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ABSTRACT  Ouantitative genetic studies of resistance can provide estimates of genetic
parameters not available with other tvpes of genetic analyses. Three methods are discussed
fixr estimating the amount of additive genetic variation in resistance to individual insecticides
and subsequent estimation of the heritability (5% of resistance. Sibling analvsis and offspring-
parent regression permit direct estimates of A% by comparing the resistance phenotyvpes of
individuals of known relatedness. Threshold trait analvses, performed on data from selection
oxperiments, provide estimates of realized heritability. Procedures are outlined for predicting
changes in resistance to insecticides based on h® estimates. Quantitative genetic theory is
examined a5 it relutes 1o resistance and resistanee 55 o quantitative trait; quantitative genetic
methods also are untgque in providing estimates of genetic correlations between traits, Com-
ments are included on eslimates of genetic correlation hetween resistance and phenotypic
Lraits {e.g., development time) and how they may be used to predict changes in the genetic
aspects of phenology that result from insecticide applications (Le,, to predict how the re-
productive capscity of luture generations will differ from that of the treated generation),

KEY WORDS  Insecta, sibling analysis, offspring-parent regression, threshold trait analysis

RESISTANCE OF INSECTS to insecticides is an urgent
problem. Various species of pests are developing
resistance to new pyrethroids (Martinez-Carnillo &
Hevnolds 1983, Jensen et al. 1884, Luttrell et al
L8957, Payne et al. 19588, Schouest & Miller 1985).
Efforts to manage pest populations and our ability
to predict changes caused by resistance have been
limited by our understanding of the geneties of
insecticide resistance (Plapp 1976, Taylor 18983,
Roush & McKenzie 1957). Accurate prediction of
the dynamics of change as susceptible populations
become resistant has been especially difficult. Re-
cent efforts by Tavler (1983), Georghiou & Taylor
| L9HE), May & Dobson (1886), Tabashnik {18986,
L9687, Roush & Craft (1986), and others (reviewed
by Roush & MeKenzie [1987]) have increased the
acouracy of resistance pfﬂdil:li.(:llls by the EI.]_JPliL‘ﬂ'
lion of population genetic models. However, the
resolution of these models is limited by the as-
sumption that resistance is a single-gene trait, many
resistance systems cannot be modeled adequately
undear Lhis assutnption. Fven when the action of a
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single major gene has been demonstrated, unex-
plained genelic variation that is assumed to result
from the action of modilier loci is usually present
{i.ee, the system is polyzenic).

Here, we outline a quantilative genetic approach
that makes no assumptions regarding the number
of genes involved. The expression of quantitative
traits depends on environmental factors as well as
the actions of one or more genes, each with one or
more alleles. These methods are, therefore. appro-
priate regardless of inheritance mechanism. In par-
ticular, resistance systems that depend on the action
of a single major gene acting under the influence
of minor factors are amenable to quantitative ge-
netic analysis,

Estimation of heritability and genetic correlation
with quantitative penetic methods provides the
mesns lo predict the direction and extent of genetic
change in selected traits and traits that are corre-
lated genetically with the selected trait. In resis-
tance studies, quantitative genetics provides the
menns Lo prl.'dicl Lthe S]Tlf‘l.-tl and protentiol wmount
of genetic change invalved o resistunce and the
direction, speet and extent of genetic chunee in
correlted litiess Lradts. Cortaim theoretical impli-
cations of guantitilive venete models Tor resis-
tanee inapazemenl bave been noted recently (Haol-
lovcany LEVSE, Y i 1956, bast ondy o tew studies have
estitnated heritahtlits of resistanee in experimental
papulations | Ferrar of ol 19520 Waollenbarger ot
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al. 1952, Iollimay 19806, Tulishik & '[.-II‘-EII:II._L'
19549}

Theoretienl Bachgrawnd, Coantitalpve Cerel
methods are used Looprrtition Pty pic vieelation
inte environmental and eenetie cornparients; these
methodsare apiproprinte for studies ol various traits
that deviate froen Stendelian imheritanee patterns,
including monueenic traits thit are aHected Ly
environmental factors. Tl arlyses are most [$1HLTES
erful, however, whe pverformed on quantitalive
traits whose plienot VERC expression is nob limiteed
to one or two classes but which can assume several
values. Quantitative variables can he analvzed us-
ing offspring-parent regression or sibling analysis
to estimate the contribution of genetic factors to
phenotypic expression; these methads also provide
direct estimates of genetic correlations between
pairs of traits. For threshold traits, which vary in
a discontinuous manner but are not inherited in a
simple Mendelian manner (Hartl 1988, Falconer
1988}, realized heritability can be estimated from
selection experiments, but genetic correlatlions can-
nol be estimated directly. Thus, quantitative ge-
netic methods provide the means to estimate the
proportion of resistance variation within a pop-
lation that is genetically based and to make in-
tormed predictions about changes in resistance and
associated Lraits,

Insecticide applications impose selection. and
eontinued effectiveness of an insecticide depends
not only on the strength of that selection but also
an the pest population’s genetic ahility to respond
to the selection pressures. Ability of the population
o respond across penerations is eritically depen-
dent upon the amount of additive genetic variation
[V bin resistance within the population {Hart] 18985,
Faleoner 18891, Delined by the equation V. =V,
+ Vo + ¥, + Vo V., is the heritable portion of the
Lkl phendtypic variation (Ve in a population, V.
excludes environmentally induced variation (Ve
including behavioral variation and maternal ef-
lects, and the nonadditive genetic effects of dom-
inance (V] and epistasis IV (Falconer 1958), Be-
Cause expression of resistance is affected by all of
these factors, separating V, from the other com-
ponents of variation is critical to predietions of the
proportion of the next generation that is likely to
be resistant,

A susceplible population cannet become resis-
tant to a particolar insecticide unless its resistance
to that insecticide includes an additive genetic
component. The insecticide itself, acting as selec-
tive agent, promates development of population
resislance (Ronsh & McKenzie 1957) CQuantitative
genetic theory provides an explanation for certain
observed patterns of resistance development (Hol-
loway 1886). Before exposure to o particular in-
secticide, or early in the selection PrOCESS, geno-
lypes conveving some level of resistance may be
50 rare that they ure difficult to detect, When ap-
plications begin, inseeticide concentrat ions are rel-
atively low, selection for resistant Eenotypes is rel-

stbivedn weeak. and the maenitode of V', ol
sles e broan one generation g the nest while re-
sistatit wieenibs pes are still rare This prowess b wineh
pu;u;|.|ln--|| Fesrslatie 1i--'.f-|||ln'~ consisls largels of 5
reduction in V', as insecticide applications ineriuse
i freuency and concentration. and only the mest
resistianl genoty pes survive, This pattern ol initially
slow inerease in frequency of resistance, followed
by rupid altsinment of population resistance, has
been observed in bioth Geld and laboratary studies
(Hrown & Payne 19551 Moniloring changes in the
amount of V, in resistance within a population
provides a unique-and powerful predictive tool:
knowledpe of future evolutionary potential.
Estimates of V, are usually reported as the her-
itability (h%) of the trait in a narrow sense; ie, a
population parameter defined as that proportion
of the tatal phenotypic variation in a trait that is
additive genetic variation {Faleoner 1959):

he= v, /v, (1)

Heritability estimates refer specifically 1o the de-
gree to which a trait is passed from one generation
to the next. Heritability (H*) of a trait in a broad
sense represents that portion of the tatal phenoty pie
variation in & trait that is genetically based and
includes additive, dominance, and epistatic vari-
ance. The usefulness of 17 is limited because non-
additive forms of genetic variation are included
{Falconer 1959}, Hereafter, we use heritability 1o
refer 1o §°

When two traits are genetically correlated, se-
lection on either will cause genetic change in both
(Lande 19521, For example, if the genetic corre-
lation between fecundity and resistance is negalive,
insects that survive insecticide application will have
reproductively inferior genotypes. If the correly-
tion is positive, insecticide applications will select
tor individuals that are genetically hoth resistant
and fecund {e.g, Holloway 1986) Genetic corre-
latinns between traits of juveniles e, develop-
mental rate) and adult resistance level can also be
estimated

Resistance as o Quantitative Trait: Toleranes.
Individuals or populations have been classified as
either susceptible or resistant to a particular insec-
ticide. However, actual responses of individuals
grouped in this manner vary considerahly (g,
Whitten 1978, Roush & Wolfenbarger 1955, Payne
et al. 1888, Tabashnik & Cushing 1989). Treating
resistance as a quantitative variable allows differ.
entiation among degrees of response rather than
imposition of simplistic categories (ie. dead or
alive). Simple binomial classification of response is
a major feature of simple probit analvsis, which
was designed specifically to allow the use of parg-
metric stalistics Iregression) on a Quantitative vari-
able that is recorded as though it were catesnrical
{Finney 1971, Sokal & Rohll 1981,

To differentiate between categorical and guan-
litalive measures of resistance, we use the term
tolerance (in the sense of Finney {1971} to refer
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When dese—mertalite relalionstips are pre-
sertled s |rt"::|'.ln'l'|1_"_\. ddisteibations af Lesle Tutice F-’J“"
notvpes, e resalt s continnms, bell-shaped curve
(Finnes 1971 Vin 1986, Tabashnik & Cushing
49581 o example, we converted ]_|r1:||'||1 data [rom
empirieally derived dose—mortality curves (Payue
et al 18955 Fue 280 into a {re YUETICY tustowram ol
tolerance phe notvpes (Fig, L The published .~mhn
]I]it" woere nsed 10 estumate percemtase of Eu'll
each duse anterval Data from the probil lines in-
tended Lo fepreswent thres disiimet genotyviees (IH,
Ha. s were pooled o represent the range of {al-
erance values within the population 1the hackeross
data were noe imeluded bcagse they represent as
sorbative niatime of onbv one of sy by pes | Wy e
vacit of the three groups included a0 our analyais
5B and msent e Hura of The popo
|J.II.II| .'l.;.] the probit s oot overlapped, three
shinet atrisihons wonhl lave resulied (Vi
L Mewese: Py |oshows that tolerance vari-
ation e this peonulation s cantinmoms and normalis
distritited. This pattern is charscteristic of o quan-
Lelastan e tract

Athamets most gose—response data are truneated
fe v distrimotion stops al the Jiglest dose tested |

the vurve can be assumed o continue as Lhe aeest
tolerant tndivoduals are killed 1 doses above e
bzhest Gose tested Tnogeneral. g small proportion
b mmnst pegniahions i cither very lalerant o ver
susceptible wiereas the wderance of most individ.
wals oannermediate o, Sever et ul 1957 Al
theugi s taleranme v eriat i e nveeoarneneta |y
indiced. sorme alsa resulls fram the variety of ge-
neticull  destinet phvsiologiesl and behavioral
mechanisos thal contribute w an mdividoals tal-
erance phenmpe (Crow 1957 Plapp 1976, 1956
atrickberrer 1476, Blappet 4l 1979 Livetal 1951
Plapp & Yane 1953, Tsukamoto 149 senrg b
& Tasvlor 1950, Rasvmend e al 1987, Wilson
Thurston 15955

Most atlempts to deseribe the ansmssion pge-
netics nf resistance in .l.:::111|!' lerms have P
unsabistastors . resistanes is seldom inhenied in
stnple Mendehan Fashion Evern when the action
b a simele maor gene 15 ohserved, additional vari-
ation thot cannnl adequately be attriboted to en-
viraonental tactors gsually exists. Althougl anher-
Hance palterns tor pesistance seldom o Shedelin
model they are odten sserilbed simple Mendelisn
utheriance mechanisms with epuebibers sueloos in
compielidy recessive’ [Hoosh & Latbeell TUST
Pavine et al |4k
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araloryv-gene rated !'Pw:lJHLL- sach as e .,ampn-
fication (Mouches el al 1956, the argument wsomes
that laboratory selection precedes genetic analvsis,
Such an assumption 1w not valid when pulveenic
resistance s found o Geld-collected insects Ve,
Limvt al 18511 When polvgenic resistance js ey
ident tnoa wild population, peonctic models thal
meorporate polvgenic elects will predict penelic
change most aecurateh
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Roush & SMoekoneie's (1957 ) caution concerming
mwiferences drawn beom laboratory assessments of
resistanee also pertains o quanlitative genetic es-
timates, Resistance levels measured in the labora-
tory are specilic 1o laboratory conditions and may
suffer from a lack of correspondence with field
resistance, High levels of environmental variation
in feld situations affect the predictive power of i?
estimates because some insects that are genotypi-
callv of low resistance will survive as a result of
environmental factors (ep, large sive, avoidance),
leading to an overestimation of V, in the labora-
tary. However, Housh & Luttrell (1957) note that
such probilems can be minimized with appropriate
experimental design.

Cuantifying Resistanee. I most resistance stud-
ies, individuals are classified as either alive or dead
at a specified time following treatment. However,
resistunce is o continuous variable that interacts
with the environment and 15 quantiliable. Finney
(1971 noted the difficalty of measuring the exact
dose needed to kil different individuals in a pop-
ulation, but alternative methods of quantification
exist, Cohan & Graf (1953) and Holloway (19586)
guantified time to knockdown allowing differen-
tiation between individuals that died immediately
and those that were more tolerant, survived for a
petind of time, then died Waollenbarger et al. (1982)
and Tabashnik & Cushing {1959) quontified resis-
kance variation by comparing percentage mortality
among Lamilies

No standard eriterion for death is used in resis-
tance studies: usually, some portion of the insects
that are classified as dead are actually still alive at
the time of ohservation. A variety of adverse re-
sponses to lreatment with insecticide can be dis
tinguished (e.g., Roush & Wolfenbarger 1953, Lut-
trefl el al 1957, Hoy et al. 1U85) and can be used
as indicators of the tolerance level of individuals
(unpublished data). Other quantifiable parameters
inglude sublethal effects such as reduced fecundity
(Roush & Plapp 18952, Haynes 1885, Hosenbheim &
Hoy 1958) or impaired host-linding and feeding
behavior {(Haynes 1988).

When resistance is quantified, the choices of dose,
type of observation, and observation schedules are
eritical because they determine the shape of the
frequency distribution of 1olerance phenotypes. The
parametric statistics of guantitative genetic anal
yses (e, regression, analvsis of variance [ANO-
VAJ) assume that groups of data are normally dis-
tributed, can be normalized with transformations,
or are assumed to have an underlving normal dis.
ll:il:-!l!llln_ Dll_tl;'i. '|h.|_1_ ares Lo |||.|'_’h :'tltl'l' 1'1"5!1]! in
clumping at the bottom of the distzibution, whereas
low doses conld result in many individuals being
classified] as unaffected and clumping at the upper
partion of the distribwition

Methads

Brevding Dhesign and Calealation of Herigabil-
ity. The complete theoretical background and ex-
act formulas needed Lo estimate gepetic paramelers
are ton lenethy o be given bere and con e found
in Becker (19847 and Falconer (1458}, Other help-
ful sources include Kempthorne (1973), Mather &
links (1977), Bulmer (1980), and Hartd (1988),
Cuantitative genetic methods and analyses are con-
stantly being refined and becoming more sophis-
ticated. While the three hasic methods of estimat-
ing genetic parameters deseribed here are well
established, eurrent literature offers a variety of
refinements and eaveats which are not given in
detail here (Via 1984a.b, 1885, Via & Lande 1885,
Shaw 19587, Groeters 1955),

Quantitative genetic methods are the only means
to obtain estimates of V,, &% and genetic correla-
tions between traits; they sulfer, however, from two
shortcomings. First, estimates of genetic parame-
ters are specific to the conditions under which they
were made (Faleoner 1989), More advanced quan-
titative genetie models thot consider sene-envi-
ronment interactions (Via & Lande 1955, Via 19561
may be helpful in this regard. Via {1986) consid-
ered theoretical implications to resistance changes
in populations that experience simultaneous selec-
tion from multiple insecticides. The second short-
coming is that estimates of guantitative genetic
paramelers usually have large standard errors as-
sociated with them and require lavges sample sizes
to ke meaningful

Mfspring—Parent Regression. In offspring-par-
ent regression, estimation of heritability of toler-
ance s based on the degree of similarily between
parents and their oflspring. Data are grouped into
pairs with tolerance of one offspring (or average
of several offspring) serving as the dependent vari-
able, and tolerance of one parent (or average of
two parents, the midparent) serving as the inde-
pendent variabile. The assumptions of linear regres-
sinn require that both variables be quantitalive |So-
kal & Rohlf 19581). Results from techniques that
violate this assumplion (eg., Im & Gianola 1955)
should be interpreted cautiously, When resistance
is treated as o quantitative trait, estimates of co-
varialion between parents and offspring are pre-
cise.

Virgin animals of any stage are collected from
the natural population and mated to produce the
parent generation that is reared and mated in single
pairs. To obitain an unbiased sample of genotyvpes
and to ensure that susceptible genotvpes are rep-
resented, parents should be mated betore their 10l-
erance phenotvpes are determined. Following ovwi
position, parental Wolerance is measured (from whicls
the mean tolerance level of the population is de-
termined ) and vsed as the independent varalile i
the offspring—parent regression, OHspring are
reared, and offspring tolerance levels are used as
the dependent variable in the regression. When the
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trarts useree CHEp g pate s rewressaon is deseribed
by Becker (L%

Sihling Analvsis. Trosihlig analvas, varkalion
wilhine s hetween famahes ol affspring resalting
from sivghe-puar maliggs o compared | Hollowas
FOs6) Phienoby ple varmtion is parliboned mbn its
envitommental and genetie compoments wilh AN-
OV A and s based en plenotspic covariation wmonyg
mncdivicduals of known relatedness (Faleoner T954%)
Cypicalli wosingle male sired 1w nsed to inseminate
oo o omore bermales cdamyt 10 cach sire mates

witly o singhe cdan, onbe Fall-sshe lermales are pro
dueed, o the et intormietion obilaied s L
tted Tecanse daeens ey aliect the quality of their
offspring inowavs that are ponberitable Fobl sihs
may ceseinble cach other because they expenenced
a e envirornent oeernal el ectd, o dom-

iance effects (17 G Liai

Shitiple tmatings fe sach sine are desieabile so
that both tull amd halr-ssh faoalies are prodoced.
Fammilies are compariced b nested ANOVA darns
withirisires | Thie sire corngaonent ol variation which
-giby farmilies:

restily TTon cnTn R soass ariede
includes culy VY elfvets because nonadditive vari-
phactn 15 reenved swatlo the o component, Te

Ferr surnzticanee nl the sire coamponend carte macde

LISILILE I_J_--:' CHrl Sequiinres of I.|||' {{HTI'I iflecl as |.|II'
error Lerm in the F ratie

arental phenctypes need oot bedetermined be-
e I'i'l'l'!'l...':tlll[l Wi

cinse esganebes of fi0oaned e
baseed on e ol sioatlants among sibilings v ir-
_|_'jt| arrrerials ol anes sl caly bt o olleeted .Il'll'l e
te procluce thie evperinoetal cabort Herabulits
of tolecance dor auy hle stame con he estimated
Estimates of genetic correlatinn lnaween telerance
angl peprocinctive tranks are limited o adult loler-
s Toxieaby testson carler slages w onld kil some
idivadhaals, woulld vielste the assumption o no
selecLion during the experiznent (Becker 5541, and
wernded biras further gemetio estimates,

Production of hali-sibs presents problems Tor
speeies awhoze mating behavior makes 1t dafliealt
ar imposihle to obtan successtul malings from
multiply mated sives Lo speoes that allow only the
production of Tull-sib famalivs, genetic parameters
can b estimated, bt they are less precise because
nonadditive effecls are inclucded e lamily means

Threshold Trait Analvais Wolen indivedials are
T ':Ij:.l'_'l_'|'||ili.l||. uroas

classified] as either resis
deud or alive Tollimaing treatment witls insecticide ),
Testst oo |= |s|'|||-_1 e ate] s Lreshod] teait Lith
tnbbalive

thes aqaprroartate vy perp et design o
genetic paalvee can beoporlornieds Threshold treat
il s oot realized hoeritalal

e prosiches s estin

viinche s boseck on actinal resphinae b selictiog

Fiusrs & Thasps ExTisaaTise Hin

ITABLL Ty s Bss=rn 0 ansd BESE=] & £

Preiiie virn i bal o Lo LEnet grrs b gihid i b ol
Lo Lpvetttimnm oty st fese Lhody essn b i) Bhart |l [*285
Noarinias bog b cort bae gl 1o ghiresbahild
Proiit senalvsis Foerrary ot alo o Bas2 e Walderhe
wee el ol FEas2 0 estinenebed realizod beritalslitg of

resistaicr, ard Torearn o al L B2 innlineetby s
:'|JI|:|I|'r| [ 1T

corzehitionrs Delwesn resistanee Lo
varions nsecticwdes cgenels cross tesstance ) by
cornpaeine correlaied and dioeet responses 1o se
Teclivm, Colan & Coral 19537 usedl a barm ol Fogua
tion 5 Gsee belia o estimate realized heritahilities
{I'.'”n“ul.!l celeetion Tor knockdown pesistance 1o
ethianal fummes (o Drosepehiila melinogaster L. Ta
bashnik & Cushing (P90 deseribed aninnesative
tachmigque vsinge Full-abling analysis to investigale
threshold resistance to benvalerate i Platells oy-
fustetle (L) they estimoted 72 by compuring pee-
centape martaity amome hall-sibs Lamilies

When threshold trast analvals follows selection
experiments, e proportin of resistant i ialy
in the population belare mating God belare -
secticide s applied) s compared with Hhe progpe
ticms ab restsbant sochividhisbs s the weneration slter
el wpplicativn. Hereo estingetes o realized

beritabilite are mnde with Foguation 2

=t {2
where p, represents the mean tolernes levelof 1l
parenls that survived the inseclule appleation
anicd reprodnced, and g orepresents the nean 1ol-
eraniee 1t nest generation Hartl L9551 Beeanse
resistance levels are ol setualle gquantited, o and
woare derived varables Harth el provickes Tor-
ks teedodd to derive g0 hased an the assanmiotun
thiat tolerance plienotypes are oormal b distribiz
ediand p, by providing thear nemenical ceiation-
shap with o measurablie variable: e the propeortion
ol the population that is resistent to the caoperi
rretlul dise.

Hewardless of wliether thiresbioled tranl :II]::'_‘.'.‘:I"- I
Based o beld applications or on laborators selec
Lo, an unbpgsed estinate o popoalation telarange
lewerls o the pasent generation must be soode Ge-
fore selectione Theno resishinee selecbinm is appied
Betore mating hegins be ensure preimating selection
afb Hae reprodielive cobort

Stremth of selection i e experinent s deter-
mined by choiee of isecticide dose. tor which nn
strict prardelines exist. Doses sloald e Bie eoonagh
to ensure that only the more tolerant indivichasls
survive to reprodoce bot wesk encugh o enseee
repracluctive coliort of reasonable size, Ooee e
proportion of the populition that s resisant 1o the
eapenmental dose s determuned, nsecticude s ap-
plied, and pass mabing s allowed o procecd, Te
petuid proportion thal suevive b reprodoes s -
pihy ob mee

srararl anied ol boestimate gane strer

Tevling et Dol s Wohen e nesl vemweration is

prebiced, the prroperticn e indivadals resistont o
the origingl caperimental dose s determnmed al
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oot trastl sy oo Beoited Do gnalvsis o aedull
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peststance beciise ans Ile stiee can be tested, Ta
g pnusl cneser bl rosbime

ool Mot Thireshold Eriil ;l_l'l.jj:\ L3 LN
a babworators snethond oo Lhe easiest to do, regquires
fuir st e et nabiengs, aod can be conducted on
any ke stage, Althoueh genelic correlations be-
bween resistance ad other traits cannol be esti-
mated directly. treshold troait analvsis coupled with
selection experiments has bwo distionet .ulvunruges
it is the only method of the three that can be Lased
on feld experiments: and genetic correlations be-
tween resistance to different insecticides can be
estimuted (Ferruri el al, 1952,

The single-pair matings  in offspring-parent
regression tand threshold trait analvsis as per-
formed by Tabashnik & Cushing [1959]) add com-
plexity to the experimental design, but families of
known parentage provide more precise estimates
of heritability, With offspring-parent regression,
the increased effort provides estimales of geneatic
correlations. Breeding desiecn and statistical anal-
vses are Jess complex than in sibling analvsis, bat
offspring-parent regression requires that two gen-
erations he analveed, and estimales could be biased
by variation between generations Althoush off-
spring-parent regression is limited Lo analysis of
adult tolerance, Tabashndk et al (1955) investigat-
i the relationship between larval and adult resis-
tanee and found strong correlations. Similar lind-
ings could be wsed to support inferences about
herstabilitv of larval wolerance based on toxicity
tests on adults,

Sibling analvsis requires the most complex
brecding design and statistical analvses. Resulting
estimates of f° and genetic correlations are direct
and are not contounded by variation between gen-
eralions. Heritabality of tolerance at any life stage
can be estimated; the limiting fuclor is Lhe necessity
to procduce half-sib families, which may preclude
sibling analvsis for some species,

Risk Predictions Using Heritability Estimates,
Various prediction equations, each specific to a
particular Lype of selection (Fart] 1988, Faleoner
149588), can be used in quantitative genetics, Insec-
ticide application acts as individual selection, also
known as truneation selection. The corresponding
prediction equation is

[ (3)

Here, H {response to selection) is the predicted
change from one generation to the next in the
population mean as a result of selection. S (selection
diflerential) is the mean deviation of the breeding
population from the population mean. 5 is delined
by

S5=u —u (4]

where g s the populilion mean before selection.
A dorm of Equotion 3 was given by Vi {1956) as

change in LI, = YV, /V, 05 (3]

JouasaL OF Ecosonap Ty Wl RGeS

Becanse 1t = spectbe o Ui mesn Wodesanee Jevel

ol drnlivaclualds f s provpantlatLbenge, woee pnpase s ]

Eeplang
chunge i 1 = fi°k (6]
with
S=1T,—7T (7)
where T is the mean twlerance level in the popu-
lation before insecticide application, and T, is the
mexn lolerance of individuals that survive the in-
seclicide to produce the next generation
With an estimate of h* made in the laboratory,
various values of T, can be substituted in Equation
6 1o predict the mean tolerance level in the gen-
eration [ollowing insecticide application. B is then
added to T to predict 77, the population mean in
the next generation {Equation S}

T'=R+T (8)

For either oifspring—parent regression or sibling
anilyvsis, Equations 6 and 8 can be used in al Jeast
two ways Iirsl, predicted responses of the popu-
lation (in terms of future tolerance levels) treated
with insecticide applications of various strengths
can be compared, Combined with infermation
about eéxpected control levels (an estimate of 5,
Lthis approach could be vsed to optimize degree of
control and genetic change in population lolerance
levels, Insecticide applications of reduced strength
reduce selection pressure (Tavior & Georghiou 1952,
Tabashnik & Croft 1952, Koush & McKenzie 1987)
and may delay the establishment of completely
resistant populations, Comparison of the effects of
various levels of selection is made by choosing
groups of parents [rom the data sel Lo represent
survivars of insecticide applications of various
strengths and justaposing the predicted changes in
population tolerance. Second, Fapnation G can be
used Lo predict tolerance levels in the next gen-
eration, alter the eHectiveness of an insecticide ap-
plication las been determined,

Population genetic parameters change with time.
Changes caused by natural processes usually are
stmall enough from one peneration to the next that
estimales of £ and genetic correlation are reliable
for several generations {Falconer 1988, Hart] 1980},
However, insecticide applications that kill a large
proportion ol o pest population mayv alter popu-
lation genetie structure more quickhy. To maximize
accuracy, regardless of the method used, B° of tol-
erance and genetic correlations should be reesti-
mated alter major selection events,

Coneclusions

Cuantitative penetic methods provide a means
Lo estimate Lthe amount of tolerance variation with-
i population that is heritabde, With this knowl-
edee, predictions concerning the evalulion ol re-
sistance within pest pepulations can be relined
These methods sre noigue because they provide

frames YORILE

pslirtates o gee
ane] rilier triels

por Do mnvacher slaesgt !
in popaskation s
poseik by inseclic

Craantitication

_kt_".l.'f..!] :.'Id'\-'q e
a puantitabive vai
with other quanti
be analveed with
cable when incis
ar alive, For exarr
and tolerance ca
nigques (unpublish
test for interactio
temporal toxicits
quantifying resis

A

We thank W. Al
and three anony
an earlier version

Hecker. W, A, 14
Ath e, Acaden
Brown. T. M. & i
selection forins
5L 409-56,
Bulmer. M. G. |
guantitative oo
ford
Cohan. F, M. & 1
in Drosophila
tance 1o ethani
selection for
ans.
Crow. J. F. 195
chemicals. An
Foleoner. TN 5.
genetics. 3nd e
Ferrari. J. Al ©
Logunes, 198
in the mosgui
{supply 100 2
Finmev. T 1. 197
Universily Pre
Georghiow, G. P
fluencing the ¢
Pesticide resist
agement. MNah
Groeters. Fo 11 ]
components o
varianoe in o
Evalution 42
Hallidny, W, K. &
of resislance |
honse mosgqui
mol 78 T62-
Harl, [, 1., 150
Struuer, sad
1938, A prim
navieer, Sucdo
Hovnes, k. I




5 hia G

arge e

EELT N ¥ L R

Lt gaoipanl-
1 F Iy L
vir Ll L

ABBTAlery
Eaguiation
i the wiene-
s Lheer
HUR RN R |

B

prskhling
jn al Jesant
Heer prapru-
s breated
strenreths
STl po
ale of &
T TEe
tliranice
slrerigl e
1yt
A TERR S
mtprlested s

eitects ol

! I||"|_'||t|'_'
e T

VAT iuhs
LTI Es 11
i opan b
[TEA A e

1
ol apr

vith L
tally are
et thiat
= reliatle
it 1,
Hoa large
(a3 rl{?i]l]-
TAXIITI e
heal eal-
treestl-

R RTEHT T
HETFRRCS T
b -
ool Fie-
[REVHTRS

RIS

irne R Friowyr o Flayrs FsTives s, ik

thiali e b ecernelaliog s L Ly Tealprar e

_-:ni..l--- (RS |l bl przgetven i [rEe i Lie
L b e et TE e I-.-.'||!\|.-|'|'l.i|l| clairies
e gt eivrarraes lodlwonsge selectoa -
prrsesd 1 Tises | e apgshin e

Larpatilitivan A resislatne o s icredes b

seveeral ol anibasess WY L respstanice 1 Lresiboes s

IR R AR S B R TR TR TR SYR ATRIRRA Ir'|;|||I|||_\|=_|]|
woilbyesthien spi e el e e Lo e el e e
boeanmnahs reed bl Govaricty al statistees not appli-
cabde when anchividoals are seored as eubier dead
oralive o esarples relatienshipe Delaween s
amd tederance can be aiadveed by reeression tech-
nicgues bangazbilished dara s ANONVA can be used 1o
Lersf Edor mterac ions h|'11-.1r|-|| -;]||_\|' ;|.r||1 wr_:|5_‘||;.[_ iII'HJ
terputal Loseily patterns con be investigated by
crdntid v ine resistance 4t tine intervals

e koo ledgment

Woethuank W Meredizh, B Tubashnik, | Schoeider,
e thirer ervmens reviewers dor their cionnnenls nn

Wit esarhier wersin of s sl

Belerenees Cited

Beeker, W A0 198 Nl o i nbilive wepeties,
broeedd Seadernse, Pollman, Aash
ML & GO Pasees T9BIL Espernuanental

ararsectivule ressstanee | Boon Entonal

B
sefe L
s JH=35
Bobrers M0 G0 1), The mathematioal teeses ol
it genetbies, Ubdogsdd 1 maversals Press, Uy

[N

il

Cohano FooML &0 L berale PRS0 Latitudioa! clie

o el weedanasasiter tor knock e resny

tanee tooellaaol boarmes o bor

rales ob response Lo

sedeclten Lor pbarther resistatee Fyalictmn 38 275

245

Ceowno 10 Fo ST, Leetittios of insect resislange o
Cheniiicds. Annin Hed Brtonol 20 335-2000n

Faleaner, 10, = TOEY . Trroducbien Loospaantsbatiwe
penstis b e Loogman, dew York

boberarghion &AL

Ferrnei Jo & 4 BT
Loguncs: 1R selection with sevesal inscoticndes
i b rmesgualo Cndex guamguefascoigius. Ceenetics
cauppal Lo 2y-ag

Finnes, Lh ). 1971, Frolal HE{EN IS Qeal el ':_:.||r||)1|||!¢|'
Lniversits Prss, London,

Georghooo, G, P& 1 B Tavier, DG, Factors in-
fucrcne thee esoluton ol resislannce, P 1BT= L3 T
Pesticude resistunee: stratepies and tactios for man-
agerment. Sational Academs . Washington, [0

Groeter=, F, L, T9RA. |§r-|..|!3r|||:.'hiE| bretween alserved
COIToanely of yvariance anvel Ccausal l'."'."'lll.]'.‘""r“."ll': of
vt o split-lamily, ladb-sily, full-sibe analvsis
Faodution -2 631-633

Haollidas . Wl & GO 0% Georehiow,  TYES, Inberitanee
ol resistanee b permethron and 2307 mthe southern
Biowases mosepuite IRl Calicndae) | Eoen Foto
ol Tw ThE THET

Hawelo 1010 1080, Friveiples o propilate menetios
Stnaer, suocleelim], Neass

PRBE. o praner al popuilatsn genebios Dnd ed S
nauer urderbind, Sl

Huynes, B, Fooo1aa Sablidethad ol of aenstay

avlor. (oo 1

vl [ A ST I AR L T
1o ' h KT Hr £
Hollvewss 10 1 | RS Y otuenr L T TRTH REE] PO
LETCER I P O AT QNI S TN e ra
STOI G ] T et s 0 T kol arel
e amin w TR T AT PR YT O IR SY S 1 [t

Lepa € oemiweraagan B Latoanod ek T s =670
Haov, M A Lo enbes & W Wabiasieen, | WHN.

Bt anel Terldnataton-on e tesmtubee in [EATREAL

wer e A Bt ddnda - slabddity ek ol
ol inswritieee | Fooe Entemol S50 37-64

S. 8 T Ginneeli, THHE CMbsonine—parent regres-
s Lora bitacy trad Thear appd Genet, 750 7260-

=
[t

Jensen, M. P Lo A Cromder & T, F. Wageon., 14953,
Selection dor permethon sesstanee in the haoea
Bidwern (Lepedopters. Sectuwdap) | Bean Ento-
el TV bAUR- 4]

Beempthorne, 00 POTE An antnsbiuction b wenetie
statishics Wil New York

Lande, B P2, % guanbitalis e gentic theoey ol life
histarsy evalution Eooloes BE00 607115

Tawee M=% Yool Teene & =% =un LHLEL, [ha-
msndback matle resesia
cthionds | Fean Eotomol 540 3405306

Luotteedl, B0 6o BLE, Honshe A AR, L~ Mink. 3. 15
Blenl & feo [ Snoderases PWIET Pyveothieoi] reses
funietr e feelel populatiors of fefiothin ey L
iloptera Soctiadar i Nissssrppn an SRS | B
ERTIETe T B T TR N S S

Mother, o & ). Lo Jinks: 19770 Ancintrodeclion o
bt rieal e tiea, Ulaengdl L Baversty Press, Mliaca,
|

Martenew-Caril b 10L& 1L 1 Hewnalads, o T9HS, . The

agger amertaliey stidicos woeh poretlroods ol atlier in

et sk s nthieti -

secbleldes oo the tebucen bodwonn o Lepdopena
Moectininlee ! brome th Liperid Vadley € abitorng |
Fonn Tntormal T G5-0kh

Mav, I 3L & AL 1% Dabheon. P, Population oy -

arnigen winl Lhe raie of evohation of pesticiede ress

e, pp FT0=10G T Peaticinds resmbimnoe siniateis
aned tactics dor maeigesnent  Satonel A
MWoashingten, 130
Mewvers BoAL G B Georghion & 3L R Mo les, 1957,
ritieth-

Fiewaer 1y CENgbea Muscichae reststane b
ritc o sonthern Calitorniig dames. | Fean, Fatennal
bt BE R e T

Maovehes, (o % Paseor. |0 B Beege, O Iveien, .
Basmand, B L T =i Yioeeato Mo De Silyestri
ol B Georghaouvi,  TWHEL, Ay Bfpcntion of an
esterase peie boresponsble for eeclivide resistanes

oo Califormin Coler musginto Sciense 235 775
Thid

Pavae, fo. T I8 G Blenk & T. M. Brown, 1988
Inberitunce of permethon resistatee de e obaceo
Imdworm | Lepidopters, doctuidacl [ Eeon Ento
mal 511106573

Plapp. F. W, Jr. 1976, Fwchemival genctios of e
secticide resistance. Ano Res Entomel 2101
a7

FO8R6. Cenelies wnd Teoebemsstog of mseetioade resie-

Laned e artbirogasds prosgaects tar the laluze, p 7--
5B I Pesticiede resistance strateeies sod tacties for
raeagrernent Sational Scademy Washioneon, 136

Phapp, T, W &7, G Moanp. FYUES Leenietie oricins ol

B I I G i 2T

LTTRIE]

1EebC e resas i 1
AT fAiabe feds | Pest resistanee ocpesbcetes, Plenns
S Yok

Flage, 10 W o dee 00 10 Brosnone & B L H Shaye




G54 [oias AL OF Ecomsosie ExTonm

1979 Aralvsis arl vt ol deseinpmient of lnsec-
trcide resistwnee based oo smmlation of & eepelie
mslel. aironn Fntormod. > 44d=30

Raymond. M. >, Pastear & (2. 15 Leenrghon.  TUHET,
Inheritance ol chlorinridos resistapee i Culer 1
prieres o iDNpera Coulicadar aond estimatini o 1l
simtbier ol wemes involsed Fleredity 54 3135k

Hocenbeim. Jo AL & Mo A Hos. TY9AR, Subileting effeers
ol pesticides on the purasilond Aphite smelinas (] Iy-
menoptern: Aplelinidue). | Evon, Entamol, 51 456
4nd

Huush., B T, & B. AL Crofn, 19446, Experimental pop-
wlation genetics and ecological studies of pesticide
resislanicr in insects and mites, pp 237-270. n Pes-
ticide resistance: strategies and tactics for manage-
ment. National Academy, Washington, .0

Houwsh, B, T & I G Lourell. P87, The phenatypic
expression of pyrethroid resistance in Heliothis and
implications for resistance management, pp. 220-224,
T 1987 Proceedings, Beltwide Cottan Production Re-
search Conferences, National Cotton Counetl. Mem-
phis, Tenn

Hoosh. . T. & J. A, MeRKenzie. 1987, Ecological
genetics of insecticide and aceriesde resistance. Annu
Hew. Entomol, 522 362-350.

Roush. 0. T. & F. W. Plapp, Jr. 1982, Biochemics
genetics of resistance Lo aryl carbamale insecticides
in the predaceous mite, Metaseinlus occidenialis 1
Econ. Entomol. 75: 304-307

Housh. R, T. & ). A. Wolfenbarger, 1985, Inheri-
tunice of methomyl resistance in the tobaces bud-
worm [Lepidopters: Noctuidue), | Ecor. Entomal
TH 10201023

RHoush. I T.. R, L. Comhs, T. . Handolph, J.
Maclhinald & J. A, Howkins. 1986, Inheritance
and elfective dominance of pyrethroid resistance in
the harn Oy (Diptera: Muscidae), I. Econ. Enlowmol.
THO11T7=11582

Schouest. Lo I Je & T. AL Miller.  [988, Factors
influencing pyrethroid toxieity in pink ballworm
| Lepidopters: Gelechiidae): implications for resis-
tance management. | Econ. Entomol, S1{2): 431-
4343

Shaw. R G, 1987, Masimum-likelibood appiraaches
applied o guantitative genetics of natural popula-
tivns. Evelution 41: 512-826

Sokal. R, R, & F_ J. Holill. 1981, Riometry, 2nd ed
Freeman, Sun Francisco,

Strickberger, M. W, 1976, Geneltics, 2nd ed
Maehfillan, New York.

Taboshnik, B. E. 1986, Computer simulation asa tool
for pesticide resistance management, pp, 194-206. In
Pesticide resistunce: strategies and tactics for man-
agement. National Avademy, Washington, D.C

1987, Computer-aided management of insecticide re-
sislance, pp, 215-215. In 1687 Proceedings, Beltwide
Lotton Production Research Conferences, MNational
Cotton Council, Memphis, Tenn,

Tabashmik. 15 b & 15 4. Grotic 19H2 arasing

prestieide rrss bt b r e PRI FOTE ) T i s s T
Leract s dmd sy Belownthoa s utieh A prefal et Bt
Enviren Frtsnnd 7 e |

Tabashnik. . E. & %, L Cushine,  1UH9. Chpanititative

Bl dabsath s ol insecticine resisbanive sariataesi i

temvaderite foleranoe v o dismonedback petl Lep-
idapterar Plutellidae populateny, | Evog Entomel
52 o-1ih

Tabashnik, B, E.. M. D. Hethwisch & M, W, Johnson,
PORA.  Variatlon in adult mortality and knockdown
caused by insecticides among populations of dia-
mondback moth (Lepidoptera: Plutellidse), | Econ
Entomol. 81: 437441+

Tayler, C. E. 1983, Evolution of resistance to insce-
ticides: the role of mathematicnl models and com-
puter simulations, pp. 169-173 In G. P Georghiou
& T, Saito [eds. ). Pest resistance to pesticides. Plenum,
New York

Taylor. C. E. & G, P, Georghiow, 1982, Influence of
pesticide persistence in evolution of resstanee. En-
viron, Emtomal. 11: T46-7350

Tsukamoro, M. 1983, Methods of geoetic analveis of
insectictde resistance, pp T1-U% fn G P Caparghioy
& T. baito [eds.], Pest resistanice to pesticides Flenum,
New York

Via, 8. 1984a. The quantitative penotics af polvphags
in an iosect berbivore, | Genotyvpe-enviranment in-
teraction in larval performance on dilferent host plint
species. Evolution 3540 541-8593

1984b. The quantitative genetics of polsphagy in an
insect herbivare. [L Genetic correlations in larval pet-
formance within and among host plants. Evelution
A504 ) Bha-805

1986, Quantitative genetic models and the evalution
of pesticide resistance, pp. 222-233. Pesticide resic
tance; strategies and tactics [or management. M-
{ional Academy, Washington, DLC

1988, Estimating varfance camponents: reply to Groe-
ters, Evolution 42 G33-654

Vin. 5. & H. Lande, 1985, Genatvpe-envirenment
interaction and the evolution of phenoty pic plastic ity
Evolution 39: 505-523,

Whitten, C. J. 1978, Inhertance of methivi parathion
resistance in tobaceo budworm larvae. | Ecan. Ento.
mol. T1: 871474

Wilson, T, G. & ], Thursron. 1988, Genetic variation
for I!:I1|’.'111J.'l[:|fl:f!uﬁ reststance - Dyasephila mlr_llanngu_.‘.
ter. | Insect Fhysiol, 34: 505-305

Walfenbarger, T1. AL, ). H. Raulston. 4. C. Bartlew, (G,
E. Donaldson & I". P. Lopes. 1982, Tobaeco bud-
worm: selection for resistance (o methy] parathion
from a feld collected strain. ). Econ. Entamal. 75
211-2)5,

feceived for publication 12 fune 1959, accepted 30
October 15988,

Genetic Ax
Mites and

ABSTRACT
resistance is
gene. Noext
Some incam
Found in the
Betwesn 1the
than one ge
orchards ar
resistance fc

KEY WORI

ACARICIDES are wide
development of resist
reported by Compto
stances of pesticide oo
sinee inereased in i
In addition, the devei
diticult and expensi
pesticide resistance of
tasks in pest control
aging spider mite resis
been developed, A mu
propargite-resistant s
was developed and ha
feld { Rennehy et al.
LO87 ).

In developing and
agement strategies, in:
vies of resistant pests
cological investigation.
o ecological studies o
and for evaluation of
present in feld popul
investigations of acari
in California almond
Keena & Granett (195
Haoy el al. {1955), Ho.
genetic analysis of pro
yohus pacificus MeGr
and methods) and e
resistance under gree

Here, we describe
tance of propurgite n
T. urticae collected |
chards We discuss th

P Cwerent address Center |
Farest Toseets and Diseases

Bd.. Hamden, Conn, 06514




