio of adults immigrating to cotton from non-cotton  0.0*, 0.5, 1.0, 2.0, 3.0 
crops relative to emigration from external cotton refuges 
Planting Date       20 March, 20 April*, 20 May 
Percentage decrease in pyriproxyfen mortality per day     
for susceptible (S and SS) and heterozygous (RS)   0%*, 1% (slow), 3% (fast) 
eggs and nymphs (pyriproxyfen decay rate)        
a  Standard values are indicated by an asterisk 
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Table 4.2 Number of years for the frequency of the allele for resistance to pyriproxyfen, 
R, to reach 0.5 in simulations based on pyriproxyfen concentration and dominance.  The 
standard value is indicated by an asterisk 
             
Dominance of resistance (h)          Concentration  
                 High   

0.10                  12   
 0.25*                  12 
 0.40                  10   
              Medium   
 0.25                  21 
 0.50*                  17 
 0.75                  14   
                             Low   
 0.50                  29 
 0.70*                  25 
 0.90                  21  
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Table 4.3 Number of years for the frequency of the allele for resistance to pyriproxyfen, 
R, to reach 0.5 in simulations based on region, level of movement, and pyriproxyfen 
concentration.  Movement is expressed as the proportion of individuals moving out of 
non-cotton refuges relative to the number of individuals moving out of external cotton 
refuges (per unit area) 
             
       Ratio of adults immigrating to cotton from non-cotton crops  
    relative to emigration from external cotton refuges   
Type of Region 0.0   0.5  1.0  2.0  3.0  
      High Concentration 
Cotton intensive 12  ---  ---  ---  --- 
Cotton/melon  12  11  13  16  17  
Multi-crop  12  12  15  19  25  
      Medium Concentration 
Cotton intensive 17  ---  ---  ---  --- 
Cotton/melon  17  18  19  21  24  
Multi-crop  17  19  21  32  >100  
      Low Concentration 
Cotton intensive 25  ---  ---  ---  --- 
Cotton/melon  25  27  29  34  42  
Multi-crop  25  29  35  61  >100  
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Figure 4.1 Maximum population density (adults per leaf) in treated fields (solid lines) and 
frequency of the allele for resistance to pyriproxyfen, R (dashed lines), over 50 years with 
a (A) high and (B) low pyriproxyfen concentration.  The number of insecticide sprays per 
year in the treated field is indicated with arrows 
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Figure 4.2 Number of years for the frequency of the allele for resistance to pyriproxyfen, 
R, to reach 0.5 in simulations with (A) three action thresholds for using pyriproxyfen and 
(B) three action thresholds for insecticides in external refuges.  The number of insecticide 
sprays in treated and external refuge fields for the first simulated year is shown in 
parentheses 
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Figure 4.3 Number of years for the frequency of the allele for resistance to pyriproxyfen, 
R, to reach 0.5 in simulations with three pyriproxyfen concentrations and three planting 
dates.  The number of insecticide sprays in treated and external refuge fields for the first 
simulated year is shown in parentheses 
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Figure 4.4 Number of years for the frequency of the allele for resistance to pyriproxyfen, 
R, to reach 0.5 in simulations with three pyriproxyfen concentrations and two decay rates.  
The number of insecticide sprays in treated and external refuge fields for the first 
simulated year is shown in parentheses 
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CHAPTER FIVE 

ANALYZING HAPLODIPLOID INHERITANCE OF PYRIPROXYFEN  

RESISTANCE IN BEMISIA TABACI BIOTYPES 

 
5.1 INTRODUCTION 

In haplodiploid species such as B. tabaci that reproduce by arrhenotoky, unmated females 

produce only haploid male offspring and mated females produce haploid male and 

diploid female offspring (Bull 1983; Byrne and Devonshire 1996).  The inheritance of 

insecticide resistance in arrhenotokous species can be estimated by analyzing the 

response of F2 male progeny of hybrid F1 females (e.g. Brown et al. 1991; Herron and 

Rophail, 1993; Horowitz et al. 2003).  This type of analysis can also be applied to 

haplodiploid species with males that develop from fertilized diploid eggs that lose their 

paternal chromosomes in development.  Here we develop techniques for estimating the 

number of genes contributing to insecticide resistance in haplodiploid arthropods and 

apply them to Bemisia tabaci. 

 Barriers to interbreeding have been found between biotypes of B. tabaci, 

including the B and Q biotypes (Costa et al. 1993; De Barro and Hart, 2000; D.W.C. 

unpublished data).  Information on the genetics of resistance in these biotypes can 

therefore be used to explore parallels in the genetic architecture and molecular basis of 

resistance and improve resistance management for this pest.  Here, we incorporate data 

from laboratory bioassays and crossing experiments exploiting the unique attributes of 

haplodiploidy into statistical and analytical models to estimate the number of loci 

affecting pyriproxyfen resistance in strains of both biotypes. 
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5.2 MATERIALS AND METHODS 

5.2.1 Strains 

The susceptible and resistant strains of the B biotype (YM04-S and QC02-R) were the 

same as in chapters two and three.  The susceptible strain (ALM-1) of the Q biotype was 

collected from tomato fields near Almeria, Spain in 1994, and the resistant strain (Pyri-R) 

was collected in southwestern Israel from a rose greenhouse in 1992 (see Horowitz et al. 

[2003] for full details on these strains). 

 

5.2.2 Insect Types 

We tested susceptible males, resistant males, and F2 male progeny of F1 females from 

reciprocal crosses between the susceptible and resistant strains.  The responses of F2 male 

progeny of F1 females were pooled, as maternal effects were not associated with 

resistance in resistant strains tested (Horowitz et al. 2003; chapter two). 

 

5.2.3 Bioassays 

For B biotype strains, excised cotton seedlings with one true leaf were dipped for 20 

seconds in 0 to 320 �g per ml of formulated pyriproxyfen (Knack™ 0.86 EC; Valent 

USA).  Ten 3-day old virgin females (YM04-S, QC02-R, or F1) were aspirated into Petri 

dishes, with stems held in water.  The virginity of adult females was assured by sexing 

and isolating females as pupae (Horowitz et al. 2003).  Seedlings with adults were held in 

growth chambers (27°C, 50% RH, 16:8h light:dark) for 48 h, after which adults were 

removed, eggs were counted, and seedlings were placed in 20-ml scintillation vials 
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containing tap water.  To assess mortality, live nymphs were counted 7 d after oviposition.  

This bioassay was conducted from March to April 2007.  For each insect type, 4-8 

replicates were performed with each concentration. 

 The bioassay methods for Q biotype strains (conducted in 1999 and 2000) were 

similar to those for the B biotype with the following modifications:  1) bioassays were 

conducted in clip-cages on whole cotton plants at the 3-4 node stages; 2) adults laid eggs 

on untreated leaves for 48 hours, after which eggs were counted and leaves were dipped 

for 10 s in 0 to 100 �g per ml of formulated pyriproxyfen; 3) egg hatch was checked after 

10 d.  The response of F2 male progeny of virgin F1 females was tested the same as for 

the B biotype.  However, the response of susceptible and resistant males to pyriproxyfen 

was not measured, only the response of susceptible and resistant strains.  Thus, for all 

subsequent analyses, statistical models for the Q biotype were based on the response of 

the susceptible and resistant strains. 

 

5.2.4 Data Analysis 

Mortality observed at each pyriproxyfen concentration was corrected for control 

mortality (Abbott 1925).  Probit analysis (PROC PROBIT, SAS Institute 2002) was used 

to estimate slopes of the concentration-mortality lines and their standard errors, as well as 

the LC50 values and their 95% fiducial limits.  LC50 values were considered significantly 

different if their 95% fiducial limits did not overlap.  Resistance ratios of each insect type 

were calculated as their LC50 divided by the LC50 of the susceptible strain of the same 

biotype. 



 98 

5.2.5 Tests of Monogenic and Polygenic Models 

We modified models for a diploid species (Tabashnik 1991; Tabashnik et al. 1992) to 

estimate the number of loci affecting resistance in a haplodiploid species based on the 

response of F2 males.  In models with one, two, five, or ten loci affecting resistance, we 

assumed that each locus had one allele for susceptibility (S) and one for resistance (R).  

Models calculated expected mortality of F2 males at each concentration tested.  In the 

one-locus model, the genotype of F1 females was SR and 50% of F2 males were S and 

50% were R.  The expected mortality of F2 males at concentration x = (50% * mortality 

of S at x + 50% * mortality of R at x).  The LC50 and slopes for susceptible (S) or 

resistant (R) males were based on the bioassay data. 

 In the two-locus model, the F2 male progeny of F1 females (genotype S1R1S2R2) 

were 25% S1S2, 25% S1R2, 25% R1S2, and 25% R1R2.  In this model, the LC50 and slope 

for S1S2 and R1R2 were those measured in susceptible and resistant males, respectively.  

The log(LC50) and slope for S1R2 and R1S2 was the mean of the log(LC50) and slope in 

susceptible and resistant males (Tabashnik 1991).  In the five and ten-locus models, the 

genotype frequency of F2 males was based on the binomial distribution.  In these cases, 

the LC50 and slope of the most susceptible and resistant genotypes (homozygous at all 

loci) was the LC50 and slope for susceptible and resistant males.  The log(LC50) and slope 

for intermediate genotypes were additive between the log(LC50) and slopes in susceptible 

and resistant males (Tabashnik 1991; Tabashnik et al. 1992).  For example, the log(LC50) 

for genotype S1S2S3R4R5 = (3 * log[LC50][susceptible male] + 2 * log[LC50][resistant 

male]) / 5 and the slope = (3 * slope[susceptible male] + 2 * slope[resistant male]) / 5.  
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For all genotypes, expected mortality at each concentration was estimated based on the 

LC50 and slope for that genotype. 

 Modeling was done in SAS (SAS Institute 2002).  For models of five and ten loci, 

the effects of loci were equal and additive on a logarithmic scale (Tabashnik et al. 1992).  

For two loci, we tested effects of loci equal and additive (as above), plus four additive 

models with unequal effects of each locus (major and minor locus), and four models with 

epistasis (nonadditive interactions between loci) (Tabashnik et al. 1992).  In the models 

with epistasis, the phenotypes of S1R2 and R1S2 varied among models.   

 We used 2 x 2 contingency tables to test for significant deviation between 

observed and expected mortality at each concentration (Sokal and Rohlf 1995).  The 

average absolute difference between observed and expected mortality was calculated as 

the mean difference between observed and expected mortality (absolute values) across all 

concentrations.  We used multiple regression to determine the effects of the modeled 

number of loci and concentration (log transformed) on the average absolute difference 

between observed and expected mortality (log transformed).  As empirical estimates of 

LC50 and slopes have inherent uncertainty, we also performed a sensitivity analysis by 

varying the slope and resistance ratios in models.  Unlike the methods above, in these 

tests we assumed that the slope for all genotypes were equal. 

 

5.2.6 Effective Number of Loci Affecting Resistance 

We used Lande's (1981) method, adapted for haplodiploid species (Jones 2001), to 

estimate the minimum number of loci ( En ) involved in resistance in both biotypes as: 
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variances of F2 males, F1 females, the susceptible strain, and the resistant strain.  Each 

variance was estimated as the inverse of the squared slope (Tabashnik et al. 1992).  For 

the B biotype, the LC50 and slopes for parental strains were based on empirical data for 

males, as we observed no differences between males and females of either the QC02-R or 

YM04-S strains tested as eggs (chapter two).  The variance for F1 females was measured 

in assays for the B (chapter two) and Q biotypes (Horowitz et al., 2003). 

 

5.3 RESULTS 

5.3.1 Resistance Levels 

Relative to their susceptible counterparts, males of the resistant QC02-R strain (B biotype) 

were highly resistant to pyriproxyfen, as were individuals of the resistant Pyri-R strain (Q 

biotype) (Table 5.1; Fig. 5.1).  The LC50 values did not differ significantly between 

biotypes for either the susceptible or resistant strains.  The LC50 values for F2 males were 
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intermediate between the susceptible and resistant individuals for both biotypes (Table 

5.1; Fig. 5.1). 

 

5.3.2 Indirect Tests of Monogenic and Polygenic Models 

B Biotype.  The average absolute difference between observed and expected mortality 

was lowest for the two-locus model (8.79%) and highest for the one-locus model (13.9%) 

(Table 5.2; Fig. 5.2).  After accounting for concentration (t35 = 1.99, P = 0.054), the two-

locus model had a significantly better fit to the observed data than the one-locus model 

(t35 = 2.30, P = 0.028), and was marginally better than the five (t35 = 1.41, P = 0.16) and 

ten-locus models (t35 = 1.68, P = 0.10).  The ranking of models was consistent in tests 

with various values for slope and resistance ratio (Table 5.3).  For the 10 concentrations 

tested, significant deviation of observed versus expected mortality occurred at five 

concentrations for the two-locus model, nine concentrations for the one-locus model, and 

8 concentrations for the five and ten-locus models (Table 5.2). 

 For two-locus models, the fit to the observed data improved in two of the additive 

models with unequal effects of loci (Table 5.4).  The best fit was obtained with a major 

locus conferring 468-fold resistance and a minor locus conferring 5-fold resistance.  The 

average absolute difference between observed and expected mortality with this model 

was 7.52%, compared to 8.79% in a model with equal effects of two loci.  One of the four 

models with epistasis was a better fit to the observed data than the additive and equal 

two-locus model (Table 5.5).  In this model (model C), the absolute difference between 

observed and expected mortality was 7.45%.  However, no model with unequal effects of 
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loci or epistasis provided a significantly better fit to the observed data than the additive 

two-locus model (P > 0.60 for all comparisons). 

 Q biotype.  The average absolute difference between observed and expected 

mortality was lowest for models of one (8.13%) and two loci (8.02%), and highest for 

models of five (12.7%) and ten loci (15.2%) (Table 5.2; Fig. 5.3).  After accounting for 

concentration (t63 = -2.84, P = 0.0061), the one-locus model provided a significantly 

better fit to the observed data than the five (t63 = 1.86, P = 0.067) and ten-locus models 

(t63 = 2.38, P = 0.021), but was not different from the two-locus model (t63 = 0.25, P = 

0.80).  The ranking of models was consistent in tests with various values for slope and 

resistance ratio (Table 5.3).  For the 17 concentrations tested, significant deviation of 

observed versus expected mortality occurred at 10 concentrations for the one-locus model, 

nine concentrations for the two-locus model, and 16 concentrations for the five and ten-

locus models (Table 5.2). 

 For two-locus models, the fit to the observed data improved in three of the 

additive models with unequal effects of loci (Table 5.4).  The best fit occurred with a 

major locus conferring 343-fold resistance and a minor locus conferring 20-fold 

resistance.  The average absolute difference between observed and expected mortality 

with this model was 7.18%, compared to 8.02% in a model with equal effects of two loci.  

None of the models with epistasis provided a better fit to the observed data than the 

additive and equal two-locus model (Table 5.5).  However, no model with unequal effects 

of loci or epistasis provided a significantly better fit to the observed data than the additive 

two-locus model (P > 0.65 for all comparisons). 
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5.3.3 Effective Number of Loci Affecting Resistance 

The LC50 and slope (±SE) of the probit lines for F2 males, susceptible, and resistant 

individuals for the B and Q biotypes are shown in Table 5.1.  The slope of F1 females was 

1.2 ± 0.29 for the B biotype (chapter two) and 1.5 ± 0.11 for the Q biotype (Horowitz et 

al. 2003).  Based on these data, the estimated minimum number of loci affecting 

resistance was 1.6 in the B biotype and 1.0 in the Q biotype, consistent with model results. 

 

5.4 DISCUSSION 

Our approach represents a new method to examine the inheritance of insecticide 

resistance in a haplodiploid arthropod.  In haplodiploid species, if resistance is controlled 

by two alleles at a single locus (S for susceptibility and R for resistance), the F2 male 

progeny of F1 females (genotype SR) are expected to be 50% S and 50% R.  F1 females 

do not need to be mated to perform this analysis, eliminating the need for backcrosses or 

crosses between F1 males and females to examine the mode of inheritance. 

 In diploid species, backcrosses are used to examine the mode of inheritance of a 

trait (e.g. Tabashnik 1991; Tabashnik et al. 1992; Alves et al. 2006).  Backcrosses 

between F1 females and males of a parental strain, or crosses between F1 males and 

females, can also be used to examine the mode of inheritance in a haplodiploid species if 

the response of F2 males and females can be assessed independently (Goka 1998; Van 

Leeuwen et al. 2004).  In these cases, the response of F2 females can be analyzed based 

on the principles for diploids, and F2 males can be analyzed as described above.  Thus, 

data for F2 females and males could both be used to test for mode of inheritance 
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independently.  However, for species such as B. tabaci, where the response of females to 

compounds acting on immature stages cannot be assessed independently of males, 

analysis of the response of F2 males from virgin F1 females provides a more robust test. 

 While the backcross method can be used in a haplodiploid species as described 

above, it has also been incorrectly applied (Omer et al. 1995; Tan et al. 1996).  In these 

studies, F1 females were backcrossed to males of a parental strain, and the response of all 

F2 progeny (males and females) were analyzed based on the methods for a diploid species.  

However, haploid males cannot be analyzed the same as diploid males.  Because the 

genotypes in haploid males and diploid females differ, pooling the data for F2 progeny is 

not an appropriate test. 

 Our results suggest that resistance is controlled by more than one locus in the 

QC02-R (B biotype) strain and by one or two loci in the Pyri-R (Q biotype) strain.  These 

results were consistent for a broad spectrum of model parameters.  However, even in the 

best fit models, we observed significant deviation between observed and expected 

mortality for at least 50% of concentrations tested in both the QC02-R and Pyri-R strains.  

For the QC02-R strain, this suggests that the effects of different loci on resistance are 

unequal and additive (major and minor loci) or non-additive (epistasis).  The low slope of 

the concentration-mortality curve for the YM04-S strain may also have confounded 

results, as Tabashnik (1991) showed that models are less effective when parental strains 

have relatively low slopes.  For the Pyri-R strain, the deviation between observed and 

expected mortality may be explained by variation in the concentration-mortality curve for 

F2 males.  For this strain, increasing the sample size to reduce variation may have 
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improved the fit between observed and expected mortality under the one and two-locus 

models.  Still, results using Lande's equation (modified for haplodiploids), support the 

conclusion that resistance is controlled by more than one locus in the QC02-R strain and 

one or two loci in the Pyri-R strain. 

 Our results support those of Horowitz et al. (2003), who suggested that resistance 

in the Pyri-R strain was controlled by a single locus.  They fitted curves to bioassay data 

for the response of F2 males to pyriproxyfen and observed a broad plateau at 50% 

mortality, indicating that resistance was monogenic (Horowitz et al. 2003).  Their 

approach differed from the present one in that the test of monogenic resistance was based 

on visual inspection of the data to see if a plateau of 50% mortality for F2 males occurred 

at concentrations intermediate to the dose-response curves for the parental strains. 

 While our results support a conclusion that the mode of inheritance of resistance 

to pyriproxyfen may differ between the B and Q biotype strains, it is unclear if this 

difference is responsible for the more rapid evolution of pyriproxyfen resistance in field 

populations of the Q biotype in Israel compared to the B biotype in Arizona (Horowitz et 

al. 1999, 2002; Li et al. 2003; Dennehy et al. 2004, 2005).  Although the number of loci 

affecting resistance may differ between the QC02-R strain from Arizona and the Pyri-R 

strain from Israel, the intensity of resistance was similar, and resistance in both strains is 

inherited as a partially-dominant, autosomal trait (Horowitz et al. 2003; chapters two and 

three).  However, strains of the Q biotype have recently been introduced to the U.S. on 

ornamental and greenhouse crops (Dennehy et al. 2005).  These strains are more resistant 

to pyriproxyfen and other insecticides than either the QC02-R or Pyri-R strains (Dennehy 
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et al. 2005; T.J. Dennehy unpublished data).  Thus, the mode of inheritance of resistance 

in introduced strains of the Q biotype may differ from that reported here.  Molecular 

genetic analyses can provide further insight into the mechanisms of resistance in both 

biotypes by identifying genes associated with resistance. 

 Results from the tests of models with various numbers of loci and the modified 

Lande's equation are based on the assumptions that the logarithm of tolerance is normally 

distributed for each genotype, that each locus had only two alleles (S or R), and that the 

parental strains were homozygous for susceptibility or resistance (Lande 1981; Tabashnik 

1991; Tabashnik et al. 1992).  Violations of these assumptions could limit the precision 

of both methods (Tabashnik et al. 1992).  The low slope observed in the YM04-S 

susceptible strain (B biotype) indicates high phenotypic variation, suggesting that this 

strain may not be completely homozygous for susceptibility.  This could have reduced 

our ability to distinguish between results with the one and multi-locus models.  However, 

despite this uncertainty, our results strongly suggest that resistance in the QC02-R strain 

is not monogenic. 

 We modified our standard models from those of Tabashnik (1991) to account for 

differences in slope between the susceptible and resistant strains of the B biotype.  The 

three-fold differences in the slope of concentration-mortality curves between susceptible 

and resistant males could have added bias to our models if we had averaged the slope of 

parental strains in indirect tests, as in Tabashnik (1991).  Instead, we used slopes 

estimated from bioassays of each parental strain, and assumed that the slope of 

concentration-mortality curves for intermediate genotypes were additive.  However, 
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qualitative results as to the best-fit models were similar in the sensitivity analysis where 

we assumed slope of concentration-mortality curves of all genotypes were the average of 

the parental strains.  Results for the Q biotype strain were less dependent on slope than 

the B biotype strain due to the similarity in slope between susceptible and resistant strains 

of the Q biotype. 

 Although the statistical and analytical methods presented here cannot produce 

definitive conclusions as to the mode of inheritance of pyriproxyfen resistance in strains 

of the B and Q biotypes, they allowed for testing of alternatives to a monogenic 

hypothesis.  Without such alternatives, there is a high probability of incorrectly accepting 

or rejecting a monogenic hypothesis (Preisler et al. 1990; Tabashnik 1991; Tabashnik et 

al. 1992).  The results from such tests can be used as a guide for molecular analysis of 

resistance, as relative estimates of the number of loci affecting resistance can be obtained.  

The methods presented here can be broadly applied to studies of insecticide resistance in 

other haplodiploid species, including mites, ticks, thrips, and hymenopterans.  Through a 

more detailed statistical analysis of hypotheses, using data commonly collected in 

inheritance studies, this type of analysis can improve the rigor of studies investigating the 

mode of inheritance of insecticide resistance or other traits.
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Table 5.1 Responses to pyriproxyfen in the B and Q biotypes of B. tabaci  
             
Insect Type  n Slope ± SE  LC50 (95% FL) (�g/mL) RR  
B Biotype 
YM04-S male  1005 0.59 ± 0.070  0.0061 (0.0023-0.013) 1 
QC02-R male  1391 1.9 ± 0.70  14 (8.7-21)   2300 
F2 male  3860 0.58 ± 0.079  0.77 (0.39-1.7)  130  
Q Biotype 
ALM-1 strain  1837 2.3 ± 0.13  0.0020 (0.0018-0.0023) 1 
Pyri-R strain  3230 1.8 ± 0.083  14 (10-17)   6900 
F2 male  9031 0.50 ± 0.064  0.16 (0.061-0.33)  80 
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Table 5.2 Tests for deviation between observed and expected mortality in F2 males 
             
            Genetic Model      
    One Locus            Two Loci           Five Loci              Ten Loci     
Concn (�g/ml)  �2  P       �2          P           �2     P         �2      P  
B Biotype 
0.0010  5.8      0.016a       0.30       0.58          11         0.0011a      16        < 0.0001a 
0.0032  11       0.0011a     0.54       0.46          10         0.0015a      18        < 0.0001a 
0.010  10       0.0013a     0.65       0.42          4.9        0.026a        10        0.0012a 
0.032  3.2      0.073        0.0030   0.95          1.2        0.27            2.4       0.12 
0.10  33       < 0.0001a  23          < 0.0001a 17        < 0.0001a    15       < 0.0001a 
0.32   17      < 0.0001a  16       < 0.0001a  17        < 0.0001a    17       < 0.0001a 
1.0              47      < 0.0001a  61       < 0.0001a  74        < 0.0001a    76       < 0.0001a 
3.2              11      0.0012a     32       < 0.0001a  48        < 0.0001a    58       < 0.0001a 
10   66      < 0.0001a  22       < 0.0001a  7.6 0.0057a       2.4      0.13 
32   26      < 0.0001a  3.6       0.057         1.4 0.23a        0.98    0.0064a 

Mean difference (%)b    13.9        8.79  11.3        13.2  
Q Biotype 
0.00030 1.4       0.24          3.1       0.078         5.0       0.025a         5.6       0.018a 
0.0010  0.089   0.77          6.2        0.013a        21 < 0.0001a    24       < 0.0001a 
0.0025  0.02     0.89          8.5       0.0035a      25 < 0.0001a    33       < 0.0001a 
0.0030  0.97     0.33          11       0.0012a      24 < 0.0001a    30       < 0.0001a 
0.010  7.6 0.0060a     9.5       0.0020a      27 < 0.0001a    44       < 0.0001a 
0.025  32 < 0.0001a  0.60      0.43 1.4 0.24        5.3      0.021a 
0.030  4.8 0.029a        0.60      0.44 4.1 0.044a        7.0      0.0080a 
0.10  0.0010 0.97           2.6        0.11          4.7 0.031a        8.3      0.0039a 
0.25  12 0.0006a      7.2        0.0075a     5.3 0.022a         4.0      0.044a 
0.30   3.6 0.059         10        0.0016a     16  < 0.0001a   3.1      0.078 
1.0   4.2 0.041a        67        < 0.0001a  65  < 0.0001a   20       < 0.0001a 
2.5   30 < 0.0001a   1.0        0.31  15  0.0001a      36       < 0.0001a 
3.0   0.094   0.76           27        < 0.0001a   58  < 0.0001a   81       < 0.0001a 
10   58  < 0.0001a   0.12     0.73  44  < 0.0001a   94       < 0.0001a 
25   37  < 0.0001a   8.2      0.0043a      5.6  0.018a        14       0.0002a 
30   7.8  0.0051a      0.037   0.85  11  0.0008a      16      < 0.0001a 
100   12  0.0006a      1.4       0.24  5.3  0.021a        10       0.0015 a 

Mean difference (%)b    8.13         8.02   12.7        15.2  
a Significant difference between observed and expected mortality (P < 0.05) 
b Mean difference was calculated as the mean of the difference between observed and 
expected mortality (absolute values) across all concentrations tested 
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Table 5.3 Effects of number of loci, slope, and resistance ratio on the absolute value of 
the mean difference (%) between observed and expected mortality across 10 
pyriproxyfen concentrations for F2 males of the B biotype of B. tabaci   
             
              B Biotype       
Slope  One Locus Two Loci  Five Loci  Ten Loci  
        Resistance Ratio = 1170     
0.59  13.4  9.48   11.4   10.9 
1.23  14.3  10.7   12.6   13.6 
1.87  16.1  11.0   13.7   15.9   
       Resistance Ratio = 2340      
0.59  14.2  9.36   11.3   10.9 
1.23  14.9  10.5   12.4   13.4   
1.87  17.0  10.9   13.2   15.5   
       Resistance Ratio = 4680      
0.59  13.4  9.48   11.4   10.9 
1.23  16.0  10.4   12.4   13.1 
1.87  18.3  10.7   12.7   15.2   
           Q Biotype       
Slope  One Locus Two Loci  Five Loci  Ten Loci  
       Resistance Ratio = 3430     
1.82  8.23  9.53   14.4   16.1 
2.05  8.35  9.69   14.7   16.7 
2.28  8.60  9.85   15.0   17.0   
       Resistance Ratio = 6860      
1.82  8.64  8.76   13.5   15.7 
2.05  8.89  8.85   13.8   16.2 
2.28  9.07  9.00   14.0   16.6   
       Resistance Ratio = 12,290      
1.82  9.78  8.46   12.7   15.3 
2.05  10.1  8.50   13.0   15.8 
2.28  10.3  8.57   13.2   16.1  
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Table 5.4 Difference between observed and expected mortality for additive two-locus 
models with various relative contributions of each locus     
             
Contribution of locus one  Contribution of locus two % Mean Differencea  
B Biotype 
48x     48x     8.79 
20x     117x     13.5 
10x     234x     8.99 
5x     468x     7.52 
2x     1169x     8.16   
Q Biotype 
83x     83x     8.02 
20x     343x     7.18 
10x     686x     7.20 
5x     1372x      7.45 
2x     3430x     8.23   
a Mean absolute difference between observed and expected mortality across all 
concentrations 
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Table 5.5 Difference between observed and expected mortality for two-locus models with 
epistasis 
             
  Resistance of S1R2  Resistance of R1S2  
Model  relative to S1S1  relative to S1S1 % Mean Differencea  
B Biotype 
Standardb 48x    48x    8.79 
A  1x    1x    24.0   
B  1x    48x    15.8 
C  48x    2340x    7.45 
D  2340x    2340x    11.4   
Q Biotype 
Standardb 83x    83x    8.02 
A  1x    1x    14.8 
B  1x    83x    8.10 
C  83x    6860x    10.2 
D  6860x    6860x    18.3   
a Mean absolute difference between observed and expected mortality across all 
concentrations 
b Standard represents case where both loci contribute equally to resistance (no epistasis) 
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Figure 5.1 Mortality caused by pyriproxyfen for the (A) B biotype and (B) Q biotypes.  
For the B biotype (A), responses shown are for males only.  For the Q biotype (B), 
responses shown are for the susceptible and resistant strains (males and females 
combined) and F2 males 
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Figure 5.2 Observed versus expected mortality for F2 males of the B biotype 
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Figure 5.3 Observed versus expected mortality for F2 males of the Q biotype 
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CHAPTER SIX 
 

LACK OF FITNESS COSTS ASSOCIATED WITH RESISTANCE TO 
PYRIPROXYFEN IN BEMISIA TABACI 

 
 

6.1 INTRODUCTION 

Fitness costs can affect evolution of insecticide resistance (Roush and McKenzie, 1987; 

Carrière et al. 1994; Carrière and Roff 1995; McKenzie 1996; Coustau et al. 2000; 

Carrière and Tabashnik 2001; Onstad 2007; Gassmann et al. 2009).  Fitness costs occur 

when, in the absence of exposure to insecticide, individuals with resistance alleles have 

lower fitness than individuals without resistance alleles.  Such costs can occur when 

resistant mechanisms divert energy and resources away from other fitness traits or when 

resistance mechanisms alter the normal functioning of target sites (Carrière et al. 1994; 

Coustau et al. 2000). 

 As with diploid insects, models of haplodiploid insects such as B. tabaci suggest 

that fitness costs can delay or prevent the evolution of insecticide resistance when refuges 

from insecticide exposure are present (Carrière 2003; chapter one).  If such costs occur 

with pyriproxyfen resistance, rotation of pyriproxyfen with other insecticides or spatial 

and temporal refuges from pyriproxyfen exposure could help delay the onset of resistance.  

In pyriproxyfen-resistant strains of B. tabaci, fitness costs occur in the Q biotype (Wilson 

et al. 2007), but have not been evaluated previously in the B biotype. 

Here, we investigated whether fitness costs are associated with resistance in the 

pyriproxyfen resistant QC02-R strain of the B biotype of B. tabaci.  We crossed 

individuals of the resistant strain with a pyriproxyfen-susceptible strain to create hybrid 
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strains that were reared with or without selection with pyriproxyfen.  To determine if 

fitness costs were associated with resistance, we measured susceptibility to pyriproxyfen, 

fecundity, and development time over 27 generations in each of the hybrid strains.  We 

also developed a method that compared observed mortality in the fitness cost experiment 

to theoretical distributions to analyze the number of loci affecting resistance in the QC02-

R strain.  This method differs from the standard approach in haplodiploid species, where 

the response of F2 males from virgin hybrid F1 females are analyzed to determine the 

mode of inheritance of resistance (e.g. Brown et al. 1991; Herron and Rophail 1993; 

Horowitz et al. 2003; chapter five). 

 

6.2 MATERIALS AND METHODS 

6.2.1 Strains 

The YM04-S and QC02-R strains were the same as in chapters two, three, and five.  

Hybrid strains were created in December 2005 by crossing individuals of the YM04-S 

and QC02-R strains.  Groups of 10 virgin females from one strain were placed in a 20 ml 

vial containing agar and a leaf disk to mate with 15 males of the other strain for 48 h, 

after which it was assumed that all females had mated.  Over a period of 7 d, 100 YM04-

S females and 120 QC02-R males were transferred to a population cage containing 18 

cotton plants at the 3-4 node stage.  In parallel 113 QC02-R females and 123 YM04-S 

males were transferred to a second cage with 18 cotton plants.  After an additional 8 d all 

adults were removed from cages, after which plants with F1 immatures were split into 

two hybrid strains (AZH1 and AZH2).  For the AZH1 strain, nine plants with F1 progeny 
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of YM04-S females x QC02-R males were randomly selected and placed in a population 

cage with nine randomly selected plants with progeny of QC02-R females x YM04-S 

males.  The remaining 18 plants (nine from each cross) were placed in a second cage to 

create the AZH2 strain.  These strains were reared at 25°C on cotton plants without 

exposure to insecticides with a 14 h photoperiod. 

 We created two hybrid strains that were selected for pyriproxyfen resistance.  We 

placed nine plants sprayed with 0.1 �g per ml of pyriproxyfen into the population cage of 

each hybrid strain (AZH1 and AZH2) when F5 adults were present.  After 8 d, adults 

were removed from the plants placed in the AZH1 or AZH2 cages and were transferred 

to an uninfested cage to create the AZH1-R and AZH2-R strains, respectively.  For 

simplicity, the generation in selected strains is reported as in unselected strains (i.e., the 

first generation in the selected hybrid strains is reported as the F6 generation).  The 

AZH1-R and AZH2-R strains were maintained the same as the AZH1 and AZH2 strains, 

except cotton plants were sprayed with 0.1 �g per ml of pyriproxyfen before being added 

to cages.  In the F9 generation, the concentration was increased to 1.0 �g per ml. 

 To maintain discrete generations in hybrid colonies, six uninfested cotton plants 

were added to a cage for 7 d in each generation.  After 7 d, all adults were removed and 

the plants were transferred to an uninfested population cage.  This procedure was 

repeated, so 12 cotton plants containing eggs laid over 14 d were the start of the next 

generation.  After an additional 7 d, during which time adults began to emerge, the 

procedure was repeated for the next generation. 
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6.2.2 Bioassays 

Bioassays to measure mortality caused by pyriproxyfen in the AZH1 and AZH2 strains 

were conducted in the F2, F6, F10, F14, F19, and F27 generations.  Bioassays of the AZH1-R 

and AZH2-R strains were conducted in the F10, F14, F19, and F27 generations.  Excised 

cotton seedlings with one true leaf were dipped for 20 s in a diagnostic concentration of 

pyriproxyfen (3.2 ug per ml) or in deionized water (control).  The diagnostic 

concentration killed 95-100% of susceptible males and 0-10% of resistant males (chapter 

two).   

 A single virgin female from a hybrid strain was aspirated into a Petri dish 

containing a pyriproxyfen-treated seedling, with the stem held in water.  The virginity of 

adult females was assured by sexing and isolating females as pupae.  Seedlings thus 

arranged were held in growth chambers (27°C, 50% RH, 14:10h light:dark) for 48 h.  

After 48 h, the adult was removed, eggs were counted, and seedlings were inserted 

individually into 20 ml vials containing tap water.  To assess mortality, live nymphs 

(which were all haploid males) were counted 7 d after oviposition.  Forty replicates were 

set up for each hybrid strain in each generation tested, but only the progeny of females 

collected alive after 48 h were considered in the analysis.  At least 17 females for each 

strain in every generation met the criteria (mean: 26, range: 17-38), and all of these laid at 

least 10 eggs.   

 As an internal standard, we measured mortality caused by pyriproxyfen in the 

YM04-S and QC02-R strains by aspirating groups of five virgin females from one strain 
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onto a treated seedling for 48 h and assessing mortality as above.  Four replicates with 

each strain were conducted in each generation tested. 

 To measure control mortality, groups of five virgin females from each strain were 

aspirated onto a seedling that had been dipped for 20 s in de-ionized water.  Mortality 

was assessed as above.  Four replicates with each strain were conducted in every 

generation tested. 

 

6.2.3 Life History Traits 

We measured fecundity and developmental time for individuals in the hybrid strains in 

the F10, F14, F19, and F27 generations.  Fecundity was the number of eggs laid by a virgin 

female in 48 h (same methods as in bioassays).  Only females collected alive after 48 h 

were considered in the analysis (17-38 females met this criteria for each strain in each 

generation).  To measure developmental time, 15-20 mating pairs from each strain were 

placed in a Petri dish on a cotton seedling to lay eggs for 48 h, after which seedlings were 

kept in growth chambers (27°C, 50% RH, 14:10h light:dark).  Beginning 14 d after egg-

laying, the number of male and female adults on each seedling was checked daily for 2 

wk to determine the mean developmental time from egg to adult.  Twelve replicates were 

conducted with each strain in each generation. 

 

6.2.4 Data Analysis 

Mortality observed at each pyriproxyfen concentration was corrected for control 

mortality (Abbott 1925).  We used multiple regression (Sokal and Rohlf 1995), with 
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generation, strain, and their interaction as factors, to determine if susceptibility to 

pyriproxyfen (arcsine square root transformed mortality) varied over time in the YM04-S 

and QC02-R strains.  If both generation and the interaction of generation and strain are 

not significantly different from zero, it would indicate that bioassay methods were 

consistent across generations and that the strains were not contaminated over the course 

of the experiment. 

 Multiple regression was also used to test if susceptibility to pyriproxyfen varied 

over time between the AZH1 and AZH2 strains.  We analyzed the effect of three 

explanatory variables (generation, strain, and their interaction) on susceptibility to 

pyriproxyfen (arcsine square root transformed mortality).  If costs favoring susceptible 

alleles are present, susceptibility should increase over time in both strains.  In contrast, if 

both generation and the interaction of generation and strain are not significant, it would 

indicate no costs.  We used linear regression to further examine if susceptibility to 

pyriproxyfen changed over time in each strain.   

 We used three-way ANOVA, with generation, treatment (unselected or selected), 

strain nested within treatment, the interaction of treatment and generation, and the 

interaction of strain and generation as factors, to determine if the change in susceptibility 

to pyriproxyfen from generations F10 to F27 differed between the unselected and selected 

hybrid strains.   ANOVA was used rather than multiple regression because the 

association between generation and mortality in the selected hybrid strains was not linear.  

If selection for resistance was effective, susceptibility should decrease over time in the 

AZH1-R and AZH2-R strains.  However, susceptibility should remain stable (without 
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costs) or increase (with costs) in AZH1 and AZH2, resulting in a significant interaction 

of treatment and generation.  We used one-way ANOVA to further examine how 

susceptibility to pyriproxyfen changed over time in each strain.   

 If resistance entails fitness costs, life history traits should be negatively affected in 

AZH1-R compared to AZH1 and AZH2-R compared to AZH2, and the magnitude of 

costs should increase over time (Carrière and Roff 1995).  In generations F10, F14, F19, 

and F27, we used three-way ANOVA (generation, treatment, strain nested within 

treatment, the interaction of treatment and generation, and the interaction of strain and 

generation were factors) and linear contrasts to determine if fecundity (square root 

transformed) and developmental time differed between the AZH1 and AZH1-R strains 

and between the AZH2 and AZH2-R strains.  Data on developmental time for males and 

females were pooled, as no significant differences occurred between the sexes in any 

generation tested (P > 0.35 for all comparisons).  All analyses were performed in JMP 

(SAS Institute 2004). 

 

6.2.5 Number of Loci Affecting Resistance 

We used Kolmogorov-Smirnov two-sample tests (Sokal and Rohlf 1995) to compare the 

observed mortality in the AZH1 and AZH2 strains to expected distributions with models 

where resistance was affected by one, two, three, or five loci.  In each generation tested, 

the observed distribution was based on mortality caused by pyriproxyfen for progeny of 

each virgin female from AZH1 and AZH2.  For the expected distributions, we assumed 

each locus had two alleles (S for susceptibility; R for resistance).  The allele frequencies 
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in each generation were estimated by assuming seedlings with >90% mortality caused by 

the diagnostic concentration of pyriproxyfen had progeny of a susceptible female, 

seedlings with <10% mortality had progeny of a resistant female, and other seedlings had 

progeny of a hybrid female (chapter two).  The estimated R allele frequency, which was 

assumed to be the same at all loci, was 0.45, 0.49, 0.50, 0.44, 0.51, and 0.47 in the F2, F6, 

F10, F14, F19, and F27 generations, respectively. 

 With all models, we created an expected distribution of 1000 females, whose 

genotypes were in Hardy-Weinberg equilibrium based on the estimated S and R allele 

frequencies.  For example, in a model with one loci and an R allele frequency of 0.5, 250 

of the females were SS, 500 were RS, and 250 were RR.  In the one-locus model, the 

mortality caused by pyriproxyfen for male progeny of each SS or RR female (male 

genotype S or R, respectively) was a random number drawn from a normal distribution 

with a mean of 96 or 7%, respectively, and a SD of 4.  The means represent the average 

mortality over all generations in YM04-S and QC02-R, respectively, and the standard 

deviation was the average standard deviation of mortality across all generations in 

YM04-S (SD = 3.2) and QC02-R (SD = 4.9).  Mortality caused by pyriproxyfen for male 

progeny of RS females (50% R, 50% S) was a random number drawn from a distribution 

with a mean of 51.5% (50% R * 7% mortality of R + 50% S males * 96% mortality of S) 

and a SD of 4.  For models with two, three, or five loci, the mortality caused by 

pyriproxyfen for male progeny of the most susceptible or resistant female genotypes 

(homozygous at all loci), was the same as for SS and RR females, respectively.  For 

intermediate male genotypes, mortality caused by pyriproxyfen was additive between the 
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extremes, which assumes that all loci contribute equally to resistance.  If there are no 

fitness costs, average mortality in the pooled AZH1 and AZH2 strains should be halfway 

between the observed mortality in the YM04-S and QC02-R strains.  This occurred in 

five of six generations tested (one-sample t-test, � = 0.10), suggesting the additive 

assumption was appropriate.  We did not model cases where effects of loci were unequal 

(i.e. major and minor loci), nor consider epistasis.  For example, in the five-locus model, 

the mortality of S1S2S3R4R5 was a random number drawn from a normal distribution with 

mean 60.4% (2 * 7 + 3 * 96) and SD 4. 

 

6.3 RESULTS 

6.3.1 Changes in Susceptibility to Pyriproxyfen over Time 

Both generation (t44 = -1.45, P = 0.15) and the interaction of generation and strain (t44 = 

1.74, P = 0.089) did not affect susceptibility to pyriproxyfen in the YM04-S and QC02-R 

strains (Fig. 6.1).  The lack of temporal change in susceptibility of these strains, which 

served as internal standards, suggests that the bioassay methods were consistent across 

generations. 

 In the multiple regression model, generation (t311 = -1.63, P = 0.11) and the 

interaction of generation and strain (t311 = -1.35, P = 0.18) did not affect susceptibility to 

pyriproxyfen in the AZH1 and AZH2 strains.  This indicates a lack of fitness costs in 

both strains (Fig. 6.1).  In addition, overall susceptibility to pyriproxyfen did not differ 

significantly between the AZH1 and AZH2 strains (t311 = 0.41, P = 0.68).  These results 

were supported by individual simple linear regression models, where susceptibility did 
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not change significantly over time in the AZH1 (t154 = -1.94, P = 0.054) or AZH2 (t157 = -

0.18, P = 0.86) strains (Fig. 6.1). 

 The temporal pattern of change in susceptibility to pyriproxyfen from generation 

F10 to F27 differed significantly between the unselected and selected hybrid strains (three-

way ANOVA, F3, 385 = 5.44, P = 0.0011) (Fig. 6.1).  Susceptibility in the AZH1 (one-way 

ANOVA, F3,97 = 0.29, P = 0.83) and AZH2 strains (F3,97 = 0.29, P = 0.84) did not change 

significantly from generations F10 to F27, which provides support of a lack of costs in both 

strains.  Susceptibility decreased significantly from generation F10 to F27 in the AZH1-R 

(one-way ANOVA, F3,105 = 9.57, P < 0.0001), and AZH2-R strains (F3,86 = 3.32, P = 

0.024), indicating that selection increased the frequency of resistance in both strains (Fig. 

6.1). 

 

6.3.2 Life History Traits 

Overall, fecundity did not differ significantly between the AZH1 and AZH1-R strains 

(t383 = 0.88, P = 0.38) (Fig. 6.2A), or between the AZH2 and AZH2-R strains (t383 = -0.63, 

P = 0.39) (Fig. 6.2B).  Additionally, there was no significant difference in developmental 

time between the AZH1 and AZH1-R strains or between the AZH2 and AZH2-R strains 

in any single generation (P > 0.10 for all contrasts) (Figs. 6.2A,B).  Overall, 

developmental time also did not differ significantly between the AZH1 and AZH1-R 

strains (t176 = 1.0, P = 0.30) (Fig. 6.2C), or between the AZH2 and AZH2-R strains (t176 = 

0.34, P = 0.73) (Fig. 6.2D).  Additionally, there was no significant difference in 
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developmental time between the AZH1 and AZH1-R or between the AZH2 and AZH2-R 

strains in any single generation (P > 0.10 for all contrasts). (Figs. 6.2C,D). 

 

6.3.3 Number of Loci Affecting Resistance 

The two-locus model provided the best fit to the observed data for unselected hybrid 

strains (pooled AZH1 and AZH2) (Table 1).  With the two-locus model, significant 

deviation between the observed and expected distributions occurred in two of the six 

generations tested.  With the one, three, or five locus models, significant deviation 

between observed and expected distributions occurred in four, five, and six, respectively, 

of the six generations tested (Table 1). 

 

6.4 DISCUSSION 

We did not detect fitness costs associated with pyriproxyfen resistance in the QC02-R 

strain of the B biotype of B. tabaci, as susceptibility to pyriproxyfen did not change over 

time in the unselected hybrid strains.  Life history traits also did not differ between 

unselected or selected hybrid strains, providing further support of a lack of costs.  These 

results suggest that resistance to pyriproxyfen would be stable over time in populations 

with similar resistance traits as QC02-R, even if insecticide rotations or refuges of crops 

not treated with pyriproxyfen were used as part of a resistance management strategy.  

However, costs might occur with other pyriproxyfen-resistant strains or populations of 

the B biotype or under different environmental conditions. 
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 Our results differ from a pyriproxyfen-resistant strain (Pyri-R) of the Q biotype of 

B. tabaci, where resistance decreased by 8 fold over 13 generations without selection 

(Wilson et al. 2007).  The large fitness costs observed in this study mainly affected 

development time, as development time was progressively reduced in the resistant strain 

after selection with pyriproxyfen ceased (Wilson et al. 2007).  Although the Pyri-R and 

QC02-R strains share many similarities (Horowitz et al. 2003, chapter five), evidence 

suggests that resistance to pyriproxyfen may be primarily controlled by one locus in Pyri-

R (Horowitz et al. 2003, chapter five) and two or more loci in QC02-R (chapter five).  

Results from the new method developed here also suggest that pyriproxyfen resistance is 

conferred primarily by two loci in the QC02-R strain.  Thus, although this method is 

based on several assumptions, results agreed with those of the standard approach. 

 Large fitness costs are considered most likely to be associated with single genes 

of large phenotypic effect, as is expected with insecticide resistance (Macnair 1991; 

Carrière and Roff 1995; Orr 1998; Coustau et al. 2000).  While major genes are often the 

first to become fixed during the course of adaptation, subsequent mutations of smaller 

effects and with presumably lower costs, are expected to reduce the negative pleiotrophic 

effects of major mutations (Orr 1998; Coustau et al. 2000).  Genetic modifiers may also 

reduce fitness costs associated with insecticide resistance (McKenzie and Purvis 1984; 

Davidse 1986; McKenzie and O'Farrell 1993; Raymond et al. 2001).  The loci affecting 

resistance in the QC02-R strain, or genetic modifiers not yet identified, could modify 

costs associated with any single resistance gene.  The lack of fitness costs could also be 

explained if none of the resistance genes in QC02-R have deleterious effects or if the 
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experimental conditions masked such effects.  In particular, costs might be magnified 

under harsh field conditions relative to optimal laboratory conditions (Gassmann et al. 

2009). 

If manifested in the field, several traits of the QC02-R strain could promote the 

evolution of resistance to pyriproxyfen in heavily treated populations.  These traits 

include the lack of fitness costs seen here, partially dominant inheritance of resistance 

under field conditions (chapter three), and no differences in susceptibility to pyriproxyfen 

between males and females (chapters two and three).  These traits could threaten 

sustainability of the resistance management strategy for pyriproxyfen, especially in 

Arizona where the registration of pyriproxyfen has recently been expanded to include 

crops other than cotton. 
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Table 6.1 Results of Kolmogorov-Smirnov two sample tests (D statistic and P-value) for 
the goodness of fit between observed male mortality in unselected hybrid strains (AZH1 
and AZH2) and expected mortality with models of one to five loci 
             
                       Model   
   One locus  Two loci        Three loci               Five loci  
Generation  D  P   D  P        D           P  D    P  
2  0.21   0.009  0.21   0.010       0.27    <0.0001      0.28   <0.0001 
6  0.13   0.33  0.18   0.084       0.22    0.018          0.25   0.004 
10  0.14   0.27  0.11   0.59       0.16    0.19 0.20   0.037 
14  0.22   0.016  0.23   0.012       0.25   0.007 0.22   0.016 
19  0.21   0.038  0.19   0.077       0.25   0.007 0.30   0.001 
27  0.19   0.035  0.16   0.13       0.21   0.011 0.25   0.001  
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Figure 6.1 Susceptibility to pyriproxyfen (± SE) over time in males of six strains 
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Figure 6.2 Fecundity (± SE) in the (A) AZH1 and AZH1-R and (B) AZH2 and AZH2-R 
strains; developmental time (± SE) in the (C) AZH1 and AZH1-R and (D) AZH2 and 
AZH2-R strains.  Fecundity is eggs laid by females in 48 h (back-transformed) and 
developmental time is days to complete development from egg to adult at 27°C. 
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CONCLUSION 

 Our analysis of the pyriproxyfen-resistant QC02-R strain indicated no differences 

in susceptibility between males and females to pyriproxyfen under field conditions, 

partially-dominant to dominant resistance, and lack of fitness costs associated with 

resistance.  Similar resistance traits in other field populations could threaten the 

sustainability of pyriproxyfen as part of the IPM program in Arizona.  Yet, field efficacy 

studies indicate that pyriproxyfen remains effective in the field (Ellsworth et al. 2007) 

and field failures associated with resistance have not been reported to date. 

 Several factors could be sustaining efficacy of pyriproxyfen despite these 

resistance concerns.  As our models indicate, control problems may not be observed until 

resistance has progressed to a high level (> 40% of individuals are resistant).  To date, no 

field populations have demonstrated the high levels of resistance found in QC02-R.  Thus, 

although sufficient resistant individuals may be present in the field to cause declines in 

susceptibility measured in lab bioassays, populations have not reached a point where 

pyriproxyfen is no longer effective.  Field populations may also exhibit different resistant 

traits than those observed in the laboratory-selected QC02-R strain.  In addition, 

pyriproxyfen use statewide has remained low (� 20% of cotton fields), and until recently 

has been constrained to cotton.  However, the registration of pyriproxyfen was recently 

expanded to include leafy vegetables and cucurbits.  Increased use of pyriproxyfen in 

these crops could complicate the situation and promote the spread of resistance. 

 The impact of other biological and operational factors on delaying the impact of 

resistance cannot be overlooked.  The use of selective insecticides and Bt cotton has 
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conserved natural enemies in Arizona (Naranjo et al. 2004; Naranjo 2005a,b; Naranjo and 

Ellsworth 2008), increasing the potential for biological control of whiteflies and reduced 

reliance on insecticides.  The impact of natural enemies and improved grower practices, 

in addition to climatic conditions that are often unfavorable to whitefly population growth 

(Naranjo and Ellsworth 2005, Ellsworth et al. 2007), has resulted in years with a 

significant proportion of fields that are not sprayed with any insecticides (P.C. Ellsworth 

unpublished results).  Operational factors including the use of low pyriproxyfen 

concentrations and insecticide decay also could delay the onset of resistance. 

 Our analysis represents a proactive approach to understanding the factors, both 

biological and operational, that could affect the evolution of pyriproxyfen resistance in B. 

tabaci.  Our development of novel approaches to examine inheritance of resistance in a 

haplodiploid pest could have applications in other systems, such as studies of insecticide 

resistance in mites, thrips, hymenopterans, and other whiteflies.  Such studies are critical 

for improving management practices and guiding monitoring efforts before resistance 

occurs in the field.  While it remains to be seen if resistance to pyriproxyfen will become 

a major issue for growers in Arizona, the results presented here can be used to evaluate 

current management practices for their impact on the evolution of resistance, and aid in 

managing resistance if and when it occurs. 
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APPENDIX A – PERMISSIONS 

The Entomological Society of America provided permission to reprint chapters one, two, 

and three, which have been published in similar form in the Journal of Economic 

Entomology and are copyrighted by the Entomological Society of America: 
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 2006.  Modeling evolution of resistance to pyriproxyfen by the sweet-potato 

 whitefly (Homoptera:  Aleyrodidae).  J. Econ. Entomol.  99: 1396-1406. 

 Crowder, D. W., T. J. Dennehy, C. Ellers-Kirk, C. Yafuso, P. C. Ellsworth, B. E. 

 Tabashnik and Y. Carrière.  2007.  Field evaluation of pyriproxyfen resistance 

 in Bemisia tabaci (B Biotype).  J. Econ. Entomol.  100: 1650-1656. 

 Crowder, D. W., C. Ellers-Kirk, C. Yafuso, T. J. Dennehy, B. A. Degain, V. S. Harpold, 

 B. E. Tabashnik, and Y. Carrière.  2008.  Inheritance of resistance to 

 pyriproxyfen in Bemisia tabaci (Hemiptera: Aleyrodidae) males and females (B 
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