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Lack of fitness costs associated with
pyriproxyfen resistance in the B biotype of
Bemisia tabaci
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Abstract
BACKGROUND: The insect growth regulator pyriproxyfen has provided effective control of the whitefly Bemisia tabaci Gennadius
in many countries. Here, whether or not fitness costs were associated with pyriproxyfen resistance in a laboratory-selected
resistant strain (QC02-R) of the B biotype was determined.
RESULTS: Mortality caused by pyriproxyfen and fitness traits over time were measured in unselected and selected hybrid strains,
which were created by crossing individuals of the resistant strain with individuals of a susceptible strain. Fitness costs were
not associated with resistance in QC02-R, as mortality caused by pyriproxyfen did not increase over time in unselected hybrid
strains and fitness traits were similar in unselected and selected hybrid strains. Using a new method to examine the inheritance
of resistance, based on data from fitness cost experiments, it was estimated that pyriproxyfen resistance is controlled by two
loci in the QC02-R strain.
CONCLUSION: The lack of fitness costs associated with pyriproxyfen resistance could promote the evolution of resistance in
field populations with similar traits to QC02-R.
c 2008 Society of Chemical Industry
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1

INTRODUCTION
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resistant strain of the B biotype of B. tabaci. Individuals of the
resistant strain were crossed with a pyriproxyfen-susceptible strain
to create hybrid strains that were reared with or without selection
with pyriproxyfen. To determine whether fitness costs were
associated with resistance, susceptibility to pyriproxyfen, fecundity
and development time were measured over 27 generations in each
of the hybrid strains. A method was also developed that compared
observed mortality in the fitness cost experiment with theoretical
distributions to analyze the number of loci affecting resistance in
the QC02-R strain.

2

MATERIALS AND METHODS

2.1 Insect strains
All B. tabaci strains were of the B biotype. The pyriproxyfensusceptible strain (YM04-S, called Yuma 04-S previously)18,19 was
derived from a cotton field in Yuma, AZ, in 2004, and was reared on
cotton plants without exposure to insecticides. The pyriproxyfenresistant strain (QC02-R, called QC-02 previously)18,19 was derived
from cotton fields in Queen Creek, AZ, in 2002. Laboratory selection
with pyriproxyfen over 6 months resulted in an increase in the LC50
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The whitefly Bemisia tabaci Gennadius is one of the world’s
most adaptable and invasive pests of agriculture.1,2 Selective
insecticides, such as the insect growth regulator pyriproxyfen,
have improved control of B. tabaci in many countries.3,4 The most
serious threat to the continued effectiveness of pyriproxyfen is the
evolution of resistance in B. tabaci. Laboratory bioassays tracking
the evolution of resistance in the B biotype of B. tabaci in Arizona
over the last decade indicate declines in susceptibility in some
regions.5 – 7
Fitness costs can affect evolution of insecticide resistance.8 – 14
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.9,12
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.15 – 17 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,17 but they have
not been evaluated previously in the B biotype.
Here, the authors investigated whether fitness costs are
associated with resistance in a laboratory-selected pyriproxyfen-
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of QC02-R from 0.0057 to 6.3 µg mL−1 of pyriproxyfen (>1000-fold
increase).6 Starting in April 2003, this strain was reared on cotton
plants sprayed with 1.0 µg mL−1 of pyriproxyfen. The QC02-R
strain had over 600-fold resistance to pyriproxyfen compared with
the YM04-S strain at the time the experiments were initiated.18,19
Resistance in this strain is inherited as a partially to completely
dominant trait and is likely affected by at least two loci.18 – 20
Hybrid strains were created in December 2005 by crossing
individuals of the YM04-S and QC02-R strains. Groups of ten 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 days, 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 days, 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 of YM04-S females × QC02-R males were randomly
selected and placed in a population cage with nine randomly
selected plants with progeny of QC02-R females × 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 with a 14 h photoperiod on cotton plants without exposure
to insecticides.
Two hybrid strains were created that were selected for
pyriproxyfen resistance. Nine plants sprayed with 0.1 µg mL−1
of pyriproxyfen were placed into the population cage of each
hybrid strain (AZH1 and AZH2) when F5 adults were present.
After 8 days, 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 in the same way as the
AZH1 and AZH2 strains, except cotton plants were sprayed with
0.1 µg mL−1 of pyriproxyfen before being added to cages. After
four generations of selection with 0.1 µg mL−1 of pyriproxyfen,
after which the AZH1-R and AZH2-R strains had reached high
population densities, the concentration of pyriproxyfen used to
spray plants was increased to 1.0 µg mL−1 in the F9 generation
to increase the selection pressure on the strains and remove any
remaining susceptible individuals.
To maintain discrete generations in hybrid colonies, six
uninfested cotton plants were added to a cage for 7 days in
each generation. After 7 days, 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 days were the start of the next generation. After an
additional 7 days, during which time adults began to emerge, the
procedure was repeated for the next generation.

236

2.2 Bioassays
Bioassays to measure susceptibility to 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 leaf were dipped for 20 s in a diagnostic
concentration of pyriproxyfen (3.2 µg mL−1 ) that killed 95–100%
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of susceptible males and 0–10% of resistant males19 or in deionized
water (control).
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 : 10 h light : dark)
for 48 h. After 48 h, the adult was removed, eggs were counted,
and seedlings were inserted into 20 mL vials containing tap water.
To assess mortality, live nymphs (all haploid males) were counted
7 days 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 ten
eggs.
As an internal standard, mortality caused by pyriproxyfen in
the YM04-S and QC02-R strains was measured by aspirating five
virgin females from a strain onto a treated seedling for 48 h, and
mortality was assessed 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 deionized water. Mortality was assessed as above. Four
replicates with each strain were conducted in every generation
tested.
2.3 Life history traits
Fecundity and developmental time were measured 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 Section 2.2). 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 : 10 h light : dark). Beginning 14 days after egg laying, the
number of male and female adults on each seedling was checked
daily for 2 weeks to determine the mean developmental time from
egg to adult. Twelve replicates were conducted with each strain
in each generation.
2.4 Data analysis
Mortality observed at each pyriproxyfen concentration was
corrected for control mortality.21 Multiple regression22 was
used, with generation, strain and their interaction as factors, to
determine whether 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 were not significantly different from zero, this 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 whether susceptibility
to pyriproxyfen varied over time between the AZH1 and AZH2
strains. The authors 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

c 2008 Society of Chemical Industry


Pest Manag Sci 2009; 65: 235–240

Lack of fitness costs in Bemisia tabaci

www.soci.org

and the interaction of generation and strain are not significant,
this will indicate no costs. Linear regression was used to examine
further whether susceptibility to pyriproxyfen changed over time
in each strain.
Three-way ANOVA was used, 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 is effective, susceptibility
should decrease over time in the AZH1-R and AZH2-R strains.
However, susceptibility should remain stable (without costs) or
increase (with costs) in AZH1 and AZH2, resulting in a significant
interaction of treatment and generation. One-way ANOVA was
used to examine further 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 with AZH1 and in AZH2-R
compared with AZH2, and the magnitude of costs should increase
over time.10 In generations F10 , F14 , F19 and F27 , three-way ANOVA
(with generation, treatment, strain nested within treatment, the
interaction of treatment and generation and the interaction of
strain and generation as factors) and linear contrasts were used
to determine whether 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.23
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3

RESULTS

3.1 Changes in susceptibility to pyriproxyfen over time
Neither generation (t44 = −1.45, P = 0.15) nor the interaction
of generation and strain (t44 = 1.74, P = 0.089) affected
susceptibility to pyriproxyfen in the YM04-S and QC02-R strains,
although the QC02-R strain had higher mortality than usual in the
F10 generation (Fig. 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, neither generation (t311 =
−1.63, P = 0.11) nor the interaction of generation and strain
(t311 = −1.35, P = 0.18) affected susceptibility to pyriproxyfen
in the AZH1 and AZH2 strains. This indicates a lack of fitness
costs in both strains (Fig. 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 not change significantly over time in the AZH1 (t154 = −1.94,
P = 0.054) or AZH2 (t157 = −0.18, P = 0.86) strains (Fig. 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. 1). Susceptibility in the AZH1 (oneway 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

Figure 1. Mortality caused by 3.2 µg mL−1 of pyriproxyfen (± SE) over
time in males of six strains.
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2.5 Number of loci affecting resistance
Kolmogorov–Smirnov two-sample tests22 were used to compare
the observed mortality in the AZH1 and AZH2 strains with 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, it was assumed that each locus had two
alleles (S for susceptibility, R for resistance). The allele frequencies
in each generation were estimated by assuming that 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.19
With all models, an expected distribution of 1000 females
was created, the genotypes of which were in Hardy–Weinberg
equilibrium based on the estimated S and R allele frequencies.
For example, in a model with one locus 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 an 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 an 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 extremes, which assumes that all loci
contribute equally to resistance. For example, in the five-locus
model, the mortality of S1 S2 S3 R4 R5 was a random number drawn
from a normal distribution with mean 60.4% (0.4 × 7 + 0.6 × 96)
and SD 4. Cases where effects of loci were unequal (i.e. major and
minor loci) were not modeled, and epistasis was not considered.
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Figure 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 the average number of eggs laid by females in 48 h (back-transformed), and developmental time is the average
number of days to complete development from egg to adult at 27 ◦ C.

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. 1).
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. 2a), or between
the AZH2 and AZH2-R strains (t383 = −0.63, P = 0.39) (Fig. 2b).
Additionally, there was no significant difference in fecundity
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 2a and b). Overall, developmental time also did
not differ significantly between the AZH1 and AZH1-R strains
(t176 = 1.0, P = 0.30) (Fig. 2c), or between the AZH2 and AZH2-R
strains (t176 = 0.34, P = 0.73) (Fig. 2d). Additionally, there was no
significant difference in 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 2c and d).
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3.3 Number of loci affecting resistance
Based on the observed data, the estimated R allele frequency,
which was assumed to be the same at all loci in the models, 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. Based on these R allele frequencies,
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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).

Table 1. Results of Kolmogorov–Smirnov two-sample tests (Dstatistic and P-value) for the goodness of fit between observed mortality
in unselected hybrid strains (AZH1 and AZH2) and expected mortality
with models of 1–5 loci
Model
One locus
Generation
2
6
10
14
19
27

Two loci

Three loci
D

D

P

D

P

0.21
0.13
0.14
0.22
0.21
0.19

0.009
0.33
0.27
0.016
0.038
0.035

0.21
0.18
0.11
0.23
0.19
0.16

0.010
0.084
0.59
0.012
0.077
0.13
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P

Five loci
D

P

0.27 <0.0001 0.28 <0.0001
0.22 0.018 0.25 0.004
0.16 0.19
0.20 0.037
0.25 0.007 0.22 0.016
0.25 0.007 0.30 0.001
0.21 0.011 0.25 0.001
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As a test of the model assumptions, 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, α = 0.10). Thus, the assumption that loci were
additive in the models was appropriate.

4
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