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Letter from the Editor

Resistance management for transgenic plants?

Mark E. Whalon and Marek Ulicny
B11 Pesticide Research Center
Michigan State University

East Lansing, M| 48824-1311

Resigancemanagament (RM) entails
the amdioration of the evolution of ge-
netic adaptation to pesticide sdection.
Thefour basc principles of RM areto
divarsfy mortaity mechaniams toreduce
sdection pressure, to manage suscepti-
bility, and to monitor and predict ress-
tancedevdopment. RM isgraegicfea
tureof Integrated Pest Management and
supportstheided of minimizing adverse
peticide effects on society and the envi-
ronment. RM objectives include de-
creasng chemical inputs, whileincrees-
ingtheproducts uselife

Resganceisanevdutionary phenom-
enon corrdated with useintensty. The
potertial for resistance begins with the
firgt gpplication of apest populaionsup-
pressontod, and may increasewitheach
successve use  Insect pedts have the
potertia tobecomeresstant toany num-
ber of tactics and todsincluding geneti-
cdly enginezred transgenic plants. Cur-
rertly, efforts are underway to under-
gand theresisance potentia of thisnew
pest suppressiontechnology.

Since 1989, the RPM newdétter has
published 342 artidles on resgtant pests
and Resigance Managament (Pat Bills,
pearsonal communication1998). Through
thispublicationsciatistsareabletocom:
municate with other RM researchers
worldwide Thegod of RPM nendé-
ters is to provide for communication,
which may lead to RM implementation
and refinement of RM tactics.

Badillusthuringiends(B.t.), anubicr
uitous gram-positive bacteria, has bean
broadly deployed in conventional spray
applications sncethe 1970's, and isan
important key todl for IPM today. B.t.
toxins have been usad globaly to man-
agenumerous pests. Convantiona syn-
thetic insacticides such as organophos-

phatesand carbamateswereand il are
effective in many production systeams.
However, regulations in the US (Food
Qudity Protection Act of 1994) andre-
sgance globally may curtail thisusein
thefuture A goodexampleof resstance
mitigatingtheussfulness of organophos-
phate, carbamate synthetic pyrethroid
and other insecticides has been docu-
mented in the Colorado potato bedle
(CPB)(Forgash 1985, loannids ¢ al.
1991, Hamet a. 1990). Catainly this
history and many othersdemondratethe
nesd for RM for even new technologies
suchastransgenic plants.

Conventional pesticides usad for pest
populationsuppressioninthepast 30-40
years are in some indances, bang re-
placedwith bidlogically basad approeches.
Transgenic plants capableof expressing
B.t. are currently available in many
crops. Cotton, corn and potatoes were
thefirg tranggenic plant containing B.t.
to be commercidly rdessed inthe U.S.
In 1996, 1.5 million acres of transgenic
cottonwereplanted. Saentisgtsandfarm:
ersdikeremainguardedy enthusadwith
theefficdency of theseplants. Withinthe
next two years, transgenic plant usein
the US is expected to excead 15 million
acres(WhalonandNorris1997). These
transgenic plants are no longer experi-
mental curiosties, but arepart of anew
generation of emerging pest suppression
tods. Thar rapid implementation has
created the urgent need for resstance
managemat plans.

With new highly valuable todls such
astransganicplants, proper RM isnesded
to protect thar longterm effectiveness.
In order to implemant a successiul RM
plan, proper awarenessandeducationare
neded for growers and digtributors. In
the laboratory, further studies will corr
tinue the devdopment of transgenic
plantsthat have built in resstancefight-
ingtactics. However, managing Suscep-
tible pest populationsin thefidd to pre-

vent resgant individualsfrominterbresd-
ingwill bethemostimportant RM tactic
for some time. Stated differently,
transgenic plant RM usessusceptiblein-
dividuastomatewithresstant individu-
asto "swamp out” or dilute resstance
genesinthenext generation.

The Resistance Pest Management
newdeter could also serve as a world-
widelinkin RM communicationfor sai-
entigts, policy makers, and RM workers
interestedingendiicaly enginered plants.
The godl of this newdetter has bean to
"foster communication, research, and
policy that will result intheamdioration
of pesticide resistance problems"
(Whdlon et al. 1989). Inorder toretain
thisgod aspetiddedrategies, tacticsand
tools change, we should expand our
soopetoindudeRM of transgenic plants
aswdl asconventional pesticides.

Inthe U.S,, Europe, Audrdia, New
Zedand, éc., eforts havebemninitiated
tofurther devdop RM plansfor various
tranggenic plants (James and Krattiger
1996). National organizations arecresat-
ing symposia that focus on specific
tranggenicplantissues. Theeissuesare
onawiderangeof topicsinduding eco-
nomics, enginering, implementation,
managemat, and ressarch. Regulatory
agendeslikethe USEPA arepromul gat-
ing rulesthat requireRM asacondition
for registration (USEPA Saence Advi-
sory Report 1998).

Informetion on IPM isexchanged on
aworldwide basis through international
efforts in organizations such as CABI,
FAO, UNDP, CGIAR, CICP, IPM-
CRSP, and IPMEurope (Kaeb et al.
1998). Committess and Symposia ad-
dressing RM have been developed
throughtheseorganizationsaswell. Table
1 summerizes severd recent and future
conferencesthat indudesectionsonRM
plans for transgenic plants. This Stua-
tion has provided the RPM newdetter
withtheopportunity toaid inworlowide
communicationfor themanagement and
devdopment of transgenic RM drate-
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gies, tactics and tools. Therdfore, we
invitereadersto submit ressarch reports
inthisemergingarena.
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Agricultural Engineering (EurAgEng)4

Gene Flow and Agriculture - The Relevance of Transgenic  University of Keele, April 1999

Crops (Keele University)

England, UK

'Biosafety Information Network and Advisory Service.
2| nternational Business Communications.

3National Agricultural Biotechnology Council
“European Society of Agricultural Engineers

Savice

U.S. Environmentd Protection Agency. Federa
Regigter: March 6th, 1998 VVdl. 63, No. 44.
[OPP-60053,-FRL-5770-5]. http://
frwebgate2.access.gpo.gov/cgibin/
waisgate og WA Sdocl D=6064910010+1+
0+0& WAI Sectiorrretrieve

U.S. Environmental Protection Agency. Science
Advisory Report. 1998. http://www-
aestamu.edwl & rifedffifrahtm.

Whalon, M.E. and W.H. McGaughey. 1993. In-
sect Resistance to Bacillus thuringiensis.
Marcd Dekker Inc. New York. Pages 215
23L

Whdon, M.E. and D.L. Norris. 1996. Resigtant
Management for Transgenic Bacillus

thuringiensis Plants. Biotechnology and De-
veopment Monitor. Netherlands Minigtry of
Foreign Affairs. No. 29. pages 8-12.

Whaon, M.E. and D.L. Norris. 1997. Bacillus
thuringiensis Transgenic Plants Will Resis
tance Kill Promise? Cooperative Research
Center for Plant Science and Bureau of Re-
source Sciences.Canberra. Commonweglth
of Audtralia, 1997. Pages243-258.

Whalon,M.E., R.M. Hdlingworth,and T. Brown.
1989. Pesticide Resistance Management.
PRC Eagt Lansing, MI. Vol.1 No.1. p.1.

Whalon, M.E. andJM. Wierenga. 1993. Surviva
of Badillus thuringiensis Resistant Colorado
Potato Beetle on Transgenic Potatoes. Peti-
cide Research Center and Department of
Entomology. pages98-101.

News and Reviews

EPA regulation of resistance management for Bt plant-
pesticides and conventional pesticides

Sharlene R. Matten, Ph.D.

Biologist, U.S. EPA, Office of Pesticide
Programs & Leader of the Pesticide
Resistance Management Workgroup
Biopesticides and Pollution Prevention
Division (7511W)

401 M St. SW, Washington D.C. 20460
United States
matten.sharlene@epamail .epa.gov

The views expressed in this article are
those of the author and do not necessar-
ily represent those of the United States
Government.

The Environmental Protection
Agacy (EPA) consdesthedevdopmant

of pesticide resstance and pedticide re-
Sgancemanagamat initsregulatory de-
agons (sereviews Matten e ., 1996
and updated in Matten, 1997). In gen+
erd, pesticideressance managamat is
likdy to bendfit the American public by
reducingthetata pesticideburdenonthe
environment and by reducingtheoveral
human and ewvironmental exposure to
pesticides. Although EPA does not yet
haveapublished pdlicy or sandard data
requirementsin placefor pedicideresis-
tance managamat, the Agency hasre
quired the submission of such dataona

caseby-case bass. EPA supports the
eforts of al sakehdders to promote
pesticderessancemanagamant through
the devd opment and useof pesticidere
sgancemanagement plans, appropriate
pesiddelabdingandeducationprograns
BPA's dedreis that pedticide resstance
managameant recommendations/require-
meants not overly burden the regulated
community, jeopardizetheregigration of
reduced risk pedticides, or exclude con-
vertiond pegticidesor other contral prac-
tices which can contributeto the further
adoption of integrated pest management
(IPM). EPA bdieves that appropriate
ressancemanagemant canfurther these
gods. EPA iscontinuingtoevauateand
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refine the role pesticide resistance man-
agament hasin the Agency’s regulatory
decisons.

Current regulation of Bacillus
thuringiensis (Bt) plant-
pesticides

Withagreater focusonpallutionpre-
vantion and pesticide risk reduction, the
EPA bdievesthat itisimportant toimple-
mant effective resstance management
Srategiesfor pesticides such asBacillus
thuringiengs (Bt) plant-pesticides. A
great ded of Agancy attention has fo-
cused on the potetial devdopment of
resstance to the ddta-endotoxins of Bt
genetically-engineered into plants (Bt
plant-petiddes). ThisisbecauseBt plant-
pesticides produce the pesticidd active
ingredient, the Cry ddta-endatoxin(s),
throughout the growing season. Long-
termexposuretoapesticideisoneof the
factorsthat increasesthepotential sdec-
tion pressure upon both thetarget pests
andany other susceptibleinsactsfeading
on the trandformed crop. EPA recog-
nizes thevalue of Bt plant-pesticides as
effective and safer pest management
tools and has delermined it is appropri-
ate to consarve this resource by requir-
ing ressancemanagemant plansfor ca-
taintrandformed craps. Inadditionto Bt
ddta-endotoxinsbangusadinplant-pes-
ticides, they are also widdy usad in a
varidy of Bt microbid spray products
onmany crops. Therdfore, the Agancy
hes requested thet dl regidrants for Bt
plant-pesticidesvoluntarily submit pesti-
Cide resstance managemant drategies
because the high benefits of usng Bt
plant-pesticides could be diminished by
the devdopment of resstance to indi-
vidual Bt plant-pesticidesand becauseof
the threat cross-resstance posess to Bt
microbid pesticides.

EPA’'s review of Bt plant-
pesticide resistance
management strategies

TheAgency identified sevendemants
that should be addressed in a Bt plant-

pesticide resistance managemean plan
(Matten and Lewis, 1995). Thesede
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ments are (1) knowledge of pest bidl-
ogy and ecdlogy, (2) appropriate dose
expressongrategy, (3) gppropriaterefu-
gia(primerily for insecticides), (4) moni-
toringand reporting of incidentsof pesti-
cideressancedevd opmert, (5) employ-
mat of IPM, (6) communication and
educationa Srategiesonuseof theprod-
uct and (7) devdopment of aternative
modes of action. These dements were
presented to theMarch 1, 1995 Federd
Insecticide, Fungicide, and Rodenticide
Act (FIFRA) Science Advisory Pand
(SAP) Subpand on Plant-Pesticides.
The SAP Subpand gpproved of these
seven factors (SAPR, 1995; s= Office of
Pegticide Program (OPP) docket, OPP-
00401).

All registrants of Bt plant-pesticides
valuntarily submitted Bt plant-pesticide
insect resistance managemant drategies
to the Agency for Bt ddta-endotoxins
producedinpatato (Bt potato); fiddcorn,
swest corn, and popeorn (Bt corn); and
cotton (Bt cotton). When necessary, the
Agency made certain recommendations
and requirements of registration for the
development of data to develop and
implemant longtermresitancemanage-
ment drategiesaspart of theregistration
decigons. The Agancy'sreviews of the
ressancemanagaman drategiesfor reg-
isered Bt plant-pesticides are summea-
rizedin EPA FACT shedts (EPA 19953,
b, c, 1996 a b, 1997,1998 a, b, ©).

Fallowing the March 1, 1995, SAP
Subpand medting, theAgency regitered
the Crylll ddta-endotoxin and the ge-
netic meterial necessary for its produc-
tion in potato (Bt potato) in May 1995.
No requirements rdated to resistance
managamant were imposed on the reg-
istration of Bt potato based on the
Agancy' ssaatificanayssof Monsantd/
Naturemark’s resistance management
srategy and comments recaved from
the SAP Subpand (SAR, 1995; see Of-
ficeof Pesticide Program (OPP) docket,
OPP-00401). Vduntary interaction be-
tween the regidtrant and EPA was rec-
ommended by the SAP and catain ar-
easof ressarchand monitoringweresug-
gested. ERPAand Monsanto/Naturemark
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have worked together on the develop-
ment andimplementation of gppropriate
long-teremressancemanagamant falow-
ingtheregistrationof Bt potatoesin 1995.
Monsanto/Naturemark requires a man-
datory refuge through their Grower’s
Agreament for each of itsgrowerstofol-
low and the overall Bt potato resstance
managemeant Srategy isbang refined as
more data becomeavailable

TheAgency mandated specificress-
tancemanagement datarequiremantsand
mitigation measures with a resistance
managamant srategy for al of the Bt
cornand Bt cotton regidrations. Regis-
trationsfor Bt corn plant-pesticideprod-
ucts expire April 1, 2001 and theregis-
trationfor Bt cotton plant-pesticideprod-
uctsexpireJanuary 1, 2001. Theserey-
igrationswereconditiond todlow, inpart,
for completion of the Sudies rdated to
resstance management.  Collection of
variousdata, eg., target pest biology and
behavior, secondary pest biology and
behavior, population dynamics, cross-
ressancepatartia, refugedraeges, dose
deployment adequacy, discriminating
concantration, monitoring, andreporting
mede conditions of regidration for the
Bt cornand Bt cottonregisirations. Ref-
uge requirements were mandatory for
Bt cotton. Devdopment of draft refuge
options by August 1998, afind refuge
Srategy by January 1999withimplemen-
tation by April 1, 2001 wererequired of
Bt corn regidrations.  As part of the
termsand conditionsof regigration, EPA
will reevaluate the fectiveness of each
registrant’srestance management plan
beforethe expiration date and decideon
whether to convert the regidtration to a
non-expiringregigtration.

The Agency registered the use of
CrylA(b) in sweet corn (Bt swet corn)
and popcorn (Bt popcorn) as amend-
mantsto exiging regigrationsin March
1998. Spedificmonitoringand salesre-
porting were maede requirements of the
Bt swegt corn regidration. No spedific
refuge requirements were mandated for
Bt swvegt corn (Evet BT 11) because
harvesting occursbeforeinsects mature,
approximatdy 21 days after slking.
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Growesareingructedindl labdingand
technical material to destroy any
CrylA(b) sweet cornslksthat remainin
the fidds fallowing harvest or within a
short period of time (amaximum of one
month) later inaccordancewithloca pro-
duction practices. Stalk destructionwill
reducethepassihility of larvaesurviving
to the next gengration. The Bt sweat
cornregigrationexpiresApril 1, 2001.

The Agency mandated specific ref-
uge requirements on the use of Bt pop-
corn (Event 176) basad on the USDA
NC-205 recommendations(Odllieet al .,
1997). Spedificdly, a 25% unsprayed
or 40% sprayed non-Bt corn Sructured
refuge in dose proximity to Bt corn is
required. Therdfugemust beestablished
within 1500-2000 fedt of the Bt corn.
Spedific monitoring and sales reparting
requirements were also made for the Bt
popcorn regidration. All previous data
required for Bt fidd corn were also re-
quired for Bt popcorn.  The popcorn
regigrationexpiresApril 1, 2001.

The Agency registered the use of
Cry9(c) fiddcorninMay, 1998. Thisis
aoneyear regigrationfor 120,000 acres
for animal feed, industria non-food, and
sead increase uses expiring on May 30,
1999. EPA mandated spedificrefugere-
quirementsbassd ontheUSDA NC-205
recommendations (Odlieet al., 1997).
Spadificaly, a 25% unsprayed or 40%
sprayed non-Bt corn structured refuge
incdoseproximity to Bt cornisrequired.
The refuge mugt be established within
1500-2000 feet of the Bt corn. Because
of theone-year duration of thisregistra-
tion, only sdlesrepartingand grower edu-
cation arerequired as part of thisregis-
tration. Additional resistance manage-
ment factors must be addressed for a
full commeraa regidration.

All stakenolders are concerned with
how EPA regulates ressance manage-
ment for Bt plant-pesticides. Saientifi-
caly-soundlong-termressancemanage:
mat drategies are essattia to the sur-
viva of Bt plant-pesticides, protection
of Bt microbia pesticides, andreduction
in the risks from the use of pesticides.
EPA iscontinuing to evduateand refine
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how it regulates resi stance managemeant
of Bt plant-pesticides. EPA hasworked
andisworkingwith stakeholders(indus-
try, universty and USDA extenson e
tomologidts, individual growers, user
groups, trade organization, public inter-
est groups, and governmant agandies) to
address long-term resistance manage-
ment for Bt plant-pesticides.

EPA white paper on Bt plant-
pesticide resistance
management

TheAgancy publishedarecent analy-
ssof thecurrent res stancemanagament
drategies for Bt potato, Bt fidd corn,
and Bt cotton in a pape attitled “ The
Environmental Protection Agency’s
White Paper on Bt Plant-Pegticide Re-
sistance Management” (January 14,
1998) (EPA, 1998d). Inthis paper, the
Agency summarized the findings from
the March and May 1997 public hear-
ingson Bt plant-petticderessanceman-
agamant (OPP Docket, OPP-00470), the
1996 growing season reports on resis
tance managamant activities for Bt po-
tato, Bt fidd corn, and Bt cotton, the
1997 ressrcheffortsfor resstanceman-
agamant, published literature, informa-
tionfrompublicmedtingsanddiscussons
with academic or extenson entomolo-
gisson Bt plant-pesticderessanceman
agement (OPP Docket, OPPTS-
00231). TheEPA WhitePaper canaso
be obtained dectronically fromthe EPA
HomePageat: Federd Regte—Envi-
ronmental Documents—"Laws and
Regulations”  (http://www.epa.gov/
fedrgstr/). A summary of EPA's White
Peaper isprovided bdow.

White paper summary

Since Bt plant-pesticides became
commeraadly availablein 1996, growe's
have adopted this technology as part of
thar IPM practices to contrd pests in
potato, corn, and cotton.  Based onin-
dustry reports sent to EPA, the greatest
adoption of Bt crop technology hasbean
by cottongrowe's, epedidly inthesouth
eadenUnited Statesin 1996, with about
13% of the cotton acreage, 1.8 million
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acres, and an estimeted 2.2 to 2.4 mil-
lion acres in 1997 planted in Bt cotton.
Corn growers planted about 400,000
acresof Bt cornin 30 statesin 1996 and
an egtimated 4 million acres in 1997.
Potato growers planted about 10,000
acres of Bt potato in 1996 and an edti-
mated 25,000 acresin 1997.  Thedif-
ferences in the rate of adoption of Bt
potato, Bt corn, and Bt cotton arelikdy
due, in part, to the availability of effec-
tive aternatives, the cost of the biotech
nology crop, extent of regional pest prob-
lems, and familiarity and acogptance of
thetechndogy by grovers. For example,
there are severd insecticide dternatives
for Colorado potato bestlecontral. The
cost and familiarity with the technology
and type of hybrids available may have
discouraged a wider adoption by corn
growesinthefirg yearsof commercid-
ization. The adoption rate for Bt cotton
was especidly high for a new technol-
ogy becausefeaw, if any, efective dter-
netives existed to contral tobacco bud-
worm (Hdliathis virescens (Fabricius),
TBW) in cotton epecidly whereresis-
tancetoregstered conventional pesticides
wasextrandy highindatessuchasMis-
Ss3ppi andAlabama.

No evidence exigts that resstance to
Bt Cry protens produced in transgenic
potato, corn, or cotton has devdoped in
the1996 or 1997 growing season. Moni-
toring for susceptibility changes to the
different registered Cry proteins,
Cryl(A)b, Cryl(A)c, and CryllIA, has
been conducted for Colorado potato
bestle(Leptinotarsa decemiineata (Say),
CPB), European corn borer (Orsinia
nubilalis(Hubrer), ECB), tobacco bud-
worm (Heliothis virescens (Fabr.)
TBW), cotton bollworm (Helicoverpa
zea(Boddie), CBW), and pink ballworm
(Pectinophora gossypidla (Saunders),
PBW). Basdine susoeptibility studies
show awiderangeof variability, Soitis
important tolook at susoeptibility changes
inthe context of thebasdinerangefor a
particular geographiclocation of thepest
(i.e, dfferet portions of a sate). No
changes in basdine susceptibility have
been detected for any of the target in-
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sects exposed to the Cry protens ex-
pressed in Bt potato, Bt corn, and Bt
cotton.  This informeation inciicates that
there has been no messured increase in
tderanceto date to the Cry proteins ex-
pressed in Bt crops.
Laboratory-tolerant coloniesof CPB,
ECB, TBW, CBW, and PBW havebemn
cregted through sdectionagaingt purified
Cry protansor mixturesof Cry protans
usngBtmicrabid pegticides However,
the CBW laboratory coloniestderant to
high levds of Cry protansdo not cur-
rertly exist. Theability of insectsto de-
vdop highlevdsof toleranceto Bt inthe
laboratory indicates that these insects
possess the gendiic potentia to devdop
resistance to Cry ddta-endotoxins ex-
pressed as Bt plant-pesticides. It isun-
likdy thet laboratory sdectiveprooedures
providetheidentical sdectiveconditions
that exig inthefidd. However, theabil-
ity to sdect for toleranceto Cry proteins
inthelaboratory in different insact pests
indicates thet it is prudent to use appro-
priateres stancemanagament drategies.
1N 1996, catton ballworm populations
werethehighest seenintenyearsinparts
of the Cotton belt (i.e,, Brazos
Valley, Texas, Mid-South and Southeest
growingregions). Monsantoreportedto
the Agency the patentia Bt cotton con
trol failures as early as duly, 1996, ad
followed up with afull analyss of these
incdentsintheFall of 1996. Monsanto
peaformed dudies at al Bt cotton areas
affected by high cotton infetations to
determine whether cotton susoeptibility
to the Cryl(A)c toxin had changed and
whether the Bt cotton was expressng
the Cryl(A)c and whether the Cryl(A)c
expression levels and patterns had
changed. Monsanto also provided the
resultsof thesestudiesinits 1996 annual
report onresgancemonitaringactivities
Resultsof thesestudiesindicatethet there
was no change in cotton ballworm sus-
ceptibility and no changein Bt expres-
son in the Bt cotton aress affected by
highcottonbdlworminfesations. These
Sudies indicated no detectable levd of
resstancein these populations. Unusu-
aly highinfestationlevlsof CBW may
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have, inpart, resulted fromthedrametic
increaseincornacreageinthe South. In
addition, CBW hasalower sendtivity to
the Cryl (A)c ddta-endatoxin rdaiveto
TBW and PBW. Soouting detected the
CBW lower in the plant canopy of Bt
cotton than expected and, in Somecases,
supplemental chemica insecticideswere
usd to control CBW. The fact that
supplementd insecticides might be nec-
essary to contral unusualy high CBW
infestationswasnot unexpected andwas
condderedinthe Agency’sreview of the
intid resstancemanagamant Srategy for
Bt cotton. Modifications to the CBW
scouting program for Bt cotton were
made for the 1997 season to improve
detection of theCBW larvaewhichmight
escape the Bt ddta-endotoxin by fead-
ing on blooms and bloom tags thet are
lower in the cotton plant.

Maost cotton growers complied with
thestructured refugerequirements. Cat-
ton growers seam to prefer the 20%
sporayedrefugeaptionwhichalowsthem
totreat therefugewith chemical insecti-
cides normally used to control TBW,
CBW, and PBW (except for Bt micro-
bia pegticides). This option appearsto
more rdiably provide a higher yidd in
therefugeacreagethanthe4% unsprayed
refuge option which often had higher
management costs and lower yidds.
Most cotton researchers who com-
mented at the two public hearings, hdd
in March and May 1997, favored the
20% dructured refuge as a better drat-
egy for Bt cottonres sancemanagaman.
They bdieved thet this refuge option is
morelikdy to provideagrester peroant-
ageof susoeptibleinsectsthroughout the
growing season to mete with any rare
resgtant individualsthat might survivein
the Bt cotton fidds. EPA recaved com-
mentsthat the4% unsprayed refugewas
decimeted early in the growing season
sothat therewerefew, if any, adult moths
surviving to mate with any resstant in-
sectsthat survived inthe Bt cottonfidds
later inthegrowing season.

EPA bdievadthat during thefirgt five
yearsfalowing thefirst completegrow-
ing season in 1996, there would not be
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enough Bt corn acreageto provide sub-
dantial Bt sdection pressurefor thede-
vdopmant of ECB resgance Conse
quently, EPA did not mandate specific
refugerequirementsfor Bt corn, but EPA
has required ressarch data on the Sze,
Sructure, and deployment of agtructured
refuge A combination of temporal and
Sructured refuges arebaing Sudied. A
draft refuge Srategy must be submitted
to the Agency by Augus, 1998, and a
find refugedtrategy isreguiredtobesub-
mitted by January, 1999. Implementa-
tion of an EPA-gpproved structured ref-
ugeplanor anEPA-gpproved dternetive
resstance plan is required no later than
April 1, 2001. Monsanto and Dekalb
arerequiring structured refuges as part
of grower agreements. Beginninginthe
1998 growing season, Novartis Sesdshas
adopted the NC-205 consortium's rec-
ommendations published in NCR-602
publication entitied “ Bt Corn & Euro-
peen Corn Borer - Long Term Success
Through Resistance Management”
(Odlieet al., 1997). The NC-205 rec-
ommended a 20-30% structured non-
Bt corn refuge to prevat Bt odta-en-
dotoxin exposureto 20-30% of the lar-
val populations.  They also recom-
mended that in continuous corn acreage
orayed withinsecticides, therefugesize
would be increasad to perhaps 40% to
compensatefor larva mortdity. Inad-
dition, asmaller refugesizemay alsobe
auitableif therearemany aternatehosts
providing adequate number's of suscep-
tible ECB. Mycogen has not mede any
spadific refuge recommendations in its
Grower Guide, but is supportive of the
useof refugesand supportiveof theNC-
205 recommendations.
Monsanto/Naturemark reguires a
Sructuredrefugeaspart of grower agree
ments for use of Bt potato. EPA hes
requiredthat M onsanto mandatespecific
refugerequiramentsasacondtionof reg-
igration for Bt cotton. Monsanto hes
implemented these refuge requirements
through agrower agreament. Research
is underway to study whether infied
narrow grip refugesor mixed Bt cottory
non-Bt cotton sead mix options are vi-
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able for PBW resstance management
because of thelimited larval movement.
Basad on Monsanto's reports to the
Agancy, there has been a high levd of
compliance with a structured refuge in
Bt cotton and Bt patato. EPA isencour-
agad by reportsof atremendous reduc-
tion in the use of convertional ingsacti-
cides that has resullted from adoption of
Bt cotton.

A great ded of ressrchisunderway
to study the dements thet are necessary
for long-term resistance management
Srategiesfor Bt potato, Bt corn, and Bt
cotton. Spedific research datawerere-
quired aspart of the Bt cornand Bt cot-
tonconditiond regidrationsandwasrec-
ommended for theBt potatoregistration.
Thesedatainduded:  the dosage effec-
tivenessonthetarget pest(s), monitoring
dataincuding basdinesusoeptibility and
vaidation of thediagnostic doseconcen+
tration, pest biology and ecalogy, influ-
ence of the Bt crop on secondary lepi-
dopteran pests, theimpact of Cryl(A)b/
Cryl(A)c producedin Bt cornonthese-
lection of CEW/CBW resstance in Bt
cornand Bt cotton, impact of Bt onCEW
ovawinteringsurvival andfecundity, ef-
fectiverefuges, dternatehogtsasrefuges,
andcross-ressancepatentid. Addition
dly, dternativepest contrd rategiesand
integration into exigting IPM programs
are bang examined for each of the Bt
plant-pesticides.  All of these deta will
provide the badis for specific improve-
mantsto theexiging restance manage-
mat drategies. Future informetion is
espeddly important for undersandingthe
sdection of CEW/CBW resistance in
ovelapping Bt corn and Bt cotton re-
gonsof thesouthernUnited States. This
is because CEW/CBW usudly moves
fromdlking cornto cotton, has multiple
gengrations per year, and overwintersin
the South. Exposure to Cry ddta-er
dotoxins produced in bath Bt corn and
Bt cottonintwo or moregenerations per
year couldrapidy acoderatedevd ogpmant
of resgance Ressarchresultsand pre-
dictivemoddssudyingthisgtuationare
expected to be submitted to the Agency
in1998.
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Science advisory panel review
of EPA’s white paper

The Agency asked the February 9-
10, 1998 OPP FIFRA SaenceAdvisory
Pand Subpand on Bt plant-pesticidere-
sgtance managamat to review specific
guestions posad by EPA bassd onits
“WhitePapa™ (EPA, 1998d) on Bt plant-
pesticide res tance managament drate-
gies for Bt potato, Bt corn, and Bt cot-
ton. Oral and written Satements were
recaved from gpproximatdy 20 differ-
ent groups represanting industry, grow-
@'sor grower groups, tradeorganizations,
academia, and environmental groups.
TheSubpand providedtheAgency with
afinal report of themesting on April 28,
1998 (SAR, 1998). Copies of thewrit-
ten statements and the Subpand report
can be obtained from the OPP Docket
Office(OPPTS00231). TheSubpand's
report canasobeobtained dectronically
at thestementionedabove. A brief sum-
mary of key pointsmadeinthe Subpand
report isprovided bdow.

The Subpand agresd with EPA thet
thewidespread useof cropsthet express
Bt insecticides is in the public good by
providing additional pest contral options
to producers and by reducing the use of
conventiond pesticides. The Subpand
aso agreed with EPA that appropriate
resstance managamant is necessary to
suppress the emergence of insect resis:
tant to Bt toxins expressad in transgenic
crop plants. The Subpand recognized
that resstance management programs
should be basad on the use of both high
doseexpressonlevdsand tructuredref-
ugesdesgnedto providesufficient num-
bers of susoeptible adult insects with a
minimum of economic impact on pro-
ducers. Resigance managemen drate-
giesshould besustainableand tothe ex-
tent possible, Srongly consder grower
acoeptability andlogigtical feesbility. The
Subpand madethefdlowingoverd| rec-
ommendations: 8 EPA should require
mandatory resstancemanagamant srat-
egiesfor dl Bt plant-pesticides, b) ard-
uge'high dosestrategy isnesded todday
the devdopment of resstance, ¢) EPA
shouldrequiremandatory structured ref-
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ugesfor dl Bt plant-pesticides, d) refine-
mants to existing monitoring and reme-
did actionplansarenecessary, €) grower
acogptanceand implementation of resis-
tance management drategies are essat
tid tothesucoessof long-termresigance
management, and f) regional working
groups for spedific implementation of
ressancemanagamant srategiesshould
be established for each of the mgjor Bt
crop producingregions.

The Subpand defined ahigh doseas
25 times the amount of Bt ddta-endat-
oxinnecessary tokill susogptibleindividu-
ds ltispossblethat aheterozygotemay
devdop with higher than 25-fdld resis-
tance A cultivar couldbeconsderedto
provideahigh doseif verified by at least
twoof thefdlowingfiveapproaches: (1)
Said dilutionbicassay withartifica diet
containing lyophilizedtissuesof Bt plants
using tissuesfromnon-Bt plantsas con-
tras (2) Bioassaysusngplant lineswith
expresson levesapproximatdy 25-fold
lower than the commerdid cultivar de-
termined by quantitativeEL |SA or some
morerdiabletechnique (3) Survey large
numbersof commerdd plantsinthefidd
to make sure that the cultiver is at the
LD,,, or higher to assure that 95% of
heterozygotes would be killed (see
Andow and Hutchison, 1998); (4) Smi-
lar to(3) above, but would usecontrolled
infestationwithalaboratory srainof the
pest thet hed an LD, value smilar to
fiddgrains, and(5) Delermineif alater
larval indar of thetargeted pest could be
found with an LD, that was about 25-
fold higher than that of the neonate lar-
vee If 50, the stage could be tested on
the Bt crop plants to determine if 95%
or more of the later dage larvae were
killed.

The Subpand defined structured ref-
ugesto “indudeal suitablenon-Bt host
plantsfor atargeted pest thet areplanted
and managed by people Theserefuges
could be planted to offer refuges at the
sametime when the Bt crops are avail-
abletothepestsor at timeswhenthe Bt
cropsarenot available” The Subpand

Sated that agood resstancemanagamant
drategy should provide efficacy of the
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toxin(s) for more than 10 years. The
Subpand suggested that a production of
500 adults in the refuge that moveinto
the tranggenic fidds for every adult in
thetransgenic crop area (assuming are
sstance dlde frequency of 5 X 10?)
would be a suitable godl.  The place-
mat and size of the Sructured refuge
employed should be basad on the cur-
rent understanding of the pest biology
data and thetechnology.

EPA isrevienvingtheSubpand report
and other materialssubmitted asaresult
of theFebruary 9-10, 1998 SAP Subpand
Meding. Thisinformationwill contrib-
ute to how EPA continues to evauate
andrdineitsregulation of ressanceman
apament for Bt plant-pegticides. EPA will
continuetowork with stakeholdersfrom
indudry, academia, extendonentomolo-
gids user groups, trade organizations,
public interest groups, and government
agenciesto addresslong-termresistance
management for Bt plant-pesticides.

North American Free Trade
Agreement (NAFTA) project
on pesticide resistance
management labeling

Canada, the U.S,, and Mexico have
joinedtogether under NAFTAtodevdop
voluntary pesticidelabding guiddinesfor
pesticide resistance management
(NAFTA Prgect RR970RF). Thisval-
untary initiativewasoriginaly proposad
by Canadd s Pest Managament Regula-
tory Agency (PMRA) in December,
1996, and became part of NAFTA in
June 1997. EPA's Office of Pesticide
Program'sPesticideRes sanceManage-
ment Workgroup (PRMWA) reviewed
theorigind Decamber, 1996, draft guide:
lines and provided comments on there-
cent Decamber, 1997, draft. The Pesti-
cide Resstance Managamant Labding
Guiddinesarebased onlabding for tar-
get Stemodedf actionandindudingtan
dard labd datements concarning resis-
tancemanagament for all dassesof pes-
tiddes. Theuseof gandard Satements
will smplify labd review and fadlitate
usy comprenension of labd Satements
concerning pesticideres stance manage-
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ment. EPA will continue to work with
Canada and Mexico on this voluntary
intiative
Section 18 policy revision and
resistance management

EPA issaking to darify itsguidance
andregulationsfor issuingemergancy ex-
emptions as reported in Resigtant Pest
Management in 1997 (Matten, 1997).
Fallowing the November, 1996, Stake-
halder meginghddinWashingtonD.C.,
EPA decided to revise its Section 18
palicy to alow emergency exemptions
for one two or more requested pesti-
ddes(withdifferent modesof action) for
resstance managemeant bassd on drict
criteria. These criteria are bang devd-
oped. EPA is ssking to diminate un-
founded claims of resstance problems
and limit emergancy examptions bassd
on pest resigance to the most sarious
Stuationsthat canbelegitimetdy proven.
Itisdsohopedthat darity inEPA'sguid-
ance for issuing emergency exemption
basad on pest restancemanagamant will
improvethe Agency’s ahility to manage
pest resstance by alowing unregistered
uses of pegticides with different modes
of actionto beusadto control emergency
Stuations.

In the future

EPA iscontinuingto evaluateand re-
finetherdethat pest resstancemanage:
ment hesinpesticideregulatory decisons
EPA bdievesthat it isgood public palicy
to manage pesticide useto minimizethe
development of pesticideresstance. Ef-
fective pesticide res sance managament
can reducethetotal pesticide burden on
the environment and reduce the overall
humen and ecological expasureto pesti-
cides EPA joins other dakeholdersin
addressinglong-termresancemanage-
mentissuesanddeve oping saientificaly-
sound and efficient resistance manage-
ment drategies that will not be overly
burdensometo theregulated community,
jeopardizethe use of reduced risk pesti-
ades, exdudeconvationa pesticidesthet
contributeto the overall concept of inte-
grated pest managemeant, or jeopardize
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thar adoption by the grower commu-

nity.
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Insact pestscausesgnificant lossessin
quality and quantity of stored products
and poseamgor sanitation and quality
contra problem for the food industry.
Trestmentswith chemicalsindudingap-
plication of contact insecticides and fu-
migationsaretheonly economical meth-
ods available at presant for the protec-
tion of stored products. Over theyears,
however, evidence has bean accumulat-
ing on the occurrence of resistance to
thesechemicalsamongfid d populations
of stored product insect pests. Reviews
areavallableinliteratureontheincidence
of resgancein sored product insctsin
dfferent partsof theworld ( Champ 1986,
Badwin1990). Despitequarantineregu-
lations, the resstant insects have bean
able to spread from one country to an-
other through trade channdsand theoc-
currenceof resstant frainshasbenre-
corded even in countries where the par-
ticular inscticidehasnot beenusad et al
(Champ 1986). In the devdoped na-
tions, thereis a nil tolerance for insaect
infestation infood grainsand in view of
thegrowing publicawarenessfor quality

food commoadities, the damand is likdy
to expand to other countries aso. The
actud mongtary and manpower cogts of
resstance have not been quarntified yet.
But, in a bid to overcome resistance
problem, application frequencies and
dosagerates of pesticides have bemnin-
creased, resulting in higher contamina-
tion of our food and the environment
(Roush& Mckezie1987). Hence, per-
sons engaged in food commodity stor-
age and presavation worldover |, are
concerned about theresstance of stored
product insectsto contact insscticdidesand
fumigants. Itis, therefore necessary to
work out drategiestodday or minimise
the probability of resistance evolution.
This will be possible only by studying
the various facets of resstance such as
insct physiology, populationecology and
thegendticswithreferencetoinsacticides.
A knowledge about the inheritance of
resganceisvery important tounderstand
the devd opment, rate of soread and g
bility of resstance in the population.
Champ and Dyte (1976) in thar report
on the global survey of pedicide resis-
tance examinad thegendics of pedticide
ressance in dored grain insects. The
presant review discusses the inheritance
of resstanceto both contact insecticides
and fumigants by stored product insact
pests.

Mode of inheritance

Resistance to an individua pesticide
may be dueto a sngle gene (monogenic
or monofactorid inheritance) or due to
more than one gene (polygenic or
palyfactorid inheritance). The geng(s)
involved may be of recessve nature or
partly or fully dominant. Theresstance
gene may be found on the sex chromo-
some (sex¢-linked inheritance) or on the
autosoma chromosomes. The type of
inheritance of resstancein stored prod-
uct insectshasbeengengrally determined
by bicassaysof insectsfromabackcross
betwean F1 (hybrid of restant and sus-
ceptiblegtrains) and potertia resigtant or
susceptibledrains. A fewworkershave
discussed the type of inheritance basd
only on the pattern of 1d-pm lines ob-
tained during successivesdectionsinthe
laboratory without any confirmatory
backcrosstests. Shuklaand Srivastava
(1984) sudedmdathionressanceinthe
tropical warehouse moth, Ephestia
cautdla from India by sdections for 8
genegrations in the laboratory and bassd
ontheregressionlines, they reported that
resstancecouldbecontralledby asingle
or few genes. In addition to backcross
tests, gendtic marker genes as wdl as
molecular techniqueshaved sobeenusad
to ascertain the type of inheritance
(Tabashnik 1991). Reports on inherit-
ancedf petidderesganceingtoredprod-
uct insect petsaresummarisadin Table
1
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Table 1. Inheritance of pesticide resistance in insect pests of stored products.
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Pesticide I nsect Inheritance
Type Dominance L inkage Reference
I nsecticides
Malathion O.surinamensis Monofactorial Dominant Autosomal PICL,1981
Two alleles Partial \Y/| Beeman & Nanis, 198t
R.dominica Monofactorial Partial b Champ & Dyte 1976
T.castaneum Monofactorial Partial Autosomal Kaur,1993;
White & Bell,1988
Monofactorial Dominant Autosomal Noiman &
Wool,1982;
Multifactorial Dominant Autosomal Pasalu & Bhatia, 1983
Monofactorial Dominant Autosomal +Y Wool et al.,1982
Monofactorial Partial VI, VI + X Wool et al., 1982
Monofactorial Partial Vi Champ & Dyte, 1976
Monofactorial Recessive Autosomal Beeman, 1983 a
P.interpunctella Monofactorial Partial Autosomal Beeman, 1983 b
Attia, 1981
Fenitrothion O.surinamensis Multifactorial Partial Autosomal Collins, 1986
Pyrethrins Sgranarius Monofactorial Partial Autosomal Lloyd & Shaw, 1968
Lindane Soryzae Monofactorial Partial Autosomal Champ & Dyte, 1976
Two factors Partial Autosomal Champ & Cribb, 196&
Sgranarius Monofactorial Partial Autosomal PICL, 1981
Monofactorial Partial Autosomal+ X PICL, 1981
T.castaneum Multifactorial Partial (?) ILIVVVIIILL+ X Champ & Campbell-
Brown, 1969
Monofactorial Partial Autosomal Kumar & Bhatia, 198:
p,p’'DDT Soryzae Monofactorial Partial Sex-linked Champ, 1967
(+ alldes?)
Monofactorial Recessive IV+ m Erdman, 1970
Monofactorial Partial Autosomal Bhatia & Panicker,
1976
P.interpunctella Monofactorial Partial Autosomal Attia, 1981
Fumigants
Phosphine R.dominica Monofactorial Partial Autosomal Ansell et al., 1990
(+ allde?)
Soryzae Multifactorial Partial Autosomal Li Yan-sheng & Li
Wen-zhi, 1994
T.castaneum Partial Autosomal Bekon et al., 1988
Multifactorial Recessive 1] Ansdl et,al., 1990
Multifactorial Partial Autosomal Bengston et al., in
press
Methyl bromide S.granarius Polyfactorial Autosomal Upitiset al., 1973
Though resstance gatidics in fidd  desisalready available(Champ& Dyte  p,p DDT resstance in the rice weavil,

grainsindicate 18 speciesof Coleoptera
and 7 of Lepidoptera, sudies oninherit-
anceof resstance have been confined to
five Coleoptera gpecies covering fivein-
sectiddes (two organophosphates, two
organochiorinecompoundsandonepyre:
thrin) and two fumigants, and one Lepi-
doptera. The mgjority of the investiga-
tions involve the red flour beetle,
Triboliumcastaneum, sncecompreha
sveliterature onthe gendlics of the pe-

1976). Usudly, asnglefactor whichis
incompletdy dominant and autasomal
has beenimplicated in theinheritance of
resgance However, full dominancehas
been observed only intwo malathionre-
Sdant spediesi.g T. casaneumfromNi-
ggia (Noiman & Wod 1982, Wod &
a. 1982) andthesawtoothed grainbegtle,
Oryzaephilussurinamend s four srains
of different origins (AICL 1981). Re-
cessive dldes have bean implicated in

Stophilus oryzae (Erdman 1970) and
in phosphineresistancein T. caganeum
(Ansdl & d.1990). There has beenno
difference in the type of inheritance of
malathion- specificand malathion- non-
specific resgtancein theinsects Sudied.
Among moth pedts, inheritance of resis-
tance has been investigated only in the
Indianmedmoath, Plodiainterpunctla,
with rferenceto malathion and DDT.
Linkagetosex chromosomeshasbean
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implied in a few casss. For exanmple,
Wod e d. (1982) reported thet malesof
T. caganeuminasrainfromKano, Ni-
geria, were more resgtant than females
and this sdective response has bem at-
tributed to the involvement of a factor
ontheY chromosomein the population.
Linkageto X chromosomehasbemin
dicatedinather ingances(Champ & Dyte
1976, PICL 1981).

Maost of thestored product insect spe-
cies have bean known to have deve-
oped resigance to phosphine fumigant
and contral failures have dready bemn
documented in some countries (Taylor
1989, Rgendran & Narasimhan 1994).
Henceinsstt resistanceto phosphinehas
been consdered as a serious threat to
the continued useof thefumigant. Nev-
erthdess, gendic Sudies with reference
to phosphine resstance has bean made
only in four gpecies. Polygenic contral
of resstance has been obsarved in most
casss(Ansdl @ al. 1990, Li yan - sheng
& Li Wen - zhi 1994, Bengdon & d.
1997). Parhapsthisisthereasonfor the
multiplemechanismof ressancein phos-
phineressant insacts(Chaudhary 1997).
Evidatly, sex linkage in inheritance of
fumigant resstancehasnat beennoticed.

Gendic, reproductive, behaviourd and
operationa factorshavebeanimplicated
in the evolution of resistance (Wood
1981). Among them, gendic factors
have been consdered as the basic ones.
Gengtic modds have bean proposed to
ducidate, to dday and/or predict theon-
st of resgtance, mainly for the Diptera
comprising insect pests of public hedth
importance To work out such modds
the required data such as the rate of
changein genefrequanciesand therda-
tive fitness of the genatypein the pres-
enceor absenceof insecticidesareavail-
able only for a very few stored product
insts Muggleton(1986) genarated data
ontherdativefitnessof theresgtant ho-
mozygote, the heterozygoteand the sus-
ceptible homozygote after subjecting
malathion-resgant O. surinamends to
sdettionfor 10 generdtions at three dif-
ferent doses. Hiswork revesled thet re-
sdanceis ddayed to the longest period
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of timeat thelowest dose Therdative
fitnessvadueof heterozygotes compared
to the resstant homozygote at the low-
et and highest doses of sdection were
1.0 and 04, respectivdy. The rdative
fitnessof susogptibleandresistant Srains
of S oryzaeinthe presenceand absance
of adtamethrin and pirimiphos-methyl
has been sudied by Longgtaff (1991).

Polygenic inheritance is likdy to
spread at adower rateunder fidd condi-
tions unlike resstance confarred by a
snglegene(Roush & McKenzie1987).
Phosphine resstance, though multifac-
toria, has devd oped and spread quickly
in mogt parts of theworld probably due
tocontinuoususedf thisparticular chemi-
cd, snce suitable dternative fumigants
have not bean available, resulting inin-
tensve sdection pressure. Itisbdieved
thet thereisardationship suchassingle
gene - single detoxifying enzyme and
polygenes- multipletarget Stes/ enzyme
systems (Callins 1986). However data
corrdatingthenumber of gendticfactors
with theenzyme systemsinduding total
esterases, carboxyesterases, mixedfunc-
tionoxidesssand dlutathionetrandferases
for resgtant insects arelacking. Cases
wherdnasingegendic mechanismoon-
farringressanceto arangeof unrdated
insecticides have been recorded
(Muggleton1987). Biologica attributes
linked with resistance have been
characterisedinsomeinsects. Thesein-
dudechangesinbody weght, fecundity,
devdopmentd rates, feding and loco-
motory behaviour and genetic fitness
(Kumear & Gupta 1984).

Management of resistance

For themanagament of resstance the
availableoptionsindudeusedf pesticides
inrotation or in saguence, application of
pesticides preferably bdongingtodiffer-
ent dasses in mixtures and change over
todternatechemicals. Currently wehave
enough contact pesticides and afew in-
sect growth regulators to adopt such
changes. Unfortunatdy wehavelimited
options with regard to fumigants. At
presant phosphine and methyl bromide
are the only fumigants widdy usad for
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pest control instored products. Thelat-
ter has been dedared as an ozone de-
pleting substance and it is under severe
criticdsmby environmentalistsand regu-
latory bodies and thereforethefumigant
isbang phasadout. Withregardtophos-
phine resstance attempts have bean d-
ready made by the developed netionsto
improvethe application methods for the
effective use of the fumigant. Changes
ingpplicationtechniqueseg. SSROFLO
(apatented phogphinegpplicationmethod
using cylenderisad phosphine) inAudtra-
lia, have bean worked out in devdoped
countries.

To prevent the genetic spread of re-
Sgtance it has been suggested to intro-
duce susceptible males fadilitating infu-
Son of susceptible genotypes into are-
Sdant population. Inlaboratory testswith
malathion resistant T.castaneum and
Ephedtia cautdla in Isred, this conoept
has given satifactory results (Wod &
Manheém 1980,Wod & a. 1992). Ina
subsauent study in the confusad flour
bedtle, Tribolium confusum, resstant to
malathion, Wool and Noiman (1983)
proposad acombinationof inscticideap-
plication and the rdease of susceptible
malesasanintegrated gpproachiname-
liorating insecticide resstance. B, in
practice, rease of any insct pestsinto
afood commodity Storagepremiseisnot
acoeptableasthedbjectiveistomaintain
stored food commoditieswithout any in-
festation.

Ancther way of ddaying resstance
would be to use the highest dose of the
insecticide, while at the same time per-
mitting an acceptable proportion of in-
Sects to remain untreasted (Muggleton
1986). Toadllow someinststosurvive
without tretmert, it requiresrefuges. It
is expected thet insects from therefuges
will dlow gere flow into the resgant
population to dilute the homozygousre-
Sdant drain. However, expaimentson
O. surinameng sconductedinUK inbins
under smulated fidd conditions with
pirimiphos-methyl yidded negetive re-
aults, astheinsactsfromrefugesnot only
moved to treated surfaces, but also de-
vdopad resstance (Mason e al. 1997).
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SUMMARY

Detailed gendtic sudies ontheinher-
itance of pedicide resstance arelimited
to only Six species of stored product in-
sects. Obvioudy, thetypeof inheritance
and the numbe of genesinvalved vary
betwean species and between drainsin
thesame gpadies. Sex linkage has bemn
obsarved rardy. Genetic modds and
rdevant datatowork out Srategieswith
referenceto resstancein stored product
inssctsarenat availableasmuchasthose
for insect pests of public health impor-
tance like mosquitoes and housdflies.
Moregtudies onthisaspect are urgertly
reguired involving predominant species,
especialy moth pests and on phosphine
fumigant.
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Insecticides: status of resistance by bollworm and
tobacco budworm in the United States

Dan A. Wolfenbarger
D2 Consulting
Brownsville, Tx. 78520 USA

Thereareno populations of the ball-
worm which are resdan to regisered
inscticdesusadincommercialy grown
fiddsof corn, cotton or vegetablecrops.
There can be some portion of a popula-
tionwithdevatedlevdsof repponse This
does not mean that the populations are
resstant because the devated levds for
thet portion arenat sustained.

Cornisthemgjor and favoritehost of
thisinsect but most commeraaly grown
fiddsareather not trested or inedequiatdy
trested. Inadequatdy treated corn does
little to cause resstance in portions of
populations. Methomyl isappliedtocorn
anditisdill toxictothisinssct. Methyl
parathionisgppliedtocottonanditisdtill
toxictothisinsect. Thepyrethrodsare
toxic to this insect on any crop. This
inssct aso has many wild plant hosts
which are never trested.

Resgtance to insecticides is presant
inportionsof populations of thetobacco
budworm. The portion thet is resgtant
toany instiddeineachcommerad fidd
of cotton or vegetable crop will not be
100%. Somepopulations may not have
any resstant individuds a onetimein
onefiddor fiddsacrossanarea. Large
populations[>1 egg or larvalcotton plant
or >5 egg or larvalvegetable plant] may
not beresgtant. Theremay betoomany
survivorsfor adeguate contral on cotton
or any vegetable crop even if 90% are
killed. They may al besusceptible, but
themogt likdy scenarioisthat somepor-
tionisressant tooneinscticide. Some
typeof bicassay for theinsectiddg gsin
question can beusad to indicate the por-
tion of the populationwhichisresgant.

The pyrethroids are the most widdy
usad insecticides for contrd of this in-
sact on cotton and vegetables. Organo-
phosphorus i.e methyl parathion and
profencfos, and carbamétei.e thiodicarb,
insecticides are also widdy usad. The

insecticidescontrol >50% of thepopula-
tionswhenapplied correcily. Ningty per-
cant contral is probably thebest contral
which can be obtained with an applica
tion of any insecticide

Resiganceby thisinsect totransgenic
cotton has not been found in the fidd.
This protein istoxic to larvae of theto-
bacco budworm. Today, refugia, plants
without theprotanareplantedinor near
thetransgenic catton, isthemethod usd
toprevait resstance Transganic cotton
plantsarea setup for res sancebecause
theinsecticdeis presant in >98% if tge
plants 100% of thetime No transgenic
vegetablecrop hasbean deve oped which
isattacked by thispest. Fdliar spraysof
formulations of Bacillus thuringiensus
have been shown to be effective againgt
thisinsect infiddsof bathvegetablesand
cotton if correctly usad.

Varigioninresponsetoaninsacticide
isuniversal for tobacco budworm popu-
lations because any individua insect in
any cotton or vegetable fidd can bere-
Sdant, susceptible or some degree be-
tweenthetwo designations. If apopula:
tion of the bollworm and tobacco bud-
worm is callected from any crop and
locationissubdividedintosmaller popu-
lations and each subdivision bioassayed
thisvariation can be determined.

What stage of ether species should
beusad to bicassay for resstancetoany
insecticide? If larvae should be bicas-
sayed what stadia should be sdected?
Doesresstianceor susoeptibility of adult
populations from fidd populations indi-
catethesamefor larvaethenext genera-
tion? Doesresstance of larvaeindicate
resstance by adultsin the samegenera-
tion? These questions are proposad o
bioassayswill beusedtodesignateresis-
tance or susceptibility of these popula:
tionsineachfiddat any time

Thedze of populations of all Sages
of both species at any time at any loca-
tionacrosstheUnited Stated isunknown.
Thedzeisdynamicandwill changefre-
quently. Thisaso mekestheszeof the
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portion of each population of thetobacco
budworm unknown.

Dispersal of immaturestagesismini-
mal. Adults of both spedies can and do
disparse Wind patterns havethe poten-
tid to cause large numbers of adults to
move from one location to another.
These patterns are capable of moving
large numbersin ashort period of time
Adults of these spedies live 12t0 18 d
andfemdeslay thar complement of eggs
from2to10dof ther lifespan. Females
usualy mate 1 to 2 times during ther
lifetime with 1 or 2 maes. Response
levdlsmay changedependingonwhether
theferdematedwithasusoeptiblemae
and thenwith aresgant male Timeis
of importance for perpetuation of these
gpedies and the mating and ovipasition
processreducestimefor dispersd.

FrkoandWolfenbarger [1991] dated
thet it wasdifficulty toincreasetolerance
[=resstance because of the gendtic ba-
gsof thisinssat. Wolfenbarger [1990]
showedalargedgoressonintheresponse
levd of permethrin by a fidd collected
drain of tobacco budworm after eght
generdtions of sdection. The sdected
population from onesingle pair was a-
mogt immuneonegeneration, but totally
susceptible the next generation.  Not
enough is known about the inheritance
of resstancein tobacco budworm popu-
lations. Future expaimants should be
conducted to defineinheritance of resis-
tancefactorsand how they movein pro-
portion of populationsinthefidd. The
problems of detlermining the number of
genesresponsblefor theresstancefac-
tors and how they move in proportion
of populations in the fidd. The prob-
lemsof determining thenumber of genes
respongble for the resstance leves in
progay fromcrossssof drainswereds
cussd by Firko;1991] . Not enoughis
known about inheritance of biological
adtivities[i.e fitness| whichmay directly
or indirectly affect resstance or suscep-
tibility. | fed that some kind of “gene
snitching”, platropismor complexinher-
itancefactors are present in proportions
of populations of tobacco budwormthat
areresponsiblefor reversonof response
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[resgtance to susceptibility]. I thisis
occurringit must bedetermined. Will all
or part of aresgtant portion of popula-
tions become susceptiblefalowing con-
Sant sdection’? Co-dominanceor incom-
plete dominance is prevalent among re-
sponsesaf crassesof strainswhich com
prisethat portion of a population which
isresstant and theportionwhichis us-
oeptible Sex linkage with the male is
adsoafactor.

Resistance should only bedefined by
resultsof abioassay fromportionsinthe
populations of bothinsect specieswhich
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surviveinthefiddfollowing soray appli-
cations. If there are 100,000 fidds of
cotton and vegetables there are 100,000
scenariosfor response
Thelaboratory should beusadtocal-
lect the data, such asthelevd of ress
tance or susceptibility from one genera:
tionto the next, the biochemical mecha-
nismsinvolved and the mode of inherit-
ance of these mechanisms which cause
the movematt or levd of resstance in
the populations of both of these species,
Insactswill befromindividualsor popu-
lationsfromfidd collections.

Vol. 10, no. 1

REFERENCES
Firko,M.J. 1991. InsecticideResistance: themyth

of single gene inheritance. Pp.651-654. D.J.
Herber [ed.]. Proc. Cotton Insect Research
And Control Conference. National Cotton
Council, Memphis, TN.

Firko, M.J and D.A. Wolfenbarger. 1991. Tdler-
ance to cypemethrin in Texas and Misss
Sppi TobaccoBudworm: Geneticandyssand
relationships between L D, | Estimete and ob-
sarvaiontime Pp. 657-660. D.J. Herber [ed].
Proc. Cotton Research and Control Confer-
ence Nationa Catton Coundil, Memphis TN.

Wolfenbarger, D.A. 1990. Responsetoparmethrin
of fidd-callected strain of the Tobacco bud-
worm [Lepidoptere: Noctuidag]. Tropical
Agriculture[Trinidad]. 67:309-312.

New action plan for managing herbicide-resistant
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The UK Wead Resistance Action
Group (WRAG) has recently produced
an 8 page ledflet: “ Revised Guiddines
for PrevatingandManagingHerbicide-
Resgant GrassWeads'. Thiswaspro-
duced with funding from the Home-
Grown Ceredls Authority and updates
the previous 1993 edition which dedlt
only with black-grass (Alopecurus
myosuroides).  The new edition incor-
porates results from the most recant re-
search and extends coverage to incdlude
resstant wild-oets (Avenaspp.) andtal-
ianrye-grass (Loliummultiflorum).

Hebiaderessant black-grassoocurs
on over 750 farms in England, which
representsabout 4% of cered farmswith
thiswesd. However less than 10% of
farms have had samplestested for resis-
tancesothetrueextent of theproblemis
amog cartainly grester. Herbiddere
sdantwild-oatsand Itdianrye-grassare
more limited problems at present, hav-

ing bean found on fewer than 50 farms
90 far in the UK. Howeve the farms
affected are widdy distributed, so the
potetial for an increase in resstance
problems with theseweedsis very redl.

The Revised Guiddines provide in-
formation onresstancerisk factors, rec-
ognition of resstance in the fidd, and
presant key managament adviceto pre-
vat, or a leest dday, the devdopment
of resgtance Adviceisasogivenonthe
best ways to contain the problem and
minimiseitsimpact if resstance has -
reedy devdoped. TheGuiddinesindude
Ogtailed information on cultural control
methods atabledf al theherbiddesavail-
ableintheUK for contradlingthesewesds
grouped accordingtomodeof actionand
a summary of recent research results.
Emphasisisplaced onadoptinglongterm
Srategiesintegrating cultural andchemi-
cal control methods.

The Guiddines are aimed primearily
at farmers and agronomists, and techni-
cd personnd who require al the back-
ground information. A complementary
poster (“ Kegping Herbicide-Resistant
GrassWeads at Bay Throughout the
Year") hasa sobean producadwith spon-
sorship fromtheBritish Crop Protection

Coundl (BCPC) and support of Crops
Magazine andthispresantsthekey man-
agament dementsinamorecondsefor-
mat.

Althoughthe Guiddinesrdateto ag-
ronomic sysemsinthe UK, the generd
principles, if not the pedific herbicide
advice isrdevart to themanagament of
ressant wesdsgenerdly.

The UK Wead Resistance Action
Group (WRAG) was formed in 1989
and comprisesaninformal group of rep-
resentatives from independent
organisations and British Agrochemical
Assodiation (BAA) mamber companies
involvedin herbicideresstlanceresearch.
It isindependent from, but maintainsex-
cdlent liaisonwith, theinternational Her-
bicide Resistance Action Committee
(HRAC), which hasrepresentation only
fromtheagrochemicd indudtry.

Copies of the Guiddines and the
poder areavailablefreeof chargefrom
the Home Grown Cereals Authority,
CdedonaHouse, 223 PantorvilleRoad,
King's Cross, London N1 9NG UK or
fromtheBritish AgrochemicalsAssodia
tionLtd., 4 LincolnCourt, Lincoln Road,
Peterborough PEL 2RP, UK.

Further informetion about the UK
WesdRessanceActionGroup (WRAG)
can be obtained from the secretary.
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Pyrethroid resistance in Argentine
horn flies was first detected in 1996 in
Corrientes Province (Sheppard and
Torres1996). At that timehornfliesin
other aresssampledwerehighly suscep-
tiblg, exhibiting fevaerate LC,,_lower
than a susceptible colony of horn flies.
Sincethenreportsaf poor contral inother
areashaveraissd concarnsthat thisprob-
lemisspreading. Inlate 1997 and early
1998 Pyrethroid resstance in harn flies

was evauated in Corrientes, Entre Rios
and Buenos Aires Provinces, where ap-
parently resstant horn flies are causing
concernamong cattleproducers. LC,
weredgerminedusingthepetri dishbio-
assay of Sheppard and Hinkle (1987).
Resganceratioswere caculated by di-
viding the Argentine horn fly LC,, by
the1997 averageLC of the Tiftonsus-
ceptiblehorn fly colony (0.40 ug/cn).
TheresganceratioinCarrientesprov-
incewas40.4, somewhat higher thanthat
found in 1996 (Sheppard & Torres,
1998). InEntreRiosProvince theProv-
ince located immediately South of
Corrientes Province theresstanceratio
was 31.8, whichismuch higher thanthe
0.21 or 0.39 found in 1995 (Sheppard
& Torres, 1998). Thisisthefirs report
of pyrethroid resstancein thisprovince
A test conducted in Buenos Aires Prov-
ince did not produce a regresson, but
indicated a resstance ratio comparable
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tothoseinCorrientesor EntreRiosProv-
ince Wedidnat anticipatethisresponse
and bioassay dosesweretoo low to pro-
duceany sgnificantkill.

These data show that Pyrethroid re-
sganceinhornfliesiswdl establishedin
the three provinces that were sampled,
with resstance in two provinces where
hornflieswereextrasusogptible2-3years
ago. Thesepopulationsshould bemoni-
tored and Srategiesfor contral shouldbe
implemented. Available informeation in-
dicatesthat Organophosphatesareeffec-
tive
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Resistance around the globe

Control of isoproturon resistant biotypes of Phalaris
minor by chlorotoluron and clodinafop-propargy!l
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The resstance of Phalaris minor
(littlessad canarygrass) toisopraturonin
India, documentedin 1991-92 (Malik &
Singh, 1995) hasincreasadin0.8 million
ha of whesat; heavy weed intensity
(»2000 plants of P minor/m2) causes
condderablelossincropyidd especidly
inthericewhedt ratationareasof Haryana
and Punjab dates. Investigations have
shownthat res stancetoisoproturonwas
not dueto ateration at thetarget Steas

in vitro oxygen evalution (photosynthe-
s) and chlorophyll fluorescence were

egually inhibited by isoproturon in the
resgant (R) and susoeptible(S) biotypes
of P mnor (Snghe d., 1997a). The
recovery of chlorophyll fluorescence in
the R biotype, however, was complete
within24 hof renoving thetreated leaves
frombherbicidesolution; wheat wasdower
to recover than the R biotypeand the S
biotype of P. minor did not recover.
Uptake and translocation of [14C]
isoproturonweresmilar intheRand S
biotypes of P. minor, wheress the deg-
radationwasmorergpidintheR than S
biotype (Singh & d., 1996a). The R
biotype was found to mimic wheet in
the apparent mechanism of isoproturon
degradation (Snghet d., 1996 b).

The present expeariment was under-
taken to compare the effect of

chlorotoluron, dodinafop-propargyl and
isoproturon on the R and S biotypes of
P. minor under contralled environment
conditions. Chlorotaduronisstructurdly
gmilar toisopraturonandaffectsthesame
target site (photosystem 11), while
clodinafop-prapargyl inhibits acetyl Co
carboxylase(ACCass).
MATERIALS& METHODS
Pants of P minor biotypesH-2 (S),
seed collected from Research farm of
CCS Haryana Agricultural University,
Hisar, Haryana, India; H-3 from farm-
asfiddinHisar didrict under ricewhest
rotations and KR-1 from Kurukshetra
didrict (bathR), wereraisedintheglass-
house (14 h photoperiod with mercury
vapour lampsat 198.6 mMEm-2s-1, 33
+4/17 + 3C maximumyminimum tem-
perature) in polystyrene pots in a fidd
s0il of sandy loam texture At the 2-3
leef stage plants were transferred to
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Hewitt nutrient solutionin 50 ml bottles
inagrowthroom (16 h photoperiodwith
fluorescant lampsat 83mEm-2s-1 pho-
ton flux densty, 31+ 1/24 + 3C day/
night temperatureand 84 + 0/44 + 6 %
maximum/minimumRH). After 3days
the nutrient solution was replaced with
isoproturon (Sabre, 55.3 % SC.;
AgrEvo), chloratduron(Dicurane, 70%
SC., Ciba-Gegy) both at concentration
of 0,0.31,0.62, 1.25, 2.5, 5.0and 10.0

MMV anddodinafop-propargyl (Topic24
% EC, Ciba-Geigy) a 0, 0.062, 0.125,
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0.25,0.50,1.0and2.0mM. Therewere
four replicate plants for each treatment
and species.  Plants were replenished
with herbicide/nutrient solution as re-
quired.

Fresh and dry weights (DW) of
shootswererecorded at harvest (3weeks
after trestment) and data were analysd
by andysisof variance(ANOVA). DW
accumulated by the plants at the start of
expaiment (trestment with herbicides)
wassubtracted fromthefina DW at har-
vest and percat DW of contral is pre-

120,
1004
§ 804
=
S 60 A
X 40
g 20/
=
0.
0.1 1.0 10.0
Isoproturon (uM)
100., —a -2
80 ——H-3
= —e— KR-1 B
= 60
=
3
< 40
= 20
[=]
OJ m
0.1 1.0 10.0
Chlorotoluron (uM)
100 4 —a— H-2
80 ——H-3
—_ —o— KR-
3 KR-1 C
E 60
=
[=]
2 404
<
2z 20
[=]
0d

0.1

1.0

Clodinafop-propargyl (uM)

Figure 1. The effect of isoproturon (A), chlorotoluron (B) and
clodinafop-propargyl (C) on DW of threetest biotypes of P. minor. (bars

represents mean standard error)
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sented in Figuresonlog scales. At har-
vest the avarage DW of the H-2, H-3
and KR-1 biotypes was 142, 145 and
132 mg/plant, respectivdy.

The experiment usng the three test
adeswasrepeatad under Smilar growth
conditionsin pots and plants sorayed at
various doses with isoproturon,
chlorotoluronand dodinafop-propargyl,
data from only one expeimat is pre-
sented.

RESULTS & DISCUSSION
Effect on DW

Atthelowest concentration(0.31mM)
isoproturon reduced the DW of the S
bictype by >80% over the control trest-
ment; Imilar effectsweareobsarved with
isopraturonat 25and5mM intheKR-
1 and H-3 biotypes, respectivdy (Fig.
1A), whereas chlorotaluron (0.31 mM)
reduced the DW of al threebiotypes by
morethan 80 % (Fig. 1B). Clodinafop-
propargyl was less effective than
chloratoluron and the effect varied ac-
cordingtothebiotypes(Fig. 1C). Incon-
trast toisopraturon, thereductionin DW
withdodinafop-propargyl wasgreater in
the H-3 than KR-1 biotype.
Chloratoluron resulted in complete kill
of both R and S biotypes, whereas phy-
totoxicity resulting from clodinafop-
propargyl devdoped dowly and the &f-
fect was less than chlorotoluron againgt
the R biotypes. Clodinafop-propargyl
(1.0 mM) reduced the DW of the H-2,
H-3 and KR-1 biotypes by 90, 77 and
65 % of the contrd, respectivdy. The
effect of the highest concentration (2.0
mM) of dodinafop-propergyl wasequiva:
lent to the lowest concentration of
chloratduron (0.31 mM) againg the R
biotypes of P minor (Fig. 1B & 1C).

TheH-3(R) biotypereguiredahigher
concentration of isoproturon than KR-1
(R) thusexhibitingahigher levd of ress-
tance, conforming with earlier cbsarva:
tions (Singh et al., 1995). The
chloratoluron resgtant biotypes of A.
myosuroides and L. rigidum are also
crossresigant to isoproturon (Kemp &
a., 1990; Burnet et d., 1991); thelevd
of resstance, however, was lower with
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isoproturon than chlorotoluron. Resis-
tance to phenylurea herbicides in these
grass wesds is conddered to be dueto
increased activity of cytochrome P-450
enzymes. Both chlorotoluron and
isoproturon are degraded by P-450
Monooxygenaseazymesinwhest; ther
differentid responseintheR biotypesof
P. minor suggeststhat therecould bedif-
farent P-450 isozymes degrading these
herbiddes. Experimentsconducted dur-
ing 1998, under dmilar conditions but
with lower concantrations of these her-
biades revedednosgnificant differences
intheactivity of chloratoluronagaing R
and Sbhiotypes. Theinhibitory effect of
chloratdurononchlorophyll fluorescance
was dso obsaved inthe R (KR-1 ad
H-3) and S (H-2) biotypes of P. minor
(Singh, 1998 unpublished data) which
conforms with chlorotoluron activity in
thewhdleplant sudy. Similar trendsin
effect of isoproturon, chloratoluron and
clodinafop-propargyl were obsarved in
the activity sudy with the R and S bio-
types of P. minor in the pot study (data
not presented).

Inlgrad, fenoxaprop-Presigant bio-
type of P. minor was found to betarget
site cross-resistant to clodinafop-
propargyl (Td et d., 1996); noressance
wasobsaved, however, withisopraturon
and methabenzthiazuron (another
phenylurea herbicide) at the used dose
rates. Theresgant biotypes of P. mi-
nor from India have shown differential
responsestododinafop-propargyl under
controlled environmental conditions, a
lower levd of crossresstanceinthefidds
has been obsarved within one year of
application. Prdiminary fiddtriaswith
clodinafop-propargyl, fenoxaprop,
sulfosulfuront+adjuvant andtralkoxydm
at twolocationssuggest contra of Rbio-
types of P minor intheaffected aressin
Indig, though variations were obsarved
in the activity of these herbicides under
convertiona and stalesasdbed conditions
(Malik and Yadav, 1997). Cross ress
tance to dodinafop-propargyl was aso
obsarved recently in diclofop resstant
Eleusreindicain Maaysa (Tiw e d.,
1997) and to chloratoluron resigtant A.
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myosuroidesintheUK (Ryanand Mills,
1997; Red & d., 1997). P. minor has
shown cross-resstance to didofop-me-
thyl and pot Sudiesindicate somecross-
ressancetododinafop-propargyl.

Theother herbicideswhich havepro-
vided good contral of R biotypes of P
minor under pot Sudies areterbutryne,
propachlor, tralkoxydim, fenoxaprop-P-
ethyl, trifluralin and pendimethalin
(Kirkwood ¢ d., 1997). Metazachlor
and atrazine also provided good control
of the R biotypes but these herbicides
were aso phytotoxic to whest at higher
doses and can only be used at |lower
doses in combination with other herbi-
cides. Someof these herbicides nesd to
beusadin mixturestoincreasethe spec-
trum of wesd control. Rotation of these
herbicidesand integration of physiologi-
cal and agronomic factors can hdp in
effective managament of the R biotypes
of P minor under fidd conditions and
adayingtheonss of resstanceand (Sngh
e d., 1997b).

Basad on these observations, fidd
evauation of chloratduron intheresis-
tanceaffected areasof Haryanagatehas
bean undertaken during the present wheet
growingseeson (1997-98) (Mdik, R.K.,
persond communication). If found &-
fective in controlling the R biotypes,
chloratoluron offers a unique choice to
Indianfarmersbecauseof itseasy avail-
ability and low cost compared to ather
herbicides; if not used in rotation, how-
ever, it may soonbecomeusdess. Avail-
ability of more than one herbicide for
contralling P minor offers a choice to
farmersfor rotation of crops and herbi-
cides. Evaluation of new whest varidt-
ies for their sengttivity to chlorotoluron
anddodinafop-propargyl isalsoreguired.
Clodinafop-propargyl may providecon-
tra of the R biotypes of P minor in In-
diafor sometimeaswas obsarved with
diclofop-methyl when it was recom-
mendedin 1994 for managingisoproturon
resstance After 2-3 applications of
didofop-methyl contra of theR biotypes
dedlined consderably at farmers fidds
and increading its dose by even 2 times
failed to provide an acceptable contral.
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Thedifferentia response of dodinafop-
propargyl sseninthelaboratory indicates
that the evolutionary process under s=
lection process has begun.
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Thedevdopment of resstancetoany
insecticidewithinapopulation of insacts
depends on whether the gendlic deter-
minant for the resstance mechanism is
presant withinthegenepod of the popu-
lation. If the gene is absant, resistance
will nat devdop unless a mutation oc-
curs within that population during the
course of exposure to the insecticide
Contraxily, if the gene for resstance to
that inssctiddeis presant withinthepopu-
lation, then resistance can deveap.
Whether it does depends on severd fac-
tors. Among them are the sze of the
population, thefrequency of thegenein
the population, the dominance rdation-
ship of the geng, and the intensity with
which the population is exposed to the
insecticide

Genefrequency canvary fromO(i.e,
abst) to 1.0 (i.e, fixed in the popula-
tion). It isusualy assumed thet thefre-
guency of an unsdected genefor resis
tanceisinitialy extremdy low. Vauesas
low as 102 to 10° have been quoted
(Roush and McKenzie 1987). Hence
thelarger the population themorelikdy
thet population will contain individuals

carrying theresisancegane Thesped
with which that gene increasss in fre-
guency depends heavily on the levd of
exposuretotheinsscticideand thedomi-
nancerdationship of theresstancegene
If thepopulationisonly occasionaly ex-
posed to the insecticide, then the fre-
guency of thegenemay changelittleif at
al. However, if the population is rou-
tindy exposad, individuas carrying the
resstance gane should have an advan-
tage  Whether they do and how much
of an advantage they have depends on
the dominance rdationship of theresis-
tance gane (Cochran 19944).

In the case of genes that are domi-
nant, as occurs in German cockroaches,
Blattdla germanica (L.), resstant to
malathion or pyrethrins (Cochran 1973,
1994b, respectivdy), individualsthet are
heterozygous for the gene show hight
levd resstance Under these arcum-
sances, itisexpectedthat genefrequency
will increaserapidly becauseany mating
of aheterozygousindividua will produce
more heterozygates and soon homozy-
gousresgart indivicualswill dsoappear.
The result is the rapid occurrence of
highly-resstant populations, asoccurred
withmalathion (Bennett and Spink 1968)
and pyrethrins (Cochran 19944).

Resgance geneisrecessive it is of-
tenthe casethat it isincompletdy reces-
sive (Cochran 1994a, Ebbett and
Cochran 1997). Whenthisistrue het-
erozygotes have a dight advantage d-
lowing at least some of them to survive
exposureto levds of theinsecticide that

kill homozygous-susceptibleindividuals.

Inthiscass it isexpected that resstance
will devdop more dowly because the
heterozygote advantage is dight and it
wouldtakelonger for sufficient numbers
of heterozygotes to accumulate in the
population to the paint that they mate
and producesomehomozygous-resstant
individuals. Itisonly whenthishappens
that high+levd ressancebecomesgppar-
ent.

It has been noted thet resstance to
cypermethrin in the German cockroach
isacommonly-occurring evart in many
fidd-collected populations (Atkinson et
a. 1991, Cochran 19953, 1996a, Scharf
e a. 1995, Zhai and Robinson 1992),
even after only limited exposure to
cypermethrin. Resstancetothisinsecti-
cideisinherited as an autosomal, mono-
factorial, incompletdy-recessivertrait in
this insect (Ebbett and Cochran 1997).
Because of thesefacts, aquestion of in-
terest iswhether the gene for resstance
to cypemahrin is widespread in many
German cockroach populationsand at a
frequency that alowed therapid appesar-
anceof resstanceto thisinsscticde

| will presant evidence here that the
gene for resstance to cypermethrin is
commoninfied-collected populationsof
the Garman cockroach.  The implica:
tionisthat it probably occurs at unusu-
aly highfrequenciesin unsdected popu-
lations dlowing the rapid evalution of
detectable levels of resistance to
cypemehrin.

MATERIALS& METHODS

The insects used in this Sudy were
from infested premises located in vari-
ous parts of the continental USA and
PuatoRico, asindicatedin Tables1 and
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2. Starter colonies were recdved and
placedincultureinthelaboratory. Typi-
cdly, they were reared for 1-2 ganera-
tionstoensuresufficient numbersfor in-
stticdetesting. Theyear inwhich the
cypemehrin tests were conducted on
each drain is dso shown in the tables.
Rearing was conducted as previoudy
described (Cochran 1979).

Cypamahrinresstance tegting fal-
lowed the method of Cochran (1989).
Briefly, the inside surfaces of 0.5iter
glass jars were coated with 1.5 nl/crr?
(Al) of technical-grade cypermethrin
(Zeneca, Wilmington, DE). A known
number (7 or 10) of large nymphswere
placedineachjar andther reponsewas
recorded over time Threereplicates of
each drain weretested. Inafew cases
sx replicateswareused. Thereplicates
were pooled and subjected to probit
analyss (Coctvan 1989). LT, values,
obtainaed in this manner, were used for
comparison with corresponding values
for the VPI-susogptible grain. A resis:
tanceratio (RR) wascaculated for each
granasfdlonvs RR=LT_ of thetest
gran=+ LT, of theVPI srain. Testing
was doneat 21-23 C.

Gere frequency estimates were cdl-
culatedasdescribedby Cochran (1994c),
based on the Hardy-Wenburg equilib-
riumexpression (Falconer 1981). When
ressance is recessive and is inherited
monafactoridly, asappearstobethecase
here (Ebbett and Cochran 1997), and
oneganotypecanbedearly distinguished
through toxicological testing, as shown
for cypermethrin (Cochran 1994c,
Ebbett and Cochran 1997), then gene
frequency eguals the square roat of the
fraction represanting the percant of the
insectssurviving thetest (eg., 90% sur-
vivd = 0.90: GF = the square roat of
0.90=0.95).

RESULTS& DISCUSSION

In more than 100 cypermethrin tests
withtheVPI-susoeptibledrain, therewere
nosurvivorsat 24h. Whilemuchsmaller
numbers of known heterozygotes were
availablefor testing, they alsodid not sur-
viveasgmilar chdlenge Basad onthis
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Table 1. Field-collected strains of the German cockroach in which the gene frequency
for the cypermethrin-resistance gene was too low to measure.

Strain Origin Year tested | Collection site
Boces Bakery Nassau Co., NY 1993 Bakery
Grouverneur New York, NY 1992 Closet
Frishman #6 New York, NY 1993 Restaurant
Creek Club Locust Valley, NY 1993 Kitchen
Belevue G New York, NY 1992 Closet
NY Style Pizza | Fayetteville, NC 1992 Restaurant
Cutts Fayetteville, NC 1992 House
Mevin Warsaw, NC 1991 House
Mclntere Raleigh, NC 1994 House
King G-14 Raleigh, NC 1994 Apartment
King F-204 Raleigh, NC 1994 Apartment
King H-14 Raleigh, NC 1994 Apartment
King A-14 Raleigh, NC 1994 Apartment
Ping Raleigh, NC 1994 House
L owsaw Clinton, NC 1994 House
Crawford Clinton, NC 1994 House
Gary Gary, IN 1992 Apartment
Muncie Muncie, IN 1992 Apartment
Cooper Jacksonville, FL 1989 Apartment
Bakery Miami, FL 1993 Bakery
Hawthorne Hawthorne, FL 1990 House
Navy #6 Norfolk, VA 1989 Ship
H-360 Hanover, MD 1989 Mess Hall

information, it was assumed that any
survivors of a 24 h exposure to
cypermethrin at the concentration usd
herewerehomozygousresgtant. It was
alsoassumed thet theinheritancemecha:
nism, described above, iscommoninthe
populations tested.  This assumption is
supported by the results of tests using
thecytochromeP,, mixed-functionoxi-
dase inhibitor, piperonyl butoxide on
many drains thet were highly-resstant
tocypermethrin(Cochran1994d, 1997).
Inmost casss, thisinhibitor rendered re-
Sdant cockroaches completdy suscep-
tible

Thenumber of individuals tested per
drain varied from 21 to 60. Theseare
smdl numbersuponwhichtobasegane
frequency edimates, but the tests were
not spedifically designedfor thet purpose
Thefact thet thereweresurvivorsin 57
of the 80 drains tested shows that the
genefor cypermethrinresstanceiscom-
moninthis species.

The23 grainsliged in Table 1 were
those in which there were no survivors
a 24 h, and the resstance ratios were
typically betwean 1.0 and 2.0. If there
hed bean 1 survivor in asample size of
21 insects, theestimated genefrequency
would have ben 0.20. Thus, dl that
can be said of these drainsis thet they
showed no resstance to cyparmethrin,
and the gene frequency for the
cyparmahrinressanceganewas<0.20.
Thelatter could vary from O to dightly
lessthan 0.20, but amuch larger sample
szewould berequired to demondratea
lower value For example 1 survivor in
a sample sze of 500 would produce a
genefrequency estimate of 0.04, which
isdtill rdlatively high.

The data shown in Table 2 are for
the57 drainsinwhichagene-frequency
egimate could be made, in spite of the
srdl sampleszes. Inthesedrainsthe
estimated gene frequency varied from
0.20 to 0.99. When the estimate was
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Table2. Genefrequency estimates for the cypermethrin-resistance

genein 57 field-collected strains of the German cockroach

Strain Origin Y ear tested GF* RR"
Hara Raleigh, NC 1994 0.20 1.2
King J16 Raleigh, NC 1994 0.21 1.1

Norfolk, VA 1989 0.22 2.6
Navy #5 Norfolk, VA 1989 0.22 24
Sdlers Kerr, NC 1994 0.22 1.1
York Brenson, NC 1994 0.22 0.9
Williams Harrells, NC 1992 0.22 1.1
Flushing Flushing, NY 1992 0.22 2.3
HRDC Washington, D.C. 1992 0.22 19
Bellevue D New York, NY 1992 0.22 1.0
Pridgen Salemburg, NC 1992 0.22 25
Rockville Rockville, NY 1993 0.31 27
Godwin Garland, NC 1992 0.31 31
Season S Alexandria, VA 1989 0.31 4.0
Jacksonville Jacksonville, FL 1989 0.31 3.0
Morris Coats, NC 1994 0.31 0.9
Fryers Nassau Co., NY 1993 0.37 14
Muttontown Muttontown, NY 1993 0.38 2.9
Pruda Elizabethtown, NC 1992 0.38 23
Anderson Roseboro, NC 1992 0.38 1.2
Burbank Burbank, CA 1992 0.38 1.7
Ft. Knox Ft. Knox, KY 1989 0.38 2.2
Forest Green Gainesville, FL 1991 0.38 33
Army-K-851 Ft. Knox, KY 1989 0.38 3.6
King L-11 Raleigh, NC 1994 0.42 2.7
Navy #1 Norfolk, VA 1989 0.44 27
T-164 Gainesville, FL 1990 0.53 6.6
From Bret Long Island, NY 1993 0.58 23.0
King M-13 Raleigh, NC 1994 0.61 7.9
Ft. Myers Ft Meyers, VA 1991 0.69 8.8
Newkirk Kerr, NC 1994 0.79 >100
Gov't Bldg New York, NY 1993 0.85 >85
Long Island Long Island, NY 1991 0.9 >50
Las Pams Miami, FL 1991 0.9 >50
King Q-305 Raleigh, NC 1994 0.94 >90
Bret F New York, NY 1992 0.95 >90
Grouverneur K New York, NY 1992 0.95 >90
Pizza Internat. Miami, FL 1993 0.95 >65
Salisbury G E. Meadows, NY 1993 0.95 >75
Forest Forrest, MS 1994 0.95 >90
Syosset Syosset, NY 1993 0.97 >65
Nassau Word Nassau Co., NY 1993 0.98 >100
Puerto Rico San Juan, PR 1993 0.98 >100
Runnaways Miami, FL 1993 0.98 >100
Smithtown Smithtown, NY 1993 0.98 >65
Toughkengnon Toughkengnon, PA 1992 0.98 >75
New Opdlika Opdlika, AL 1991 0.98 >50
Jones Duplin Co., NC 1991 0.98 >50
Barksdale Sampson Co., NC 1994 0.98 >90
Jackson Jackson, MS 1994 0.99 >90
Villa ltalia Miami, FL 1993 0.99 >90
Far Rockaway Far Rockaway, NY 1994 1.00 >85
Bret NY New York, NY 1992 1.00 >60
Tien Hung Miami, FL 1992 1.00 >60
Boston Sub Miami, FL 1992 1.00 >60
Rogers Jackson, MS 1993 1.00 >70
Bank New York, NY 1993 1.00 >75

a GF, genefrequency. Seetext for method of calculation
b. RR, resistanceratio. Seetext for method of calculation
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betwean 0.20 and 0.44, the resstance
ratiosremained quitelowwithonly afew
exceptions. Thelatter can probably be
explained on the basis the chance indu-
sion of a higher than expected number
of resgtant individualsinthetest sample
inrdaiontothar frequency inthewhde
population, and/or to chance variations
inthetest results(Cochran 1996b). How-
ever, when gene-frequency estimatesex-
0a0ed 0.50, resganceratiosrosesharply
and when they exceeded 0.80 it was no
longer possbleto calculateresstancera
tios because 50% mortality was never
achieved. For thesestrains aresstance
ratio of > somenumber isgiven depend-
ingontheL T, for thesusoeptiblestrain
inthe corresponding test.

It is recognized that more than one
resistance mechanism can occur in a
given population (Cochran 1994a).
Thereisevidenceindicatingtheexitence
of a kdr-type of resstance mechanism
in the German cockroach (Scott &
Matsumura 1983, Cochran 1995h).
However, basad ontheresults presanted
hereit is dear thet at least one genefor
cypermethrin resistance is common in
many populations of German cock-
roaches. Thisistruebathfromthestand-
paints of number of drains tested and
fromther geographicorigins. Thet gene
apparently mediatesthepiperonyl butox-
ide sensitive resistance mechanism.
Thus, it isnot surprising thet resstance
to cypermethrin has arisen quickly in
many naturally-occurring populationsof
thisinsact (Cochran 1995a, 1997).
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fields

M. T. McGrath and N. Shishkoff, Depart-
ment of Plant Pathology, Long Island
Horticultural Research Laboratory, Cornel
University, 3059 Sound Avenue,
Riverhead, New York 11901-1098. e-mail:
mtm3@cornel.edu

INTRODUCTION

Mydobutanil (formulated as Nova
40W) was ussd commerdaly for con
tralling cucurbit powdery mildew on
Long Idand, NY, for thefirg timein
1998 through Section 18 (FIFRA Spe-
dficEmergency Examption) regidration.
Thissygamicfungicidewasusadincom:
binationwith acontact protectant fungi-
cideby most growersfor fungicideresis-
tance managament.  Contro generdly
wasexcdlent onupper surfacesof leaves
but only moderateon lower (under) sur-
facesof leaveswheremyd obutanil prob-
ably was acting alone due to the diffi-
culty of obtaining good spray coverage
Resganceisaconcarnwithmydobutanil
because it is a derd damethylation in-
hibitingfungiddeandthusitisinthesame
chemical dassastriadimefon, whichbe-

came indfective due to resstance Al-
thoughtriadmegfon-ressant Srainsof the
pathogen were shown previoudy to be
less sensitive to myclobutanil than
triadimefon-sandtivesrains(McGrathet
a. 1996), mydaobutanil provided full-see
son contral of powdery mildew when
triadimefon  (formulated with
chlorathdlonil asOnmi) exhibited reduced
eficacy duetoresstanceinthe 1993 LI
pumpkin powdery mildew fungicide
evaluation expeiment (McGrath and
Staniszewska 1994). Powdery mildew
sveity on2 Sep 93 onupper/lower |esf
surfaces was 0%/0.3% for pumpkin
Sorayed twicewith Novaat 2 az/A (14-
day interval) plusfour timeswith Bravo
720 at 3 pt/A (7-day), 0%/14% for
pumpkin sprayed twice with Omni
(triadimefon plus chlorotha onil) at 4.25
pt/A (14-day) plustwicewithBravo 720
(14-day), and 40%/56% for nontrested

pumpkin.
MATERIALS& METHODS

Isolates were collected from
nontreated and mycd obutanil-trested re-

saarchplatsat thel IHRL andfromfive
commerdid pumpkin fidds in Suffolk
County to determine whether reduced
sanstivity of thepathogentomydobutanil
could account for powdery mildew de-
vdopment on lower legf surfaces. Re-
search plots had been sprayed weskly a
total of fivetimeswithNovaat 2.5 oz/A
plusBravo Ultrex a 1.8 I/A. Thefirst
application was made after mildew
reached the IPM action threshold
(McGrath1996). Commerdd fiddshed
been sprayed oneto three times. Fungi-
cide sengitivity was determined using a
leaf disk bicassay paformed asdescribed
previoudy (McGrathet d. 1996).

RESULTS

Percentageof islatesabletotolerate
20 ppm myclobutanil was 53% in
nontreated plots on 26 Aug and 56% in
myclobutanil pluschlorothal onil-trested
plotson1 Oct. Thiswasthe concentra-
tiontolerated by most triadimefon-resis-
tant Srainstestedinpreviouswork. Smi-
larly, 16 of 28 isdlates (57%) collected
from mydobutanil-trested commercial
fidds dso tderated 20 ppm. The pa-
cantagevaried from0%to 100% among
these fidds, however, this could be due
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tothesmall samplesizes. Two of the46
isolates tested (1 each from the
myclobutanil-treated research fidd and
acommerad fidd) wereabletotolerate
80 ppmmydobutanil.

DISCUSSION

Conddering that mydobutanil plus
chlorathalonil was one of the most &-
fectivetrestmentsexaminedinthepump-
kin powdery mildew fungicide evalua-
tionexpaiment andcondderingthat there
werenat substantial differencesinsens-
tivity to mydobutanil beiwean the iso-
lates tested from the ressarch fidd and
commercid fidds (when combined), it
appearsto be more likdy that the mod-
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erate contral achieved was due to num-
ber and timing of gpplications and high
disease pressure rather than fungicide
ressiance The Section 18 request date
may nat have provided growers enough
time to obtain and apply Nova before
powdery mildew was at too high aleve
to be contralled effectivdy. Powdery
mildew was moreseverein 1998 thanin
1997 in nontreated contrd plots in the
LI pumpkin powdery mildew fungicide
evauaionexpaimatsindcatingthat ds
eaepressurewashigher in 1998 (sever-
ity onuppe/lowe lesf surfaceswas 15%/
53% on 25 Sgp 97 and 57%/85% on 18
Sep 98). The same varidy (Harvest
moon) was used in both experiments.
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Howeve, fenve isdlatesfromplatstrested
with myclobutanil plus chlorothaonil
were able to tolerate 20 ppm
mydobutanil in 1993 thanin1998 (10%
versus 56%, respectivdy) and disease
control was better in 1993.
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Cdlorado potato bedle Leptinotarsa
decamlinesta (Say) (CPB), is the most
serious insct pest of potatoes throught
out thenorthern U.S. and Canadaand in
Europeandtheformer Sovigt Union. De-
fdliation can be 100% and yidd losses
canbenear total. Colorado potato betle
has devd oped ressanceto dl available
synthetic insecticides, induding organc-
phosphates, arganodhlarines, carbametes,
and pyrghroids, in many parts of the
world (Bishop and Grafius 1996,
Forgash 1981, Lagunes-Tgeda 1991).
Directly becauseof severeinsecticidere-
sgance CPB cogt the Michigan potato
industry $8.2 to $14.4 million per year
(upto20%of total cropvaue) incontral
cogtsandyiddlossesfrom 1991 through
19 (Grafius1997). Contrd costsand

losses were greetly reduced throughout
the northeastern U. S, with theregitra:
tion and widespread useof imidadoprid
(Baye Corp., KansasCity MO) in1995.
However, low levds of resstancebegan
to appear in Michigan in 1996 (Grafius
andBishop 1997) andLongIdand CPB
were 20-fold more tolerant to
imidacloprid than most populations in
1995 (Olsen e d. 1996); over 100 fold
ressancewaspresantinCPB fromLong
Idand New York by 1997 (Zheo ¢t 4.
1998).

CPB hasawiderangedf hogtsinthe
Solanacese family, induding potatoes,
tomeatoes, eggplant, nightshadespp., buf-
fdobur, éc. Pantsinthisfamily com-
monly contain toxic akaoids. Some of
thesedkaoidsarechdinesteraseinhibi-
tors like organophosphate and carbam
ate insecticides (Wierenga and
Hallingworth 1992) and CPB'sability to
ress or detoxify theseplant compounds
likely fadilitatesits ability to adapt toin-

sectidides (Wierenga and Hallingworth
1993). Sdection for ressancein CPB
isintensve becauseit hasrdativdy few
wild hogsin potato-growing aress, both
adults and larvae fead on the crop, and
dternativecontraslikebidogica contral
andresgant varietieshavenat beenavail-
able (until the introduction of Bacillus
thuringiensspotatoesin 1995).

CPB adults overwinter inthe sail in
the potato field or in adjacent fidd bor-
ders, the common practice of growing
patatoesfallowing potatoes, without crop
rotation, or rotation of cropsonly across
aroad or fence line provides an idedl
environment for CPB (Casagrande
1987). CPB adults can fly moderatdy
long distances, but generdly dont dis-
perseout of thecropif food isavailable
(Caprioand Grafius1990). Thus, eech
potatofidd may containitsown popula-
tion of CPB, sdected for resstance to
the insacticides commonly usad by that
grower (Grafius 1995). Periodicdly,
unusualy warm weether in the spring,
before the patato crop is up, or in the
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fall, after harvest, may dimulatelong dis-
tance dispersal (Caprio and Grafius
1990). Dispersd of dominant resstant
genotypesrapidy spreadsresstance

Thefdlowing are generdlities about
insecticideresstancein CPB, that rdate
toefectivenessof res sancemanagamat
techniques. [There are of course ex-
ceptions to these generdlities]  Insecti-
cideresgtancein CPB isoften conferred
by single dominant or semi-dominant
genes (loannidis & al. 1992). CPB can
expressmultiplemechanismsof ressance
induding esterase- and oxidase-based
detoxification, target Ste insenstivity,
knock-downresistance, penetration, and
seguedtration (Bishop and Grafius 1996,
Clark and Argantine 1994). Seguestra-
tionof plant toxinsislikdy why CPB are
sddom preyed upon by birds and ex-
press typica vertdoratewarning colors
of orange and black (larvae) or ydlow
and black (adults). Recant results of
Olsmn and Divdy (Univ. Maryland, un-
published data) indicatethat excretion of
toxins may also be a resstance mecha:
nism. Individual begtlesmay carry sev-
erd ressancegenes, withlittleor nofit-
ness cod (Argertineet a. 1989) andre-
Sstancetendsto begtablein theabsance
of sdection. Initial resstance genefre-
guency for resstanceto carbofuranwas
2:10,000 (loannidis et d. 1992) - rda-
tivdy high for an insact that can have
populations of over 100,000 per hect-
are

Resistance management tactics.
Techniques for use of insecticides to
manageinsstticideressanceindude (1)
highdoses, (2) dternationof insecticides,
(3) tank mixes, (4) maximumrate/maxi-
mum amount use, (5) use of the syner-
gis piperonyl butoxide, and (6) refugia.
Each of these has pedific assumptions
thet must be met for the tactic to be &-
fective

(1) Thehighdosedrategy istheuse
of doseshighenoughtokill resstant het-
erozygotes. Thishastobeginvey early
intheresisanceprocesswhenamog all
individual saresusceptiblehomozygotes
or heterozygotes. It assumes that het-

erozygotesaresusoeptibletoahighdose
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of insecticide (resstance is recessivdy
inherited). A sscond assumptionis that
initial resistance gene frequency is low.
This drategy also assumes that a high
dosecanbeappliedinthefidd uniformly
in time and space - lower dosss are not
presant which couldkill homozygoteshbut
not heterozygoates (thus creating agroup
of interbresding heterozygotes that will
produceasgnificant number of resstant
homozygotes in the next generation).

Unfortunatdy, we know that ress-
tanceto many insecticidesin CPB isin-
herited as a dominant or semidominant
factor. Heterozygotes may be20to 50-
foldresgant totheinsecticidecompared
tothesusoaptiblehomozygate Also, with
widespread crossressancebetwennpre-
vious and new insecticides, initid ress-
tance gene frequency may not be low.
Findly, high doses always decay to low
dosss in the fidd and aress of the crop
canopy shiddedfromtheinsecticdespray
may recave low doses, even though the
applicationwasat ahighdose

(2) Alternation of inscticidesisthe
useof insecticides from different chemi-
cal groups, dternating each generation
or eechyear. Alternation of insecticides
assumesthat thereisno crossresstance
between the two insecticides and that
resgtance is undtable and decreases in
the absence of sdection. Alternation of
insecticides could beespecidly efective
wheretherewasnegativecrossressance
between insecticides; 1.e, resstance to
one product increases sanditivity to the
other product. Alternation must beover
atimeinterval of severd gengrations if
individual inscts are trested with two
different products during the same gen+
eration, thestuationisactudly acaseof
mixinginsecticides.

Again, insecticide resstance in CPB
generdly does not meet theassumptions
reguired for alternation of insecticidesto
besuccessful. Resgtanceisoftenstable
for long periods of time and sgnificant
Cross resistance oocurs betwean insacti-
ddesindifferent groups. loannidiset al.
(1991) suggested possiblenegativecross
ressancebewean organophosphatesand
pyrethroids, but generaly CPB can ex-
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hibit resstance to multiple insecticides
withlittleor no apparent fitness cod.

(3 Insecticide mixes are usad with
the expectation that no sngle incivicdual
carries resstance to both insecticides.
Again, thisassumptionisfasefor CPB;
individualsarecapabledf carryingress-
tance to three or more different dasses
of inscticides (loannidiset d. 1991) and
thereislittleor nofitness codt.

(4) Maximumrate/maximumamourt
isatactic that uses frequent, high doses
of tank-mixedinsecticides. Likethemix
tactic, thistactic assumesthat noonein-
dividual can carry resstance to two or
sevad insecticides and that resstance
increases gradudly - if it isdisrupted in
anearly gageit will notincreese. Aswe
now know, individual CPB can carry
ressancetosevara insscticdesandvery
highlevdsof resstancecan beimparted
by asnglegere (eg., carbofuranress-
tance, loannidiset a. 1992) and no pos-
shlefidd application ratecould achieve
control of resstant individuals. Further-
more, the most intense sdection pres-
suresdectsfor resstance the modt rap-
idy.

(5) Thesynergd, piperonyl butox-
ide, can be usad to block microsomal
oxidase enzymes and has been used &-
fectively in the fidd to control CPB.
Microsomal oxidase enzymes are com-
monly usadfor resstanceto pyrethroids,
organophosphates and carbamates
(Bishop and Grafius 1996). However,
other mechanisms may also be used
againg these insecticides. Our experi-
encesinMichiganind catethat within2-
3years CPB adapt tothissdection pres-
sure and resstance mechanisms other
than oxidaseenzymes becomecommon.

(6) Refugia areimportant for man-
agement of resgtanceto insecticides for
many insect pests. Assumptionsfor e-
fectiveness of arefugearethat () ress
tance must be recessive or sami-reces-
sve (b) largenumbersof susceptiblein-
sects must be produced in the refuge,
and (c) high leves of gene flow must
exis baweanrdfugiaand crop Stes. As
indicated above, resstance in CPB is
most often dominant ininheritance, refu-
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gaareganadly smal compared tothe
potato crop, withsmall numbersof CPB
and gene flow between crop and wild
hodsislimited. Anexceptiontothissitu-
ationmay bein partsof thewesternU.S.
where potatoes are commonly rotated
with small grain over long digancesarnd
voluntear potatoes in the rotation crop
make up an untreated host for CPB.

Usedf theabovedrategies may dow
thedevd opment of resistance, especidly
by optimizing refugiaand dternatingin-
secticides from different insecticide
dasses Howeve, in gengrd, manage-
ment of resstancetoinsecticidesin CPB
may beimpossbleif inscticdesarethe
primary mortdity factor. To maintain
the effectiveness of an insecticide, we
must reducerdianceonit for control by
introducing non-chemical contrals. In-
tegrated pest managament programsfor
CPB must beadopted, espedialy indud-
ingcroprotation, resstant varieties. Un-
til transgenic or traditiondlly bred CPB
resgant potato varieties are commonly
available crop ratation will continueto
be the sngle mogt important factor for
managing CPB.

Whalon & a. (1993) have aready
demongtrated that CPB can adapt to
Badillusthuringiends. Chaconine, ahost
plant resstancefactor presatin Solanum
chacoanse, could beintroduced into po-
tatoes, but it isacholinesteraseinhibitor
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and insticideresstant CPB are more
tolerant toit than areinsecticide-suscep-
tible CPB (Wierenga and Hallingworth
1992). Once resdant potato varieties
are widdy planted, then we begin the
task of managing the adaptation of this
remarkableinsact to the new varigties.
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MANAGING INSECT RESISTANCE TO BT CROPS: ARE
THE RULESFOR RESISTANCE MANAGEMENT ANY

DIFFERENT?

W.D. Hutchison, Department of Entomol-
ogy, 1980 Folwel Ave., University of
Minnesota, St. Paul, MN 55108. Em:
hutch002@tc.umn.edu

Theintroduction of cropsgendicaly
ateredto expressinsact toxins produced
by the bacterium, Bacillus thuringiensis
(Bt), has provided a sgnificant techno-
logicd advancamant ininssct contrd. For
many crops such as Bt corn, the techr
nology provides ahighlevd of efficacy
a rdativdy low cost to the grower.

Growe response to Bt technology hes
for themogt part beenpositive: Although
Bt cornrepresantsoneof thelarger U.S.
markets, production with many other
U.S. crops has aso been sgnificant. In
1998, an estimated 15 million acres of
Bt cornwasplantedintheU.S. (approx.
20% market share), with about 30 mil-
lion estimated for 2000. Also in 1998,
Bt cotton, potato and swedt corn were
planted to ca. 2 million, 35,000 and
20,000 acres, respectivdy. Balanced

againd severd advantages of Bt crops,
the primary concarn of many scientists
isthepossibility that targeted pestscould
devdop resstance to Bt if marke pen+
erationishigh. Becauseof thepotartial
for market penetration, and the desire
by many to consarve Bt aslong as pos-
ghble much is at gake and the debate
has bean dynamic among Sakeholders.
A quick answer tothequestion posad
at the ESA symposum is a resounding
yes Theruleshavedearly changedand
therearemany reasons. Theprocess of
change has dso resulted in new ways
for indudtry, research and extenson pa-
sonnd and governmant agendes to in-
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teract. Thepurposedf this presentation
was to review why the rules have
changed, what impact anew risk asssss-
mant process for RM has dreaedy hed,
andfinally, suggegtionsfor continueddia-
log among al sakeholdersin the devd-
opment andimplemantationof RM plans.
Thedevdopment of an RM planfor Bt
cornis usad as one example of how the
rules have changed for Bt crops.

Why havetherules changed? Given
the many new advantages of this tech
nology (eg., full-season inssct contral,
reduced scouting and monitoring codts,
reduction in conventional foliar insecti-
cide usg), much of the mativation for a
new process for RM was the desire to
be more proactive Moreover, thereare
many unigue aspects of Bt, induding:
naturally occurring soil borne pathogen,
sdettivity to targeted hosts, compatibil-
ity with most naturd enemies, and an
excdlent safety record. Bt can aso be
viewed as a natural resourceto be con-
sarved longterm. With these many ad-
vantages contrasted againgt thebackadrop
of history of 500+ inssct/mite species
devdoping resisanceto convertiond in-
sectiddes, it is dear that a more proac-
tiveRM approachisdesrable Specifi-
caly, unlikethe U.S. regidration para-
digm of the past 40 years, RM plans
should now be explicitly developed and
reguired ontheproduct labd prior toreg-
igration.

An immediate, positive outcome of
the need to devdop more proactive RM
plans, has bean the devd opment of new
waysinwhich indugtry scatigts, bud-
ness managers and regidration person-
nd now interact with university scien-
tists and cooperative extenson person
nd. Thereisnow anunprecedented nexd
for dl partiestointeract, to generateand
sharenew dataonaregular basistomest
new demandsby US-EPA for RM plans
In response to the EPA requiremant for
RM plans, seed companies have been
vay active in supporting and soliciting
propasals for new research that will be
ussful for deved oping stience-bassd RM
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plans. Seed companies have aso ben
activein dissaminating RM conoeptsto
growers.

With Bt corn as one exanple, there
has been considerable dialog among
stakeholders for the past 4 %2 years.
Much of the dialog occurs because we
are essttially attempting to apply the
sciencecurrently available, under uncer-
tainty, to manage a resource long-term.
As with any managament decison un-
der uncertainty, thereare 2 critical com-
ponents of the decision making process
thet should bekept ssparate Later, they
can becombined for find policy recom-
mendations. Decison analyss methods
alowsoneto partitionthe2 components
of risk assessmat, i.e, @ uncatainty/
risk (viaprobability theory), and b) mul-
tiple/conflicting vauesand objectives(ad-
dressedviautility theory). TheU.S. pro-
cesswith Bt corn hasbendfited fromdis-
tinguishing each component duringmost
discussons. However, the process can
be very difficult as different interpreta-
tionsor perceptionsof ather component
may exis. Perceptions dearly vary de-
pending on scientist and stakeholder ex-
perienceor affiliation. A recant quoteby
Sr Robet May reflectsthistensonfrom
a scientig's perspective, ..."scientific
knowledge s built up, not by maximiz-
ing catainty or striving awkwardly for
consensus, but by minimizing uncer-
tainty." Thetis, scentigsaremorecont
fortablewith thefirst component of risk
assessmantt, and acogptingacatainlevd
of uncertainty (eg., exparimenta error)
in the conduct of expeiments, or with
modds of complex sysems. However,
scatigs are gengraly nat in apogtion
tounderstand or assgnvaluetomultiple
or conflicting objectivesof diversestake-
holders, suchassmdll vs largegrowers.
Althoughthisquotemay reflect themore
usud role for scientigts, an added will-
ingnesstodialogwith other akeholders
to reach consensus for RM plans is
nesded, albat awkward, for both scient
tigs, indudtry represantatives, growers,
andd| sakeholdersinvolved with apar-
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ticular Bt crop.

Given dl current data available for
European corn borer biology and ecol-
ogy, aswdl as input from severd RM
modds, andaparticular risk of highrates
of local inbreeding within corn borer
populations, theNorth Central Regional
Research Committee on Stalk-boring
Lepidoptera(NC-205; Odlieg d. 1997),
with input from industry, developed a
proactive RM plan for Bt corn. This
planwastheresult of 2+ yearsof discus-
sion and devdopment of new research.
For Bt-corn the RM plan induded the
recommendationthat 20-30%of thecorn
borer population not be expasad to Bt
corn (or Bt fdliar products), to maintain
an adequateratio of susoeptiblesto pos-
Sbleressantindividuals. Inaresswhere
there are few rdiable dternative hosts
for corn borer, the practical implication
isthet at least 20-30% of the corn acre-
age onagiven farm, should be non-Bt
corn (40% non-Bt cornif inscticidesare
anticipated). Theresultsof thisplan, as
wel as recent resultsfor Bt cornand Bt
potato, were discussed at a US-EPA
subpand review al RM plansin Febru-
ary 1998. After condderation of new
researchresultsobtained duringthe1998
fidd season, the NC-205 committeere-
affirmed these recommendations. The
discusson and new research continues,
andwill likdy continuefor Bt corn after
full regirationsaregranted. Asrecom:
mendations continueto evolve, itisalso
clear that comprehensve collaborative
(industry and academia) resstiancemoni-
toring eforts be established for dl Bt
arops.
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FUNGICIDE RESISTANCE MANAGEMENT: PROGRESS,
LIMITATIONS AND LESSONS

M. T. McGrath, Department of Plant
Pathology, Long Island Horticultural
Research Laboratory, Cornel University,
3059 Sound Avenue, Riverhead, New York
11901-1098. e-mail: mtm3@corndl.edu

Progress has been made since the
1970s when thefirgt cases of fungicide
ressanceoccurred and resulted inprob-
lemswithcontral. Mogt importartly, re-
sganceisnow recognized asaproblem
thet nesds to be dedlt with beforeit oc-
curs. Thusaproactiverather than reac-
tive approach is now taken. Rik as-
sessmatt has become a routine part of
fungicddedevdopment. Managamant is
part of standard product stewardship.
Warningsand managamat guiddinesare
onlabdswhenat-risk fungicidesarerey-
istered.

Management strategies have been
devdoped and tested.  These include
using anintegrated dissase managemant
programwith as many practices as pos-
shle to reduce the ned for fungicides.
At-risk Sngle-stefungicidesshould only
be used when neaded most, which is
usudly early inan epidemic, with multi-
Ste fungicides applied at other times,
thereby minimizing pathogen expasure
At-risk fungicides should be used in -
ternations or mixtures with other fungi-
cides and not usad aone repeatedly or
usd curativdy. Most companionfungi-
cides have been multi-site fungicides
which havealow risk of inducing ress-
tance At-risk fungicides with different
mode of action have the advantage as
companions of similar coverage and

podtinfection action due to sysemidity.
Mixtures have generally bean shown to
be more effective than dternations. Co-
formulated mixturesensurecompliance,
however, solo products offer freedom
of choice Low (reduced) fungiciderates
dow resigance devdopmat with ma-
jor-generesistanceby lowering sdection
pressure They dso kegp mixture pro-
grams economical and avoid increases
inpesiddeuse Withpoygenicressance
highratesdiminateindividualswith low
resisance In practice, doses reaching
target organismsvary greetly over space
and time The gengrd recommendation
is to keep to manufacturer's recom-
mended doserates and intervals. Fungi-
cide paformance and pathogen sens-
tivity to the fungicide should be moni-
tored. Theuseful lifeof somefungicides
hasbean extended by stopping usewhen
resstancedevdops, monitoringthepatho-
gen population, and rantroducing the
fungicide on a restricted soray schedule
when resstance levds fdl. Typicaly a
fungidide is not as efective after resis
tance devdops, thereforeit is prudent to
implement aressancemanagemat pro-
gramwhenafungicdeisregistered.
Severd lessons have been learned.
Resgtance risk can be difficult to pre-
dict. Persgtence of resgtant gtrains de-
terminesfutureussfulnessof afungicide
However, reducad fitness is not corre-
lated with resstance. Sdectionfor ress-
tance and sdection for fitness are two
different processes. Effectivaness of a
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Srategy canvary with pathogenand over
time Many factors can affect resstance
devdopment. Resgancemanagament is
more effective when implemented be-
foreresstanceisdetected. Applyingfun-
giddes that are indffective due to resis-
tanceis not only awaste of resources, it
has bean shown to increase severity of
some diseeses.

Many limitationsexist. Resstanceis
difficult to predict. Necessary tools may
be lacking. Systemic companion fungi-
cides that do not have resstance prob-
lemsmay nat beavailable Severd multi-
Stecompanionfungicideshavehadther
regigtrations cancdled or are under re-
view through FQPA. Reggteing new
fungiddesisalengthy process Resgance
managemant program for a new fungi-
cide cannot be evaluated. Growers are
often more concerned about economics
and efficacy than resistance manage-
ment. Implementation may be difficult
when the resstance management pro-
gramismoreexpensveor lesseffective
thanusngtheat-risk fungicidea onefull-
season. With highly mobile pathogens,
successful managament may requirere-
gional implementation. Resstanceman-
agement programs rardy have been e
forcegble Managingresstancewithfull-
rate mixtures is at odds with public de-
Sreto reduce pesticide use IPM tactics
thet delay applicationsuntil after disease
Oetectionand extend spray intervasuntil
disease-favorable conditions have oc-
curred arein conflict with the accepted
resstancemanagamant tacticsof preven
tivetrestments and maintenance recom-
mended intervals.
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