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ABSTRACT

Three resistance monitoring methods, leaf disk, sticky trap, and vial were tested to
evaluate their relative reliability, discriminating ability, convenience, and practicality for
monitoring insecticide resistance in Arizona whiteflies. Each method was evaluated
against two field populations divergent in susceptibility using a mixture of fenpropathrin +
acephate and two single chemicals, endosulfan and fenpropathrin. Correlations of field
efficacy and leaf disk bioassays resistance estimates were conducted with the Yuma
population and a comparatively resistant Maricopa population. At each location egg,
immature, and adult whitefly densities were monitored before and after fenpropathrin +
acephate treatments.
The three methods had advantages and disadvantages. The leaf disk method had the
greatest discriminating ability, the vial method was the most practical, and the sticky trap
method was good at discriminating populations that had large differences in susceptibility.
The field efficacy trials indicated good concordance between the leaf disk assays results and
field performance.
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INTRODUCTION

Sweetpotato whitefly Bemisia tabaci, (Gennadius), (aJc.a. silverleaf whitefly,
Bemisia argentifolii Bellows and Perring) has been a primary crop pest in many countries
around the world, infesting over 300 different plants (Byrne et al., 1990; Butler et al.,
1994), many of which are ornamental and food crops.
Whitefly are of considerable economics importance. During the fall and winter of
1991 in Imperial County, California, it was estimated that $111 million and 6,000
agricultural jobs were lost due to whitefly (Gonzalez et al., 1992). In Arizona, sweetpotato
whitefly has only recently become of substantial economic importance (Prabhaker et al.,
1985; Denholm et al., 1990). Since 1990, it has threatened Arizona's production of cotton,
vegetables, and melons (Byrne et al., 1990). The increased severity of whitefly in the
Southwest has been attributed in part to the establishment and subsequent predominance of
a distinctly new form of the pest (Brown et al., 1995). This new biotype (or species),
common name silverleaf or B-type whitefly (Perring et al., 1993), has proven to be much
more refractory to insecticides than populations were previously.
Plant damage caused by feeding whitefly adults and nymphs results in the depletion
of plant nutrients, the reduction of plant vigor, a decrease in seed germination, a decrease in
fiber length and strength, and a decrease in lint yield (Butter et al., 1987; Rao et al., 1989).
Plant damage is not the only harm incurred by infestations of whiteflies. Honeydew
production by whiteflies causes stickiness on cotton lint and provides an excellent medium
for the growth of sooty mold fungi. This mold formation on leaves reduces the
photosynthetic capability of the plant and of even more importance economically, the
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honeydew and sooty mold contaminate the lint causing it to be heavily discounted by
buyers. In addition, whiteflies are also vectors of many plant viruses (Butler et al., 1986;
Cahill et al., 1994; Dittrich et al., 1986).
Whitefly numbers have been increasing in Southwestern field crops for the last few
years. Along with the establishment of a new biotype, the environment has been favorable
to the development of high numbers of whitefly. Environmental factors contributing to
their increasing numbers are: the availability of over-wintering hosts, abundant summer
hosts, moderate winter temperatures and rainfall over the last few years, low natural enemy
population, and pesticide selection causing the development of high levels of resistance to
insecticides (Horowitz, 1986; Prabhaker et al., 1985; 1992). Singh etal. (1984) have also
demonstrated a positive correlation between increasing population growth and increasing
temperature and rainfall.
The new biotype also has biological characteristics influencing its rate of resistance
development: short generation time, high rate of fecundity, and mobility of the adults
(Prabhaker et al., 1985; Georghiou et al., 1977). On cotton, at a constant temperature of
26.7 +/- 1°C, development time from egg to adult was 21.7+/-1.9 days (Coudriet et al.,
1985). Zalom et al. (1985) showed development time during the growing season in the
cotton fields of Imperial Valley, California, to be as little as 15-21 days. Development time
in the Arizona desert was comparable (Ellsworth et al., 1993). Longevity of adult
whiteflies differed between sexes. Under field conditions male adults lived 6.4-34 days,
and females lived 14.5-55.3 days (Butler et al., 1994). Whitefly population development is
temperature-dependent (Baumgartner et al., 1986) and exponential rates of increase have
been documented in cotton fields of Arizona and California. Population development is
thwarted by insecticide application or heavy rainfall (Buder et al., 1985). In an experiment
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by Byrne et al. (1989) it was found that 40 females in one week could deposit
approximately 300 eggs on one plant The average female whitefly can lay between 100300 eggs in a lifetime (Gerling et al., 1986).
Though not considered to be very strong fliers, whiteflies have been shown to
move up to 3 km in 3 hours (Byrne et al., 1996) and up to 7 km (Cohen et al., 1986).
Thus, whitefly can easily move from field to field.
Approximately 504 species of insects and mites are resistant to one or more types
of insecticides (Georghiou, 1990). Of these, 17 species have developed resistance to five
major classes of chemical pesticides- cyclodiene, organochlorine, organophosphates,
carbamate, and pyrethroids (Georghiou, 1986). Whiteflies have been shown to have the
ability to develop resistance rapidly to essentially all insecticide groups of pesticides
(Georghiou, 1986). Whitefly in the Imperial Valley of California have widespread
resistance to organophosphates and pyrethroids (Prabhaker et al., 1992). There is reason to
believe that Arizona whitefly populations also have resistance to these classes of pesticides.
Statewide monitoring of whitefly resistance has been conducted in Arizona since
1994 and has confirmed the existence of serious resistance problems in some areas of
Arizona (Dennehy et al., 1995). Because of resistance, whitefly are exposed to strong
selection pressures from various classes of insecticides (Georghiou, 1990). Growers tend
to spray to prevent infestations rather than treating crops on the basis of reasoned
thresholds. Unfortunately, preventative spraying in this manner results in greatly increased
frequency of sprays and/or increased dosages of applications, which enhances resistance
(Georghiou, 1986). This is alarming because insecticides continue to be essential to
combat whitefly in the desert Southwest (Prabhaker et al., 1989).
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With the knowledge that whiteflies are of relatively high risk of developing
resistance, the question of resistance development changes from "will resistance occur," to
"when will it occur." Since resistance will occur, it is especially important that all possible
measures be taken to prolong the effective life of materials used. Increasing the longevity
of insecticides may be achieved by switching management strategies from curing the
problem of whitefly resistance to averting the crisis of resistance, as suggested by
Denholm and Bimie (1990). Since insecticide resistance is a limiting factor in producing
economically viable cotton, not only in Arizona but worldwide, resistance management
programs must be formulated and implemented to thwart the growing ineffectiveness of
insecticides (Smale, 1992). At a practical level, management of resistance involves 1)
reducing chemical use to minimum levels through integrated pest management (IPM), 2)
formulation and implementation of 'best guess' resistance management (RM)
recommendations, and 3) monitoring resistance to allow constant re-evaluation and
modification of the resistance management strategy.
IPM uses the strategies and tactics from many disciplines to reduce pest numbers
in a way that is economical, environmentally sound, effective, and practical. The pest is
comprehensively studied to achieve an understanding of the pest's biology, life cycle, host
preference, ecology, relationship to odier life forms in the environment, and affects the pest
is causing to the crop. This information is used to develop pests economic threshold levels
which are essential in order to treat the pest before a level of economic damage is reached.
Reliable monitoring programs that measure the number and type of pests present in the
cropping system are also necessary to determine the correct coarse of treattnent. Strategies
developed for managing the pest take into account the complex system which exists in crop
production, realizing that the pest is not the only factor involved; IPM strategies deploy
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cultural, chemical, biological, mechanical/physical, and sanitation control in the
management of pests.
Integrated management of whiteflies continues to be pursued in the Southwest.
Biological control utilizing parasites has been used successfully in glasshouses and in fields
in the Sudan (Abdelrahman et al., 1989), but has not been highly successful in
Southwestern cotton fields due to the low parasitism rate of 14% (Musuna, 1983). Since
insecticide resistance in whiteflies has become prevalent throughout the Southwest,
integration of cultural and mechanical controls, coupled with crop sanitation, has been
recommended. Watson et al. (1992) proposed residue disposal, weed removal, planting
spring melons far from winter vegetable fields, and delaying the planting of cotton.
Gruenhagen et al. (1993) also supported the idea of the crop residue removal, but
advocated the elimination of fall melons, decreased planting of late melons, and termination
of cotton early in the fall.
With the implementation of these control methods, the amount of chemical used to
manage whitefly is lessened, but the need for chemical control is still present The
implementation of a resistance management program can further reduce the use of
pesticides which would also be beneficial in the decrease of harmful pesticide effects and
extend the efficacy of the more economic and environmentally safe pesticides (Tabashnik
et al., 1990). To devise a proper resistance monitoring program and select effective
resistance management techniques, an understanding of pesticide resistance is
fundamentally essential (Tabashnik et al., 1990).
Insecticide resistance management (KM) goals are to slow, prevent, or reverse the
evolution of resistance. Resistance management also seeks to promote the evolution of
resistance in beneficial species. In order to achieve the goals of IRM, many questions need
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to be answered: What are the resistance mechanisms?. Is there cross resistance?. What is
the resistance status of other compounds?. Are there any other pests which are also
resistant?, and most important. What is the ecology of the pest (Forrester, 1990)?
Numerous tactics can be used to avoid the expression of resistance in a population. One
method is treating the most susceptible life stage of the pesL Using synergists (when two
chemicals together are more potent than the product of their individual action) to suppress
detoxification mechanisms is another effective strategy. Mixtures (mixing chemicals from
different classes of chemical) and decreasing the application doses to levels that kill most
but not all of the susceptibles; these method combine with decreasing the frequency of
insecticide applications so that susceptibles have a chance to reproduce and dilute resistance
by mating with individuals that are resistant Choosing chemicals that decay rapidly and
avoiding long-residual slow release formulations also help in avoiding resistance.
Incorporating refuges to allow susceptible pests to reproduce with out selection pressure
present Additionally, rotating pesticides staves off resistance by diversifying the
physiological targets selected.
Resistance monitoring is essential to any resistance management program (Roush
el al., 1986; Denholm, 1990), and the optimal test type to monitor resistance depends on
the precision required and the objective of the monitoring program. If the aim is only to
detect individuals possessing less-than-pristine levels of susceptibility, then great precision
is not required. If, on the other hand, the objective is to estimate accurately the frequency
of resistant and the intensity of resistance individuals in populations, then greater precision
is required (Roush et al., 1986). Either way, it is always desirable to identify a simple,
reliable, and robust method to document resistance.
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Reliable bioassay techniques are also needed to screen new insecticide candidates
(Rowland et al., 1991) and to validate resistance management strategies. Such techniques
are necessary to determine if programs are successfully thwarting resistance (Brent, 1986).
Dennehy et al. (1983) demonstrated that no bioassay is definitive and that measures of
toxicity are dependent on the technique used to deliver the insecticide. Additionally,
measures of toxicity are inherent to the insect being tested as well as the insecticide under
investigation. Thus, topical and residual bioassays of the same population may produce
results which differ greatly.
Many factors are involved when comparing bioassay methods and choosing the
"best" method for resistance monitoring. Brent (1986), in his review of detection and
monitoring of resistance, states that a method should be simple, rapid, accurate, fieldadaptable, and inexpensive. Other factors that must be considered are the ability to
correlate bioassay results with field control and die ability to discriminate between resistant
and susceptible pests (ffrench-Constant et al., 1990). Therefore, the factors by which the
"best" method is identified are: reliability, discriminating ability, cost, convenience, and
practicality.
Reliability is easiest to explain when divided into two categories - precision and
accuracy. The precision of a bioassay method is the degree to which the results vary from
one test to the next Accuracy is the degree to which the bioassay method approximates the
One value of resistance expression under field conditions.
To determine the accuracy of a bioassay method, it is necessary to contrast the
frequency of resistance, as depicted in bioassays, with field efficacy of the insecticide being
monitored. Baselines responses must be developed using both a susceptible population
and one which is resistant
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Cahill and Hackett (1992) suggest that the most appropriate method for detecting
resistance is the method which results in the greatest discrimination between susceptible
populations and resistant populations. Methods with high discriminating power are ones
which give steeper dose-mortality responses (higher slope values), have the greatest
distance between the response lines of resistant and susceptible strains, and have the lowest
variances (f&ench-Constant et al., 1990).
Robertson and Preisler (1992) suggest that methods that yield the best prediction of
resistance would be the methods that are the most realistic i.e., the use of foliage or
insecticide applied in a similar fashion as field application. This does not suggest that the
use of a more realistic bioassay would guarantee a more effective prediction of resistance
expression (Robertson et al., 1992).
If all bioassay methods are comparable in their discriminating ability and reliability,
then cost, convenience, and practicality will be of greatest concern. The cost of the method
should be low because of the many samples involved in monitoring programs. The time
involved in the procedure should be as little as possible, in the collection of the sample
from the field.
The only way to accurately estimate the impact on efficacy of a given resistance is
to conduct field trials (Rowland et al., 1991; Denholm, 1990). Efficacy results are then
contrasted with laboratory generated dose-mortality response lines (Dittrich et al., 1985).
However, field trials are expensive, difficult to conduct, and subject to many extraneous
variables such as climate, predators, and plant diseases (Rowland et al., 1991).
The field evaluation of three methods, leaf disk, sticky trap, and vial tested herein
occurred in two fields previously demonstrated (Dennehy et al., 1995) to have divergent
susceptibility to fenpropathrin, endosulfan, and a mixture of fenpropathrin + acephate. One
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field was in Yuma, Arizona, and the other was in Maricopa, Arizona. Typically Yuma is
about two weeks ahead of Maricopa in heat unit accumulation. Samples of whiteflies for
bioassays were collected from each location at approximately the same phenological stage in
the cotton plant's development and were collected several times throughout the season.
The two chemicals, fenpropathrin and endosulfan, and the mixture of fenpropathrin
+ acephate, were chosen because they are insecticides used widely in the field and some
resistance to them has been demonstrated (Dennehy et al., 1995). The three chemicals are
from different classes of chemicals and effect the insect differently. Fenpropathrin is a
pyrethriod which acts on the sodium channel and the GAB A receptor, endosulfan is a
cyclodine which effects ATPase and the GAB A receptors, and acephate is an
organophosphate and a cholinesterase inhibitor. There is no diagnostic biochemical assay
available for detection of pyrethroid resistance at the time of this writing. The biochemical
assay available for detection of resistance to endosulfan is an 'RDL probe' which detects
the mutation resulting in a GABA receptor site that is less sensitive to all cyclodiene
insecticides. Since acephate is an inhibitor of acetylcholinesterase, a biochemical assay
which measures total esterase activity can be used to indicate esterase activity and can
possibly be linked to resistance.
It is important to evaluate the monitoring methods currently in use for Bemisia
tabaci to insure diat resistance management data are meaningful. Without accurate
monitoring of insecticide resistance and proper management of insecticide use, most, if not
all; of the ability to chemically manage Bemisia tabaci will be lost due to resistance
development
Conventional whitefly bioassay methods are costly and difficult but are currently
the only effective way to detect resistance in this pest Worldwide, three very different
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bioassays have been used for this purpose: the leaf disk method, the sticky trap method,
and the vial method. Though widely used, these methods have not been strenuously
contrasted or statistically validated in regard to their precision and accuracy in reflecting
efficacy of pesticides against whitefly. However, each method offers clear advantages and
disadvantages in specific situations.
In this thesis, I contrasted results of these methods susceptibility estimates of two
Arizona whitefly populations to three different insecticide treatments. Based on these
contrasts, I drew conclusions regarding the relative reliability, discriminating ability,
convenience, and practicality of these commonly used methods. The most reliable of the
three methods was used to correlate bioassay results with field efficacy trials at two
locations in Arizona that are divergent in susceptibility to fenpropathrin + acephate.
The purpose of this investigation was to strenuously contrast and statistically
validate these methods regarding their precision and their accuracy in reflecting efficacy of
pesticides used against whiteflies in cotton fields. The major questions I asked were 1) Do
leaf disk, sticky trap, and vial assays detect and estimate the frequency of resistant
individuals and the intensity of resistance comparably? If so, which bioassay method (leaf
disk, sticky trap, or vial) is most practical for monitoring resistance? 2) Do results from
biochemical assays available for testing whitefly resistance correlate highly with the
resistance estimates of leaf disk, sticky trap, and vial assays? 3) What degree of withinfield variation is there in whitefly resistance? The answers to these questions will help in
the development of a better resistance monitoring program for Arizona.
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Materials and Methods

Coilectioii of Whitefly
Statewide resistance monitoring identified two field populations, Yuma and Gila
River Basin, with widely differing susceptibilities to the mixture of Fenpropathrin +
Acephate. The Yuma population was collected at the Yuma Agricultural Center, Yuma,
Arizona. The Gila River Basin population was collected approximately 20 miles north of
Gila Bend, Arizona. Whitefly adults were vacuum collected directly from cotton plants at
each site using 13 dram plastic vials with screen bottoms that were attached to a Makita*
cordless vacuum (407 ID). After collection, the samples were transported direcdy in ice
chests (Igloo®, 13 gallon) to the Extension Arthropod Resistance Management Laboratory
(EARML) in Tucson where they were released into rearing cages containing 30-50 day old
Pima S-7 cotton plants (at least 5 true leaf stage). The whitefly were maintained in these
cages either until they were placed in bioassays (<7 days) or placed into a new cage for
longer-term rearing, as detailed below.

Rearing Method
Whiteflies were reared long term in order to provide a population for chemical
bioassay comparisons and to build a resistance management library for future studies. The
populations were maintained within a custom built cage, 21" x 14.5" x 24" (C.A. Russell),
at a day temperature of 30-f-/-3° C and a night temperature of 22+/-3° C. The cage was
fitted with two 45 watt incandescent light bulbs which provided light and heat to plants and
insects. The cages were maintained at a 16 hour photophase. The cotton was watered bi
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weekly utilizing a carboy and gravity; two liters of water were placed on the floor of each
cage. Cotton was chosen as a rearing and holding material for its ease of cultivation and
whitefly preference (Butler et al., 1989). The pima S-7 variety was favored over other
varieties due to its shorter emergence rate and the hairiness of the cultivar. Whitefly prefer
cotton which is not smooth, (Butler et al., 1984; Buder et al., 1984) has large pubescent
leaves, and a closed canopy (Ozgur et al., 1986). In order to insure 'clean', insect free
cotton, the cotton plants were grown alone in a greenhouse. Traffic in and out of the
greenhouse was minimized, and entrance into the greenhouse occurred only when an
individual was free of pests if an individual had entered either the laboratory rearing room
or the field, the person was not allowed to enter the greenhouse. The cotton plants were
also checked to insure that neither whitefly nymphs nor adults were on the plant before
placement into the rearing cages. Periodical removal and replacement of the plants in
rearing cages was necessary to maintain a numerous pest population. Individual cotton
plants were removed when plant health had declined. The plants, however, had to remain
in the cage for at least one month in order to allow some of the eggs that had been laid on
the plant to hatch.

Leaf Disk Method
The leaf disk method has been described by Dittrich et al. (1985), Cahill et al.
(1994), and Rowland et al. (1991). Leaf punches (2 cm diameter) taken from cotton (Pima
S-7 plants 18 to 26 days old) were dipped for 10 s in formulated insecticide diluted in
water. After drying, the disks were placed individually within 20 ml glass scintillation
vials (20 ml, 61 X 27 mm, Wheaton Research Products International Crop) containing a 3
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ml base of 1.6% agrose gel (Aldrich Chemical Company Inc.) to maintain leaf disk
turgescence. Within 2h of the dipping and assembling leaf disk into vials, 20-30 adult
whiteflies were aspirated into each vial with a mouth aspirator. A 5 cm square of dialysis
tubing was placed over the opening of the vial and clamped on with a rubber band to close
in the whitefly and yet allow ventilation. The assays were held for 48 hours in an incubator
at 27 +/-2°C and a 16 hour photophase after which they were scored using a binocular
microscope. Bioassay vials were tapped on the counter 10 times after which whiteflies not
exhibiting repetitive movement of one or more appendage were scored as dead. Six to ten
replications of five different concentrations were evaluated for each formulated insecticide.
These treatments were within the following ranges: 0-10000 ^ig/ml Danitol* (2.4 EC) i.e.,
fenpropathrin; 0-32ng/ml Thiodan* (3 EC) i.e., endosulfan; and lOOO^g/ml Orthene®
(90S) i.e., acephate + 0-32p,g/ml Danitol* (2.4 EC).

Sticky Trap Method
The sticky trap assay for whitefly was described by Prabhaker et al. (1992). It uses
3" X 5" plastic yellow cards coated on one side with a very thin layer of Tanglefoot®
(Craftsmen Chemistry). Each card was ink stamped with a 2 inch square grid that aids in
scoring and placement of whiteflies on the card. A 4.5 inch potting label was also stapled
to the card to use as a handle. Three ml of formulated insecticide, diluted in water, was
sprayed over each card using a Potter Precision Spray Tower (Burkard utd, UK). The
cards were allowed to dry for 30-60 minutes and then were passively infested with
approximately 50 whitefly each.
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Passive infestation was accomplished with the use of a one gallon glass jar with an
approximately 3.5 cm square cut out of the jar lid. The treated surface of a sticky card was
centered over the hole of the lid and vertical jar. A fiber-optic light source was then
directed through the sticky card and into the jar to attract whitefly to the treated, sticky
surface. In this manner, 10 to 80 adults were tested on each card. Both the light and the
yellow coloring attracted whitefly to the sticky cards (Gerling et al., 1984). Infested cards
were then placed on 30x10x3 cm foam racks within 13 gallon Igloo® coolers containing at
least a 3 cm depth of water to maintain high humidity.
After 24 hours, mortality was assessed with the aid of a binocular microscope. To
do this, the sticky card was tapped on its side 10 times after which individuals not
exhibiting repetitive movement of more than one appendage when probed with a #5 camel
hair brush, were scored as dead. At least 5 different concentrations of 6 to 10 replicates of
formulated insecticide treatment were evaluated to estimate concentration response. The
concentration ranges were 0-10000 |ig/ml Danitol® (2.4 EC), 0-3200 p.g/ml Thiodan* (3
EC), and 1000 pig/ml Orthene* (90S) + 0-3200 ^ig/ml Danitol® (2.4 EC).

Vial Method
The vial assay (Cahill et al., 1992; Gage et al., 1991) involved placement of 0.25 ml
of technical grade insecticide dissolved in acetone (HPLC Grade, Fisher Chemical), into 20
ml glass scintillation vials (20 ml, 67x27 mm, Wheaton Research Products International
Corp.). Vials were rolled for 10 minutes using a conventional hotdog roller (RoU-a-Grill
Corp of America, J.J. Connally) to evenly coat the inner surfaces as the acetone volatilized.
The vials were then placed in a fume hood for at least 2 hours to fully dry. Twenty
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whitefly were mouth aspirated into each vial and a 5 cm square of dialysis tubing was
placed over the opening of the vial and clamped on with a rubber band. The vials were
then placed in an incubator at 27 +/-2°C. Mortality was assessed after 6 h using a
binocular microscope. In doing so, the vials were tapped on the countertop ten times.
Individuals unable to right themselves were scored as dead. Concentrations of formulated
insecticides evaluated were in the ranges of 0-1000 |ig/ml Danitol* (2.4 EC), 0-100 |ig/ml
Thiodan® (3 EC), and 1000 |ig/ml Orthene® (90S) + 0-l(X) ^ig/ml Danitol® (2.4 EC).
Concentration-response in vial bioassays was estimated from 6 to 10 replicates of at least 5
different concentrations of each insecticide treatment.

Biochemical Assays
Total esterase activity was measured in the Gila River Basin and Yuma populations
following the method described in Kao et al. (1985). Fifty non-sexed adult whiteflies were
homogenized for 1 minute in 200 ml of 0.1 M phosphate buffer (pH 7.0). 15 |iM - 510
[iM of alpha naphyl acetate (6 x 10"^ M in 2 % acetone) was added to the cells. After an
incubation of 15 minutes, 1% fast blue (0-Dianisidane, tetrazotized) and 5% SDS (2:5 v/v)
were added to stop the reaction, then the change in absorbency was measured at 550 nM.
Three replications were performed on each population. One whitefly equivalent enzyme
was analyzed in each well of the assay plate.
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Field Evaluations of the Leaf Disk Method
Efficacy Trials
At both Arizona locations, Yuma and Maricopa, 5 insecticide threshold treatments
X 5 replications were arranged in a Latin square design. Each block planted with Delta Pine
variety 5450 was 50 ft x 12 rows and row spacing was 1 foot Buffers 10 ft wide
separated replicates at Maricopa. Only two treatments from the Latin square were used for
this evaluation: the unsprayed (control) group and a treatment that triggered sprays at 10
adult whitefly per leaf. When adult whitefly reached 10 per leaf, the corresponding blocks
were sprayed using a mixture of 0.2 lb. of Danitol® (2.4 EC) + 0.5 lb. Orthene* (90 S) per
gallon, and a volume of 20 gallons of water per acre. Whiteflies for leaf disk bioassays
were removed from each plot before spraying and before subsequent sprays as detailed in
the following section- "Adult Sampling Methods".
Adult, egg, and immature whitefly densities were estimated for each of the five
replicates of the control and treated plots. Counts were taken before spray and every two
days after treatment until the plots required retreatment which was 14 days at the Yuma site
and 6 days at the Maricopa site. Adult whitefly densities were sampled using the leaf-turn
method (Ellsworth et al., 1994). Egg and immature densities were sampled by collecting
15 leaves per plot from the fifth main stream node of cotton plants located throughout each
plot. The location of the estimates for numbers of whitefly eggs, nymphs, and adults are
most accurate when counts are taken from the middle of the canopy and below the top
couple leaves (Naik et al., 1992; Chakravarthy et al., 1985) which agrees with the location
specified by Ellsworth et al. (1994). The collected leaves were taken to the EARML
facility. On each leaf a 1 cm diameter circle was marked near the leaf base between the
main vein and the second lateral vein in the distal leaf sector as identified by Arx et al.
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(1984). Immature and egg stages within these arenas were counted using a binocular
microscope. This method is similar to the counting methods of Naik and Lingappa (1992),
and Abisgold and Fishpool (1990).

Adult Whitefly Sampling Method
Collection of 1000-2000 adult whitefly from each plot followed the zigzag method
described by Ellsworth et al. (1994). The first plant to be sampled was at least two rows
from the field's perimeter (due to the small size of the plots, 12 rows x 50 ft, two rows
was die greatest the perimeters could conceivably be). The plant where collection began
was chosen at random. Adult whitefly samples were vacuumed as described previously.
The zigzag procedure included sampling from 15-30 plants and was repeated within the
five replication plots until 6-8 vials, each vial containing 300-500 adult whitefly, were
collected from the field for laboratory assays. The sample collection vial was transported
to the laboratory within an ice-chest containing an ice block. The whitefly were randomly
assigned to bioassays within 72 hours of arrival to the laboratory.
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Data Analysis
The level of significance was set at 0.05. Concentration-response was estimated
using conventional probit analysis (POLO program, LeOra Software, Berkeley California,
1987) to generate LCx, slope, and heterogeneity estimates for each population and bioassay
method evaluated. Analysis of chi-squared was used to compare the assay methods.
ANOVA was used to contrast responses of specific populations and bioassays.
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Results and Discussion
Each bioassay method evaluated had distinct advantages and disadvantages that
should be weighed carefully prior to selecting the best method for a given set of
circumstances. The best method is one that combines precision, accuracy, and efficiency.
For our purposes, the most precise method is one which generates the steepest dose
mortality slopes, produces the greatest distance between the slopes of the resistant and
susceptible strains, and has the lowest variance in mortality estimates. Figures 1-9 contrast
the leaf disk, sticky trap, and vial method estimates of susceptibility of resistant and
susceptible field strains. Tables 1-3 provide pertinent statistics of the probit responses of
each population, method and insecticide evaluated.
The leaf disk method generally produced the lowest LCjo values, the highest slopes
of the response lines, and the least overlap in responses of the Yuma and Gila River Basin
populations. The sticky trap method produced LC50 values 6-fold to 118-fold higher dian
the leaf disk method except for fenpropathrin susceptibility of the Gila River Basin
population, in which case the sticky trap method was moderately more toxic than the leaf
disk mediod (Table 2). The sticky trap method was less able to discriminate between the
two populations than was the leaf disk method. This is illustrated in Tables 2 and 3, where
the 95% fiducial limits (FL) of LC of the two populations overlapped for the sticky trap
jq

but not for the leaf disk method. The sticky trap method discriminated well between Yuma
and Gila River Basin population susceptibility to fenpropathrin + acephate; however, the
slopes produced were not as high as those of the leaf disk method (Table 1). The vial
method did not discriminate as well between populations as did the other methods when
using fenpropathrin + acephate or fenpropathrin alone. However, for endosulfan the vial

31

method did produce higher slope values than the sticky trap method and had no overlap of
the 95%

of LCjo (Table 3).

It is expected that different methods will produce response lines that differ
considerably in their location (i.e., with different LC, values) due to differences in exposure
time, exposure method, and other aspects of specific assay conditions. In this case, if the
methods estimate resistance comparably, the relative difference in responses of the Yuma
and Gila River Basin populations would be comparable. Tables 1-3 illustrate that
resistance ratios (RR) for leaf disk and sticky trap assays were comparable when using
fenpropathrin + 1000 |ig/ml acephate and fenpropathrin alone, while the vial method's
resistance ratios were much higher or could not be estimated because of stickiness
problems. The resistance ratios for the three methods were all similar when testing
endosulfan (Table 3).
Table 1: Response of Yuma and Gila River, Arizona, whitefly to leaf dUsk (LD),
sticky trap (ST), and vial (V) bioassays of Danitol" (^g/ml fenpropathrin) mixed
with a fixed amount of 1000 |xg/ml Orthene* (acephate).
i
Method

Yuma
m

SI

0.1570
2.140
LCjo
LC5 (FL).95 (.110-.190) (1.40-3.00)
2.03
1.05
Slope
y-intercept
6.638
4.650
4.26
3.44
XVdf
G (.95 )
0.054
0.029
144.0
91.10
RR*(LC5O)
3235
2217
n
*LC GUa River Basin/LCjo Yuma
ND-No data due to stickiness in vials
o

5o

11

Gila River Basin

|

Y

LD

SI

V

0.2100
(.150-.270)
1.45
5.984
3.80
0.60
8000
2240

14.30
(5.70-19.0)
2.30
2.334
3.95
0.44
91.10
1623

309.0
(220-410)
1.22
1.957
1.45
0.038
144.0
1448

1690
ND
0.583
3.117
2.19
0.77
8000
889.0
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Table 2: Response of Yuma and Gila River, Arizona, whitefly to leaf disk (LD),
sticky trap (ST), and vial (Y) bioassays of Danitol* ()ig/ml fenpropathrin).
I
Method

1^
LD

SI

111
658
(81.00(479.0147.0)
858.0)
Slope
1.64
1.23
y-intercept
1.63
1.51
XVdf
3.30
1.60
G (.95 )
0.054
0.029
39.6
2.60
RR*(LCso)
1054
n
2572
•LCjo Gila River Basin/LCjo Yuma
ND-No data due to stickiness
LCso
LC5o(FL).95

V

GIfo River Basin

LD

4400
339
(123.0-1270) (32806270)
0.581
1.34
0.0930
3.52
4.22
1.72
0.16
0.052
ND
39.6
1562
1057

SI

V

1720
(758.0
-3520)
0.651
2.89
1.97
0.11
2.60
1399

ND
ND

|

0.120
3.69
5.45
9.9
ND
1506

Table 3: Response of Yuma and Gila River, Arizona, whitefly to leaf disk (LD),
sticky trap (ST), and vial (V) bioassays of Thiodan* Oig/ml endosulfan).

I
Method

II

Yiuna
LD

SI

9.06
635
LCjo
LCso(FL).95 7.62-10.4 493-783
Slope
3.33
1.49
y-intercept
1.81
0.801
XVdf
1.88
1.80
G (.95 )
0.045
0.045
0.49
0.83
RR*(LQo)
n
1204
1922
•LCjo Gila River Basin/LCjo Yuma

Gila River Basin

V

LQ

10.8
9.18-12.5
3.21
1.67
2.96
0.057
0.63
1880

4.49
531
3.42-5.49 362-697
2.63
1.82
3.28
0.0360
1.84
2.94
0.074
0.073
0.49
0.83
829.0
2016

SI

V
6.90
5.45-8.40
2.54
2.86
3.82
0.043
0.63
2393

j
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Leaf Disk Bioassay
Advantages of the leaf disk assay were that it provided the greatest differences in
susceptibility of the Yuma and Gila River Basin populations, produced the steepest slopes,
and did not require the use of Tanglefoot*. An additional advantage was that the leaf disk
assay was easily evaluated. Insects that were alive could easily be counted because they
feed on the leaf surface and did not fly about as they did in the vial assay method.
However, the leaf disk assay required healthy, uninfested cotton plants of the correct age
for bioassays. This method was relatively expensive (Table 4) in terms of labor
(technician) time and materials, and was comparatively more difficult than the other two
methods. Also, this method is not portable, i.e., it carmot be performed outside of the
laboratory.
Whiteflies sometimes became stuck at the edge of the leaf disk in bioassays, if agar
seeped up around the leaf. This problem was particularly common when using the leaf
disk method with fenpropathrin alone. At concentrations of 1,000 |ig/ml and 10,000 |ig/ml
of fenpropathrin, most of the whitefly became stuck in the agar around the edge of the leaf.
Cohen et al. (1989) demonstrated that whiteflies were repelled by fenpropathrin's residues.
With residues aged one day (post-treatment), 95% of the whitefly released into a flight
chamber did not land on a treated cotton plant. This repellency of fenpropathrin might
explain why the whiteflies became stuck in leaf disk bioassays at high fenpropathrin
concentrations.
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Sticky Trap Bioassay
The sticky trap assay was portable. Sticky cards could be prepared in advance,
transported to the field, and then infested and evaluated at field locations (e.g., hotel, etc.).
It discriminated moderately well between the susceptibility of the Yuma and Gila Eliver
Basin populations. However, this method had the associated negatives of the sticky mess
involved with the use of Tanglefoot®. It was also fairly expensive (Table 4) because of
time involved in construction and spraying of assays. It also required considerable space
for spraying and holding the cards. Sticky trap assays used a larger quantity of pesticide
than the other methods. Spraying sticky cards with a Potter Spray Tower was more
demanding of technicians than treating vials or leaf disks assays. Time might be saved
with this method if sticky cards were purchased with Tanglefoot* pre-applied and the card
pre-cut to the proper size. However, current commercially prepared sticky cards will not
work for this method because they come with too thick a layer of tanglefoot for bioassays.
Also, if the latest model of the Potter Spray Tower were used, time might have been
reduced by spraying 6-8 cards at one time. Thus, the total cost seen in Table 4 could
possibly be cut by 1/3.

Vial Bioassay
The vial assay was the easiest and least expensive of the three whitefly bioassay
methods (Table 4). Additional advantages include the short duration of the test, portability,
and the advantage of not having to use Tanglefoot®. However, with the pesticides I
evaluated, this method was the least accurate and precise. This appeared to be related to the
highly resistant Arizona whitefly populations we evaluated. Whereas the vial bioassay
estimated susceptibility of the Yuma population nicely with slopes of lines similar to the
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sticky trap method, the highly resistant Gila River Basin population yielded very low
slopes, except with endosulfan (Table 3). Such low slopes greatly limit the ability of the
method to discriminate between resistant and susceptible whiteflies. Stickiness of vials
treated with high concentrations of pyrethroids and pyrethroid mixtures further limited the
utility of this method for generating concentration-response estimates for the highly
resistant Arizona populations. However, if the goal of a monitoring program were only to
detect individuals with susceptibility levels less than that of the Yuma population, it would
be very possible to use diagnostic concentrations that result in very high mortality of the
Yuma population but were not sufficiently high to cause stickiness problems in the
bioassay vials. Other workers have reported the glass vial method to be inappropriate for
testing whitefly due to the whitefly becoming stuck on residues in vials (Sanderson et al.,
1992). Others (Cahill et al., 1992) have used the method successfully for whiteflies; both
Sanderson et al.(1992) and Cahill et al.(1992) used pyrethroids in their bioassays; however,
their objectives were different The objective of Cahill et al.(1992) was to use small
amounts of insecticide to test contact activity of insecticides. Sanderson et al.(I992) used
the vial method to detect resistance in field populations. Hence, the concentration of
insecticide used differed widely between die two studies. Cahill et al.(1992) agreed that at
high concentrations (over 1000 P-g/ml) stickiness problems occurred and such problems
appeared to be a property of the chemical being evaluated, rather than a consistent limitation
of the vial method.
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Statistical Contrasts of the Methods
Use of probit analysis has become the standard in entomology to estimate
susceptibility of populations to insecticides and to determine levels of resistance relative to
a susceptible reference population. This is the case despite the fact that heterogeneity with
respect to susceptibility to the insecticide of interest violates a fundamental assumption of
probit analysis (Finney, 1971). Therefore, the conunonplace use of probit analyses and the
resultant LC^ values produced are technically incorrect As argued by numerous authors
(Dennehy, 1983; Roush, 1986; Tabashnik, 1990), it is far better to contrast susceptibility of
heterogeneous populations using an ANOVA or chi-squared approach than by contrasting
the mortality observed from specific bioassay concentrations or doses. Despite the
appropriateness of this alternative approach, we continue to be urged by colleagues from
around the world to subject our results to probit analysis. For this reason I included both
methods of analysis. Figures 1-9 illustrate the differences observed between Yuma and
Gila River Basin populations with three different chemicals. In every case there were
highly significant differences between die resistant and susceptible strains (see P values on
all Figures). From dose mortality lines, discriminating concentrations can be identified for
each population and chemical combination.
With endosulfan, Yuma and Gila E^ver Basin populations were not different
enough to allow discrimination with any of the methods (Figures 7-9). Yet, probit analysis
from leaf disk and vial methods produced significant differences in the LC50 for endosulfan
(Table 3). The 95 % FL of the leaf disk method for Yimia 7.62-10.4 and the FL for Gila
River Basin 3.42-5.49 do not overlap (Table 3 and Figure 9). The same was true for the
vial method (Table 3 and Figure 7). Thus, while probit analysis showed the populations to
be significantiy different in response to endosulfan, the overlap of response lines seen in
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the Figures was so great that discrimination of endosulfan responses between the Yuma
and Gila River Basin populations with any of these methods was not possible. This was
also true for the sticky trap method (Figure 8); however, the probit analysis showed that the
FL overlapped.
Even with the stickiness problems of the vial method, the separation of Yuma and
Gila River Basin lines were great enough to allow for discrimination between the
populations when testing fenpropathrin + acephate. The leaf disk and sticky trap methods
also discriminated well between the Yuma and Gila River Basin populations (Figures 4-6:
Notice that there was no overlap of the error bars occurred in any of the methods.).
The vial and sticky trap methods discriminated between Yuma and Gila River
Basin populations (Figures 2 and 3) and showed no overlap of the FL limits for
fenpropathrin alone (Table 1). This difference was only seen at higher concentrations of
fenpropadirin. The leaf disk, however, discriminated well between Yuma and Gila River
Basin populations when fenpropathrin was tested (Figure 1).
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Whitefly Susceptibility
Gila River Basin and Yuma
Leaf Disk Method
Yuma
Gila River Basin

10

100

1000

10000

FENPROPATHRIN [ig/ml
Figure 1: Responses to fenpropathrin of whitefly adults from Gila River Basin and
Yuma using the leaf disk assay method. X^(6, 336). P«.001.
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Whitefly Susceptibility
GUa River Basin and Yuma
Sticky Trap Method

0.8
Yuma
GRB

b 0.6

0.4

O 0.2

0
10

100

1000

10000

FENPROPATHRIN ^ig/ml
Figure 2: Responses to fenpropathrin of whitefly adults from Gila River Basin and
Yuma using the sticky trap assay method. X\6, 47). P«.001.
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Gila River Basin and Yuma
Vial Method
luma

Stickiness
Problems

10

100

1000

FENPROPATHRIN ^ig/ml
Figure 3: Responses to fenpropathrin of whitefly adults from Gila River Basin and
Yuma using the vial assay method. X^(6, 78). P«.001.
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Whitehy Susceptibility ^
Gila River Basin and Yu|^a
Leaf Disk Method

/
/
/

Gila River Basia
Yuma

0.001

10
0.1
FENPROPATHRE^^ CONCENTRATIONS ^ig/ml
+ 1000 Hg/ml ACEPHATE

1000

Figure 4: Responses to fenpropathrin + 1000 |Xg/ml acephate of whitefly adults from
Gila River Basin and Yuma using the leaf disk assay method. X\2, 183). P«.001.
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Whitefly Susceptibility
Gila River Basin and Yuma
Sticky Trap Method
0.8

h 0.6

0.4

0.2

0.1

100

1000

FENPROPATHRIN CONCENTRATIONS ^ig/ml
+ 1000 ng/ml ACEPHATE

Figure 5: Responses to fenpropathrin + 1000 ^g/ml acephate of whitefly adults from
Gila River Basin and Yuma using the sticky trap assay method. X^(2,186).
P«.001.
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Whiteuy Susceptibilily
Gila River Basin and Yuma
Vial Method
Yuma

Stickiness
Problems

0.1

1
10
FENPROPATHRIN CONCENTRATIONS ^ig/ml
+ 1000 p-g/ml ACEPHATE

100

Figure 6: Responses to fenpropathrin + 1000 fig/ml acephate of whitefly adults from
Gila River Basin and Yuma using the vial assay method. X^(3, 303). P«.001.
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WTiitefly Susceptibility
Gila River Basin and Yuma
Leaf Disk Method

L
I

Yuma
Gila River Basin

10

100

Endosulfan |ig/ml
Figure 7: Responses to endosulfan of whitefly adults from Gila River Basin and
Yuma using the leaf disk assay method. X^(8,65). P«.001.
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Whitefly Susceptibility
Gila River Basin and Yuma
Sticky Trap Method
Yuma
GRB

10

100

1000

10000

ENDOSULFAN ^g/ml
Figure 8: Responses to endosulfan of whitefly adults from Gila River Basin and
Yuma using the sticky trap assay method. X^(10,141). P«.001.
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VVhiiefly SuscepUbiiity
Gila River Basin and Yuma
Vial Method

1
I

•Yuma
GRB
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100

ENDOSULFAN |ig/ml

Figure 9: Responses to endosulfan of whitefly adults from Gila River Basin and
Yuma using the vial assay method. X^(8, 40). P«.001.
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Probit analysis was run on Gila Eliver Basin and Yuma populations testing the
hypothesis that lines produced by each method were parallel (i.e., similar slopes) or the
same (i.e., slopes and intercepts similar) for the three chemical treatments evaluated
(fenpropathrin, fenpropathrin + acephate, and endosulfan). Figures 10-27 illustrate diese
contrasts of the probit analysis results. Comparisons were made between, leaf disk vs
sticky trap, leaf disk vs vial, and sticky trap vs vial, for each chemical treatments with the
two populations (Yuma and Gila River Basin).
Figures 10-21 show that slopes of probit lines were significantly different for all
contrasts of all methods with tests of fenpropathrin (/'«.005) and fenpropadirin +
acephate (/'«.005). Slopes were parallel for the endosulfan evaluations with leaf disk and
vial bioassays of both GUa River Basin (P=.728) and Yuma (f=.699) populations
(Figures 23 and 26) but were significantiy different for all other comparisons (Figures 22,
24, 25, and 27). This suggests that the leaf disk and vial raetiiods do not estimate
identically the expression of resistance to fenpropathrin and fenpropathrin + acephate in
field populations.
These results emphasize the importance of not using LC50 values as the sole
criterion for evaluating populations that have been tested with different insecticide
resistance monitoring methods. The different methods evaluated did not estimate
insecticide resistance comparably. Thus, evaluating resistance by comparing LC50 of
populations is of littie value without prior detailed knowledge of the precision, accuracy and
discriminating ability of the method used.
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STICKY TRAP VS LEAF DiSK
GILA RIVER BASIN
H^: lines same. Reject P«.005
Hji lines parallel. Reject P«.005

STICKY TRAP

LEAF DISK
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100

1

10000

Fenpropathrin Hg/ml
Figure 10: Response to fenpropathrin of adult whiteflies from Gila River Basin as
estimated by sticky trap and leaf disk bioassay methods. Sticky trap LCjo=1720,
FL=758.0 - 3520, Slope= .651, SE=.0780. Leaf disk LCso=4400, FL=3280 - 6270,
Slope=1.34, SE=.117.
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LEAF DISK VS VIAL
GILA RIVER BASIN
H : lines same. Regect P«.005
H : lines parallel. Reject P«.005
LEAF DISK

VIAL
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1

10000

Fenpropathrin p.g/ml
Figure 11: Response to fenpropathrin of adult whiteflies from Gila River Basin as
estimated by vial and leaf disk bioassay methods. Vial Slope= .120, SE=.0810. Leaf
disk LC5o=4400, FL=3280- 6270, SIope=1.34, SE=.117.
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Figure 12: Response to fenpropathrin of adult whiteflies from Gila River Basin as
estimated by sticky trap and vial bioassay methods. Sticky trap LC5o=1720,
FL=758.0 - 3520, SIope= .651, SE=.0780. Vial Slope=.120, SE=.0810.
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Figure 13: Response to fenpropathrin of adult whiteflies from Yuma as estimated
by sticky trap and leaf disk bioassay methods. Sticky trap LCso=658, FL=479.0858.0, SIope= 1.23, SE:=.0800. Leaf disk LCs„=lll, FL=81.00-147.0, Slope=1.64,
SE=.108.
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Figure 14: Response to fenpropathrin of adult whiteflies from Yuma as estimated
by vial and leaf disk bioassay methods. Vial LCso=339, FL=123.0-1270, SIope= .581,
SE=.0580. Leaf disk , FL=81.00-147.0, Slope=1.64, SE=.108.
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Figure 15: Response to fenpropathrin of adult whiteflies from Yuma as estimated
by vial and sticky trap bioassay methods. Vial LCso=339, FL=123.0-1270, Slope=
.581, SE=.0580. Sticky trap LCso=658, FL=479.0-858.0, Slope=1.23, SE=.0800.
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Figure 16: Response to fenpropathrin concentrations + 1000 |ig/ml acephate of adult
whiteflies from Gila River Basin as estimated by sticky trap and leaf disk bioassay
methods. Leaf disk LCso=14.30, FL=5.70-19.0, SIope=2.30, SE=.390. Sticky trap
LCso=309.0, FL=220-410, Slope=1.22, SE=.0990.
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Figure 17: Response to fenpropathrin concentrations + 1000 [ig/ml acephate of adult
whiteflies from Gila River Basin as estimated by sticky trap and leaf disk bioassay
methods. Leaf disk LC5g=14.30, FX.=5.70-19.0, SIope=2.30, SE=.390. Vial
LCso=1690, FL=No confidence, Slope=.583, SE=.170.
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Figure 18: Response to fenpropathrin concentrations + 1000 pig/ml acephate of adult
whiteflies from Gila River Basin as estimated by sticky trap and leaf disk bioassay
methods. Sticky trap LCso=309.0, FL=220-410, Slope=1.22, SE=.0990. Vial
LCsj=1690, FL=No confidence, Slope=.583, SE=.170.
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Figure 19: Response to fenpropathrin concentrations + 1000 |ig/nil acephate of adult
whiteflies from Yuma as estimated by sticky trap and leaf disk bioassay methods.
Leaf disk LCso-lSTO, FL=.110-.190, Slope= 2.03, SE=.120. Sticky trap LCs„=2.140,
FL=1.40-3.00, SIope=1.05, SE=.0490.
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Figure 20: Response to fenpropathrin concentrations + 1000 [ig/ml acephate of adult
whiteflies from Yuma as estimated by sticky trap and leaf disk bioassay methods.
Leaf disk LCso=.1570, FL=.110-.190, Slope= 2.03, SE=.120. Vial LC5o=.2100,
FL=.150-.270, Slope=1.45, SE=.0910.
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Figure 21: Response to fenpropathrin concentrations + 1000 p.g/nil acephate of adult
whiteflies from Yuma as estimated by sticky trap and leaf disk bioassay methods.
Sticky trap LCso=2.140, FL=1.40.3.00, Slope=1.05, SE=.0490. Vial LC5o=.2100,
FL=.150-.270, Slope=1.45, SE=.0910.
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Figure 22: Response to endosuifan M.g/ml of adult whiteflies from Gila River Basin
as estimated by sticky trap and leaf disk bioassay methods. Leaf disk LCjo=4.49,
FL=3.42-5.49, Slope = 2.63, SE=.264. Sticky trap LCs,=531, FL=362-697,
Slope=1.82, SE^.144.
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Figure 23: Response to endosulfan (ig/ml of adult whiteflies from Gila River Basin
as estimated by sticky trap and leaf disk bioassay methods. Leaf disk LC5o=4.49,
FL=3.42-5.49, Slope = 2.63, SE=.264. Vial LC5o=6.90, FL=5.45-8.40, Slope=2.54,
SE=.136.
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Figure 24: Response to endosulfan p.g/ml of adult whiteflies from Gila River Basin
as estimated by sticky trap and leaf disk bioassay methods. Sticky trap LC3o=531,
FL=362-697, Slope=1.82, SE=.144. Vial LCs„=6.90, FL=5.45-8.40, Slope = 2.54,
SE=.136.
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Figure 25: Response to endosulfan ^g/ml of adult whiteflies from Yuma as
estimated by sticky trap and leaf disk bioassay methods. Leaf disk LCjo=9.06,
FL=7.62-10.4, Slope = 3.33, SE=.259. Sticky ti-ap LCso=635, FL=493-783,
Slope=L49, SE=.118.
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Figure 26: Response to endosuifan p.g/ml of adult whiteflies from Yuma as
estimated by sticky trap and leaf disk bioassay methods. Leaf disk LC5o=9.06,
FL=7.62-10.4, Slope = 3.33, SE=.259. Vial LC5o=10.8, FL=9.18-12.5, Slope=3.21,
SE=.225.
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Figure 27: Response to endosulfan |Xg/mI of adult whiteflies from Yuma as
estimated by sticky trap and leaf disk bioassay methods. Sticky trap LC;o=635,
FL=493-783, Slope=1.49, SE=.118. Vial LC5o=10.8, FL=9.18-12.5, Slope = 3.21,
SE=.225.

Table 4: Cost of bioassay method per individual assay. The total cost does not include overhead, field collection, or the
mixing of solutions. Estimates of cost were per in^vidual assay and did not include overhead, field collection, or
chemical mixing costs.
Leaf Disk Method
Pi'ocedurc
Seconds
Planting time per leaf
15
Cutting leaf disk
30
Cutting dialysis tubing square
25
Removal of cap (vial)
10
Pesticide application
30
Placement of leaf disk into vial
45
Labeling vial
5
Loading time
45
Time required to read the assay
45
Total labor per vial
250
Supplies
Cost ($)
Soil-1/8 bale for 40 leaves
Seeds-donated
Scintillation vial
Rubber bands size 8-1 per assay
Dialysis tubing- 5 cm square
Gloves-1 pair per 100 vials
Agarose Agar 1.3g per 40 vials
Glass pipette tips 2 per 100 vials
Chemicals-donated
Acetone 100 ml per 300 vials
Total cost of supplies
Labor @ $7.50/hour
Total Cost Leaf Disk Assay

Sticky Trap Method
Vial method
Procedure
Seconds
Procedure
Seconds
Cutting of card
20
Stapling label on card
20
Removal of cap (vial)
10
Tanglefoot application
Washing vial
30
5
Pesticide application
90
Cutting dialysis tubing square
25
Placement into rack &. cooler
15
Pesticide application
20
Collecting WF from holding cage
60
Labeling vial
5
labeling card
5
Loading of card
120 Loading
45
Time required to read the assay
120 Time required to read the assay
120
Total labor per card
455 Total labor per vial
255
Supplies
Cost ($)
Supplies
Cost ($)
Plastic yellow sheeting- 3" by 5" 0.0425 Scintillation vial
0.1506
Tangle foot-1spray per five cards 0.0044 Rubber bands size 8-1 per assay 0.0003
Pot labels- one per card
0.0180 Dialysis tubing- 5 cm square
0.0195
Ink- for stamp pad
0.0020 Gloves-1 pair per 100 vials
0.0012
Heavy-duty staples- 2 per card
0.0065 Contrad -1/16 cup per 300 vials 0.0002
Paper towels- three per card
0.0058 Pipette tips 5 per 100 vials
0.0047
Gloves-one pair per 50 cards
0.0024 Chemicals-donated
0.0000
Acetone-200 ml per 300 cards
0.0022 Acetone 175 ml per 300 vials
0.0019
Pipette tips- 5 tips 100 cards
0.0047

0.0586
0.0000
0.1506
0.0003
0.0195
0.0012
0.0237
0.0003
0.0000
0.0011
0.2553 Total cost of supplies
0.5208 Labor @ $7.50/hour
0.78 Total Cost Sticky Trap Assay

0.0884 Total cost of supplies
0.9479 Labor @ $7.50/hour
L04 Total Cost Vial Assay

0.1785
0.5313
0.71
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Cost Comparisons
Cost of monitoring is of considerable importance since resources for monitoring
are usually limited. The three resistance bioassays evaluated herein were fairly costly
(Table 4). The vial method was the cheapest, at $0.71 each, followed closely by the leaf
disk method at $ 0.78. The sticky trap method was the most expensive of the three,
costing an estimated $1.04 each.
Preparation of the vial bioassay method was not as time consuming as the sticky
trap method; however, the supplies were relatively more expensive. Table 4 describes the
major steps involved in each method and their estimated cost The glass scintillation vials
used for the vial method come with screw caps on each vial. The screw caps must be
removed and the vials must be washed to remove a glossy finish coating that interferes
with the even distribution of the chemical solutions. This increased the amount of time
involved in the method and increased labor costs.
Pesticide application is simple because of the ease of placing 25 pi into each vial
and then placing the vial on the roller. The vial is loaded with 25 whitefly mouth aspirated
directly from the holding cage and then placed into the vial. Since the whiteflies do not
have a leaf surface to land upon, scoring of the vial assay is trickier than the leaf disk where
the living whitefly remain on the leaf. The supply cost for the vial method is mainly due to
the scintillation vials and the dialysis tubing.
Cost of supplies for the sticky trap method was less than the leaf disk and vial
methods. The total cost of the sticky trap method was approximately 26 cents higher than
the vial and leaf disk methods due to the labor cost for constructing, loading, and reading
the assay. The cards were cut, handles attached. Tanglefoot® applied, and labeled; taking
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approximately 50 seconds. The pesticide was applied with a Potter Spray Tower. For each
card, 3 ml of solution was placed into the tower, the card was sprayed and the spray was
allowed to settle. Between the spraying of each card, it was necessary to wipe the base of
the spray platform to remove the excess pesticide solution. All these steps were time
consuming, which added to the time expense of the method. Insects were also handled
differently with the sticky trap bioassay than with the vial or leaf disk assays. Sticky trap
cards were passively infested by allowing whitefly to fly freely toward the treated card.
The time involved in this step was directly dependent on the number of whiteflies in the jar
and how rapidly they moved to the sticky card. If many whitefly were present, it took
approximately 10 seconds to complete this step; however, if fewer insects were in the jar, it
could take up to 10 minutes. For computational purposes I used the median value of 120
seconds per card for this step. Scoring the sticky card assay was not as difficult as scoring
the vial method because the whitefly were stationary. However, each whitefly had to be
tapped with a brush to determine mortality. Also, more whitefly were evaluated per assay
for the sticky trap method than the vial or the leaf disk. In the balance, the amount of time
required to access mortality of the sticky trap assay was approximately the same as for the
vial assay.
The leaf disk procedure was less time consuming than the sticky trap or vial
methods. Leaf disk vials did not require washing because the insecticide u^atment was not
influenced by the inside of the vial. However, the difficulty associated with producing and
preparing the plant material needed for the leaf disks more than compensates for the steps
that save time with the leaf disk method. Two leaf disks were cut from the first set of true
leaves of the cotton seedlings. These were dipped and then placed into vials. Leaf disk
vials were loaded in the same fashion as the vial assay. Supplies for the leaf disk method
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were the most costly of the three methods (26 cents); the scintillation vial, soil, agar, and
dialysis tubing all contributed to the cost.

Field Evaluation of the Leaf Disk Method

Figures 28-29 demonstrate the striking differences between leaf disk estimates of
susceptibility to fenpropathrin + acephate of the Yuma and Maricopa populations.
Response lines were derived prior to and after three treatments of fenpropathrin + acephate,
within blocks in which the treatment action threshold was 10 adult whitefly per leaf. At
Maricopa, susceptibility was reduced greater than one hundred-fold over approximately
one month. In contrast, susceptibility of the Yuma population was virtually unchanged
after three treatments of fenpropathrin + acephate.
The densities of egg, immature, and adult whiteflies at both field sites reflected the
susceptibility as estimated in bioassays (Figures 30,32, and 34 for the Maricopa site and
Figures 31,33, and 35 for the Yuma site). At Yuma, the spray application of
fenpropathrin + acephate suppressed all stages of whiteflies for greater than two weeks, not
reaching the threshold of 10 adults per leaf again for 29 days while the control plots
remained constant or grew in numbers. The Maricopa populations, on the other hand,
appeared to be almost unaffected by die same treatment. At this location, populations
reached the 10 adult whitefly threshold in only 4 days after treatment, though they were not
sprayed again for 7 days. This result shows vividly that the resistance to synergized
pyrethroids renders Arizona whiteflies nearly immune to these insecticides.
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Differences in field performance of fenpropathrin + acephate were reflected nicely
by leaf disk bioassay results (Figures 28-35). That is, where the leaf disk assay showed
the greatest susceptibility, field performance was the best, and vice versa. This indicates
that the leaf disk method provided acceptable precision in reflecting field performance of
the insecticide mixture.
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1995 Whitefly Susceptibility
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Figure 28: Concentration-response lines to fenpropathrin + 1000 jig/ml acephate
pre-spray and after three treatments at Maricopa Agricultural Center, Arizona.
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Figure 29: Concentration-response lines to fenpropathrin + 1000 |ig/nii acephate
pre-spray and after three treatments at Yuma Agricultural Center, Arizona.
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Figure 30: Whitefly egg counts showing mid-season effects of fenpropathrin +
1000|ig/ml acephate treatment at Maricopa Agricultural Center.
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Figure 31: Whitefly egg counts showing mid-season effects of fenpropathrin +
1000[ig/nil acephate treatment at Yuma Agricultural Center.
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Figure 32: Immature whitefly counts showing mid-season effects of fenpropathrin +
1000p.g/ml acephate treatment at Maricopa Agricultural Center.
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Figure 33: Immature whitefly counts showing mid-season effects of fenpropathrin +
1000|ig/ml acephate treatment at Yuma Agricultural Center.
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Figure 34: Adult whitefly counts showing mid-season effects of fenpropathrin +
1000{J.g/ml acephate treatment at Maricopa Agricultural Center.
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Figure 35: Adult whitefly counts showing mid-season effects of fenpropathrin
1000|ig/ml acephate treatment at Yuma
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Within-Field Variance
For each of the five replicated blocks sampled at the Yuma and Maricopa locations,
estimates of concentration-response were derived from six bioassay replicates per
concentration tested at 0.1 to 100 ng/ml concentrations (Figure 36 and 40). To evaluate the
degree of within field variability in these estimates I plotted the individual replicates from
each of the 5 plots and contrasted this with the means of mortality from the six bioassay
replicates per concentration from each plot (Figures 37-39 and 41-43).
Individual replicates of bioassays in figures 37-39 illustrate variation in Maricopa
whitefly susceptibility estimates of 5 % to 75 % mortality, in U^eated and control plots.
However, diis variation was damped considerably by the 6 replications of bioassays of
each concentration evaluated against each block tested. Variation between mean mortality
estimates of given concentrations was generally less than 25 % within the five blocks
tested. Figures 41-43 illustrate the variation seen in Yuma whitefly susceptibility
estimates. Individual replicates of bioassays estimates susceptibility of 5 % to 80 %
mortality in treated and control plots. The variation of the Yuma population, as also seen
with the Maricopa population, was damped greatly by the 6 replications of bioassay of each
concenu-ation evaluated against each block tested. The variation between mean mortality
estimates was less than 45%. This relatively low variability in mean estimates of
population susceptibility of both the Yuma and Maricopa populations lends confidence to
my bioassay procedure and indicates that I had reasonable reliability of the susceptibility
estimates.
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1995 Whitefly Susceptibility
Maricopa Agricultural Center
CONTROL

PRE^SPRAYSa

TREATED PRE-SPRAY V2
CONTROL 9/6

S 0.4

CONTROL

~TREA-TE&~
9/17
i TREATMENT$)
TREATED 9/6
(3 TREATMENTS)

Control

100
0.1
1
10
FENPROPATHRIN CONCENTRATIONS (^ig/ml)
+1000ug/ml ACEPHATE
Figure 36: Concentration-response lines to fenpropathrin + 1000 p.g/ml acephate for
means of control and treated plots throughout the 1995 cotton growing season at the
Maricopa Agricultural Center, Arizona.
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Figure 37: Within-fieid variation on 8/2/95 at Maricopa.
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Figure 38: Within-field variation 9/6/95 at Maricopa
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Figure 39: Within field variation 9/17/95 at Maricopa.
Fenpropathrin Concentrations + 1000 ng/ml Acephate
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1995 Whitefly Susceptibilty
" Yuma Agricultural Center
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Figure 40; Concentration-response lines to fenpropathrin + 1000 |Xg/ml acephate for
means of control and treated plots throughout the 1995 cotton growing season at the
Yuma Agricultural Center, Arizona.

85

Figure 41: Within field variation 7/9/95 Yuma
Control Plots
Means
of 5 Replicate
Bioassays

Fenpropathrin concentrations + lOOOng/ml Acephate
M-pAnl
0

KI]

0.1

t

1

m

10

tO

100
Mortality

0.00

0.25

0.50

1.00

0.75

upAnl

0

Individual
Replicates
of
Bioassays

3=33

0.1
1

' '

10

100
Mortality

0.00

0.25

0.50

1.00

0.75

Fenpropathrin concentrations + 1000 ^ig/ral Acephate
lig/inl

0

Treated Plots
Means
of 5 Replicate
Bioassays

0.1
1

to

10
100

Mortality

0.00

0
0.1

0.25

0.50

1.00

0.75

"fn—

»4~n-

Individual
Replicates
of
Bioassays

Z=L

1
10

0

00 t

100
0.00

0.25

0.50

0.75

1.00

Nforiality

86

Figure 42: Within field variation on 8/16/95 Yuma
Fenpropathrin concentrations + 1000 ^g/ml Acephate
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Figure 43: Within field variation on 9/13/95 Yuma
Fenpropathrin Concentrations + 1000 ^ig/nil Acephate
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Biochemical Assay Results
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Figure 44: Total esterase activity of Yuma and Gila River Basin whitefly using alpha
naphyl acetate as substrate.
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Figure 45: Liner transformation of total esterase activity using the Lineweaver and
Burk method.
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Figure 46: Total esterase activity of adult whiteflies from Gila River Basin. The
substrate is saturated at Vmax=296.72, the substrate concentration permitting a
half-maximal velocity Km=6.169.
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Figure 47: Total esterase activity of adult whiteflies from Yuma. The substrate is
saturated at Vmax=143.98 and the substrate concentration permitting a halfmaximal velocity Km=2.968.
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In Figure 44 the estimated total esterase activity of Gila River Basin adult whiteflies
using alpha naphyl acetate was shown to be higher than for Yuma. The substrate
saturation and Km of the Gila River Basin population (Figure 46) was double that of the
Yuma population (Figure 47). These findings collaborated our bioassay results and further
verified that the esterase of the Yuma whitefly had a greater affinity for the alpha naphyl
acetate than whitefly from Gila River Basin.
Cahill et al., (1995) indicate that total esterase activity may play a role in
organophosphate resistance because esterase activity was positively correlated with
susceptibility to two of the organophosphates they tested. My finding that the resistant Gila
River Basin population, had higher total esterase activity than the susceptible Yuma
population concurs with the Cahill et al. (1995) results. However, this does not mean that a
population with higher total esterase activity will necessarily display increased resistance to
organophosphates. The enhanced total esterase activity of Gila River Basin is only an
indication that esterase may be involved with the organophosphate resistance in Arizona
whitefly. This biochemical method of estimating total esterase activity is not, and cannot,
by itself, reflect adequate field levels of organophosphate resistance. However, when
coupled with AChE insensitivity assays it provides valuable correlative evidence and
insight regarding the role of metabolism and target site changes for explaining the bioassay
results.
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Conclusion
The three principal methods used for whitefly monitoring worldwide produced
significantiy different estimates of susceptibility and resistance intensity for the three
insecticide treatments evaluated against relatively susceptible and highly resistant
populations of Arizona whiteflies. The leaf disk method generally produced the lowest
LCjo values, the highest slopes of the response lines, and the least overlap in responses of
the Yuma and Gila River Basin populations. The sticky trap method produced LC50 values
6-fold to 118-fold higher than the leaf disk method, except for fenpropathrin bioassays of
the Gila Eliver Basin population, in which case the sticky trap method was moderately
more toxic than the leaf disk method. The sticky ttap method discriminated well between
populations differing in susceptibility to fenpropathrin + acephate, but was less effective
than the leaf disk method at discriminating susceptibility to fenpropathrin or endosulfan
alone. The vial method was the least effective at discriminating between the Yuma and
Gila River Basin populations. Additionally, it posed technical problems stemming from
stickiness of fenpropathrin, especially at the high concentrations required to kill the Gila
River Basin population. The sticky trap bioassay represented a practical compromise
between difficulty and discriminating ability. It also offered the advantage of portability.
Field trials demonstrated excellent concordance between leaf disk bioassay results
and field performance of fenpropathrin + acephate. This study suggested that the leaf disk
method was the most discriminating and accurate of the three methods. However, it was
clearly the most difficult
To determine which whitefly monitoring method would be best for any given
situation many factors were taken into account. From my findings it appears that the most
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important distinction was whether monitoring was being done either: 1) to detect
individuals that survive the LC95 of susceptible populations or 2) to estimate the intensity of
resistance in field populations. In the former case, I concluded that the vial bioassay was
the simplest and most efficient method. In the latter case, when precision in estimating
LC50 values was essential, the leaf disk bioassay was clearly the best choice. However, in
certain settings the sticky trap bioassay offered advantages over both the vial and leaf disk
methods and may prove to be the optimal compromise between practicality and
discriminating ability for some whitefly resistance monitoring programs.
If a program for monitoring resistance has sufficient funding, I would use the leaf
disk method, especially with of Arizona populations and the insecticides endosulfan,
fenpropathrin, and fenpropathrin + acephate. The sticky trap maybe a viable alternative for
Arizona populations. The vial method should not be used to monitor changes in the
intensity of resistance to fenpropathrin and fenpropathrin + acephate owing to technical
problems described herein. Obviously, these conclusions should be limited to the
populations and insecticides that I evaluated.
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