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Letter from the Editor

Did you miss us?

Robert Hollingworth &

Mark E. Whalon

Center for Integrated Plant Systems
Michigan State University

East Lansing, MI 48824-1311

Both of us have been through
some major shiftsin our professional
appointments at Michigan State
University over the last year. This
took up a lot of time and conse-
guently the Spring issue of the
Newsletter never got put together.
Some of you even noticed it's ab-
sence. Now we are back on track,
but it is not certain for how long.
Putting together the Newdletter has
always been a hand-to-mouth busi-
ness financialy. We have had great
support from IRAC and this contin-
ues, but the availability of the addi-

tiona funding for printing and mail-
ing the Newdletter is in doubt. We
have the resources to maintain the
publicationinitselectronic form (you
can find it a  (www.cips.msu.edu/
resistance/rpmnews) and the IRAC
website (http://plantprotection.org/
irac)) and wewill continueto put out
the printed copy as long as possible.
If the disappearance of the print ver-
sionwould create aproblem for you,
please let us know by e-mail (our ad-
dresses are on the cover page) or
by mailing your comments using the
tear-off form on the back cover. If
we don't hear from at least a few
people we will assume that the
printed version is not too vauable.
In fact we would love to hear from
you about your comments, ideasand

most of al, articles and views for
publication. If you have any bright
ideas for funding to continue the
printed version, do let us know. We
arereluctant to start charging for the
Newsletter since that complicates
our livesby putting usin the account-
ing and banking business.

On ancther note, the preliminary
web page detailing arthropod resis-
tance globally is aso up on the web
(www.cips.msu.edu/resistance/
rmdb). The database is based on an
up-to-date literature search of over
5,000 articles. This database will be
developed in more detail astime and
resourcesalow. If you areinterested
in a particular custom relational
andysis of the data please contact
Mark Whalon.
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Resistance Around the Globe - Fungicides

Resistance of Botryosphaeria dothidea from Pistachio to

Iprodione

ZhonghuaMa, Yong Luo and
Themis J. Michailides
Department of Plant Pathology
University of Cdifornia, Davis
Kearney Agricultural Center
9240 S. Riverbend Avenue
Parlier, CA 93648

E-mail: zhma@uckac.edu

Botryosphaeria panicle and shoot
blight, caused by Botryosphaeria
dothidea, is ayidd devadtating dis-
ease throughout Cdlifornia. A num-
ber of fungicides have been tested
and proved to provide only marginal
control. The dicarboximide fungicide
iprodione (Rovra®), however, has
showed good efficacy in controlling
Botryosphaeria panicle and shoot
blight of pistachio. Many reports
have demonstrated that plant patho-
gens easily develop resistance to

iprodione in laboratory and in the
field. The objectives of this study
were to survey the sensitivity of B.
dothidea to iprodione and to assess
the resistance risk of B. dothidea
toiprodione.

Seventy-nine isolates, collected
from 8 California pistachio orchards
from 1997 to 1999, were used to
assess the sensitivity of B. dothidea
to iprodione. Only one out of these
isolates was low resistant (LR) to
iprodione (EC,, = 2.726 ng/ml),
whereas al the other isolates were
sensitive (EC,, < 1ng/ ml). B.
dothidea isolates readily developed
resistanceto iprodione in laboratory.
Furthermore, these laboratory-de-
rivediprodione-resistant (IR) isolates
retained high virulence to pistachio.
|prodione resistance significantly de-

clined when these IR isolates were
propagated on pistachio leavesinthe
absence of the fungicide. IR isolates
were a so resistant to vinclozolin, an-
other dicarboximide fungicide, but
sensitive to tebuconazole and
benomyl. Applications of iprodione
at 500 ng/ml were effective against
naturally sensitiveisolates, but failed
to control disease caused by IR iso-
lates in both the laboratory and
greenhouse. The results indicate
that, although naturally occurring IR
isolates of B. dothidea may be rare
in California pistachio orchards, the
fungus readily develops resistance
toiprodione in laboratory and, most
importantly, retains high levels of
virulence on pistachio. Alternating
applications of tebuconazole,
benomyl, and iprodione thus may
delay iprodione resistant develop-
ment in pistachio B. dothidea iso-
lates.

Resistance Around the Globe - Herbicides

Common Sunflower (Helianthus annuus L.) Resistance
to Acetolactate Synthase Inhibiting Herbicides

Anthony D. White
Corresponding author
Micheal D. K. Owen &
Robert G. Hartzler
Department of Agronomy
lowa State University
Ames, lowa 50011

E-mail: adwhite@iastate.edu

John Cardina

Department of Horticulture and
Crop Science,

Ohio Agricultura Research and
Development Center,

The Ohio State University
Wooster, OH 44691

Herbicides that inhibit
acetolactate synthase (ALS; EC
4.1.3.18) have become important

tools in a number of crops since be-
ingintroducedin1982. ALSisaplant
enzyme involved in the biosynthesis
of the branch chain amino acids,
valine, leucine and isoleucine (Saari
et al. 1994). ALS herbicides dem-
onstrate wide crop selectivity, high
efficacy, low use rates, and low
mammalian toxicity. Currently, ALS
inhibitor herbicides are comprised of
over 30 active ingredients for selec-
tiveusein at least 10 different crops.
A total of 15 chemical classes have
been identified as inhibitors of ALS,
but not dl have been commercialy
developed (Saari et al. 1994).

Although ALS inhibiting herbi-
cides have excellent herbicidal and
environmental properties, weed re-
Sistance to ALS inhibitor herbicides
has become amajor concern in many
crops around the world. Typically,
weeds that formerly were controlled
by a herbicide now do not respond,
even to high rates of the herbicide.
Generdly, the resistant population
developed after multiple applications
of the same herbicide, and thus is
different from the natura tolerance
that weeds have for many herbicides
(Saari et al. 1994, Wrubel and
Gressel 1994).

The occurrence of herbicide re-
sistance in weeds has been accel-
erating in recent years. Heap
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(1997) reported that 188 different
weed species in 42 countries resis-
tant to specific herbicides had been
discovered. He also states that
since 1978, an average of nine new
cases of herbicide resistance are
reported each year. ALS inhibitor
herbicides play amajor rolein these
datistics by contributing 38 species
to the total reported cases of herbi-
cide resistance.

In 1996, AL Sresistancewas dis-
covered in common sunflower
(Helianthus annuus) (Heap 1997).
Common sunflower is a summer
annual found over much of the
North Central United States and
thrives in almost any environment
including cultivated fields, pastures,
and waste land (Wax et al. 1981).

The AL S inhibitors chlorimuron,
thifensulfuron and imazethapyr are
labeled to control common sunflower
(Anonymous 1997). In 1996, com-
mon sunflowers from Howard,
South Dakota were suspected to be
cross-resistant to these ALS inhibi-
tor herbicides. ALS herbicide use
at thissite began in 1988 in soybeans
(Table 1). In 1989 the field wasro-
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Figure 1. Dose response curve for resistant common sunflower treated with
imazethapyr or chlorimuron 21DAT. The susceptible biotype was controlled at the nor-
mal use rate and data was not included. (The 1x application rates for imazethapyr and
chlorimuron were 70 and 13 g/ha, respectively.)

tated to corn with no ALS herbicide
applied and in 1990 the field was
planted back to soybeans and ALS
products were applied for weed con-
trol. That year, the field was
resprayed to control escaped sun-
flowers. Chlorimuron and
thifensulfuron were used as the pri-
mary herbicide treatment until 1992

Tablel. Grower field history in Howard, South Dakota from 1988 to 1996.

when imazethapyr was added to the
herbicide program. After the 1992
application of imazethapyr, arespray
with chlorimuron was performed.
The soybean and corn rotation
has continued from 1988 until the
present time and has not reduced
the problem. ALS inhibitor herbi-
cides were not used during years

Year Crop Tillage Herbicide Program? Respray Treatment 2
Practice
1988 Soybean Conventional 138g trifluralin PPI None
4.4q thifensulfuron + 5.8g chlorimuron POST
1989 Corn No-till 2.2kg cyanazine PRE None
1.3kg cyanazine + 419g atrazine (premix) + 560g dicamba POST
1990 Soybean Conventional 138g trifluralin PPI 8.8g chlorimuron
4.4q thifenslufuron + 5.8g chlorimuron POST
1991 Corn No-till 2.2kg cyanazine PRE None
1.3kg cyanazine + 419g atrazine (premix) POST
1992 Soybean Conventional 70g imazethapyr POST 5.8g chlorimuron
1993° Corn No-till 2.2kg metolachlor PRE None
2.0kg acetachlor PRE
1.6kg dimethenamid PRE
560g atrazine + 5609 dicamba POST
1994 Soybean No-till 1.1kg glyphosate BURNDOWN 13.1g chlorimuron
70g imazethapyr POST
1995 Corn No-till 2.2kg cyanazine PRE None
1.3kg cyanazine + 419g atrazine (premix) + 560g dicamba POST
1996 Soybean No-till 1.1kg glyphosate + 420g metribuzin BURNDOWN 36.8g imazaquin

70g imazethapyr + 6.69 imazaguin POST

a Herbicide applied per hectare.

b Divided into thirds for demonstration plots. POST treatment was applied to the entire

area
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when corn was planted. The need
for respray in 1990 suggests that
resistant weeds may have been
prevaent after the second applica
tion of an ALS herbicide.

ALS-inhibitor resistance was
confirmed with a whole plant assay
developed by Hinz and Owen
(1997). A confirmed sensitive bio-
type of common sunflower from
Ames, lowa was used for compari-
son. Thel,, valuesfor imazethapyr
were 200.0 and 5.2 mM for the re-
sistant and sensitive biotypes, re-
spectively.  Chlorimuron I, values
are 10.5 and 1.2 nM for the resis-
tant and sensitive biotypes, respec-
tively (Table2). Thel, valuesindi-
cate theresistant population requires
39 and 9 times more imazethapyr
and chlorimuron, respectively, to ob-
tain the same leve of enzyme inhi-
bition compared to the sensitive bio-
type. Although resistance to both her-
bicides has been confirmed, the level
of cross-resistance to chlorimuron is
limited and requires further evalua
tion.

Dose response (Figure 1) and bio-
mass data (not shown) support the
whole plant enzyme assay data. The
1X rates were 70 and 13 g/ha for
chlorimuron and imazethapyr, re-
spectively. A visua estimate of con-
trol (<90%) was not achieved with
less than an the 8X application rate
(560 g/ha) of chlorimuron, whereas

ResISTANT PEST MANAGEMENT

Table 2. W hole plant ALS |5, values for resistant and
susceptible biotypes of common sunflower.

Iso values®

Herbicide

Resistant

Susceptible

Imazethapyr (M)
Chlorimuron (nM)

30.0 (15 to 45)°
105.0 (55 to 160)

1.5 (0.7 to 2.2)
5.2 (2.5 to 7.7)

®Values in parentheses are 95% confidence intervals.
Plo: Inhibition of 50% of the enzyme activity.

control with imazethapyr was poor
even at the 16X application rate
(208 g/ha). Itislikely that this popu-
lation of common sunflower wasini-
tidly sendtive to both imazethapyr
and chlorimuron. However, through
limited selection, this biotype is now
functionally resistant to imazethapyr
and chlorimuron.

ALS resistance can aso include
increased metabolism of the herbi-
cide by the resistant biotypes and by
limited uptake and trandocation of
the herbicide (Saari etal. 1994). Our
conclusion is that the mechanism of
resistance in common sunflower is
an dtered site of herbicide action.
Further evaluations of rapid herbi-
cide metabolism and differential up-
take and translocation are needed to
confirm this conclusion.

Herbicide resistance is a prob-
lem which continues to grow with
respect to common sunflower. Pre-
ventative measures must be taken
to dow the onset or expansion of a

resistance problem. These mea-
sures involve using herbicides with
different modes of action, rotating
crops, and using more mechanical
practices in crop production.
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Glyphosate Resistance in Another Plant

Jerry Dall

Extension Weed Scinetist
University of Wisconsin
Madison, Wisconsin 53706
E-mail: jddoll @facstaff.wisc.edu

At a recent meeting Monsanto
scientists described to Midwestern
weed scientists and agronomists the
discovery and state of knowledge
about a biotype of goosegrass

(Eleusine indica) resistant to
glyphosate. The problem appeared
in 1997 in oil pam plantations of
Malaysia where as many as eight
annual applications of glyphosate
have been made for the past 10
years. Unlike the resistance in rigid
ryegrass (the other annual grasswith
glyphosate resistance) in which the
specific mechanism of resistance still

remains a mystery, the resistance in
goosegrass is aready known to be
dueto an atered binding site. In sus-
ceptible plants, glyphosate bindswith
the EPSPS enzyme thereby prevent-
ing the formation of key aromatic
amino cidsrequired to build proteins
needed to sustain the plant’s life. In
the resistant goosegrass, the EPSPS
enzyme has asingle amino acid sub-
gtitution (proline to serine change)
in the region of the EPSPS enzyme



6

where glyphosate normally binds,
thus preventing glyphosate from
binding. Thus, the formation of the
amino acids continues normally and
plants do not die. The mechanism
of glyphosate resistance in rigid
ryegrass is unknown, but it is be-
lieved to be due to multi-genetic dif-
ferences and is not the result of an
altered binding site.

Depending upon the method of
measuring the level of resistance, the
resistant biotype is two to five times
more tolerant of glyphosate than the
susceptible strains. Theimpact of the
resistant ryegrassin thefield is quite
small in both areas whereit has been
confirmed (Australiaand Cdifornia)
and the problem in these areas has
not spread. This is somewhat simi-
lar to the triazine resistant velvetleaf
in Wisconsin: only some farms have
the problem and it basically has not

ResisTaANT PEST MANAGEMENT

moved to new sites nor developed
on other farms. In contrast, the
glyphosate resistant goosegrass has
appeared on four oil palm plantations
and aready infests approximately
12,500 acres. Additiondly, the in-
festations are reportedly similar to
what we would see in fields with tri-
azine resistant lambsguartersin Wis-
consin; alarge and aggressive popu-
lation of a single species.
Herbicide resistant biotypes of
goosegrass have previously been
found in severd regions of theworld.
A biotype resistant to trifluralin
(Treflan) was documented in 1973
in the southern U.S. after many
years of using this and perhaps re-
lated products in soybean and cot-
ton production. Biotypes of
goosegrass resistant to imazapyr
(Arsenal) in Costa Rica, fluazifop
(Fusilade) and paraquat

Vol. 11, no. 1

(Gramoxone) in Mdaysia have also
been documented in 1989 and 1990.
Goosegrass is one of the mgjor an-
nua grass weeds in the tropical and
subtropica regions of the world. It
is considered among the 20 worst
weeds in the world by the authors
of TheWorld'sWorst Weeds (Holm
et al., 1977). Single plants can pro-
duce 40,000 seeds so an infestation
could produce 2,000,000 seeds per
acre. If uncontrolled, it causes eco-
nomic losses in crops and orchards
in the southern and western regions
of the United States. It is described
on page 24 of the Weeds of the
North Central States book and the
map indicates it is abundant in the
southern regions of Illinois, Missouri,
Indiana and Ohio and that it is
present in most of the central and
northern areas of these states.

More non-target site herbicide cross-resistance in

Echinochloa spp. in rice

Jonathan Gressel

Plant Sciences

Weizmann Institute of Science

Rehovot IL76100, Israel
phone:+972-8-934-3481;
fax:+972-8-934-4181

email: Jonathan.Gressel @weizmann.ac.il

The grass weeds of wheat, bar-
ley, and rice have shown a penchant
to evolve non-target site cross re-
sistances (Gressel, 2000). Such
Cross resistances are rare in dicot
weeds, and there has been little
spread or co-evolution. The prob-
lematic grass weeds of these three
small grain crops are mainly "camp
followers' that have followed the
crops around the world from their
joint centers of origin. In that re-
spect they have been co-domesti-
cated with the crops. These weeds
can hardly exist outside agro-eco-
systems away from their centers of

origin. Typically they also seem to
be mimicking the cropsin their evo-
Iution of resistance; they up-regulate
the same enzyme systems that the
crop has been using to selectively
detoxify or otherwise become im-
mune to the effects of the herbi-
cides. Thereisalessontobelearned
- mimics are not clones of the origi-
nal, the same enzyme (by name) can
have dightly different properties in
different pecies. Thus, it was docu-
mented a decade ago that
Echinochloa crus-galli
(Giannopolitis and Vassiliou 1989)
and E. colona (Garro et al., 1991,
Fischer et al., 1993) evolved resis-
tanceto propanil (an inhibitor of pho-
tosystem I1) by up-regulating the her-
bicide-detoxifying, acylamidases to
levels similar to those in rice.
Echinochloa spp. have subsequently
evolved propanil resistance around

the world, wherever propanil is
heavily used (Heap, 2000). This
propanil-resistance can be overcome
by adding very small amounts of
aniliphos and related herbicides that
act as specific synergists (Caseley
et al., 1996). The acylamidasein the
weed is inhibited, but not in rice

Echinochloa has evolved resis-
tance to quinolorac (an auxin type
herbicide) in Brazil and USA rice
(Heap, 2000), and to fenoxaprop (an
inhibitor of acetylCoA carboxylase)
in Costa Rica (Riches et al., 1996).
Echinochloa resistanceisnot limited
to rice. It has evolved atrazine (a
photosystem Il inhibitor) resistance
in maize and orchards world wide,
and pendimethalin (an inhibitor of
tubulin) resistance in Bulgarian or-
chards (Heap, 2000).

The extensive evolution of
butachlor (chloroacetamide) and
thiobencarb (thiocarbamate) cross-
resistant Echinochloa crus-galli in
China was reported earlier on these
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pages (Huang and Gressel, 1997).
The different actions of these her-
bicides suggest different targets, but
the targets are unknown, suggest-
ing more than one target for each.
The mode(s) of resistance in both
weed and crop resistance is/are till
unknown.

A most disturbing report has just
been published from California
(Fischer et al. 2000). Continuous
flooding of the paddieswasinstituted
80 years ago to control E. crus-
galli. This species was supplanted
by the related E. oryzoides and E.
phyllopogon, and they were initialy
controlled by propanil (dropped for
environmental reasons), then
molinate and thiobencarb
(thiocarbamates) in the 1980s, and
fenoxaprop (an inhibitor of acetyl
CoA carboxylase) in 1990s. The
succession of herbicides was gov-
erned by many considerations, but
the appearance of resistance was
not a cause - until recently, when
farmers complained. Fischer et al.
(2000) tested various accessions of
both species and found populations
that were cross-resistant (4-20 fold
the wild type levels) to thiobencarb,
molinate, and fenoxaprop, with a
50% increase in resistance to
propanil (which is not resistance at
field rates). Even more surprising
was that the accessions of both spe-
cies were cross resistant to the
acetolactate synthase inhibitor
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bispyribac, which has not been in-
troduced as yet into California. The
low levels of resistance are sufficient
for lack of selective control at eco-
nomically and physiologicdly feasble
herbicide rates (except for propanil).

The low (but devastating in the
field) levels of al the resistances, and
their appearing simultaneously ar-
gues againgt multiple target site re-
sistances. Little has been published
about how rice metabolizes these
herbicides, but acommon metabolic
mechanism is doubted. This
author’s best guess would be that a
common exclusionary mechanismis
active, similar to the multidrug re-
sistances (MDR), as are known to
occur in bacteria, fungi and insects.
This is foreboding, athough some
herbicides (glyphosate, glufosinate,
pendimethalin, and clomazone) till
kill thisweed. Thus, if thereisMDR,
itisnottodl herbicides. Glyphosate
and glufosinate could only control
these Echinochloa spp. selectively
in transgenic herbicide-resistance
rice, otherwise the rice would be
killed (Gressel, 2000), and
clomazone is not registered for use
in rice, leaving pendimethalin as the
sole herbicide for control at present.
E. crus-galli has evolved
pendimethalin resistance in Bulgaria
(Heap, 2000), indicating that it could
do so in Cdlifornia

It appears that Echinocloa spp.
may soon surpass Lolium spp. in

7

demonstrating apropensity to evolve
resistance, by a multitude of mecha
nisms, to many herbicidesaround the
world.

REFERENCES:

Casdey, JC., JM. Leah, C.R. Riches, B.E.
Vdvede (1996) Combetting propenil ress
tancein Echinochl oa colonawithsynergists
that inhibit acylamidasss. Sec. Intl. Weed
Control Congress 2:455-460.

Fischer, A.J, E. Granados D. and Trujillo (1993)
Propanil tolerance in populations of
junglerice. Weed Sai. 41: 201-206.

Fischer, A.J, CM. Areh, D.E Bayer, JE. and
Hill (2000) Herhicide-resstant Echnochloa
oryzoidesand E. phyllopogon inCdifomia
Oryzasdivafidds Wead Science 48:225-
230.

Garo, JE, R. delaCruz, and P.J. Shannon (1991)
Propanil tolerance in Echinochloa colona
populaionswith different herbicide use hiso-
ries. Pages 1079-1038 in Proceedings of the
Cop Protection Conference. Brighton, UK:
British Crop Protection Coundil.

Giannopdlitis C.N. and G. Vassiliou (1989) Propanil
tolerancein Echinochloa crus-galli (L.)
Beawv. Tropicd Pest Manage 35: 6-7.

Gressd, J. (2000) Mdlecular biology of weed con-
trol. Transgenic Research (in press)

Heap, 1. (2000) http:/Amww.weedscience.com

Huang, B-Q. and J. Gressel (1997)
Barnyardgrass (Echinochloa crus-galli) re-
Sgiance to both butachlor and thiobencarb in
China. Resstance Pest Management 9: 5-7.

Riches CR, J C. Cadey, BE. Vavede and
V.M. Down (1996) Resistance of
Echinochloacolona(L.) Linkto ACCasein+
hibiting herbicides Page 42 in Internationdl
Symposium on Weed and Crop Resistance
toHerbicides Cordoba, Spain: SpanishWeed
SdenceSodety and EuropeanWesd Research
Sody.




ResisTaANT PEST MANAGEMENT

Vol. 11, no. 1

Resistance Around the Globe - Insecticides

Adaptive Resistance Management

Andow, D.A.

Department of Entomology and
Center for Community Genetics
University of Minnesota

S. Paul, MN 55108

An adaptive preemptive resis-
tance management strategy can be
used to hedge against failures in the
scientific assumptions underlying the
high-dose plus refuge strategy for Bt
corn. This will require sensitive
monitoring coupled with effective
adaptive management interventions.
Using atheoretical model, we show
that resistance aleles must be de-
tected at frequencies of £5x10° to

provide enough time to adapt man-
agement. Previouswork on the costs
of monitoring indicates that an F,
screen is the most cost effective
method for monitoring recessive re-
sistance to Bt corn and an in-field
screen is the most cost effective
method for monitoring dominant re-
sistance. Both methods can detect
and measure resistance at frequen-
cies of £5x103for ~$5000. Two
types of adaptive responses can be
taken, reducing the selective advan-
tage of the resistance alele or modi-
fying the mating system so fewer re-
sistance aleles are passed on to fu-

ture generations. Assuming there is
a 2-year time delay between detect-
ing and measuring the resistance fre-
quency and taking an adaptive re-
sponse, we found that increasing
refuge size to 66% (from 20%) can
prolong susceptibility 10 generations,
decreasing survival and reproduction
of mothsfrom Bt corn fields by 90%
can prolong susceptibility by 10 gen-
erations. Modification of the mat-
ing system by changing movement
rates and attracting susceptible
males into Bt corn fields could pro-
long susceptibility for >20 genera
tions. These results suggest that
adaptive resistance management
could increase the durability of Bt
corn.

Azinphosmethyl Resistance in Populations of Male
Oriental Fruit Moth (Lepidoptera: Tortricidae) from New

Jersey Apple Orchards
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ABSTRACT

The Oriental fruit moth,
Grapholita molesta (Busck), is a
serious orchard pest in many pro-
duction regions throughout the world
including peaches and nectarines in
northeastern United States. In east-
ern Canada, some populations have
developed resistance to

azinphosmethyl (Kanga et al. 1997,
Pree et al. 1998). While G. molesta
is usudly a stone fruit pest in Mid-
Atlantic States, larvae have been
found infesting apples during the last
few years causing growers eco-
nomic hardships from lost fruit and
additional control costs.
Azinphosmethyl has been
sprayed extensively on apples for
more than thirty years because of
its effectiveness against many apple
insect pests and because of its low
toxicity to predators of European red
mite, Panonychus ulmi (Koch).
From 1995 to  present,
azinphosmethyl control failureshave
been reported in parts of New Jer-
sey. In some locations, both the ap-
plication rate and the number of ap-
plications per season have increased
as a result of reduced product effi-
cacy. Many growers are consider-

ing replacing azinphosmethyl with
synthetic pyrethroids whose continu-
ous use could cause outbreaks of
European red mite, and possibly the
development of pyrethroid resis-
tance. Inresponse to this particular
situation, a project was initiated to
determine if G. molesta populations
were becoming less susceptible to
azinphosmethyl in New Jersey apple
orchards.

Toxicological responses to
azinphosmethyl of male Oriental
fruit moth from five commercial or-
chards in which control failures had
occurred were examined for
azinphosmethy! resistance and for
potential resistance mechanisms us-
ing topical pheromone trap bioassay
(Riedl et al. 1985, Shearer et al.
1994, Vardaet al. 1997). Thesere-
sponses were compared with a ref-
erence population that had no his-
tory of control failure and received
little selection pressure. Results
from a field survey conducted in
1998 indicated moderate level of
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resistance to azinphosmethyl (2.7 to
4.1 fold) in G. molesta and slopes
of regressions lines (2.5 - 2.8) indi-
cated genetically heterogeneous
populations. A 2-fold decline was
observed between fourth flight of
1998 and firt flight of 1999, suggest-
ing that resistance was unstable in
moths collected from these study
sites. Field surveys conducted in
1999 indicated lower level of resis-
tance to azinphosmethyl. The re-
sistance ratios were ranged from 1.2
to 1.9 during first flight of 1999 and
1.2t0 2.6 during fourth flight of 1999.
Steep dopes of regression lines dur-
ing 1999 season indicating the pres-
ence of genetically homogeneous
populations with the exception of site
five population. A 1.5 to 2.0 fold
increase in LC, s was observed be-
tween first and fourth G. molesta
flights in1999, indicating that resis-
tance can build up during a growing
season. DEF, but not Piperonyl bu-
toxide, significantly enhanced the
toxicity of azinphosmethyl, suggest-
ing that enhanced metabolism by es-
terases were involved in the resis-
tance of azinphosmethyl in moths col-
lected form these study sties. Our
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data also provided a basis for sug-
gestion that nonmetabolic (target
sites) mechanisms could beinvolved
in the increased resistance of
azinphosmethy!.

Results of our study suggest that
problems with G. molesta in apple
orchards can be avoided by making
timed applications of insecticides
based upon degree-days and using
rotational strategies of different
chemistriesto control G. molesta in
apples. Given that resistance to
azinphosmethyl was unstable in
these study orchards, we recom-
mend a rotationa strategy of effec-
tive insecticides to reduce the de-
velopment of resistance against
azinphosmethyl. A high labe rate
of azinphosmethyl might be used to
suppress the first heavy flight of G.
molesta in spring. A carbamate,
methomy! or carbaryl could be ap-
plied during second and third G.
molesta flights when the pest pres-
sure is low. During the fourth and
sometimes partia fifth flight of G.
molesta, when the pest pressure is
typicaly high, pyrethroid applications
would reduce population levels and
avoid outbreaks of European red
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mite at this stage of apple develop-
ment. Mating disruption of G.
molesta may be another control
option in apple orchards because it
is not harmful to natural enemies
when compared with pyrethroids and
carbamates.
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ABSTRACT

The basdline toxicity of spinosad
on areference susceptible strain and
nine field populations of
Helicoverpa armigera was deter-
mined through a standard topical
application method. The toxicity of
spinosad (Table 2) wasrdatively less

variable falling within a range of an
LD,, of 0.023 to 0.24 ny/larva and
an LDy, of 0.27 to 4.33 nu/larva
Thedatafrom all assayswere pooled
together and subjected to probit
analysis to obtain a cumulative log
dose probit response. The LD, and
LD, deduced from the data were
0.058 and 9.85 ny/larvarespectively.
This data would be useful to con-
sider the LD,, of 0.058 as the
baseline susceptibility index for re-
sistance monitoring through the con-
ventional log dose probit assays and
the LD, of 10.0 ny/larva as diag-
nostic dose for routine monitoring of

resistance to spinosad through diag-
nostic dose assays.

INTRODUCTION

Spinosad belongs to a class of
novel insecticides, being introduced
for the control of |epidopteran pests
of cotton. Spinosad which was in-
troduced in 1997 as Tracer® by
DowElanco, isamixture of two natu-
raly occurring active components,
85 % spinosyn A and 15 % spinosin
D, produced by the soil actino-
mycetes  Saccharopolyspora
spinosa. Structurally, these com-
pounds are macrolides based on a
unique tetracyclic ring system to
which two different sugars are at-
tached (Salgado et. al., 1997). The
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insecticidal activity of spinosad on a
range of lepidopteran pests has been
demonstrated (Sparkset. al., 1995).
Spinosyns have been reported to
effect g-aminobutyric acid or
glutamate receptors (Duce et al.,
1995) or cause excitation and per-
sistent activation of nicotinic acetyl-
choline receptors. They were aso
reported to cause prolongation of
acetylcholine responses in isolated
neurons by a novel mechanism that
distinguishes this group of insecti-
cidesfrom all other nicotinic agonists
(Salgado et al., 1997). This novel
mechanism of action is perceived to
be of great interest from the stand
point of resistance management,
through the facilitation of rotation of
insecticides with different chemis-
tries and mode of action in attempts
to delay resistance. Resistance to
other insecticides in the diamond-
back math has not been reported to
confer cross-resistance to spinosad
(Sparks et al., 1995), and aso this
class of compounds has not been
used earlier for pest management in
India. This provides an opportunity
to determine baseline toxicity and a
diagnostic dose for resistance moni-
toring of spinosad on field popula-
tions of the cotton bollworm,
Helicoverpa armigera (Hubner)
(Lepidoptera: Noctuidae), which is
a magjor pest of cotton and pulse
crops. The toxicity profile of
spinosad on H. armigera has not
been reported so far and this paper
providesinformation on the response
of field populations and of a stan-
dard susceptible strain to spinosad
to enable deduce the baseline sus-
ceptible data as well as determina
tion of a diagnostic dose for resis-
tance monitoring.

MATERIALS AND
METHODS

Insects
Helicoverpa armigera larvae
were collected from different cot-
ton growing regionsin Indiafrom cot-
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ton fields during the cropping sea-
son of 1998-99. The larvae were
reared on a chickpea based semi-
synthetic diet (Armes et al., 1996)
individualy in 75 ml cells of 12 well
tissue culture plate. Laboratory cul-
tures were established for each
population from 200-400 moths and
third instar (30-40 mg larvae) of the
resulting F1 generation, were used
for bioassays. Aninsecticide suscep-
tible H. armigera strain was kindly
provided by Dr. Alan McCaffery,
The University of Reading, UK,
through Dr. Nigel Armes, ICRISAT,
India. The 'Reading susceptible'
strain, originaly collected in South-
ern Africa had been maintained at
The University of Reading for at
least 15 years.

I nsecticidesand bioassay

Technical grade (99%) spinosad
(85% spinosyn A and 15% spinosin
D), waskindly provided by De-Noxcil,
India Itd. The compound was dis-
solved in analytical grade acetone
and used for bioassays. Third instar
larvae were randomly assigned to
topical application on the dorsal tho-
rax with 1.0 m of 5-6 seria dilutions
of technical insecticide in acetone
with aHamilton repeating dispenser.
At least 20-40 larvae were used per
concentration. After treatment, lar-
vaewere hddindividudly in 12- well
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tissue culture plates containing semi-
synthetic diet, at 25(2) °C for 72
hours when mortality was recorded.
Larvae were considered dead if
they were unable to move in a co-
ordinated manner when prodded. Al
rearing and bioassay operations
were carried out at 25(+2) °C un-
der a 12:12h light: dark regime.
Dose-mortality regressions were
computed by probit analysis (Finney,
1971). When required, corrections
for control mortality were made us-
ing Abbott's formula (Snedecor and
Cochran., 1989), control mortality
never exceeded 2%.

Resultsand discussion

The results of the standard topi-
cal bioassay (Table 1) on the 'Read-
ing susceptible' strain indicated that
spinosad has an insecticidal activity
that isdightly lessthan cypermethrin
and much better than the conven-
tiond insecticides such as endosul-
fan and quinalphos. The toxicity of
spinosad (Table 2) wasrelatively less
variable falling within a range of an
LD,, of 0.023 to 0.24 ny/larva and
an LDy, of 0.27 to 4.33 nu/larva
The populations collected from Cen-
tral and Northern states of India ex-
hibited an LD, of 0.023 to 0.084 ngf
larvaand an LDy, of 0.27 to 1.266
ny/larva. Whereas the populations
from Rangareddy and Guntur dis-

Figure 1. Cumulative log dose mortality response of third instar
H. amigera larvae to spinosad

8 8

% mortality
3
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trictsof South Indiaweredightly less
susceptible at an LD, of 0.15 and
0.24 ny/larva and an LD, of 1.59
and 4.33 ny/larva respectively. The
reasons for this variation in suscep-
tibility in the South Indian populations
are not clear at this stage. The rela
tively shallow slopes of 0.85 to 1.38
in the field populations as compared
to 1.708 in the ' Reading susceptible’
strain appear to suggest a minor ex-
tent of heterogeneity in the popula-
tionswith respect to some factor that
may be responsible for the slight
variation in susceptibility to spinosad.
Thedatafrom all assayswere pooled
together and subjected to probit
analysis to obtain a cumulative log
dose probit response (Fig. 1). The
LD,, and LDy, deduced from the
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data were 0.058 and 9.85 ny/larva
respectively. Thisdatawould be use-
ful to consider the LD, of 0.058 as
the basdline susceptibility index for
resistance monitoring through the
conventiona log dose probit assays
and the LD, of 10.0 ny/larvaas di-
agnostic dose for routine monitoring
of resistance to spinosad through di-
agnostic dose assays.

The cotton bollworm, H.
armigera is the mgor pest of cot-
ton and legumes in India. Annual
yield losses attributable to this pest
in India alone are estimated to be of
the order of US$ 290-350 million
(King, 1994). It is estimated that in-
secticides worth about Rs 1800
crores are used in agriculture in In-
dia, of which nearly 50% is used for

11

cotton crop protection. In recent
years, management of this pest has
become increasingly difficult due to
its development of resistance to most
chemical classes of insecticides
commonly used in the country
(Armes et al., 1996). Pyrethroid re-
sistance levels are particularly high,
in India (upto 6500-fold) (Armes et
al., 1996), significantly decreasing
the efficacy of this group of insecti-
cides againgt H.armigera. In India,
an intensive countrywide resistance
monitoring programme has demon-
strated that pyrethroid resistance is
now widespread across the country
and significant levels of cyclodiene
and organophosphate resistance is
aso present in most populations. Of
the many novel groups of insecticides

Table 1. Toxicity of topically applied spinosad, cypermethrin and conve tional insecticides on 'Reading
susceptible' third instar H.armigera larvae

LDs, (95 % F.L) LDy LDy  Sope+SE c2 n d.f
Reading (9)
Cypermethrin 0.005 (0.003-0.007)  0.018 0.05 2.246 + 0.37 2.87 140 3
Endosulfan 0.551 (0.382-0.759)  1.98 5.63 2.304 + 0.37 0.92 120 3
Quinalphos 0.113(0.086-0.151) 0.282 0.59 3.240+ 0.54 1.72 143 3
Spinosad 0.062 (0.039-0.091) 0.347 142 1.708 + 0.26 2.55 123 3

Table 2. Toxicity of topically applied spinosad on different F1 populations of third instar H.armigera larvae

collected from various cotton growing regions of India

LDg (95 % F.L) LDgy L Dgg Slope + SEE c2 n d.f

North India

Bhatinda 0.027 (0.011-0.047) 0.267 1.72 1.294 + 0.25 1.49 116 3
Haryana 0.042 (0.018-0.069) 0.448 3.10 1.244 + 0.25 2.16 116 3
Central India

Nanded 0.037 (0.007-0.076) 1.158 19.13 0.857+0.22 2.88 114 3
Parbhani 0.042 (0.013-0.078) 0839 9.64 0.985 + 0.22 1.77 116 3
Wardha 0.084 (0.047-0.132) 0.707 4.02 1.384 + 0.25 1.89 108 3
Nagpur 0.054 (0.023-0.099) 1266 16.41 0.939+0.17 0.16 132 3
Akola 0.023 (0.006-0.046) 0522 6.619 0.947+0.21 1.35 116 3
South India

Rangareddy 0.154 (0.091-0.260) 1594 10.72 1.262 +0.23 0.25 107 3
Guntur 0.245 (0.138-0.430)  4.33 4506 1.028 +0.17 3.52 139 4

LD,,, LD, and LD, are expressed as nglava

Abbrevigtionsused : LD = lethd dose, SE = slandard error, n = totd number of larvae, d.f = degrees of freedom.
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that have been recently introduced
for lepidopteran pest management in
cotton, spinosad is one of the few
most promising chemicals, which has
a favourable mammalian toxicity
and environmental profile (Sparks et
al., 1995). Theavailahility of anovel
chemical group, with a mode of ac-
tion that is different from the insec-
ticides in current use, is an asset to
insecticide resistance management
programmes. Especialy in countries
like India, where management of the
cotton bollworm, H. armigera, has
become difficult with the available
chemistries on account of resis-
tance.
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Insecticide resistance is becom-
ing a major concern in insect pest
management in our country. The
insect pest with most severe resis-
tance problemsfor cruciferous crops
in India is diamondback moth
(DBM), Plutella xylostella (Linn.).
Resistance monitoring is essential for
resistance management pro-
gramms. To monitor the develop-
ment of true pesticide resistance,
base line values and suitable method
for detection of insecticide resistance
are prerequisite. Various workers
use direct spraying in potters tower,
filter paper impregnation, topical ap-
plication and leaf- residue bio assay
methods.

Since baseline values of various
insecticides are not available against
DBM, two commonly used methods
viz., topical application and leaf resi-
due bioassay methods were tested
to develop an accurate, suitable, re-

liable, and economical method to
measure the resistance of P.
xylostella.

To assess the methods, larvae
were collected from eight different
locations in and around Hyderabad,
Andhra Pradesh state and were
tested against eight insecticides. The
details of village(s) and chemicals
tested are mentioned in Table 1.

In each biocassay treatment, ten
insects were used with three repli-
cations. As described by Leibee
and Savage (1990), for topica ap-
plication, 0.05 ni drop let of each
insecticide were applied with micro
syringe to the mid dorsum of an an-
aesthetized early fourth instar lar-
vae. After topical application of the
larvae were placed in petriplates con-
taining the cabbage leaves for feed-
ing.
In leaf residue bioassay methods
the cabbage leaf disc (5cm cut from
fully expanded leaves grown in in-
secticide free field) were immersed
in test solutions for 10 seconds,
drained on filter paper and dried for
one hour at room temperature
(Fauziah et al., 1990). The mor-

talities were recorded at 24, 48 and
72 hrs. The data was subjected to
probit analysis (Finney, 1952), resis-
tant ratios were computed using for-
mula of FOA 1979. The resistant
ratios were calculated using LC,,
values of susceptible strain to vari-
ous insecticides as obtained by
Sannaveerappanavar (1995). Tode-
termine the suitability of different
bioassay techniques, the slope val-
ues obtained in both the techniques
were compared using paired 't' test
and are only presented (Tabashnik
and Cushing, 1989), since the slope
of a probit regression line is in-
versaly proportional to the standard
deviation of log tolerances. The
present study on two different meth-
ods of bio assay with eight insecti-
cides for eight field propulations of
P. xylostella revealed that field col-
lected DBM larvee differed signifi-
cantly in their susceptibility to insec-
ticides (Table 1). Resistant ratios
calculated taking Bangalore strain
as standard indicated higher degree
of resistance to fenvalerate followed
by cypermethrin in both the meth-
odsemployed. Resultsindicated that
among the eight insecticides tested
there was significance difference in
't" values as was observed with
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monocrotophos, acephate, carbaryl,
cartap, cypermethion. Similar re-
sults were also obtained by
Tabashnik and Cushing (1987) who
reported that when different meth-
ods are employed, it leads to com-
parableresistanceratios. Theresults
amply proved that leaf residue bio-
assay has clear advantage over topi-
cal gpplication, asit istime and labour
saving method.
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Tablel. Comparision of Different Methods for Monitoring Resistance in Diamondback Moth

Name of the Average LCsq Average Resistance T-Value
Chemical Ratios

Topical Leaf Topical Leaf

Bioassay Residue Bioassay Residue

Bioassay Bioassay

Endosulfan 0.3603 0.0739 32.22 6.61 112
Monocrotophos  0.2721 0.1000 66.03 24.14 3.89
Malathion 0.2098 0.0446 24.13 5.14 0.32
Acephate 0.2429 0.0719 27.62 8.18 2.57
Carbaryl 0.4476 0.0519 28.21 3.27 4.95
Cartap 0.0792 0.0353 5.94 2.65 36.61
Cypermethrin 0.0828 0.0266 613.7 197.49 7.79
Fenvalerate 0.1345 0.0171 4576.23 590.09 147

**t-Value significant at 0.05 percent probability
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INTRODUCTION

Helicoverpa zea (Boddie), the
bollworm, isamajor pest of cornand
cotton in the United States and else-

where. H. zea control has been
widely accomplished by insecticides,
and resistance to some organochlo-
rines, organophosphates and carbam-
ates has been reported (Spark 1981).
Resistance to pyrethroids has been
reported in several insect species
(Sawicki 1985). H. zea, however,
are still susceptible to pyrethroids,
and only inthelast decade occasional
control difficulties with pyrethroids
have been reported. Hsu and Yu
(1991) reported a three-fold resis-
tance to permethrin to a population
of H. zealarvae collected fromacorn
field in Florida during spring 1990.

cotton and sweet cornin Illinois and
Arkansas during 1991 where control
difficultieswith pyrethroids were ex-
perienced possessed low levels of re-
sistance to severa pyrethroids, with
resistance ratios at the LD, ranging
from 2.1 to 18.0 (Abd-Elghafar et
al. 1993). Theseresults are believed
to constitute the first unequivocal
demonstration of pyrethroid resis-
tancein H. zea. Kangaet al. (1996)
observed three-fold differencein the
toxicity of cypermethrin between
laboratory and field strain of H. zea
males. Brownet al. (1997) reported
that adults of H. zea collected from
the fields of cotton in Edtill, South
Carolina during 1996 where control
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difficultieswith pyrethroids were ex-
perienced possessed low levels of re-
sistance to cypermethrin (2.5 ng/vid
gave 17.6% and 92% mortality in
field and laboratory strains, respec-
tively) and cyhlothrin (2.5 ng/via
gave 6.6% and 100% mortality in
field and laboratory strains, respec-
tively).

Cypermethrin is not only widely
used pyrethroid to control H. zea but
also commonly used in resistance
monitoring programs. To better un-
derstand cypermethrin pharmacoki-
netics in H. zea, we examined the
penetration and metabolism of
cypermethrinin larvae of a compos-
ite H. zea strain that had been se-
lected with cypermethrin and com-
pared with that in larvae of pyre-
throid-susceptiblelaboratory strain of
H. zea.

MATERIALS AND
METHODS

Insect Srains

A composite strain of H. zea, re-
ferred to hereinafter as HZC, was
begun in February 1993 and was
composed mainly of the Arkansas
strain with additions of field collec-
tionsfrom Illincisand Missouri. De-
tails regarding these strains and a
pyrethroid-susceptible strain of H.
zea (BCIRL-S) have been reported
(Abd-Elghafar et al. 1993, Abd-
Elghafar and Knowles 1996).
Fourth instars of the multiple gen-
erations (F, ,,, Fq F,, ,,) Wwere
treated topically with cypermethrin;
the dosage usually was 0.3 ng per
larva, but 0.5 or 0.6 ny per larvawas
used occasionaly. Toxicity studies
were conducted with third instars
from generations F, and F,,. A vi-
rus seriously impacted the colony at
generation F,,, and by a rearing
chamber malfunction at generation
F,,- At generation F, eggs and lar-
vae were received from the Arkan-
sas field and mixed with the HZC
larvae. The LD, and LD,, values
(95% CL) of cypermethrin to gen-
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eration F, HZC H. zea third instars
were 6.67 (4.46-13.71) and 58.56
(23.36-514.12) ny per gram, respec-
tively. For generation F, third in-
starsthe LD, and LD, values were
2.84 (2.04-4.07) and 19.06 (10.56-
60.71) ng per gram, respectively.
When compared with susceptible
strain, resistance ratios (95% CL)
were 8.89 (3.89-34.63) and 24.61
(5.93-102.12) for the LD, and
LD, respectively, for larvae from
generation F,. For generation F,
larvae, resistant ratios were 3.80
(2.50-5.77) and 8.01 (7.12-9.59) for
the LD,, and LD,,, respectively.
Pharmacokinetic studies were con-
ducted with HZC third instars from
generation F,,. H. zea were reared
as described by Abd-Elghafar et al.
(1993).
Chemicals

Samples of technical-grade
cypermethrin (94%; 38:62 cis-trans)
and two samples of cypermethrin-
14C radiolabeled at C-1 of the
cyclopropyl ring of the acid moiety
were provided by FMC (Princeton,
NJ). Separation of geometrical iso-
mers of cypermethrin-**C was ac-
complished by thin-layer chromatog-
raphy (TLC) on silica gel-coated
glass plates (250 mm, LK6DF,
Whatman) with n-hexane:ethyl:ether
(10:1, three developments) (McKee
and Knowles 1985). The radio-
chemical purity of the (LIRS)-trans
(specific activity 56 mCi/mmol, R,
0.50) isomer was greater than
98.0%.

Pharmacokinetic Sudies

Third instars from each strain
were starved for three hours and
were each treated topically on tho-
racic dorsum with 1.0 m of acetone
solution  containing trans-
cypermethrin-#C (0.007 ng).
Treated larvae were kept individu-
dly in glass vias (20 ml) for inter-
valsof 0.5, 1, 4, 8, 16, or 24 hours at
25°C. Three replicates of 20 to 30
live larvae per replicate were ana
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lyzed. Larvae were rinsed 3 times
with 4 ml of acetone. Rinses were
combined, concentrated with nitro-
gen, and an aliquot was radioassayed
in 10 ml of ScintiVerse BD (Fisher,
St. Louis, MO) with aBeckman LS
7500 liquid scintillation counter to
yield the total radiocarbon in the in-
sect rinse. Larvae were extracted
by homogenizing 3 timesin 5 ml of
methanol, and extracts were pooled,
concentrated with rotary evapora-
tor, and an aliquot was radioassayed
to determine total radiocarbon. Tis-
sue residue remaining after extrac-
tion was solubilized with ScintiGest
(Fisher) and radioassayed to deter-
mine unextractable radiocarbon.
Radiocarbon in the methanol extract
and unextractable fraction repre-
sented total internal radiocarbon.
Holding containers were rinsed 3
times with 4 ml of acetone, and an
aliquot of combined rinses was
radioassayed to determine tota ra-
diocarbon. Aliquots of the insect
rinse, internal extract and container
rinse were subjected to TLC and
radiocarbon on TLC plates was
quantitated by scanning on a Rita
3200 TLC Analyzer (Raytest,
Wilmington, DE).

RESULTS AND
DISCUSSION

Distribution of radiocarbon fol-
lowing topical treatment of BCIRL-
S and HZC third instars with trans-
cypermethrin-14€ is given in Fig. 1.
Radiocarbon levels in the insect
rinses decreased with time in each
case. With BCIRL-Slarvae, theini-
tial rate of decrease was consider-
ably faster when compared with
HZC larvae. Haf-times for disap-
pearance of radiocarbon in the in-
sect rinses of BC OIRL-S
and HZC larvae were 3 and 11 h,
respectively. The decreases in ra
diocarbon levels in the insect rinses
were accompanied by increases in
radiocarbon levels in the internal
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fraction. With BCIRL-S and HZC
larvae, internal levels increased
slowly throughout the test period
comprising about 29% and 28% at
24 h, respectively. Levels of radio-
carbon in the container rinse of HZC
larvae were generally lower than
thosein BCIRL-Slarvae at the early
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sampling intervals and similar a 16
and 24 h.

The nature and amounts of ra-
diocarbon after topical treatment of
BCIRL-S and HZC third instars
with trans-cypermethrin-14C are pre-
sented in Table 1. Although there
were several minor exceptions, lev-
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els of parent compound generally
were higher than those of combined
metabolites in the insect rinses of
BCIRL-Sand HZC larvae, whilere-
verse was the case in the container
rinses. With the interna fraction,
levels of the parent compound
reached a maximum of 5.8% at 8 h
and 7.6% at 16 h in BCIRL-S and
HZC larvae, respectively. In both
experiments, interna levels of com-
bined metabolites exceed levels of
parent compound at least two-fold
a 16 and 24 h. At 24 h, thelevelsof
metabolites in the container and in-
sect rinses and interna fraction to-
taled 71.1% and 67.5% in BCIRL-
S and HZC larvae, respectively.
Leve of metabolitesin the container
and insect rinses at 24 h totaled
47.5% and 46.8% in BCIRL-S and
HZC larvae, respectively. At least
five metabolites were detected in
most rinses and extracts.

With HZC third instars, trans
cypermethrin penetration was con-
siderably slower than that observed
with BCIRL-S third instars. Half-
times for trans-cypermethrin pen-
etration based on actual disappear-
ance of tota radiocarbon from the
insect rinses were about 3.67 times
slower in HZC strain when com-
pared with BCIRL-S strain. How-
ever, no marked differencesin rates
of trans-cypermethrin metabolism
and excretion between the two
strains were detected. Thus, the
decreased rate of penetration prob-
ably contributed to cypermethrin re-
sistance in HZC larvae. In their
study of the pharmacokinetics of
fenvalerate using the same two
strains, Abd-Elghafar and Knowles
(1996) found that the pyrethroid pen-
etrated at somewhat lower rate into
HZC H. zea third instars (F,,,)
than into pyrethroid-susceptible H.
zea. Fenvderate was also metabo-
lized at dightly higher rate in resis-
tant larvae than in susceptible lar-
vae. Themechanism responsiblefor
the slower penetration of pyrethroids
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in HZC third instars as compared
with BCIRL-S larvae is not known.
However, reduced penetration has
been found in severa resistant strains
of insects, and the phenomenon has
been intensively examined in house
flies (Oppenoorth 1985). Farnham
(1973) has shown that house flies
resistant to pyrethrins | have a pen-
etration factor, Pen, on the same au-
tosome as kdr. By retarding pen-
etration, Pen presumably enables
detoxification mechanisms to keep
parent compound levelsfrom achiev-
ing letha concentrations.

These baseline pharmacokinetic
investigations of cypermethrininthe
larvae of laboratory and field strains
of H. zea will be useful in future
mechanistic studies in the case of
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higher levels of resistance to this
pyrethroid are observed.
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Table 1. Nature and relative amount of radiocarbon after topical treatment of H. zea third instarts with

trans-cypermethrin-14C

Nature and
relative amount of

% Recovered radiocarbon at indicated hours after treatment®

radiocarbon 0.5 1 4 8 16 24
BCIRL-S Strain
Container rinse
trans-Cypermethrin 28+ 1.7 26+£0.1 17.3£0.3 6.0x0.1 8.4+24 9.3+0.9
Metabolites 11.3+35 23.1+0.8 249+3.1 276+19 33.0+50 308%1.1
Insect rinse
trans-Cypermethrin 71.8+48 552+05 27.7+21 265+26 17.3+3.7 149%+1.0
Metabolites 75+04 12.1+1.7 145+24 20.7+29 18.2+3.2 16.7+1.9
Internal
trans-Cypermethrin 3.9+£0.3 34+1.1 b7+11 58+ 04 48+1.0 45+1.4
Metabolites 26+0.7 3.5+0.6 9.7+11 13.3+05 18.1+2.1 23.6+0.7
Unextractable 0.1 0.1 0.2 0.1 0.2+0.1 0.2
HZC Strain
Container rinse
trans-Cypermethrin 3.7+1.6 7.4+0.7 96+31 6.4+ 20 9.7+1.2 6.0+2.5
Metabolites 1.4+0.3 9.7+15 16.5+3.3 19.8+25 30.3+x6.1 32.7+3.2
Insect rinse
trans-Cypermethrin 89.6+26 73.0+09 549+79 472+40 26.0+x3.7 192+1.7
Metabolites 23+05 41+05 75+£0.1 12.3+1.0 10.7x0.6 14.1+0.7
Internal
trans-Cypermethrin 22+0.7 41+12 59+17 56+ 0.6 7.6+0.9 6.9+1.6
Metabolites 0.8+0.1 1.6+04 55+05 85+14 154+1.3 20.7+1.3
Unextractable 0 0.1 0.1 0.2 0.3 0.4

®Values are means + SD, n = 3.SD not given when < 0.1
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INTRODUCTION

The metabolic mechanisms of re-
sistance were examined by the use
of selective synergistsin a super re-
sistant in vivo strain of horn flies.
The super resistant strain was origi-
nally collected from steers at the
Red River Research Station in
Shreveport, Louisiana, after 4-5
years of exposure to pyrethroid ear
tags. Byford et al. (1995) described
the colony as resistant to multiple
pyrethroid insecticides and DDT.
This colony was maintained on
steers in enclosed fly rearing facili-
ties at New Mexico State Univer-
sity where it was selected with a
permethrin spray formulation applied

to the backs of the stanchioned
steers.

In 1990, Sparks et al. showed that
the pyrethroid resistance in this
colony was due to decreased pen-
etration and increased metabolism of
14C-permethrin. A filter paper bio-
assay of these flies indicated that
they had an LC,, estimate of 20.5
ny/cm?, with aresistanceratio of 17,
however, they were susceptible to
diazinon.

In August 1992, acolony of these
flieswas established at the Knipling-
Bushland U.S. Livestock Insect Re-
search Laboratory (KBUSLIRL) in
Kerrville, Texas. At the
KBUSLIRL, selection with
cyhalothrin greatly increased the
LC,, estimate. The current LC,,
estimate is 2500 ng/cm?, with a re-
sistance ratio of 1100. This colony
is still susceptible to diazinon.

Guerrero et al. (1998) deter-
mined through PCR screening that
the level of resistance in the super
resistant strain is mainly due to kdr
and super-kdr mutations of the so-

Table 1. Horn fly strains treated with permethrin and synergists using a treated filter paper bioassay
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dium channel. However, becausein-
creased “C-permethrin metabolism
was described by Sparks, synergists
were used in this study to determine
the involvement that esterase, cyto-
chrome P-450, and glutathion s-
transferase may have in the pyre-
throid resistance of this super resis-
tant strain of horn flies.

MATERIALS AND
METHODS

Three to five day old horn flies
from the susceptible and super re-
sistant horn fly strains maintained at
the KBUSLIRL were bioassayed
using the treated filter paper tech-
nique as described in Sheppard and
Hinkle (1987).

The role of metabolic enzymes
in pyrethroid resistance was deter-
mined with the use of synergists.
Synergists used in this study were
piperonyl butoxide (PBO), an inhibi-
tor of cytochrome P450;
triphenyl phosphate (TPP), an inhibi-
tor of esterase; and diethyl maleate
(DEM), an inhibitor of glutathion S-
transferase (GST). These synergists
were added to the permethrin for-
mulations at a constant rate of 10%,

RR SR
Strain Synergist n Slope + SE LCs (95% CL) c2 (95% CI) (95% CI)
975 7.495 + 0.420 2.002 55.9* *
Susceptible (1.857-2.153)
PBO 1275 4.735 + 0.269 0.697 49.3* 2.873
(0.639-0.751) (2.641-3.125)
1800 1.964 + 0.129 2883.497 79.5% 1441.731 *
Super Resistant (2327.57-3987.20) (1283.09-1619.99)
PBO 1575 2.660 + 0.149 159.702 72.6* 229.285 18.064
(138.136-180.713) (205.98-255.23) (15.795-20.659)
975 6.037 + 0.391 2.366 71.5*% *
Susceptible (2.145-2.685)
TPP 1125 5.525 + 0.326 2.143 50.6* 1.104
(1.990-2.332) (1.049-1.162)
1350 2.337 £ 0.194 3073.856 66.9* 1299.505 *
Super Resistant (2469.41-4591.16) (1157.09-1459.45)
TPP 1125 2.523 + 0.234 2942.249 79.5% 1372.300 1.045
(12324.36-5091.77) (1182.07-1593.15) (0.872-1.254)
665 4.561 + 0.419 1.663 55.9* *
Susceptible (1.288-1.935)
DEM 1045 2.011 + 0.333 2.628 3.9*%
(2.219-3.791)
1500 1.955 + 0.134 2459.189 54.8* 1479.135 *
Super Resistant (1980.23-3345.08) (1286.14-1700.07)
DEM 1500 2.244 + 0.111 889.164 84.2* 338.904 2.762

(749.82-1060.9)

(293.11-391.86) (2.371-3.216)

*Indicates significance (P>0.05)
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10% and 0.5% respectively (the
highest rate that would not cause
mortality in Haematobia irritans
when applied aone, (unpublished
data).

Probit analysis was run on bio-
assay results using POLO-PC
(LeOra Software 1987). Resistance
and synergism ratios were ca culated
by taking into account the variance
and covariance of the slope and in-
tercept of each regression line at the
LC,, for the comparison in question
using the method of Robertson and
Preisler (1991). Resistance ratios
were calculated relative to the sus-
ceptible strain and synergism ratios
were calculated relative to the for-
mulation that contained permethrin
only. Significance of each compari-
son was determined only if 1 was
not included in the confidence inter-
val (Robertson and Preisler 1991).

RESULTS AND
DISCUSSION

The super resistant strain dem-
onstrated a synergism ratio of 18
when exposed to PBO in the pres-
ence of the pyrethroid permethrin,
compared to the susceptible strain's
synergist ratio of 2 (Table 1, Figure
1 and 2). The addition of TPP pro-
duced no significant change in the
synergist ratios of either the super
resistant or susceptible strain (Table
1, figure 3 and 4). DEM demon-
strated no synergism in the suscep-

Figure 1. Susceptible - PBO

Percent Mortality
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tible strain, but dight synergism of
2X occurred in the super resistant
strain (Table 1, Figure 5 and 6).

These results indicate that in-
creased cytochrome P450 and, to a
lesser extent, glutathione s-trans-
ferase activity in the super resistant
strain contributes to the high resis-
tance level. Thisresistanceis likely
a result of rapid metabolism or se-
questration of pesticide prior to it
reaching the target site. Thereisno
indication that esterases are involved
in pyrethroid resistance for this
strain.

The metabolic mechanisms of re-
sistance in the super resistant strain
discussed here are likely to be sec-
ondary to the kdr or super-kdr so-
dium channel mutations described
earlier by Guerrero et al. (1998).
Guerrero determined through PCR
screening that horn flieswith kdr and
super-kdr mutations of the sodium
channel were much more resistant
to pyrethroid insecticides than flies
that did not have these mutations.
Given that super resistant flies ex-
posed to permethrin and synergists
till have aresistance ratio of at least
229 (Table 1) to permethrin than
susceptible flies exposed to syner-
gistsindicates that the sodium chan-
nel mutations are the main source
for resistance in this strain. Thein-
creased metabolic activity of this
strain may be a result of secondary
mutationsin response to the continu-

Vol. 11, no. 1

ous sdlection of cyhalothrin in the
laboratory. It could also be a hold-
over of intermediate resistance
mechanisms that were selected for
inthefield (Red River Research Sta-
tionin Shreveport, Louisiana) or the
laboratory (New Mexico State Uni-
versity) prior to the selection for kdr

and super-kdr mutations
(KBUSLIRL).
REFERENCE

Byford, RL., Quisenberry, SS, Sparks T.C,,
and Lockwood, JA. 1985. Spectrum of
insecticide crossresstance in pyrethroid-re-
sgtant populaions of Haematobia irritans
(Diptera Muscidae). J. Econ. Entomoal. 78(4):
768-773.

Guerrero, F.D., Kunz, SE. and Kammlah, D.
1998. Screening of Haematobia irritans
(Diptera Muscidag) populations for pyre-
throid resistance-associated sodium channd
gene mutations by using a polymerase chan
reection assay. J. Med. Entomal. 35(5): 710-
715.

Robertson, JL., and H.K. Preider. 1991. Pesti-
cide hioassays with arthropods. CRC, Boca
Reton, AL.

Scatt, JG. 1990, Investigating mechanisms of
insecticideres stance: methods strategies, and
pitfalls, pp. 39-57. InR. T. Roush and BE.
Tabasnik [eds], Pesticide resistance in
athropods. Chapmen & Hal, New York.

Sheppard, D.C., and Hinkle, N.C. 1987. A fidd
procedure using disposable materials to
evauate horn fly insecticide resistance. J.
Agic. Entomd. 4:87-89.

Sparks, T.C., Byford, RL., Craig, M.E., Croshy,
B.L., and McKenzig, C. 1990. Permethrin
metaboliam in pyrethroidresistant adults of
the homn fly (Muscidee: Dipterg). J. Econ.
Entomol. 83(3): 662-665.

Figure 2. Super Resistant - PBO

100

-]
[=]

40 a

Percent Mortality

Log Concentration

& &  Permethrin
R & PBEO

1000

10
Laa Concentration



Winter 2000

Eignia 8- SHSASANRIE - HEE

ResISTANT PEST MANAGEMENT

19

- 1
a4 - lan
! - LauEninmn . ,;
¥ . ENIN R
=1 T ee—g -
o v Ty z 1 ‘ : -
B A - A
= " ™. . . L
= 1 N A1
- ¥t uu R
M k) -3
R -1 nn
£ R E . -
= . | &
T T L v o
= ., S s x
5 " TR ~ o
" 38 . L7 AT
X - l? T
§ . £ S
=n - Lo = ;{‘- -
T, ¥
" [
| u | - =
uT n I .
- 1, Ao WV LA
. o r——— — e s — | = o —— pr— e
i OO COLCELLLEITOL rug COULELLELc
- Y g W wr e  — e IJI:II — - - L a - - -— -
- FIMIIRS B IR BTSN = | 1=
Linm& 3 I'IEI':FE-E"DIR = nci A A Aarhel Irocaarand - el
e = H
e - —au
e r | 1<n
-
- ) uu A Lo
= m 3 - L
- ] - ks hal
= & : oo . 8
‘m 3 : a0 - w o
L - v !\\ = ~
& 4 Co A E -
E w v \‘ - T o "
= - kY - & ™ ~
p— \\ = 4 R, Y
% 3 = SRR
T} R IR T wT
B - - E e . ny o
- . X T L
- N E . E AN
& aud . W By — - - Lo .
—_ : —_ )
. o ¥ - ‘: r T »  bEUUELLIN g v oy T
- - #1 - = DEW u- ¥ : ; . w  EEWLsELL
¥oroww i ‘ - ! i DER
) e - o
n - - - "
1 m ELLIIE) 4uUuuu

- - - .-
1 Ux I UGELULLIRIVL
—

AR TR

raan 1anAn

| WU LU LT
el o AmnAsIEAE~

Effects on Reproduction of Silverleaf Whitefly, Bemisia
argentifolii due to Bifenthrin Resistance

Wei-JaTan & David. G. Riley
University of Georgia,
Department of Entomology,
Coagta Plain Experiment Station,
P.O. Box 748

Tifton, GA 31793

USA

Management of insecticideresis-
tance is critical for controlling
silverleaf whitefly Bemisia
argentifolii Bellows & Perring
(Tan et al. 1996, and Riley et al.
1999). Resistant populations of this
insect have been observed to rap-
idly increasein cotton, vegetable, and

ornamental crops following insecti-
cide application, possibly due to
variation of reproduction and/or de-
velopment linked to resistance to in-
secticides. Variation of reproduc-
tion due to direct insecticide stimu-
lation (hormoligosis) has been re-
ported for thrips, flies and aphids
(Morse and Zareh 1991, Bouchard
and Wilson 1987, Halpern and
Morton 1986, and Rider and Wilde
1998, respectively). We found that
inheritance of bifenthrin resistance
can be associated with reproduction
changes in whiteflies (Riley 1997).

However, we observed an indirect
stimulation of population growth in
silverleaf whitefly associated insec-
ticide resistance selection. Because
of this pest's ability to reproduce in
high numbers and its devastating
impact on crops, understanding
whitefly reproduction associated
with insecticide resistance has be-
come an important component of our
research project.

Reproduction and development
experiments were conducted with
bifenthrin-resistant, susceptible, F
cross and backcross populations of
silverleaf whitefly in the lab. Re-
sponses (LC,,) of resistant and sus-
ceptible populations to bifenthrin
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were 0.005ug/vial and 143.79ug/
vid, respectively (Staetz et al. 1992).
One female from a bifenthrin-resis-
tant population and one male from a
susceptible population were placed
in a gelatin capsule on a fully ex-
panded leaf of a semi-mature cotton
plant. Seven to nine pairs of adults
per cross and backcross were moni-
tored daily for oviposition and sur-
vivorship of egg clutches. Pairswere
moved every 24 hours on the leaf
and each consecutive clutch of eggs
was monitored for development.
The resulting F hybrid progenies
were then backcrossed to resistant
parents. Theresults showed that net
reproduction (Ro) ratesranged from
9 to 26 and significant differences
among these populations were dem-
onstrated. A two-fold increasein re-
production was observed in the back-
cross population compared with the
parent lines (Figure 1). There were
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distinct patterns in the progeny that
developed from these populations.
Whitefly adult emergence in some
of the backcross populations was
higher than that in their parental
populations (gpproximately two fold).
Duration of oviposition and mean egg
production by whiteflies varied sig-
nificantly across resistant, suscep-
tible, F, cross and backcross popu-
lations, but were not positively cor-
related with net reproduction. Fig-
ure 1 shows the variation in oviposi-
tion, reproduction and devel opment
of resistant, susceptible, F, crossand
backcross populations of whitefly.
The important result was that the
backcross to the resistant parent re-
sulted in a two-fold increase in net
reproduction.

The shift in oviposition patterns
was not associated with direct
chemical stress, but occurred as a
result of some selection process. It

Vol. 11, no. 1

was hypothesized that selection for
insecticide resistance was associ-
ated with changesin oviposition pat-
ternsin Bemisia argentifolii, either
as an effect linked to bifenthrin re-
sistance or coincidentally occurring
with the population crosses. The ovi-
position patterns appear to be heri-
table and can affect the progeny's
ability to reproduce. The genetics
of such a mechanism is unclear,
however, data that we are currently
developing provide strong evidence
for heterosis.
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INTRODUCTION

The diamondback Moth (DBM),
Pluetella xylostella L., is the major
pests of crucifers and it has been
the subject of numerous researches
because of its economic impact on
the cabbage industry. The usual
method employed in controlling this
pest isby spraying insecticideinclud-
ing the biological one, Bacillus
thuringiensis (Bt) (Talekar &
Shelton 1993). Lately, the use of
natural enemies has been empha-
sized as a result of pesticides resis-
tant problem developed by DBM
(Cheng, 1988; Tabahsnik et al.,
1990). The use of parasitoids,
Diadegma spp. and Cotesia spp.,

has shown apromising result in con-
trolling DBM in Guatemala (Biever
et al., 1994). The use of insect
pathogens including microspordia
(example - Nosema spp.) in control-
ling DBM has yet been reported, as
it ill in the laboratory studies (Wild-
ing, 1986). However, Idris and
Grafius (1999) reported that infec-
tion by Nosema sp. (most probably
N. bombycis) has caused major con-
cern in the rearing of DBM and its
parasitoids in Malaysia and United
States. The use of predatory
arthropods in biological control ne-
cessitates that the predators are
pathogen-free to avoid the risk of
introduction of pathogens that could
destabilized the natura fauna. Cul-
tures of insects and probably other
invertebrates, reared at high density
for experimental use, can be deci-
mated if microsporidia are intro-
duced by afew infected individuals.
Although many Nosema-infected
individuals are successfully surviv-
ing, theresult of any study using them
may be invalid and cause midead-
ing the fact. Thisis because the pro-
tozoan may enhance the toxicity ef-
fect of Bt and other insecticides on
DBM larvae (Manasherob et al.,
1994).

The usual techniques being em-
ployed in reducing microsporidial in-
fection in the laboratory are heat

treatment, selection, pairing of
healthy individuals and adding Fum-
agillin or Fumidil-B into the artificia
diet (Steinhaus, 1949; Geden €t al.,
1995). However, there is a great
possihility of resistance to Fumidil-
B with prolonged use of this antibi-
otic in rearing DBM. For example,
Idris and Sajap (1999) reported that
as high as 70% of DBM egg
samples collected from DBM cul-
ture of the Malaysian Agriculture
Research and Devel opment I nstitute
(MARDI) contained Nosema
spores. This is in spite of the fact
that these samples were raised on
artificial diets treated with Fumidil-
B. The objective of our study was
to investigate resistant development
of Nosema spp. infecting DBM cul-
ture in which their artificial diet was
incorporated with fumidil-B, a con-
ventional antibiotic recommended
for controlling microsporidian dis-
eases (Steinhaus, 1949; Katznelson
& Jamieson, 1952).

MATERIALS AND
METHODS

The Nosema infected-DBM eggs
and untreated artificial diet were
provided by MARDI. DBM eggs
were allowed to hatch for 3-days.
Five different concentrations of
Fumidil-B (25, 50, 100, 200 and 400
ppm) were prepared. A slice of 4 cnv?
and 0.1 cm thick artificial diet (pre-
pared normally but without Fumidil-
B) but was soaked into a respective
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Fumidil-B solution for 15 minutes (to
ensure diet being impregnated well
by the antibiotic), air dried for 2 h
and placed in a 15-cm diameter petri
dish. Fivefirst instar DBM larvae (3
h after hatching) were randomly se-
lected and placed in arespective petri
dish plus diet (25 larvae per treat-
ment). Diets were changed daily.
Larva mortality were recorded ev-
ery other days started with 2 day af-
ter hatching until the day 10 as most
surviving larvae started pupating.
The untreated diet (treated with dis-
tilled water) was used as a control
treatment. Each treatment was rep-
licated four times. Percent mortality
was calculated as the total number
of larvae per replicate minus the ac-
cumulated dead larvae and divided
by the total larvae x 100. Data were
analyzed by one-way ANOVA and
the treatment's means were sepa-
rated by Fisher's Protected LSD test
(Abacus Concept, 1991).

RESULTS AND
DISCUSSION

There was a significant differ-
ence in the percent of larval mortal-
ity among the treatments at all day's
of data collection. Percent mortality
was higher at the lower than at the
higher concentrations of Fumidil-B
(Table 1). The highest larval mor-
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tality (92.5% at day 10) observed
when larvae fed untreated diet.
There was no significant difference
in the percent mortality when larvae
fed on dietstreated with 100 and 200
ppm antibiotic solutions. This indi-
cates that the 220 ppm Fumidil-B
normally used in preparation of DBM
artificial diet is unable to contain the
development of the disease. Al-
though there was a significant dif-
ferent in percent mortality of DBM
larvae fed on diets treated with 200
and 300 ppm Fumidil-B solutions,
except on day-6, the accumulated
percent mortality was still consider-
ably high (36.3%). Percent mortal-
ity was significantly lower when lar-
vae fed diet treated with 300 ppm
Fumidil-B solutions on day-8 and 10
than those treated with 200 ppm
Fumidil-B. Further increase in
Fumidil-B concentration (400 ppm)
had significantly reduced the percent
matdity, id cti rgthdNosema de-
velopment within the larvae was
suppressed and that only 10% lar-
val mortality occurred. The mortal-
ity observed for larvae fed diet
treated with 500 ppm was probably
due to indirect effect of high con-
centration of an antibictic on early
instars as the accumulated mortal-
ity was similar till the day-10. In
addition, there were no Nosema

Vol. 11, no. 1

spores observed from dead individua
of thistreatment. Results of this study
showed that the Nosema spp-infect-
ing colony of DBM at MARDI might
have developed resistant toward
Fumidil-B and the disease develop-
ment could only be checked when
diet is treated with Fumidil-B at 500
ppm and above. The resistance
develeopment may happen else-
where but it may be unnoticeable.
However, Nosema problems are d-
ways overcome by restart a new
colony and/or plus other measured
as suggested by Steinhaus (1949).
There may be other methodsthat are
easier and/or cheaper. One of the
methods is by using other antibiot-
ics. For example, Haque et al.
(1993) reported that Albendazole is
very effective against development
of Nosema bombycis infecting
Spodoptera frugiferda and
Heliocoverpa zea cdl in vivo and
in vitro, and there was no deleteri-
ous effect of this antibiotic on the
growth and ability of H. zea. This
antibiotic ismuch cheaper and easier
to buy from any pharmacy than
Fumidil-B that is more expensive
and difficult to get. Others antibiot-
ics that could potentialy replace
Fumidil-B are those commonly used
in veterinary medicine to combat
protozoan diseases.

Tablel. Percent mortality (accumulative) of diamondback moth larvae fed on artificia
diet treated with various concentration of Fumidil-B

Concentration

(ppm) Days after treatments (+ S.E)

of Fumidil-B 2 4 6 8 10

untreated diet 454+56a 60.5+7.8a 70.3+85a 85.4+10.2a925+10.2a
100 205+ 10.5b 25.7+7.3b 385+56b 52.6+6.3b 725+ 7.6b
200 23311130 244+6.7b 356+4.7b 50.5+7.3b 69.4+8.2b
300 155+ 10.2c 18.3+5.6c 22.4+53b 30.5+54c 36.3+4.3c
400 15+24d 26+42d 35+x56c 63+33d 109+38d
500 od 15+15d 15+x15c 15+15d 15%1.5d

Means with same letter in column are not significantly different (Fisher's Protected)

LDS, P>0.05.
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Heliothis virescensis one of the
most important insect pests affect-
ing cotton and other crops. For H.
Virescens control, insecticides based
on the Bacillus thuringiensis (Bt)
parasporal pesticidal proteins have
been developed. These proteins
posses a unique mode of action
(Knowles 1994). After ingestion by
the susceptible insect, they are solu-
bilized and activated by midgut en-
zymestotoxic forms. Activated tox-
ins bind to receptors and insert into
the membrane of the columnar cells
of the midgut epitheium, leading to

cell lysisby osmoatic shock. In 1996,
transgenic cotton plants producing
CrylAc toxin (the most active Bt
toxin against H. virescens) were
produced and commerciaized in the
USto control H. virescens popula-
tionsin the field. One of the major
concerns regarding the use of Bt
transgenic plants is the observation
that target insects can become re-
sistant. Generation of transgenic
cotton lines expressing different Bt
toxins and conservation of refuges
for susceptible individuals has been
suggested as potential methods to
prevent resistance. To assure the
efficacy of these approaches as well
asthe usefulness of Bt toxins, infor-
mation on the mode of action aswell
as on the potential mechanisms of
resistance is needed.

Resistance to Bt insecticides has
been reported to occur in wild popu-
lations of certain insect species
(Tabashnik et al. 1990; Shelton et
al. 1993) aswell asin laboratory se-
lected insects (Gould et al. 1992;
Whalon et al. 1993; Oppert et al.

1994; Gould et al. 1995). To date,
no incidences of resistance are re-
ported for field populations of H.
virescens. The YHD?2 strain of H.
virescens was developed in the
|aboratory from susceptibleindividu-
as(strain YDK) by selection against
CrylAc (Gould et al. 1995). The
YHD?2 strain developed the highest
levels of resistance known in thisin-
sect to CrylAc, and high levels of
cross-resistance to other toxins in-
cluding CrylAa, CrylAb and
CrylFa. At the time, crossresis-
tance to CrylFa was unexpected,
since this toxin does not share high
homology with the Cry1A family of
toxins. These results suggested that
cross-resistance can be an impor-
tant pitfall for strategies of Bt toxin
pyramiding or alternation in
transgenic plants. Binding competi-
tion experiments (Jurat-Fuentes and
Adang, submitted) suggest that
Cry1A and Cry1Fa cross-resistance
is due to shared toxin binding sites.

The resistant strain YHD2 has
been continuously selected with
CrylActoxinsince 1995. Presently,
thelevel of CrylAc resistanceis 40-
fold greater than in 1995. In bioas-
says, neonate YHD2 larvae were
more than 230,000-fold resistant to
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Cry1Ac, about 2000-fold cross-resgant
to CrylAb, more than 130-fold to
CrylFa and more than 20-fold to
CrylAa Acdtivity of thesetoxinsagangt
the YDK susceptible drain larvee was
high and smilar to previousreports (Lee
et al.,, 1995). CrylEa was not toxic
agand dther gran.

Although severd mechenisms of re-
Sgance have been proposad for insect
resgance to Bt toxins, the dteration of
toxin binding to the spedific receptorsin
themidgut isthe best documented (Ferré
etal. 1991; Lee et al. 1995; Van Ried
al. 1990).

Tosudy themechanism of resstance
in the YHD2 H. virescens grain, bind-
ing and pore formation properties of
Cry1Aa, CrylAb, CrylAc and CrylFa
Bt toxins on brush border membrane
vesicles (BBMVs) were measured.
BBMV wereprepared (Wolfersherger
al. 1987) from larvad midguts of suscep-
tible (YDK) and resgtant (YHD2) H.
virescensgrains,

Purified Cryl1A toxins were %|-la
beed (Garczynski e al., 1991) and used
in BBMV hinding assays Inthexe as
says quantitativetoxin binding vauescan
be obtained. All the 1°I-Cry1A toxins
tested bound in a specific and satureble
manner to BBMYV from the susoeptible
drain, while spedific toxin binding to re-
Sgant BBMV was not obsarved. This
dramatic decregse in toxin binding was
a0 observed in quditaive binding as-
says (Western blots) with Cry1A aswel
as CrylFatoxins

Togudy if thisdecreasein bindingis
important for toxin action, we messured
toxin pore formation with alight scatter-
ing technique (Carrall and Ellar, 1993).
Inthistechnique, the poreforming activ-
ity of Cryl toxinson aBBMV sugpen
son was monitored as changes in the
scattered light duetotoxin-induced veside
permegtion in a hyperogmatic medium.
Neither CrylAa CrylAb, CrylAc nor
Cryl1Fa toxins were gble to permeete
BBMV from the resgant drain in any
of the experiments.  These toxins per-
mesated susceptible vesides to different
extents, CrylAc being the mog active
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toxininthelight scattering assay. CrylEa
(not toxic againg H. viresceng) did not
affect either susceptible or resistant
BBMV, while Nytatin (a pore-forming
antibiotic) permested both BBMV sus-
pensons to the same extent.

These results suggest thet the dra
matic reduction in toxin hinding can ac-
count for high levds of resstance and
crossresigance to CrylA and CrylFa
toxins observed in the YHD2 strain.
Thus, toxin-binding reduction prevents
pore formation, which causeslarva sur-
vivd.

To sudy the transmisson of the
CrylAcresgtancetrait, binding and pore
formation abilities of CrylActo BBMV
from larvae of the F1 crosses between
susceptibleand resstant adultswerestud-
ied. Similar binding and pore formation
values were obtained for reciprocal
Crosses, uggesting that resstance is not
x-linked. Furthermore, measured vd-
ues were more amilar to the vaues for
susoeptible BBMV s indicating apartidly
recessve trangmisson of the resgant
trait, as previoudy suggested from bio-
assay expeariments (Gould et al., 1995).

One of the possble explanations for
reduced toxin binding is the absence of
specific binding proteins on the resigtant
BBMV. To sudy this posshility, ligand-
blotting experiments were done
(Garczynski e al. 1991). Thesamepat-
ternsof binding moleculesfor dl Cry1A
and Cry1Fatoxinsweredetected for blot-
ted susceptibleand resstant BBMV pro-
teins. This indicates that toxin-binding
molecules are il present inthe ressant
BBMV, and they are able to bind toxin
only under denaturing condiitions.

Experiments in our |aboratory are
presently @imed a ducidding the mo-
lecular mechaniam by which decreased
toxin binding is achieved in the resstant
insects. Information obtained from this
work will be ussful in understanding Bt
toxins mode of action and to design re-
Sstance prevention srategies.
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For decades, pyrethroid insecti-
cides have been used widely to con-
trol many insect pests. Due to in-
tensive use, however, many insect
pest populations developed resis-
tance to these compounds. One class
of resistance mechanism is knock-
down resistance (kdr). A single
amino acid substitution, from leucine
to phenylaanine (L993F in the Ger-
man cockroach), in the Para sodium
channel protein has been found to
be responsible for kdr in severa in-
sect species. Recently, we identified
two more mutationsin the paragene

of five field-collected German cock-
roach strains that exhibit high levels
of kdr. The two mutations, from
glutamic acid (E434) to lysine (K434)
and from cysteine (C764) to argin-
ine (R764), respectively, are located
in the firgt intracellular linker con-
necting domains | and Il. Two addi-
tional mutations, from aspartic acid
(D57) to glycine (G57) and from
proline (P1880) to leucine (L1880),
respectively, were found in one of
the five highly resistant strains. The
four mutations co-exist with the pre-
viously identified L993F kdr muta-
tion and are present only inthe highly
resistant individualsof agiven strain.

To confirm the involvement of
E434K and C764R mutationsin kdr,
we expressed wild-type and kdr
mutant cockroach sodium channels
in Xenopus oocytes and examined
channel sensitivity to a pyrethroid
insecticide, deltamethrin. The L993F
mutation decreased Para channel
sengitivity to deltamethrin by 5-fold.
Neither the E434K mutation nor the
C764R mutation alone atered chan-
nel sensitivity to deltamethrin. How-
ever, double mutations (KF or RF)
reduced channd sensitivity by 100-
fold. Thetriple mutations (KRF) fur-
ther reduced Para channel sensitiv-
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ity to deltamethrin by 500-fold. Thus,
two novel para mutations, when
combined with the previoudy iden-
tified L993F mutation, are respon-
siblefor high-leve resistanceto pyre-
throids in the German cockroach.

Although the E434K or C764R
mutation alone did not alter channel
sensitivity to deltamethrin, sodium
current amplitudes from the recom-
binant Para channel carrying either
E434K or C764R aone were much
reduced compared to those of the
wild-type channel. Furthermore, in-
dividuals with sodium channels car-
rying either E434K or C764R done
were not detected in any populations
we surveyed, suggesting that these
individuals may have severe fitness
problems because of reduced so-
dium currents. However, the chan-
nels carrying either E434K or C764R
together with the L993F mutation
(KF and RF) or triple mutations
(KRF) exhibit normal sodium cur-
rents. These results indicated that
evolution of knockdown resistance
in the German cockroach isachieved
by sequential selection of a primary
mutation L993F and two secondary
mutations E434K and C764R, and
concomitant presence of all three
mutations confers high levels of re-
sistance to pyrethroids.
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Although the overwhelming ma-
jority of reports have concluded that
multiple resistance mechanisms

were responsible for resistance in
the German cockroach, esterases
have been identified consistently as
amajor contributor to the resistance
level (Hemingway et al. 1993,
Angpaugh et al. 1994, Scharf et al.
1997, Valles 1998). Severa of these
reports have indicated that es-
terases are functioning to sequester
insecticides (especialy pyrethroids)
thus preventing the toxicant from

reaching the intended target site
(Prahbakaran and Kamble 1995,
Scharf et al. 1997).

In a recent survey of field-col-
lected German cockroaches, DEF
pretreatment  reduced the
cypermethrin resistance level in
83% of populations tested (Valles
1998). In addition, general esterase
activity (p-nitrophenyl acetate hy-
drolysis) correlated §=0.78) with
cypermethrin resistance magnitude
(Valles 1998). These data further
implicated widespread esterase in-
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volvement in cypermethrin resis-
tance in the German cockroach.
Hence, cypermethrin metabolism
studies were conducted using a
pyrethroid-resistant strain of Ger-
man cockroach to gain a more com-
plete understanding of the role es-
terases in resistance.

MATERIALS AND
METHODS

I nsects

The German cockroach
strain(designated the Aves strain)
used in this study was collected by
vacuum (Vales 1997) from a single
family home in Gainesville, Florida,
on 11 June 1998. The strain was
maintained in 8 liter glass jars with
rolled cardboard for use as harbor-
age, water, and #5001 laboratory
rodent diet (PMI Feeds, St. Louis,
MO). Orlando, the standard insec-
ticide-susceptible German cockroach
strain, was used for comparison with
the Aves strain in all assays.

Bioassays

Adult males were anesthetized
with CO, and treated topically with
cypermethrinin 1 ul of acetone. The
cypermethrin solution was applied to
the first abdominal sternite in five
concentrations causing >0% and
<100% mortdity. At least threerep-
lications containing 10 cockroaches
per dose were conducted. PBO
(200 g per cockroach) or DEF (30
g per cockroach) was applied to the
first abdomina sternite 1 hr before
insecticide application. Mortality, the
inability of a cockroach to right it-
self within 10 seconds after being
flipped onto its dorsum, was re-
corded 24 hr after insecticide treat-
ment.

Experimental

General esterase activity was
measured with a-naphthyl acetate
(a-NA) and p-nitrophenyl acetate
(PNPA) as substrates. Microsomal
and cytosolic subcellular fractions
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were used in the esterase assays
and prepared from the entire cock-
roach (excluding the head) as de-
scribed by Valles and Yu (1996).

Qualitative and quantitative in
vitro metabolism of cypermethrin
were studied using a modified ver-
sion of the method described by
Korytko and Scott (1998). Metabo-
lism studies were conducted with the
105,000 gq,,, supernatant (soluble
fraction) and pellet (microsomes)
prepared from adult males of the Or-
lando (S) and Aves (R) German
cockroach strains. The 2 ml reac-
tion mixture contained 50 mM so-
dium phosphate buffer, pH 7; 0.5mg
of protein; and 12,000 dpm (0.04 ug)
of [**C]cypermethrinin 40 ul of eth-
ylene glycol monomethyl ether. For
oxidative metabolism, the reaction
mixture was fortified with an
NADPH-generating system; es-
terase activity was inhibited by add-
ing DEF (10“% M) to the reaction
mixture. Duplicate incubationswere
carried out at 28° C in a shaking
water bath for 30 minutes.
Cypermethrin and its metabolites
were extracted with diethyl ether,
separated by thin layer chromatog-
raphy and quantified by liquid scin-
tillation spectrometry.

RESULTSAND
DISCUSSION

Topical bioassay data showed
that the Aves strain was highly resis-
tant to cypermethrin, exhibiting are-
sistance ratio of 93-fold. The
cypermethrin resistance level was
reduced to 18-fold when pretreated
with DEF (an esterase inhibitor; Fig.
1). The synergist data implicated
enhanced hydrolytic metabolism as
a resistance mechanism in the Aves
German cockroach strain. Thiscon-
clusion wasfurther supported by sig-
nificantly higher hydrolytic detoxifi-
cation enzyme activities toward sur-
rogate substrates in the Aves strain
as compared with Orlando (Fig. 2).
Hydrolysis of p-nitrophenyl acetate
and a-naphthyl acetate by microso-
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mal and cytosolic esterases was 1.6
to 3.6 times faster in the Aves strain
compared with Orlando. Surpris-
ingly, metabolism of
[**C]cypermethrin by cytosol
(soluble esterases) was not different
between the Aves (R) and Orlando
(S) strains (Fig. 3). However,
[**C]cypermethrin metabolism by
microsomal esterases was signifi-
cantly greater in the Aves strain.
Therefore, enhanced cypermethrin
metabolism catalyzed by microsomal
esterases can be considered a mgjor
mechanism of cypermethrin resis-
tance in the Aves strain. Thisisthe
first report of microsomal esterase
involvement in insecticide resistance
in the German cockroach.

Additiond in vitro metabolism ex-
periments were conducted to further
characterize the microsomal es-
terasesin Aves German cockroaches.
The cypermethrin hydrolyzing en-
zymes were susceptible to DEF (10
4 M), reducing cypermethrin metabo-
lismto 3.8 and 2.1% in the Orlando
and Aves strains, respectively (Fig.
3). An examination of different tis-
sue sources reveaed that the major-
ity of cypermethrin metabolism oc-
curred in the midgut and integument,
with the greatest quantities appar-
ently localized in the latter (Fig. 4).
Despite being an important source
of detoxification enzymesin insects,
no significant differences in
cypermethrin metabolism were ob-
served between strains with fat body-
derived microsomal esterases. In-
terestingly, enhanced cypermethrin
detoxification by microsomal es-
terases was observed in additional
German cockroach popul ations (data
not shown).

This research demonstrates the
involvement of membrane-bound es-
terases as amechanism of resistance
in the German cockroach (Valles et
al. 2000). However, elevated cyto-
solic esterase activities toward sur-
rogate substrates, were also ob-
served, which is often reported for
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the German cockroach (Segfried and
Scott 1992, Prabhekaran and Kamble
1995, Vdlesand Yu 1996, Schaf « al.
1997). Although the cytosolic esterases
of the Aves drain did not metabolize
cypermethrin fagter than Orlando cock-
roaches, they may play arolein seques-
tration as previoudy proposed. Contin-
ued pursit of esterase involvement in
insticideresganceinthe German cock-
roach may yidd nove methods of con-
trol or improved insecticide manegement
drategies
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Helicoverpa armigera Hubner is
the most important insect pest of
cotton in the Northern China cotton
belts (primarily Hebei, Henan and
Shangdong provinces). Micraobial
insecticide formulations from Bacil-
lus thuringiensis (Bt) have been
widely used in Northern Chinasince
the late 1980s for control of H.
armigera. The acerage of cotton in
Northern China significantly de-
creased after the outbreak of H.
armigera in 1992 because of high

control costs and low profits.
Transgenic Bt cotton entered
commerical usein the U.S. in 1996
with success and quick growth
tereafter. In 1998, the second larg-
est acreage of Bt cotton in the world
was grown in China (Falck-Zepeda
et al. 1999) after approval of
“industiral production” (commercial-
ization by the Ministry of Agricul-
ture (MOA). There were two dif-
ferent sources of Bt cotton express-
ing CrylA insecticidal protein, one
developed by Monsanto (Perlak et
al. 1990) an the other developed in
China mostly by using the pollen
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tube pathway transformation method
(Gue 1995, Ni et al. 1998). The
acerage of Bt cotton in China was
bout 80,000 ha. in 1998 and over
0.3millionha. in1999. IntheNorth-
ern China cotton belts, the total cot-
ton acreage in Shangdong and Hebei
provices in 2000 was over 0.6 mil-
lion ha.,, 90% of which was Bt cot-
ton. The primary target insect pest
for Bt cotton isH. armigerathat has
four generations each year.

Although monitoring and manage-
ment of H. armigera resistance to
Bt toxin were not mandatory for the
commercialization of Bt cotton in
China because there is no such re-
quirement by the regulatory author-
ity of MOA (evaluated by the Safety
Committee for Agricultural Biologi-
cal Genetic Engineering), a research
program wasinvolved for the deploy-
ment of Bt cotton. Thisis a sum-
mary of the research program from
1996 to 1999.

Resistance monitoring

Significant geographic variations
of susceptibility of H. armigera to
a Bt formulation was detected in
Northern China (Zhao et al. 1995,
1996). Further monitoring tests
showed that percent survival of sec-
ond instar H. armigera at the dis-
criminating concentration of Bt for-
mulation (1.0mg/ml of diet, LC
of a susceptible strain) was amost
zero in four locations of three prov-
inces in Northern China in 1996-
1999 (Table 1).
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Temporal and spatial dynamics
of efficacy of Bt cotton.

Significant variations in insecti-
cidal activity of Bt cotton on H.
armigera larvae at different times
during the growing season and among
different organs of Bt cotton plants
were observed (Zhao et al. 1998,
2000, also see Table 3). After feed-
ing on flowers of Bt cotton as neo-
nates the survivors of H. armigera
during the season of third and fourth
generation (July and August) could
feed on boll until pupation and emer-
gence. The flower became the key
factor in the interactions between Bt
cotton and H. armigera in the cot-
ton fields (Zhao et al. 1998). High
density of large larvae of third and
fourth generation H. armigera could
befoundin Bt cotton plantsin fields
because certain part of Bt cotton
plant (flower) did not expressa"high
dose" of Bt toxin for resistance man-
agement, not because of B resis-
tance in H. armigera. Bt cotton
could cause selection on two gen-
erations of H. armigera (third and
fourth in July and August) of H.
armigera in the field each year in
Northern China.

Resistance risk assessment and
modeling studies

(1) Resistance selection. There-

sistance ratio (RR) of H. armigera

to CrylAc based on LC, was 7.1-

fold after 17 generations of selection

by Bt cotton in the laboratory, with
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the average corrected mortality of
67.2% each selection (Zhao et al.
1998). The insecticidal efficacy of
Bt cotton on selected strain was sig-
nificantly lower than that on the ho-
mologous non-selected population,
indicating a potentid problem with
insect resistance, especialy in areas
with more than 90% Bt cotton. The
RR to CrylAc was 20.5-fold after
26 generations of selection.

(2) Crossresistancetests. TheH.
armigera strain resistant to CrylAc
was not crossresistant to Cry1C and
Cry2Aa. A mixture of CrylAc and
Cry1C (Mattch by Mycogen) could
overcome the CrylAc resistance.
The H. armigera strain resistant to
CrylAcwascrossresistant to Bt corn
expressing CrylA. The toxicity of
the silk of Bt corn on the CrylA-
resistant strain of H. armigera was
significantly lower than on anon-se-
lected control strain (Table 2).

(3) Modding studies. A singlelo-
cus simulation model was developed
to predict adaptation of H. armigera
to Bt cotton. The model involved
ecologicd, biological and operationa
factors. The tempora dynamics of
efficacy of Bt cotton and adults
movement between cotton and corn
fields were also considered. The
model indicated that the resistance
dlele frequency of H. armigera to
Bt (Cry1A) will increase from 0.001
to 0.5 after 38 generations or approxi-
mately 9 yearsin atypical cropping
system in Hebei province of North-
ern Chinawhere corn fields acted as

Table 1. Resistance monitoring for H. armigera to Bt formulation

in Northern China

Location? % Survival at discriminating concentration of Bt
1996 1997 1998 1999
Qiuxian, HB 0 0 0
Jizhou, HB 0 0 0
Xihua, HN 0 0 0
Gaomi, SD 0 0 0.9 0

3HB = Hebei province; HN = Henan province; SD = Shangdong province
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a natural refuge for Bt cotton (Fig.
1). If 100% of cotton acreage is Bt
cotton, the expected time for field
failure of Bt cotton will be only 26
generations (7 years).

(4) Assessment of transgenic
plants with two insecticidal genesto
delay resistance development of H.
armigera. Transgenic cotton con-
taining two insecticidal genes, Cry1A
and CpTI (cowpeatrypsininhibitor),
was developed in China (Guo et al.
1999) and the application for com-
mercialization was approved in 1999
for production in four provinces
mainly in Northern China. The acre-
age of the first cultivar of the two-
gene cotton ("Shi-Yuan 321") was
about 30,000 ha. in 2000 in China.
The efficacy of the two-gene culti-
var on first instar H. armigera was
significantly higher than one gene
(Bt) cotton in July and August dur-
ing the third and fourth generation
of field population, either on Cry1A
selected or non-selected strain (Table
3).

We used transgenic tobacco with
Bt or two genes (Bt & CpTl) as
model plants to evaluate the effects
on resistance development by H.
armigera. The resistance ratio of H.
armigera to CrylAc of Bt is 13.1-
and 3.02-fold after 18 generations of
selection by transgenic Bt tobacco
and two-gene tobacco, respectively
(Zhao et al. 1999). The average cor-
rected mortality for each selection
treatment (about 60%) and the level
of CrylAc expression in either type
of tobacco (310-330 ng/g fresh leaf)
were similar. Thisisthefirst experi-
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Fig. 1. Resstance devd opment of H. armigerato Bt toxin in the typica
cropping system in Hebei province predicted by asimulation modd

ment under laboratory conditions
that proved transgenic plants with
two insecticidal genes could signifi-
cantly delay resistance devel opment
of H. armigera compared with one
gene plant.

(5) Resistance management. The
lack of "high dose" in current Bt cot-
ton cultivarsfor H. armigera andthe
small scale production systems of
cotton in Northern China indicated
that the "high dose/refuge” strategy
widely accepted in USA for resistance
management was not feasible for
cotton in Northern China. Therewas
aso no mandatory requirement for
structured refuge by the regulatory
authority. We proposed the follow-
ing steps for resistance management
for Bt cotton primarily based on the
situation in Northern China cotton
belts (Zhao et al. 1998, Zhao 2000).

(&) Improve the regulation of
transgenic Bt crops, especidly to in-

Table 2. Efficacy of silk of Bt and non-Bt corn on different

strain of H. armigera

Strain of % Mortality feeding on silk of corn
H. armigera Bt corn Non-Bt corn
CrylA resistanat 48.2 46.7
Non-selected control 93.5 35.0

clude resistance management re-
quirementsfor thecommercialization
of Bt crops.

(b) Improve the expression of Bt
toxin in cotton plants and the purity
of Bt cotton seeds. Some cotton
growers prefer to buy Bt cotton
seeds grown by their neighbors in
small scale and the purity of Bt cot-
ton seedsis not good. Such situation
will worsen the resistance problems.

(c) Protect the natural refuge of
the non-cotton host plants for H.
armigera by not to commercialize
both Bt cotton and Bt corn in the
same area. The acreage of corn is
much larger than cotton in Northern
China and there are few insecticide
applicationsin cornfields. The com-
mercialization of Bt corn in North-
ern Chinawill destroy the most im-
portant natural refuge for Bt cotton
and H. armigera because of cross-
resistance.

(d)Use transgenic cotton with
two insecticidal genes (Bt and CpTl)
as soon as possible to delay resis-
tance development by H. armigera.

(e) Monitor resistance frequency
of H. armigera to Bt toxins in mul-
tiple regions.

(f) Use IPM tactics with differ-
ent mode of actionin Bt cotton fields.
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Non-selected 96.7 £3.3 76.9+4.6
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ABSTRACT

Fivefield populations of the Colo-
rado potato beetle were collected in
Long Idand, NY, one population was
collected in Michigan and another
was collected in Hudson, NY in the
summer of 1999 and submitted to
topica bioassays with a single dose
of imidacloprid aone (3.16 ny of
A.l./beetle) or in mix with 5 ng of
piperonyl butoxide (PBO). Resis-
tance levels were calculated by us-
ing knock down 50 after treatment,
and knockdown beetles (dead
beetles + knock down beetles) 10

days after treatment. Use of knock
down50s differentiate susceptible
Colorado potato beetle populations
from those that are resistant. Long
Isand populations expressed higher
levels of resistance in comparison
with the susceptible, Michigan and
Hudson populations. The addition of
PBO to some extent suppressed the
resistance, suggesting that the P450
complex would be involved in the
mechanism of resistance of CPB to
imidacloprid. A similar Situation was
found in the knockdown beetles 10
days after treatment. Some percent
of beetles from Long Island popula-
tions, especially in the Wells,
Rutkoski and Zilverton populations
survived to the imidacloprid treat-
ment. An addition of PBO partially
suppressed the resistance in these
populations, but other factors may

aso play an important role on the
resistance. Wearein process of con-
ducting further research with oxida-
tive metabolism, synergists, and re-
ceptor binding sites to get more in-
sights about the role of P450 and
other resistance mechanism.

INTODUCTION

Imidacloprid is a neonicotinoid
insecticide that acts at the insect
NAChR (Bai et al. 1991). It wasreg-
istered for use on potatoes in 1995
and soon became the primary means
to control organophosphate, pyre-
throid and carbamate-resistant CPB
in Michigan and other places in the
US(Grafius 1997). However, in 1997
low levels of resistance were de-
tected in a Michigan population. In
the same year a population from
Long Idand, NY expressed 100 re-
sistance levels (Zhao et al. 2000).
Reduced levels of control have been
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observed by growers in many po-
tato fields on Long Idand and field
efficacy indicated that the efficacy
of imidacloprid was declining (Moyer
et a. 1998). A year later smilar and
higher levels of resistance in four
populations from Long Island were
detected (unpublished data). How-
ever, these populations expressed
very low levels of cross resistance
to a new neonicotinoid,
thiamethoxam, and no cross-resis-
tance to bensultap, acompound with
a similar mode of action. This low
or lack of cross-resistance may be
due to differences in oxidative me-
tabolism and receptor binding sites.

Some important aspects in the
strategies of resistance management
include the determination of the
mechanism of resistance and the use
of a bioassay method to get quick
results. Imidacloprid is a compound
that kills insects lowly. Detection of
resistance by the use of bioassays
usually takes from 7 to 10 days be-
cause some beetles treated with
imidacloprid recover from the effect
of theinsecticide in a period of time
from 3 to 10 days; so that getting
faster data about levels of resistance
from field populations could be com-
promised due to the long time to
evaluate mortality. Use of knock
down , could be a useful tool to get
faster data.

OBJECTIVES

a) Monitoring for the resistance
levels of field populations of CPB in
locations of heavy use of
imidacloprid by using the knock
down time 50 (KD,)

b) Evaluate the effect of pipero-
nyl butoxide (PBO) in the suppres-
sion of resistance of imidacloprid to
resistant populations of CPB.

METHODOLOGY

I nsects

Six adult field populations of
Colorado Potato Beetle were col-
lected in Long Idland, NY. The Suf-
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folk population was collected in duly,
1997 (Zhao et al. 2000). The other
5 strains were collected at different
locations from Long Idand in Au-
gust, 1999. Two other populations
were collected from Hudson, NY
and Midland, MI in 1999. The sus-
ceptible colony (S69), was collected
in Michigan potato fields and has
been reared in the laboratory at
MSU for 10 years without exposure
to insecticides.

Insecticides

Imidacloprid (98.7%, technical
grade) was provided by Bayer (Kan-
sas City MO), piperonyl butoxide
(90%, technical grade) was supplied
by Aldrich Chemical Company, Inc.

Bioassays

Topica bioassays were used to
assay adult resistance. Technical-
grade insecticide was diluted with
acetone. A dose of 3.16 ng/beetlewas
tested. Ten beetles (1 to 2 weeks old
in the case of the susceptible S69
and unknown agesfor thefield popu-
lations) were treated with 1 m of
each solution on the ventral area of
the abdomen. After the treatment,
beetles were placed in  Petri dishes
and werefed potato |leaves. The con-
trol beetleswere treated with acetone

600 7
500 7
400 ~
300 +
200 ~
100 -

KD50 (minutes)

Mid, MI
S67 SUS
Hud, NY
Suff, LI

JP, LI
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only. In the case of PBO, previous
experiments showed that 5 ny/bectle
did not cause mortality or adverse
effect on the feeding behavior of the
susceptible and resistant populations.
PBO was applied an hour before the
insecticide treatment. Three replica-
tions were performed with both treat-
ments. asingle doses of imidacloprid
or in mix with PBO. After treatment,
beetles were placed in Petri dishes
and fed potato leaves and kept at 28°
C, 50% relative humidity, photope-
riod of 16:8 (L:D). Knockdown
beetleswere counted periodically for
24 hours after the treatment. In ad-
dition, mortality and knockdown
were assessed at 24 hours, 3, 5, 7,
and 10 days after treatment. Beetles
that were unable to stand on their
legs and walk adistance correspond-
ing to their own body length were
counted as knock downs. Beetles
that did not exhibit any movement
and which exhibited a progressive
darkening were recorded as dead.

Analysis of results

Data were analyzed by probit
analysis (SAS Institute, 1988).
Knock down (KD,,), fiducial limits,
and slope were determined. The re-
sistance ratios were calculated as
KD, value of resistance colony

Bimidacloprid

Eimidacloprid +
PBO

Cal, LI
Zil, LI
Rut, LI
Wel, LI

populations

Figure 1. Knockdown (KD50) of several strains of CPB by imidacloprid and

imidacloprid + PBO.
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(Long Island) / susceptible colony
(S69). To analyze the datafor knock
down beetles 10 days after treatment,
an arcsine transformation was used
and the experimental design was fac-
torial where populations (nine) and
insecticide (alone or mixed) werethe
factors. We used the PROC GLM
procedure of SAS.

RESULTSAND
DISCUSSION

Knock down time ratios of
Long Idand populations ranged from
15to 7.5 (Table 1 and Figure 1).
Thelevels of resistance using knock
down ratios are lower in compari-
son with topical bioassays in which
we used at least 5 doses that caused
more than 0% and less than 100%
percent of mortality and evaluated
7 to 10 days after treatment (unpub-
lished data). Results of previous bio-
assays indicated that a resistant
population from Long Island ex-
pressed up to 155 fold levels of re-
sistance. However, use of a single
dose to determine knock down,sis
aquick way of diagnosing resistance.
Inlessthan 24 hoursit is possible to
differentiate resistant beetles from
susceptible ones. For instance, resis-
tant populations from Long Island
are significantly different from the
susceptiblelaboratory population and
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from the susceptible field populations
(Midland, MI and Hudson, NY).
Rapid results of the resistance levels
of Colorado potato beetle to
imidacloprid would be very impor-
tant, particularly in areas where fo-
liar treatments of imidacloprid
(Provado) are used to control Colo-
rado potato beetle. Use of knock
down,,s would help in the decision
of separate susceptible population
from the resistant ones.

The highest levels of Colorado
potato beetle resistance were found
at the Wells, Rutkoski, and Zilverton
locations where the populations ex-
perienced eight or moreimidacloprid
treatments since 1995 (Admire and/
or Provado). The Hudson, NY and
Midland, M1 population exhibited
lower levels of resistance than the
Long Island populations. Growers
with the highest resistant populations
used Provado as afoliar application
the first year or two (1995,1996)
without using Admire in-furrow
compared to the Jamesport site that
used Admire in-furrow all four
years, which had the lowest resis-
tant value. The amount of activein-
gredient present in potato plants is
higher and lasts longer for the Ad-
mirein-furrow treatmentsthan in the
Provado treatments. Maybe this
condition prevents the survival of
some heterozygous resi stant beetles.
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In contrast, Provado treatments have
an initially good efficacy. However,
decay of theresiduesisfaster alow-
ing the survival of heterozygous
beetles. In addition, foliage treat-
ments of Provado do not cover
100% of the plant. The levels of re-
sistance using knock down ratios
seem to be lower in comparison with
bioassays evaluated 7 to 10 days af-
ter treatments (results of previous
bioassays indicated up to 150 fold
levels of resistance). However, KDy,
is a quick way of diagnosing resis-
tance.

Themix of imidacloprid and PBO
reduced the time for knock down in
most of the populations except in the
Jamesport, Suffolk and Midland
populations (Table 1 and figure 1).
Despite the reduction in the knock
down time in the highest resistant
Long Island populations, PBO only
partially suppressed resistance.
Evaluation of the knockdown and
mortality 10 days after the treatment
showed that imidacloprid caused a
high percent of response in the sus-
ceptible, Midland, MI, and Hudson,
NY. However, there were survivors
intheLong Idand populations. Treat-
ments using imidacloprid mixed with
PBO suppressed the resistance in
most of the populations indicating
that P450 complex is afactor in the
resistance to imidacloprid. However,

Table 1. The knockdown response of several strains of CPB to
imidacloprid and imidacloprid + PBO

population ?KDqg, slope + SE "RR %Dy, slope + SE "RR
Midland, Ml 32 (28, 36) 3.0+0.3 0.46 27 (25, 30) 50£0.5 1
Susceptible 68 (63,75 4.0%+0.3 1 28(26,31) 45+05 1
Hudson, NY 77 (69,85) 3.3+0.3 1.1 58(54,61) 7.1+0.6 2
Suffolk, LI 106 (96,116) 3.9 0.3 15 91(84,98) 6.8+0.9 3.2
Jamesport, LI 135 (117, 157) 2.1+0.1 2 132 (120,146) 4.1+0.3 4.6
Calverton, LI 142 (125,160) 3.1+£0.2 2.1 89(81,99) 3.9+£0.3 3.1
Zilverton, LI 266 (216, 322) 2.8 +0.3 3.9 172 (152,193) 2.8+0.2 6
Rutkoski, LI 318 (293,344) 3.4+£0.2 4.6 164 (141,185) 2.7+0.3 5.7
Wells, LI 515 (466,574) 3.2+0.4 7.5 325 (281, 337) 2.7+0.3 11

#K Dy, = Knock down fifty (minutes)

PRR= Ratio of resistance. KDs, of field population / KDgy susceptible population
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in the Wdls and Zilverton populaions
there were only a partid suppression of
the resistance suggesting that other
mechaniams of ressance may play an
important role. Wearein process of con-
ducting further reseerch with oxidative
metabolism, synergigts, binding stes to
get moreingghts about the role of P450
or other ressance mechaniam of CPB
to imidedoprid.

A hidory of resstance of CPB to
many dasses of insedticidesin Long Is
land could have sdected many mecha
nisms of resistance including
Monooxygenases However, oxidasesare
abigfamily of enzymesand many PA50s
would beinvolved. Ininsecticide ress
tance (Scott 1996). Therefore a gpecific
enzyme may be responsible for the
detoxification of imidadoprid. Thissped-
ficity may explainthelow or non-exidant
cross-resistance to bensultap and
thiamethoxam (unpublished deta). Dif-
ferent binding Stes on the nicatinic ace-
tylchaline receptors may dso explain
mechanism of resgance Howeve, in
other imidad oprid resgant insectsMyaus
persicae and Myzus nicatiana no dif-
ferencesin target Ste binding were dem-
ondrated with binding assay usng (+3H)
(Nauen et a. 1996)

ResisTaANT PEST MANAGEMENT

Until recently, imidadoprid wes the
only inscticide regigtered to be effective
for Colorado potato beetle contral in
many potato growing regionsin the US,
FHddfalureon Long Idand, together with
increesng levels of ressance in Michi-
gan fidd populations, should be awarn+
ing of mgor problemsin the neer future.
Thisisavery important reeson to design
drategiesthat do not rey exdusively on
the sole use of imidacloprid. Growers
should reedopt resstance management
grategiesfor imidadoprid and other sec-
ond generation neonicatinoids. 1nsecti-
cderotation, croprotation, propaneflam-
es and ditch trgps were abandoned by
many growers with the introduction of
imidacloprid. These were very impor-
tant draegies and tactics implemented
in the padt to mitigate resstance.

CONCLUSONS

a Use of knock down time dlows
the differentiation of susceptible and re-
sstant Colorado potato beetlepopulaions
The Long Idand Colorado potato beetle
populaions continue with amilar trend
in the resstance to imidad oprid.

b) PBO suppressed patidly the re-
sgtancetoimidad oprid. However, other
factors would be involved in the ress-

Vol. 11, no. 1

tance of Colorado potato beetle to
imidadoprid.
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INTRODUCTION

Many low-income housing
projects have high German cock-

roach populations (Bennett &
Runstrom 1980, Wood 1980).
Faulty constructions, inadequate
maintenance, general clutter, poor
sanitation and lack of effective pest
management programs are some of
the factors that favor the develop-
ment of high cockroach populations
in these housing projects. Spraying
insecticides has been the primary
method of controlling these cock-
roach infestations. Because of their
relative effectiveness, low cost, low
odor and flushing characteristics,
pyrethroid insecticides have been
the insecticide of choice, used ex-

tensively, on fixed-spray schedules
(Reid and Bennett 1989). Develop-
ment of pyrethroid resistance by
these cockroach populations is an
inevitable consequence of the exten-
sive use of these insecticides.

Strategies that have been sug-
gested for managing resistant Ger-
man cockroach populations empha-
size multipletactics that include sani-
tation (Adams 1993), insecticide mix-
tures (Kaakeh et al. 1997), trapping
and vacuuming (Kaakeh and Bennett
1997).

MATERIALS &

METHODS

This study was conducted in a
multi-family apartment complex
managed by the Muncie Housing
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Authority, Muncie, Indiana. Records
obtained from the Housing Author-
ity indicated that its pest control de-
partment has been using Demon?
Wettable Powder (WP) (ai = 25.3%
cypermethrin, Zeneca Inc., Dela
ware) to control German cockroach
infestations since 1988. All apart-
ments were treated every 90 days,
and on as-need basis.

The onset of resistance was
manifested when large cockroach
numbers were easily observable in
many apartmentsthat wereregularly
treated. Scharf et al. (1997) con-
ducted resistance level bioassays on
cockroaches collected from these
apartments and reported 82.2 fold
level of resistance to cypermethrin,
and 5.2 fold level of resistance to
chlorpyrifos, compared to a suscep-
tible strain. Biochemical assays on
these cockroaches revealed higher
levels of cytochrome P450
monooxygenase and esterase activi-
ties, compared to the susceptible
strain (Scharf et al. 1996). Though
these studies revedled that a resis-
tance problem exists at thislocation,
there were no concurrent trap data
from the apartments to document
insecticide control failures. Ball
(1981) and Zhai and Robinson (1996)
emphasized the importance of docu-
menting insecticide resistance prob-
lems in field populations of insects
by demonstrating insecticide control
failures, in addition to the usua le-
thal time and/or lethal dose bioas-
says. This study was therefore con-
ducted to: (1) document insecticide
resistance in the German cockroach
populations at the Muncie Housing
Authority's apartments through trap
catch data and, (2) evauate the ef-
ficacy of two commercialy available
bait products for managing these
populations.

Since cockroach populations at
thislocation were reported by Scharf
et al. (1996, 1997) to be resistant to
the pyrethoids and organophosphate
insecticides, we selected Demon?
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Emulsifiable Concnetrate (EC) (a.i.
= 25.3% cypermethrin, Zenecalnc.,
Delaware), and Prescription
Treatment? (PT2) Engage® (ai. =
0.5% chlorpyrifos, Whitmire Micro-
Gen Research Laboratories, St.
Louis, Missouri) as the residual
sprays. Avertd Prescription
Treatment® (PT?) 310 dust bait (a.i.
= 0.05% Abamectin B1, Whitmire
Research Laboratories, St. Louis,
Missouri) and Maxforce? FC gdl bait
(ai. = 0.05% fipronil, Maxforce In-
sect Control Systems, Oakland, Cali-
fornia) were the bait products se-
lected. Demon? EC was applied into
cracks and crevices with a 3.79-1 (=
1gd) B & G compressed air sprayer
(B & G Equipment Company,
Plumbsteadville, Pennsylvania), fit-
ted with a crack-n-crevice injector
tip. Each apartment received about
200 ml of formulated material. Pre-
scription Treatment® Engage* was
applied from Crack and Crevice!
pressurized residual spray cansat the
rate of 5 oz/apartment. Avert® dust
was applied according to |abeled rate
while 2 'child resistant’ bait stations
of Maxforce® FC gel were placed in
each cockroach sampling area.

A completely randomized experi-
mental design was used to assign
treatments to test apartments. A
minimum catch of 12 cockroaches
per apartment before treatment (n
= 6 traps) was required for inclu-
sion of an apartment in the test. A
range of 8 to 10 apartments was
established for each treatment, and
each test apartment served as both
the experimental and replicating unit.
Within apartments, cockroach num-
bers were sampled in the kitchen
and bathroom areas: under and
above the kitchen sink, behind the
refrigerator, behind the stove, in the
utility/pantry area, and on the floor
beneath the toilet seat. Populations
were sampled before the initia in-
secticide application (0 wk) and at
intervals thereafter (2, 4 and 8 wks)
with Lo-Line® cockroach sticky traps
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(AgrisenseO Inc., Fresno, Califor-
nia). At each sampling interval, traps
wereleft in place overnight, collected
the next morning and counted. Trap
catches were recorded as number of
small nymphs (1st-3rd instar), large
nymphs (4th-6th instar), adult males,
females and gravid females (femaes
carrying the egg case). Trap catch
data was used to determine efficacy
of treatments on population reduc-
tion. Population reduction was de-
termined using the formula:

% reduction = (T, - T )/T, * 100
where Ti and To are pre- and post-
treatment counts, respectively. Trap
catch reduction for each experimen-
tal unit was transformed by arcsine
Op, where p is percentage expressed
as proportion. Transformed data
were analyzed according to SAS
GLM procedures (SAS Institute
1996). Means were separated by
Tukeys studentized range test at a
= 0.05 (SAS Ingtitute 1996).

A trap catch reduction of 3 70%
reduction was set a-priori as a sat-
isfactory level of control for the
treatments.

RESULTS AND

DISCUSSION

The pre-treatment counts and
percentage reductions in trap
catchesare shown in Table 1. There
were no significant differences in
pre-treatment counts across treat-
ments, and this enabled us to statis-
tically compare the efficacy of treat-
ments at all post-treatment sampling
periods. For the Demon? EC and
PT2 Engage? treated apartments, the
mean percent population reductions
was below 70%, on the average, at
al post-treatment sampling periods.
Onthe other hand, the group of apart-
ments treated with Avert® dust and
Maxforce® FC gel baits each had sat-
isfactory level of control, because
population reduction was higher than
70% at the 8-week post-treatment
census. In addition, there were sig-
nificant differences between the lev-
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els of cockroach control recorded for
Maxforce® FC, compared to the re-
sidual sprays at al the post-treatment
sampling periods. These results dem-
ongtratecontrol failurefor theDemon?
EC and PT? Engagetreatments. While
the control failure recorded for
Demon? EC can be described as pyre-
throid resstance, resstanceto the PT2
Engage? can be described as cross-re-
sgtance since there was never a his-
tory of the use of this product or any
other organophosphate to control
cockroach populationsat thislocation.

The satisfactory performance of
the baitsto control theseresistant cock-
roach populations can be attributed to
the fact that being stomach poisons,
they have different mode of actions
and act on different target sites, com-
pared to Demon? EC and PT?
Engage*. This satisfactory perfor-
mance impliesthat these products can
be employed in managing the peren-
nial cockroach infestations at the
Muncie Housing Authority's apart-
ments. In addition to the baits, con-
ventional insecticides mixed with
juvenoids could also beintegrated into
the resistance management program.
Kaakeh et al. (1997) recorded satis-
factory control of cockroach popula
tions at this location with treatment
combinations that included: (1) Em-
pire 20* + Gentrol? (i.e. chlorpyrifos
and hydroprene); (2) Commodore? +
Nylard + PBO-8% (i.e.
lambdacyhalothrin, pyriproxifen and
piperonyl butoxide); and (3) Diacap
300CS* + Torus® (i.e diazinon and
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fenoxycarb). Furthermore, sometypes
of residua sprays as stand-alone treat-
ments could aso be included in the
resistance management program.
These insecticideshowever must have
a different target site other than the
ones being hit by the pyrethroid and
organophosphate  insecticides.
Chlorfenapyr, anew chemistry discov-
ered by the American Cyanamid Com-
pany, has been reported to disrupt in-
sects respiratory functions by inter-
fering with energy production in the
mitochondria but has minimal effects
on the nervous system (Kuhn € al.
1993, Black et al. 1994). In a recent
study at the Muncie Housing
Authority's apartments, Ameen e al.
(In press) reported that chlorfenapyr
gave effective control of the cockroach
populations.

UMMARY

Trap catch datawere used to dem-
ongtrate resistance to an organophos-
phate, PT? Engage? , and apyrethroid
insecticide, Demon? EC, in the cock-
roach populations of a low-income
housing project. Based on empirica
data, we arrived at the following sug-
gestions for managing the resistance
problems:

1. Discontinue the spraying of
Demon® WP and any pyrethroid or
organophosphate-based insecticideon
afixed spray schedule.

2. Infested gpartments should be
treated with the bait products: Avert?
PT2 310 dust and/or Maxforce* FC
gd bait, as needed.

Table 1. Efficacy of a pyrethroid and an organophosphate based residual control products
compared to two commercial bait products for managing resistant German cockroach population

in a low-income housing project

Post-treatment % population reduction at week

(Mean + SE)
Pre-treatment Counts
Treatment 2 4 8
(Mean £ SE)

Demona EC 46.8 + 15.1a 19.1 + 10.1bc 19.1 £ 11.6b 43.8 £ 12.7bc
PTa Engagea 55.3 £ 20.9a 29.1 + 10.4bc 315+ 11.2ab 32.2+12.1c
Averta Pta 310 18,5+ 12.5a 52.1 + 28.9ab 62.3 £ 14.4ab 95.8 + 2.9ab
Maxforced FC 275+ 11.2a 92.3+21a 89.8 +5.2a 96.9 + 1.9a

F 0.61 4.68 4.9 5.08

p 0.6165 0.0138 0.0116 0.0101
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3. Spraying conventional insecti-
cidesmixed with juvenoids as needed.
In addition, residua insecticides with
a target site other than the nervous
system, e.g. chlorfenapyr, could aso
be used.

4. Educating residents about theim-
portance of sanitation in order to re-
ducetheperennid highlevelsof cock-
roach infestations.
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A common mechanism of orga-
nophosphate resistance in Culex
mosquitoes is an increase in the
amount of detoxifying esterase en-
zyme. The molecular basis of this
increase is usualy amplification of
one or more esterase genes. One
key to understanding the dynamics
of gene amplification based resis-
tance is how genetic processes in-
teract with insecticida selection to
produce individuals with high gene
copy number, high esterase activity
and resistance. opulations of C.
guinquefasciatus and C. pipiens in
many parts of the world exhibit high
frequencies of the active EST-B1
allozyme. Thisis the end result of
years of insecticide use. Unfortu-
nately, we know little about the pro-
cess by which EST-B1 phenotypes
increase in esterase activity, or the
rate of this process following an ini-
tial amplification event.

Using a series of crosses be-
tween individuals from afield popu-
lation and a susceptible laboratory
strain, a strain was produced which
had a moderate frequency (about
0.25) of a single chromosome iso-
lated from a field population, S-Y.
This chromosome resulted in a 3-
fold increase in esterase enzyme
activity in the heterozygous condi-
tion, compared to homozygous sus-

ceptible individuals. This increase
in activity was associated with an
increase in staining intensity of the
EST-B1 band on el ectrophoretic gels.
Since regulatory effects on esterase
B1 gene expression have not been
reported, this elevated activity was
presumably the result of alow level
esterase B1 gene amplification. The
population was subjected to selec-
tion with the organophsphate insec-
ticide temephos at a concentration
sufficient to kill 75-95 percent of the
treated individuals. Approximately
10,000 - 15,000 early fourth instar
larvae were treated for each selec-
tion. Over the 30 generations of the
study, the population was subjected
to 17 selections, and esterase activ-
ity changes were monitored over
time.

The strain carrying the single S-
Y chromosome exhibited a signifi-
cant response to temephos selection
(Table 1). After Selection 5, no in-
dividuals with susceptible strain lev-
€ls of esterase activity were evident,
and the strain probably consisted pre-
dominantly of individuals homozy-
gous for the SY chromosome con-
ferring elevated esterase activity.
Between Selection 5, and Selection
17, mean esterase activity increased
about 8.5-fold. Theincreasesin es-
terase activity through time were
gradual, but not continuous. Signifi-
cant increases in mean esterase ac-
tivity occurred between Selections 5
and 7 and between Selections 12 and
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17. Both of these response periods
resulted in approximately 3-fold in-
creases of mean esterase activity com-
pared to that observed at the begin-
ning of the period. The rapid increase
in esterase activity from Selection 5 to
Selection 7 suggests that there were
higher esterase activity variants present
at low frequency among the Selection
5 survivors. In contrast to these sig-
nificant responses, no significant
change in mean esterase activity was
observed between Selections 7 and 12.
Activity variants appear to arise ran-
domly, and at relatively low frequency,
in this system.

At the conclusion of the experiment
individuals exhibited about 45 timesthe
esterase activity characteristic of sus-
ceptible individuals, on average. The
stepwise changes in esterase activity
over time suggests an underlying in-
crease in esterase B1 gene copy num-
ber onthe S-Y chromosome, however
changes in gene expression are also a
possihility. Experiments are presently
under way to determine which of these
mechanisms was responsible for the
changes in esterase activity. Regard-
less of the underlying molecular basis,
our study indicates that esterase activ-
ity variants can arise and be brought
to high frequency quite rapidly, even
when effective population sizeisrela
tively low. This process would prob-
ably be more effective in large natural
populations. Given the proper selec-
tive environment, if alow level esterase
B1 gene amplification was introduced
into an area by immigration, it could
giveriseto higher esterase activity vari-
ants, and resistance, relatively quickly.

Table 1. Esterase activites of samples of untreated offspring of the survivors of
different selections. Esterase activity units are nmoles alpha-naphthyl acetate
hydrolyzed/min/mg mosquito protein.

Selection N Mean SE Min. Max
1 96 61.0 3.4 5.8 145.8
5 96 136.2 3.8 48.8 229.5
7 48 370.0 17.6 105.4 664.2
12 48 342.0 9.8 227.2 519.4
17 47 1159.1 57.8 481.2 2582.0
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INTRODUCTION

The International Group of the
Insecticide Resistance Action Com-
mittee (IRAC) held its 34th Annual
Meeting on the 18-19 April, 2000, in
Almeria, Spain. As part of the meet-
ing a full day workshop was
organised addressing the issues of
whitefly, Bemisia tabaci, resistance
in intensive agriculture in Almeria
A large number of local experts
from ingtitutes, universities and bio-
logical/chemical control companies
attended. Invited speakers included
Maria  Rodriguez, Centro
Investigacion y Formacion Agraria
de Almeria (CIFA), Dr. Dirk
Janssen, CIFH, Dr. lan Bedford,
Coordinator, European Whitefly
Studies Network (EWSN), John
Innes Institute and lan Denholm,
IACR Rothamsted. The meeting
was divided into two sessions with
the morning spent on presentations
covering different aspects of the
whitefly resistance problem, followed
by break-out syndicate groupsin the
afternoon when strategies for im-
proving the situation in the future
were reviewed.

PRESENTATIONS

Gary Thompson, Chairman of
IRAC International, opened the
meeting by welcoming attendees
and explaining the meeting objec-
tives. Thiswas primarily to facilitate
communications on the serious prob-
lem of whitefly resistancein Almeria
and to listen and make recommen-

dations to suite local needs. Theim-
portance of encouraging actions to
maintain the sustainability of prod-
ucts and production systems and to
identify unfulfilled Insecticide Resis-
tance Management (IRM) needs
was noted. It was not anticipated or
expected that a solution to the white-
fly problem would be found during
the meeting but rather it was hoped
to increase the awareness of the is-
sues, develop a strategy and to en-
courage all parties to work together
to achieve the objective.

lan Bedford provided an over-
view of whiteflies as agricultural
pests and their importance as virus
vectors. Of the species discussed
Bemisia is by far the most damag-
ing transmitting more than 60 differ-
ent viruses. In someregions of Spain
it has become impossible to grow
tomatoes because of the damaging
effects of the virus on production.
One extreme of the situation in in-
tensive agriculture is that with each
adult having a 60% chance of
spreading the virus, there is zero tol-
erance for Bemisia. Thismeansthat
the normal thresholds for chemical
and biologicd control areinsufficient
for Bemisia control. This puts enor-
mous strains on the conventional
methods of controlling insects. In
addition, virus transmission often
occurs before the adult, exposed to
the insecticide, is affected. Also, vi-
ruses usually becomevisible 2 weeks
after infection with the result that
growers may continue to spray even
after the whitefly have disappeared.
Activities which can help include
total removal of affected plants, use
of a non-cropping period with no
host plants available, use of trap
plants to attract adults as they enter

the plastic house, and the use of
physical methods (e.g. mesh) to keep
the adults out of plastic houses. Some
work has started on developing re-
sistant varieties but acceptance of
the fruit by the public is a barrier.

Dirk Jansen explained that in
Almeria the Q hiotype of Bemisia
was the most common. A diagnos-
tic kit has been developed which al-
lows identification of the virus at an
early stage and a moddl was in con-
struction to assess the influence on
yield of the virus.

Alfred Elbert, Bayer, described
the monitoring methods used to as-
sess the sensitivity of Bemisia from
Almeria to imidacloprid and other
neonicotinoid insecticides.
Imidacloprid was launched in 1992
and amonitoring method was devel -
oped based on uptake of
imidachloprid solution by a cotton
leaf. The LC,, data generated
showed a steady decline in sensitiv-
ity to Imidacloprid from 1994 to
1999. A strain raised in the labora
tory started with amix of B and Q
biotypes but after oneyear inthelab
(with no selection) susceptibility had
returned and there was only the B
biotype detectable. However, other
strains from Almeria showed no de-
crease in susceptibility after 4 years
in culture. Work with synergists
(pre treating the whitefly 2 days be-
fore imidacloprid application) indi-
cated an MFO mechanism
(synergised by PBO and PPP). The
decrease in susceptibility does not
generaly corrdate with field activ-
ity (with maintained efficacy of
c85%) however some strains in
Almeria show a decrease in efficacy
in the field aswell. There seemsto
be no cross resistance with
pyriproxifen, pyridaben, chlofenapyr,
buprofezine, while the strains show
a decrease in susceptibility to
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cyfluthrin, endosulfan,
monocrotophos, methamidophos and
pymetrozine.

Peter Wyss, Novartis described
thework doneto find abaseline sus-
ceptibility to thiamethoxam and
pymetrozine, using a leaf disc and
leaf dip assay. The results demon-
strated no cross resistance between
OP's and pyrethroids. Strains from
Spain continued to show over the
years a steady shift in tolerance to
neonicotinoid insecticides. The data
demonstrated some cross resistance
between Imidacloprid and
thiamethoxam but no cross resis-
tance to pymetrozine. Strains of
whitefly and aphids from different
regions shows differences in resis-
tance profiles but never any cross
resistance between
neonicatinamides and pymetrozine.
The tolerance increased in Southern
Spain at end of the autumn (follow-
ing pressuring during the growing
season). The data indicates that
adults readily move from one plas-
tic house to another emphasising the
importance of regiona strategy (not
just house by house). The data also
indicates that pymetrozine does not
trigger neonicatinamide resistance
but neonicatinamide resistance can
generate pymetrozine resistance.
Thus the recommendation is to use
pymetrozine early season and not
rotate imidacloprid or thiamethoxam.

Maria Delores Rodriguez ex-
plained how the predominant white-
fly species has now changed from
Trialeurodes vaporariorum to
Bemisia tabaci including the asso-
ciated viruses on the different crops.
Measures needed to minimise the
problem include sealing of housesto
reduce migration, use of mesh that
will also exclude thrips, and removal
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of weeds. Yellow traps to catch
adults and the use of beneficial in-
sects eg Eretmocerus sp are aso
useful techniques. These various
strategies have been recommended
but they need to be adapted and
properly applied to the situation in
Almeria

Volker Harries, BASF, gave a
presentation outlining some of the
factors to consider when making
IRM recommendations. Key to this
was emphasis on the fact that al
parties eg growers, distributors, buy-
ers and officials are partnersin IRM
strategy. Methods are widespread
but include economic, sanitary, edu-
cation, biological and regulatory
means. It was noted that key to solv-
ing the problem was to decrease to-
tal dependency on chemical control
measures.

lan Denholm finished off the
presentations by giving an overview
of the pestsinvolved, the associated
problems and an update on the sta-
tus of resistance to different chem-
istries. Case histories from different
parts of theworld were used to show
strategies adopted with varying lev-
els of success. The importance of
avoiding mixtures as a strategy was
emphasised along with the need for
education and monitoring.

SYNDICATE/BREAK-OUT
DISCUSSIONS

Five break-out groups were
formed and asked to identify the
main issues and needs to help re-
solve the whitefly problem in
Almeria. The suggestions could be
grouped together under General and
Research needs. Under the General
category points such as physical im-
provements, sanitary methods, good
husbandry, sensible use of insecti-
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cides, co-operation between inter-
ested parties, education and commu-
nication were identified. Under Re-
search needsideas such asimproved
knowledge on whitefly basic biology/
behaviour etc, better understanding
of the consequences of spray tech-
nique, information on selectivity of
different insecticides to predators, a
better understanding of virus trans-
mission and a diagnostic test for
growers were al identified. Several
good ideas came out from the dis-
cussions. These included the use of
demonstration areas as part of an
education/communication
programme, use of clear messages
eg "a hole lets the whitefly in and
the money out the same hole", and
co-operation with the plastic manu-
facturers to develop a better
polythene house. It was also sug-
gested that the needs of the large
and smaller grower should be
recognised as these are often quite
different.

CONCLUSIONS

Overal the meeting was very
successful and provided a good op-
portunity to bring together interested
parties to review the current situa
tion and to propose suggestion for
improvements. It was not expected
to arrive at an overall solution to the
problem but rather to lay the foun-
dation and to facilitate an overall
strategy for improved IRM appro-
priate to the whitefly situation in
Almeria . Key to thisis clearly bet-
ter communication, education and
co-operation between al interested
parties.

For more information on IRAC
and the whitefly workshop in
Almeria please look a our website:
www.plantprotection.org/irac
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