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IRTRODUCTION

The World Health Organizationts Expert Committee on Insecticides
defines insecticide resistance as “the development of an ability in a
strain of insects to tolerate doses of toxicants which would prove
lethal to the majority of individuals in a normal population of the same
species,® (1956).

Acknowledged insecticide resistance antedates ths present by some
sixty years, but this phenomenon has not been accorded great emphasis
until recent years. MNew heights of insect control were achieved in the
immediate post World War II years through the use of the then recently
discovered organic insectiocides. These gains ware threatened, however,
by the rapid appearance of resistance in many insects, One may recall
the praise with which DDT was halled as it came into widespread use,.
Some observers rashly predicted that because of the effectiveness of DDT
our insect problems were at an end. That this was not t0 be realized
soon became apparent, for some insect strains began to show an ability to
survive dosages of this insecticide which formerly would have kdlled the
majority of them. This experience has since been repeated widely with
many of our most effective insecticides: Seemingly, insecticide resiste
ance resulted principally from artifical selection (the incompletely
effective control measures), and it was inheritable. The genetic mech-
anisms have not been fully explored, yet it is presumabls that an underw
standing of them will aid in mitigating the difficulties encountered in

control of resistant insects,



The gamma isomer of bensene hexachleride, now known as lindane, was
discovered to have outstanding insecticidal properties in 3.9&5 « It has
besn in extensive use as an insecticide for only ten years, yet numerous
insect species have developed resistance to it. Through laboratory
selection the German cockroach, Blattella germanica (L.), seemingly has
develaped resistance to lindane (unpublished data, Virginila Agricultural
Experiment Station). Groups of roaches were treated with dosages .of
lindane which killed 75 to 90 percent of thems By inbreeding the survie
vors of such treatment through approximately 25 successive gsaerations
(during a period of eight years) there was developed a strain of roaches
8.8 to 17.7 times as resistant as the original stock. Seversl questions
were formalated at the inception of this investigation, the anawers to
which it was thought would reveal the nature of the inheritance mechanism,
These were as follows:

a) 1Is lindane resistance sexwlinked, or sutosomal?

b) If lindane resistance is autosomal, is it dependent upon a single
gene or a small group of major genes, or is it dependsnt upon &
system of multiple genss having minor effect individually?

¢) Is the resistant strain homozygous for rssistance?

d) wWill lindane resistance decrease rapidly in the absence of selec=-
tion? |

The experiments were designed to supply answers to these queations.

The sbudy to be reported here was a contimuation of similar research
in the Entomology Section of the Agricultural Experiment Station, Virginia
Polytechnie Institute, amm»m. Previous investigators have interpreted



the inheritance mechanisus of DDT resistance, and of chlordane resiste
ance in the German cockroach., Appropriate comparisons will be drawn
among the conclusions of the earlier investigators and the yesults of
this study.



REVIEW OF LITERATURE

Although Smith (1897) cbserved some evidence of resistance to an
insecticide, the inheritance of such registance was first considered by
Melander (191h) who reported positive evidence for this phenomenon in
the San Jose scale, Aspidiotus perniciosus Comstock, It is significant
that Melander found no cause for alarm in speculations that "totally
immine® insects would result ultimately from contrel operations. He

concluded that although there were resistant survivors of annual spraying
operations their subsegquent inbreeding with non-resistant survivors would
serve go to dilute the strains as Yo make them at least partially suscepe
tibles

The existence of certain conditions apparently favors development of

resistance of an insect to a toxicant. These are as followss

a) A portion of the insect population mist survive the insecticidal
treatuent,

b) Diminution of insecticide residues to the point where they are
sublethal to insect populationsy this permits the sclection process
to begome operative,

¢) Sustained exposure to the insecticide through successive generw
ations of the insect.

d) Increased concentrations of insecticide to correspond with the
rise of resistance in an insect population.

e) High reproductive potential and/or a rapid rate of development in
the insect species.



Quayle (1943) suggested that the genes responsible for the inherite
ance of resistance either were present in the insect population at the
inception of treatment, or originated by mutation during treatment. The
former explanation is generally accepted, there being little or no evie
dence of insecticides possessing mtagenic properties (Plelou, 19523 WHO,
19563 Crow, 1957)s TYust ot al. (1943) have also published findings in
accord with this; a noneresistant sirain of California red scals,
Aonidiella aurantii (Maskell), was found by these investigators to

possess the hereditary potentiality for resistance. Results which agree
with these have since been reported with respect to many other insect
species, and in widely separated localities.

The rate at which insecticide resistance increases after its appear-
ance is important to the entomologist. Melandex's report (191L) of
resistant San Jose! scales indicated that the use of lime-sulphur as a
control measure had been in effect for at least six years at the time
unsatisfactory results first were noted. According to Quayle (1943), as
early as 1912 citrus growers in the vicinity of Corona, California,
obtained unsatisfactory results from fumigation of Aonidiella aurantii
with hydrogen cyanide. From 1915 to 1922 Quayle fumigated scglz—»infesbed
fruit from this and other localities simultaneously, and he found the
Corona red scales to be especially resistant., Woglum (1925) reported that
satisfactory control of red scale was not obtained in 1918 with twice the

dosage which had thoroughly controlled the insect in 1907. In other areas,
however, the scale was controlled by fumigation almost as easily in 1924
as it had been in 1909. Bruce and Decker (1950) found the aequisition of



DDT resistance in the house fly, Husca domestica L., to be gradual

through the first few generations of selection. PFrovided selection was
contimed, however, the resistance increased more repldly in later gen-
erations. Roadhouse (1953) discovered that house fly resistance to DDT
in the field was almays iraceable t0 several seasons' use of the insegw
ticide. Resistance of a strain of Blattellas germanica to DDT was reported
by Grayson (19%4) to have increased as much as 7.8 times at 1LD-90 after
seven generations of aselection; whereas a strain of B. germanica simul-
taneously undsrgoing selection with lindane showed 1little increase in
resistance, Two disiinct strains of highly resistant Drosophila

melanogaster Meigen were developed by King (195h) who had treated them
for twenty generations with a DDT aerosol.

The inheritance mechanisms for insecticlde registance have long been
the subjeel of investigation. ZEarly in this work the possibvllity of
autosomal inheritance, as opposed to sex-linked inheritance, came under
serutiny. Dickson (1941) concluded that the resistance of A. aurantii
to hydrogen cyanide was inherited as a simple sex~linked characteristic.
Quayle (1943), and Yust et al. (1943) agreed with this analysis, Cochran
et al. (1952) found that resistance to DDT in the German cockroach is not
inherited as a simple sex~linked factor, although it was thought that some
sex linkage was involved in the chrompsomal component of the inheritance
mechanisme Pimentel et al. (1954}, working with a DDT-resistant strain
of house fly, reported that although the female parent seecmingly influe
enced the resistance of the progeny more than did the male parent, there

wag no involvement of gex-linkage.



The involvement of cytoplammic factors for inheritance of resigste
anco have been reported by Cochran et al. (1952) in the German cockroach,
and Johnston gt al. (195h) in the house fly, Crow (1957) has pointed cut
that the results in the Corman cocitroach could also be aexplained as dus
to maternal factors, and he found that the conelusions reportsd by
Johnston et als could not be correlated with thelr data, Therefors, thers
seams to ba no proven instance of cytoplasmic inheritancs of insecticide
resistance,

In contrast to these few reports of sex-linked resistance, and possible
maternally affected resistance, there stand the many accounts of resiste
ance explalnable upon the basis of autosomal inheritance, Investigators
of autosomally inheritsd insecticide resistancs have been most concerned
with determining whether such inhsritance is mono-factorial or multie
factorial. Hough (1928) made reciprocal crosses between a Colorado strain
of codling moth, Carpocapsa pomonella (I.) resistant to lead arsenats, and
a Virginis sirein susceptible to this toxicant, The Fl progeny of the
crogses were intermediate to thelr parenis with respect to their ability
to enter sprayed fiuit. Drown (1951) interpreted this %o indicate that
inheritance of the trait wes autosomal and multi-factorial. Hari'iwn {1951)
pogbulated that the resistance to UDT shown by house flies with vhich she
worked was recesalve and mono-factoriale These conclusions were based upon
the survival after treatment of 1/L of the Fp progeny of reciprocal
crosses, and upon a survivalemortality ratlo of 1:l among the progeny of
backcrosses. Harrison later (1953) altered these eonclusions upon discove
ering thal the resistance originally reported was with respect to temporary



paralysis, not mortality; the true resistance was found to be multi-
factorial., An investigation by King (195h), of D. melanogaster resiste

ant %o DDT showed that the inheritance of this charmcteristic was expressed
in a complex polygenic, or multi-factorial, system. As evidence of this,
King cited his finding that selsction of the flies at a low level of in-
tensity, i.e., LD=5D, was as effective as Belection at the high level of
ID«95, He adduced that this indicated the necessity of maintaining a
high degree of genetic variability during selection. In his opinion
selection would have been much more rapid at an LD«95 had there been pres
ent one or two genes of major effect. FEven more indicative of the pres
ence of numerous genes affecting resistance were the results King (1954)
obtained upon crossing two resistant lines. The resistance of ﬂxe 3
progeny was not significantly different from that of the parents, however,
the Fy showed & sharp drop in resistance and a much greater range of
variation. Openocorth and Dresden (1953), Bochnig (1954), and Crow (19%4),
also found the inheritance of DDTeresistance in Dresophila to be vested
in a polygenic system. In the (erman cockroach resistance to chlordane
has been shown to be multi-factorial and autosomal (Grayson et al., 1956;
Jarvis et al., 1957), while resistance to DDT 1s more complex but is
largely autosomal and perhaps multi-factorial (Cochran et al., 1953).
Maelser and Kirk (1953) found DDTeresistance in the "Illinois" strain
of the house fly to be dependent upon two genetic mechanisms. The ®"weak"
sub-strain possessed a comparatively low resistance which was multie
factorial., Flies of this group were found to be not nearly as resistant
as those of the "strong* sub-strain., The latter seemingly possessed a



gingle dominant gene for resistance superimposed upon the constitution

of the "weak" typs. Lichtwardt et al. (1956), investigating the inher-
itance of DDT resistance in the house fly, demonstrated the presence of a
single autosomal dominant gene. Their resulis agreed essentially with
those of Maelwer and Kirk., The greatest refinements in anslyses of
resistance have been possible with D. mlamgg ster because of the exten-
sive knowledge of its genctics. Tasukamoto and Ogakl (1953), and Ogaki
and Teukamoto (1953) found that DDTwresistance in Droscphila is assign-
able to a single gene, or group of closely linked gemes on chromosome Il.
Further, the gene or genes were found to be located ncar the vestigial
gena, and to be responsible for BHCeresistance, Later Tsukamoto (1955),
reported that nicotine sulfate resistance in Drosophila may be controlled
by a main factor on the third chromosome modified by genes (enhancers) on
other chromosomes. More recently Tsukamoto and Hiroyoshi (1956) found
that nicotine sulfete resistance was dependent upon incompletely dominant
genes., Further, these workers reported the loci for such resistance
genes in two strains of Drosophila.

Thus there are numerous records of autosomal inheritance of resist-
ance, and although in most instances a complex of genes is concerned,
there have boen reports of resistance determined by relatively few genes
or even a single gene.

The entamologist is interested in determining the length of time
neceasary to establish resistance under normal control procedures, and
in determining the hereditary mechanisms of resistance. He is interested
also in the rate at which such resistance will decline when the selsctive
agent is withdrawn. According to King (1954) a directional change in the
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frequency of a genetic element requires compensatory changes in the
frequencles of others. Thereby a new equilibrium is established, but
quite often the new equilibrium is unstable; thus it tends to return to
the old one when the foree produecing the directional change is removed.
Lerner (1954) calls this phenomenon "genetic homeostasis®, whereas,
Waddington (1953) prefers to call it "normalizing selection." In this
respect Bruce and Decker (1950) found a DDTeresistant strain of house fly
developed in the laboratory to be capable of retaining its level of resiste
ance for 30 generations in the absence of selection. However, another DDT=
resistant strain of house fly was reported by Pimentel et al. (1954) to
have declined to normal susceptibility in 20 gemerations, and Keiding
(1953) records the loss of resistance in a DDTwepresistant strain in one
year. Crow (1954) noted no decrease in resistance in DDTeresistant
Drosophila after thres years during which there was no contact with the
toxicant, The California red scale maintains resistance to hydrogen
cyanide after more than 150 generationsj this period i1s equivalent to more
than LO years in the natural state (ﬁat&alf, 1955)« dJohnston et al. (1954)
nave attributed to "Dauer modification” the loss of resistance to DDT in
house flies after nine generations. Dauer modification is defined as a
cytoplaamic change induced by an environmental factor which decreases in
penetrance and expressivity in succeeding generations in the absence of
the inducing stimulus. This interpretation has bsen questioned by Jarvis
(1956a), by Grayson and Cochran (1955), and by Crow (1957).

These results indicate that the ability to retain resistance in the
absence of selection may vary within broad limits. Not only is this found
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to be true when comparisons are made among the severel specles of
resistant insects, but it is true of the various resistant strains
developed within a given insect specles. Such wariations are perhaps
attributable in laboratory-developed resistance to the varlety of teche
nigues used in culturing and selecting, as well as testing the resiste
ance of streins. In the field wide differences might emanate from varw
jations in insecticldal treatment, particularly with respect to concene
tration of toxlcant applied, and number of applications prior to inves-
tigation of developed resistance. The World Health Organisation (1956)
urges as essentlal to investigations of this problem the sdoption of
standerds for evaluating resistance,
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THE INVESTIGATION

I. Gulturing of Cockroaches

Mass matings: 1In each of the one-gallon glass battery jars used as
a rearing chamber thers were placed aspproximately 60 pairs of adult cocke
roaches. In order to accommnodate such a large number of insects in each
jar elght tiers of 1/8-inch masonite were arranged. The individual
squares of masonite were supported and separated by staples partially
imbedded in theiy undersurfaces. Escape of the roaches was prevented by
the application of & thin film of petroleum Jjelly about two inches wide
on the inside rim of the jar. Finally, the jar was capped with a square
of cheesecloth secursed by two rubber bands. Usually two jars of breeders
wera employed in each strain to produce the next generation.

Dry dog food was strewn in the bottom of each jar to give the insects
free access to it. Water was continuously available in a Petrli dish
placed upon the uppermost tlier of masonite. ‘

While yet in the nymphal stages the progeny in each jar were trans-
ferred to four-gallon agquaria. In these chambers additional surface was
provided by the incluslon of six to eight pleces of masonite measuring
7 x 8 inches, and supported by staples. Food and water were placed upon
the uppermost tier. Each aquarium was closed with a close-fitting wooden
cover in which there was a screened opening b 3/L x 8 3/4 inches.

Except for the time devoted to caging and treating the cockroaches,
the cultures were maintained in a walle~dn cabinet at a temperature of
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30° ¢, and a relative humidity of 55 per cent. Humldity was controlled
by a commercial humidifier operating on & humidistat, An clectrical
heater under thermostatic control was employed for temperature regulation;
a cooling device was found unnecessary because the cabinet operated at a
temperature considerably above the surrounding room temperature, Gircu-
lation of air within the cabinet was accomplished with a continwusly
operating fan,

Pair w: In each one-quart glass jar used as a rearing chamber
was placed g singls pair of adult cockroaches, Copper screen wire was
folded and placed in each jar ite provide greater suorface, and a smell
quantity of dried dog ration was scatitered in the bottom of the rearing
Jar. Water was provided in a metal salve box held within folds at the top
of the screenwire. The roaches were prevented from escaping by the
application of a thin film of petroleum jelly within the inner rim of the
Jar. Each jar was then capped with a square of cheesecloth fastensd with
rubber bands.

To facilitate handling the Jars, they were placed in wooden trays
with slatied bottoms. Each of the trays had & capacity of twelve jars,
and the dimensions were such that each fitted reaaily the shelves in the
congtant termperature~humidity rcom. The slatted bottoms of the trays
allowed free clreulation of alr about the jaras.

Socn after nymphs were noted in a given jar the adults were removed
to a new jar. By thie measure il was possible to rear for separate teste
ing the progeny from successive egg cases produced by the females.

II. Toxicological Procedure:
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Adult cockroaches not more than ten days in age were used in the
toxicity tests. These were aspirated into s¢reen wire cages which were
then stoppered and laid aside until time for treatment. vsualiy groups
of twenty to thirty rvaches were so treated from the mass matings,
whereas groups of five to fourteen were treated from the pair matings.
Hales and females were trsated separately.

A stock solution of one gram of lindane dissolved in 250 ml. of
acetone was prepared for treating the cockroaches. At the time of teste
ing the cockroaches the desired concentrations of insecticide were
formalated by volumetric measurement from the stock solution., For each
concentration additional scetone according to a pre~determined schedule
was added to facilitate suspension of the lindanej the percentage of
acetone in the formalaticns ranged from 3 to 13 per cent in accord with
an increase in concentration of the toxicant,

Application of the insecticide was achleved by immersing the cages
of roaches in the proper dosage of insecticide at 30° ¢, for twenty
seconds. The caged roaches were returnoed to the constant temperature-
hunidity room where they remained for one aour. The insects wers then
x@laasad in recovery Jjars in which food and water were available, lor-
tality counts were made on the fourth day following treatment.

A roach incapable of normal locomotion was considered dead, for it
was found that this condition preceded death.

111, Genetic Techniguet
At the outset determinations were made of the toxicity of lindane to

the resigtant and non-registant strains of cockroaches,
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Reciprocal crosses between resistant and non-resistant strain were
then made, Virgin females were isolated for these crosses, Both the Fy
and the Fp progeny of these pairings were treated to determine their
order of resistance to lindane.

For purposes of identification the progeny of the resistant females
crossed with the non-resistant males were deaignaﬁéd UAR strain; whereas,
the progeny of the resistant males crossed with nonw~resistant females
were designated “B" strain. Backcrosses were made between Fy male progeny
of the reciprocal crosses, and virgin females of the resistant and the
non-resistant strains as followss

a) "A" mgles x Resistant fomales

b} ®AY males x Non-resistant femmles

¢} "B" males x Resistant females

d) “BY males x Nonwresistant females

Although it would have been desirable to make backerosses using
femals as well as male progeny of the reciprocal crosses, limitations of
time made this impossible.

Immediately following the determination of level of resistance in
the lindane-resistant strain, a group of breeders was segregated from that
strain. This strain, designated "Belection Discontinmued®, was then reared
in the absence of exposure to lindane., As each generation of this stock
natured the members were treated to determine its level of resistance,

For the palr matings, individual pairs of males and virgin fenales
were segregabted from resistant and non-resistant strains. As the progeny

from each egg case matured they were removed for treatment.



Iv., Statistical Procedure:

The data obtailned by treating the warious strains of cockroaches at
various concentrations of lindane were plotted on logarithmic-probability
paper, and regression lines were fitted to the points by the method of
least squares (Bliss, 1935). Four to six points were plotted to establish
sach line., For each dosage of insecticide 100 to 200 insects were used,
and the tests were replicated three %o six times.

Ninety-five per cent fiducial limits were determined for any lines
with positions and slopes which indicated that they may have been derived
from genetically similar populations.

These methods were not feasible for the data obtained from the treat-
ment of progeny of palr matinzs, however, so an "index of resistance" was
calculated for the male and femals progeny of each parentel pair. The
index figure is the sum of the products obtained by multiplying the
reciprocal of each concentration of insecticide by the corresponding
mortality in decimal form. A8 a resuli, the greater the rosistance the
smaller the index numeral, and, conversely, the lower the resistance the
larger the index value.
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RESULTS

Pigures 1 through 15 present, in the form of regression lines, the
results from testing the progeny of the various strains and crosses. The
regression lines for the parental strainsz are shown in figure 1.

The Fl progeny of reciprocal crosses between resistant and noneresiste
ant cockroaches were intermediate to their parents with respect to resiste
ance (figures 2 and 3).

The Py progeny of the cross between the resistant females and non=
resistant males (A strain) were much more resistant than were their parents
(figure L)« Surprisingly, the resistance of these Fp progeny approaches
closely that of the resistant parents. Differing significantly from the
foregoing were the results (figure 5) obtained by testing the Fp progeny
of the cross between noneresistant females and resistant males (B strain).
The males showed a wider range of resistance than did the parent malesj
whereas, the females showed a slightly greater range of resistance than
did their female parents, but this did not a:proach that shown in the males.

A backcross of A strain males to resistant females (hereinafter
designated as A-R) produced F, progeny which were intermediate to the
parents (figure 6). The males and femnales of the Fy demonstrate & slightly
greater range of variation than the parents.

When the Fy progeny of A=-R were inbred to produce an Fg, the males of
this gensration were found to be less resistant than were the Fj (figure 7)..
The decreased slope indicated that Lhey were slightly less homogeneous in
this respects In contrast to this, the females were more homogeneous in
the Fp in spite of having become slightly less resistant than the Fj females,
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Figure 8 presents the results of crossing 4 strain males to non=
resistant females (A-NR). The male and female progeny were much less
homogeneous than the parents. The F, progeny obtained from inbreeding
the A-NR strain showed no significant differecnce from the Py (figure 9).

Backorossing of B strain males to resistant femles produced F; males
and females which were intermediate to, but slightly more heterogensous
than, the parents (figure 10), Inbreeding of these B-R progeny produced
males which were essentially the same as their male parents with respect
to resistance, However, the female progeny were a much more homogeneous
group in this respect while showing much the same ID-5D value as that of
the female parent (figure 1l).

Flgure 12 presents the results of backerossing B strain Py males to
noneresistant females (B-NR). F; males from this cross were considerably
less resistant and more variable in rcsponse than were their male parents.
The Fy females, however, were more resistant than elther parent and the
regression line had about the same slope as that of the female parent.
Inbreeding thls strain produced males with a slightly preater range of
variation and females with a much greater range of variation than that de=
monstrated by the parents (figure 13).

In figures 1 and 15 are shown the responses of eight generations of
resistant gtrain roaches following the discontimuance of selection, As
can be seen there was no appreclable loss of resistance cither in the few
males (figure 14), or in the mles (figure 15), in the absence of sclecw
tive pressure. Thouzh fiducial linits were calculated for the parent
strains, in the interest of simplicity they were not plotted on the figures.
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EXPLANATION OF FIGURE I

Pigure 1 - Toxicity of lindane to the parental
strains. Honw-resistant strain, NR.
Lindane-resistant strain, R.
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EXPLANATION OF FIGURE IX

Figure 2 » Toxicity of lindane to the progeny
of a crosg betwesn resistant females,
R, and non-resistant males, NR.

Progeny of the cross are designated, A.
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EXPLANATION OF FIGURE IIX

Pigure 3 « Toxicity of lindane to the progeny
of a cross belween resistant males
and non-resistant females., Progeny

are designated; B.
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EXPLANATION OF FIGURE IV

Figure 4 = Toxicity of lindane %o the first
and second generations of A strain.
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EXPLANATION OF FIGURE V

Figure 5 » Toxicity of lindane to the first
and second generations of B strain,
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EXPLANATION OF FIGUHE VI

Figure 6 « Toxicity of lindane to the progeny,
A-R, of a backeross between 4 strain
males, and resistant strain females,
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EXPLANATION OF FIGURE VII

Figure 7 ~ Toxicity of lindane to the first
and second generation progeny of a
eroas betwsen A strain males, and
resistant strain femsles.
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BXPLANATION OF FICURE VIIX

Figure 8 = Toxicity of lindane to the progeny,
A=XR, of a backcrose between A strain
males and non-resistant strain females,
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EXPLANATION OF FIGURE IX

Flaure 9 =~ Toxlelty of lindane to the fivst
and second generation progeny of
a crogs bobween A sdrain males,

and non-registant strain females.
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EXPLANATION OF FIGURE X

Figure 10 = Toxicity of lindane to the progeny,
Beity of & bocksross botween B atrain

asdes, and resistant strain females, R.
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EXPLANATION OF FIGURE XI

Flgure 11 -~ Toxicity of lindane to the first
and second generation progeny of
& cross between B strain males
and resistant strain females,
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EXPLANATION OF FIGURE XII

Figure 12 « Toxicity of lindane to the progeny,
BeliR, of & backeross between B strain
males, and non-resistant strain females,
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EXPLARATION OF FIGURE XIIX

Figure 13 = Toxicity of lindane to the first
and second generation progeny of
a cross between B strain males,

| and non-resistant strain females,
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EXPLANATION OF FIGURE XIV

Flgure Ui = Toxicity of lindane to the males
of generations 1, 2, 3, Ly, 5, 7,
and 8 of a resistant strain of
cockroaches no longer s#bjectad

to invecticidal sslection,
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EXPLANATION OF FIGURE XV

Figure 15 = Toxicity of lindane to the females
of generaticns 1, 2, 3, L4, 5, T,
and 8 of a resistant strain no longer
subjected tc lnsecticidal selection,
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EXPLANATION OF FIGURE XVI

Figure 16 = Toxicity of lindane to the first
genaeration male progeny of reciprocal
crosses between resistant and non=
resistant strains. Cross between re-
sistent femles, and non-resistant
males, A4+ Cross between non-resistant

females, and resistant males, B.
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Comparative resistance at 1D«50 of progeny from reciprocal crosses and

backerosses,
Strain lales Females
Nonwresistant 1,0 1.0
A-NR 245 2.6
A 6.0 3.7
A-R 10.7 58
Lindanewresistant 17.7 8.8
Non-reslistant 1.0 1.0
B-NR 2.3 243
B 6.1 343
Beit 10.7 S
Lindane-resistant 17.7 8.8
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TABIE 2

Toxicity of lindane at several concentrations to male progeny of pair

matings within non-resistant strain,

Tndexs
Paiy Percent Mortality - L days cf
Number +00k0 .+0060 Resistance

3 é 3 20,00
34 6 32 68433
25 31 3 § 112.50
L 31 38 140.83
26 26 52 151,67
31 33 16 159,17
32 33 L7 160,83
16 27 58 l&tdl?
7 37 Lé 16917
2L 33 52 169417
9 L3 39 17250
1 51 52 2lhi17
21 50 ™ 218433
30 69 65 280,83
11 53 90 282,50
17 7L 72 297450
6 67 19 299,17
28 67 79 299.17
22 76 g3 328.33
1 79 91 349.17
15 78 93 350400

# Explanation 18 in the texte
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TABLE 3

Toxicity of lindane at several concentrations to female progeny of pair
matings within a nonerssistant strain.

Index#
Pair Percent Mortality = b days of
Number 0L L ,_ﬁ Resistance
3 0 L 5.6
34 12 32 22,80
31 0 70 28400
30 b1 70 39467
9 20 60 Lo,
25 25 67 17463
28 50 53,33
32 36 61 Sh.h0
7 Lo 60 5733
1 27 91 58,9
22 38 h 61,27
15 36 83 63,20
21 39 86 66,90
2l 38 9k 6929
26 52 és 69433
1} ko 95 T1.33
17 L7 88 The37
16 57 76 7790
28 59 83 82,37
11 70 93 95453
6 82 93 105.53

# Explanation is in the text.
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TABLE L

Toxicity ef lindane et veveral concentrations %o mals progeny of pailr
matings within a resistant strain,

‘ L Tnd‘gx*
Palr Fercent Mortality = B 0
Humber 3080 S . g_% _ Resistance

31 12 29 343
33 9 b3 heo0
27 6 53 he28
30 4 55 heh2
19 L ™ 53
32 15 54 Sei
18 i2 72 6430
17 22 56 64h8
29 22 57 6455
25 13 76 6.70
35 23 69 74h8
1 2 a 8eh0
23 27 76 BeliS
21 3 92 10438
12 Ls 92 12,13
2 50 90 12,25
20 L8 9l 12.27
10 61 100 14430
2l 63 100 1455
5 7h 91 15.32
1 71 100 15,54
16 72 100 15467
1 78 100 16,12
22 &l 91 16,57
13 85 92 16,76

#Explanation is in the text.
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TABLE 5

Toxicity of lindane at several concentrations to female progeny of pair
matings within a resistant strain,

b lortality = b T T

Paly Percent iortality = : of

Humber SI0 - . % | __Resistange
19 0 11 0.56
31 3 20 1.30
25 0 38 1.90
24 5 33 2.15
30 8 29 2,25
2 13 22 20
21 15 L7 3.85
29 23 33 395
17 2L 53 5405
23 39 68 6430
20 33 70 6480
27 32 35 T+45
18 38 78 770
5 43 69 775
16 56 50 8,10
n bk 79 8.35
1 37 96 8450
1 51 100 10.10
13 58 91 10,35
Ty} 59 100 10490
22 69 86 11.20
12 70

100 17.10

% Explanation is in the text,



EX-LANATION OF FIGURE XVIX

Flgure 17 = Toxicity of lindane to the females
of a cross between A strain males
and resistant strain females, A-Rj
and a cross between B sirain males
and resistant strain females, B-R,
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DISCUSSION

Crow (1957) has indicated that because high levels of resistance
occur only whers there is a history of exposure to a toxicant, it ralses
the question of the role of the poison in the development of resistance.
Two explanations have been given to define the importance of the toxicant.
Postadaptive resistance may result from physiological or genetic changes
induced directly by the poison. On the other hand, preadaptive resiste
ance results when genetic differcnces alreadz} present in a population are
acted upon by the poison in such a mamner that genotypes for resistance
are favored., Crow favors the view that most instances of resistance are
preadaptive in nature., Some of the results of this ressarch suggest that
lindane resistance in the German cockroach is preadaptive. As can be
seen by comparing the indices of resistance (tables 3 and 5) the non=
resistant females can produce offspring as resistaﬁt as some of ths progeny
of resistant strain females. This seemingly indicates that the none
resistant strain cockroaches possessed potentiality for resistance which,
when acted upon by the agent of selection (lindane), could have made
possible the evolutlon of the resistant strain,.

Sex linkage and cytoplasmic considerations - Let us consider first the

evidence which has a bearing upon the possibility of sex<linkage as an
explanation of lindane resistance. The (German cockroach male is an X0
type with respect to the sex-determining mechanism. By this it is meant
that the male has in the diploid condition only one X chromosome., Conw
versely the female German cockroach has two X chromosomes in the diploid

condition. Thus in each gamete which the female produces there will be
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found an X chromesome and a full complement of antosomes, but male
gametes are of two types., One type of male ganete bears an X chromo-
some and a full complement of autosomal chromosomes; the other type con-
taing no X chromosome, only a set of autosomes,

If the genes for lindane resistance were a part of the X chromosoms
their eristence should have been detectable in the responses of the Fy
males of the reciprocal crosses, Indicating an assumption of sexwlinkage
of resistance by a superscript R, the crosses could be dlagranmed as
follows:

Crosa A (non~resistant males x resistant females)

0 x X% |
rp, T of
Croes B (resistant males x non-resistant females)
o x XX
r, 1%

This Wncmzaa that assuming sex-linkage of genes for lindane
resistance one would expect the Fy males of crose "A* to be distinetly
more resistant than the Py males of cross "B". There is, however, no
significant difference between the Py males of these two crosses with regard
to resistance (figure 16). One may conclude therefore, that the prine
eiple genes for lindane resistance are not to be found on the X chromo-
some of this animal, nor is there any indication of the involvement of
cytoplasmic factors for this, too, would have prodused differences
between the Fy males of the reciprocal c¢rosses. Further evidence in

support of these conclusions is available from the backcrosses.
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In general, the responses of the backeross progeny present a
rather confusing picture, (figures 6 through 13). Some order may be
drawn from this, howsver, by comparing the reactions of the streins at a
single point. The dosage which produces fifty percent mortality (LD-50)
hes been selected for this purpose. Admittedly this single point does
not convey any conception of the range of variation within a given popu~
lation, It doea, however, describe the central tendency of the group and
as such may be used, with forelmowledge of its limitations, as a basis
for comparison. In table 1l are presented the results of such Wma
The similarities in responses among the several msﬁn are quite regu-
lar, there being, with one exception, no difference greater than fourw
tenths of a unite It should be recalled that the A strain originated
from a eross of lindane~resistant females with non-resistant males, and
that the B strain resulted from the reciprocal of this crosas. It is thus
apparent that the degree of resistance was little affected by the sex of
the parent contributing the complement of genes for resistance; i.e. the
genes for resistance were equally transmissable in both sexes, Seemingly
this ewvidence supports the contention that the inheritance of lindane-
resgistance is in no important manner bound to the sex~determining mechanism
of the individual.

Having excluded sex~linkage and cytoplasmic inheritance as possible
axplanations of lindane reslistance in this strain of cookroaches, we must
@alnde that the principle genes for resistance are part of the sutosomes.
Mltifactorial inheritance = In the course of his investigations of
inharited characteristics Gregor Hendel dealt principally with distinct
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differences between the plants he interbred, GSome cbservers have indi-
eaﬁad that this procedure was the key to his success, for whereas his
predescessors in studles of inheritance attempted to analyse continuously
intergrading traits, Mendsl chose characteristics which could be sharply
differentiated into alternative categories. Such categories were then
open to the numerical analyses which led Mendel to postulate the princi=-
ples upon which genetlcs was founded, It has since been found that many
of the most important characteristics of organiasms do not segregate into
distinet olasses, yel thay are explainable on the basis of Mendelian
genetics: Variations in qualities such as egg production, and yleld of
neat or milk in animls, and characteristics of man s:ch as height,
welght, and mental ability are of this natures Anslysis of these traite
raveals the agistence of numerocus, continually intergreding classes., This
absence of cleare-cut segregation is the principles difference betwsen
characters determined by single genes; or relatively amall ‘nmbara of
genes, and those dependent upon combinations of large numbers of genesw
eige Systems of multiple factors.

It is generally accepted that if two organisms representing the
opposite extremes of a quantitative charecteristic sre interbred the Fy
individuals will be intermediate between the parents; and the Fy will
show a wide array of variant types. The variant types in the !’2 BAY 4
and often do, include the parental extremes. The first two generations
of progeny from eross B furnished evidence that lindane resistance may
be dependent upon multiple fastors (figures 3 and 5). The F; individuals
wore iﬁt@mediéte to the parent types; and may be considered to have
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represented the combination of extremes in factors for resistance or
susceptibility received from the parents., The greater range of variant

~ types in the F, may be considered to have resulted from gene recombi-
nations which might as easily have produced individuals more resistant
as individuals less resistant than the Fy, This may be presumed to indiw
cate the presence of a muuber of m&epmw genes with a cumulative
effect for resistance.

In support of this hypothesis of multi-factorial inheritance of
lmé;une resistance there may be cited the experience of Grayson in
developing this strain (pérsonal commmication). The resistance of the
lindane strain used in this study required 25 generations of selection,
and at no time was there detected a rapid increase of resistance such as -
might have mmied increased frequency of a major gene. Such &
\mdaal accumilation of potency for a particular trait lea&a one to agsune
close relationship between the incresse in resistance and the accumulation
at a mmber of genes. EKach gene may be postulated to add very litile to
the expression of the trait, but in toto thelr effset could give rise to
an increased resistance. If, on the other hand, the resistance had ‘m;aa
dependent upon the selection of one or a very few major genes, one might
expect that their aaaMﬁm would have given rise to sudden incroases
in resistance,

8ti11 farther evidence &f‘mﬂuwfmmn inheritance was found in
the results obtained m testing the ;arbgmy of individual pairs within
strainss The non-resistant strain cockroaches showed & considerable
range, as evidenced by the indices of resistance (tables 2 and 3)s As
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opposed to this, the progeny of resistant strain pairs showed a much
narrower range of response, but not nearly so restricted a range as might
have baen expected if their resistance had been dependent upon a few
genes of major effect (tables L and 5),.

Thus, it is possible that there are no genes of major effect present,
If this were true one eould postulate that the entire resigtance effect
is founded upon the gradual accumulation of numercus genes for resiste
ance, all of which are of minor effect,.

The results obbained by téating the A strain F, are, at present,
inexplicable. A marked increase in the resistance of these cockroaches
actually returned them to the same level of resistance as the original
resistant strain (figure L). No explanation based upon sex-linkage, sexe
limitation, sex-influence, cytoplasmic inheritance, maternal effect, or
epistasis has been found to explain these results. The matings have been
made again in an attempt to establish whether or not these results ave
reproducible, If resulis similar to those of the first series of matings
are obtained in thils sscond series, further matings will be made in an
attenpt to fathom this seemingly aberrant behavior, No light is thrown
on this problem by the testing of backcross progeny. 4s is shown by
figure 17, the responsss of the female progeny of B sirain males mated to
resistant females are almost duplicates of the responsgss of the female
progeny of 4 strain males mated to resistant femzlses, These results
sz%ggest that the explanation of the wnusual A strain E'g reactions may be
found in backcrosses of A strain femsles %0 resistant and to noneresistant
strain males,
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Stability of resistance - As previously mentioned, a question of great

importance ko the economic entomologist confronted with a resistant
species of insect is, "How long will this resistance be maintained in the
absence of chemical control measures?" Underlying this question is,
perhaps, the hope that under these circumstances the insect will revert
rapidly to susceptibility, and, therefore, may be controlled again. The
results of this research give no cause to encourage such hopes with
respect to lindane-resistant cockroaches, As can he seen from figures

1 and 15, there has been no significant loss of resistance in the
resistant strain after 8 generations of breedins without exposure to an
insecticide, At LD=50, the order of resistance in the males dropped
only from 17.7 times in the resistant strain to 11 times in the eighth
generation of the selection=-discontinued straing whereas the order of
resistance in the females decreased from 8.0 times in the resistant
strain to 6,1 times in the selection-discontinued strain, This relatively
small loss of resistance oceurred during eignhteen months isolation from
insecticidal treatment, so it is apparent that lindane resistance under
these conditions is rather stable,

Comparisons with DOT and chlordane resistance « Certain comparisons may

be drawn among the results of this experimentation and the results obtained
by previous investigators of 00T and chlordane resistance in the German
cockroach, Cochran et al. (1953) found DIT resistance in the German
cockroach t0o bhe explicable upon the basis of autosomal and sex~linked
factors, and these investigators indicated the possible involvement of

cytoplasmic factors., Crow, however, wrote that these results may equally
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well be explained as maternal influences attributable perhaps to delayed
vhenotypic expression. Inherited chlordane registance was found to be
multi-factorial, autosomal, and to show evidence of some dominance
(Jarvis et al., 1957). Inherited lindane resistance in the German cocke
roach differs from DIT resistance in that there is little or no involvoe
ment of sex-linked factors, and there is no maternal effect demonstrable,
Unlike inherited chlordane resistance, lindane resistance shows no
evidence of dominance. Apparently, these three instances of inherited
insecticide resistance are alike, however, in that all are principally
dependent upon autosomal, multi-factorial systems,

It is an interesting feature of lindane resistance that during the
period of selection the male cockroaches increased in resistance at a
greaﬁer rate than the females, Yhereas the females at LD=50 became 8,8
times resistant to lindane, the males became 17,7 times resistant, No
explanation can be given for this difference, but it is extremely interest=
ingkthat such a response was not apparent in either the chlordane- or the
DDTeresistant strains. Chlordane resistant females and males, were, respece-
tively, L470.5 and 200 times more resistént than the noneresistant strain,
DDTeresistant females and males were, respectively, 333.3 and 14,8 tines
nore resistant after selection. This matter appears promising for future
investigation.

General considerations - The nature of lindane resistance in the German

cockroach is such as not to lend itself to exact genetical analysis. Cerw
tain attributes of this animal seemingly fit it for genetic studies. It

is easy to rear and culture in the laboratory, thus supplying large
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mumbers of experimental éubjeata. Additionally, its life cycle is
sufficiently long that one working with it on a part-time basis is not
overwhelmed by the mechanics of handling the insest, Despite these
advantages, grave dissdvanteges detract Irom the genetic usefulness of the
German cockroach., Firet, the genetic mechanisms are almost entirely
unexplored and lacking in critical analyslis., Second, the German cocke
roach seems to be quite lacking in morphologlcal mutants; visible markers
as it were, which might be very useful in investigations of the animal's
heredity, Thus, although a population of resistant cockroaches may be
differentiated statistically or toxicologically, there is no reliable
means whersby a single resistant ewk‘mwp can be distinquished from &
non-resigtant cockroach, Finally, although the lindane-resistant strain
‘of cockroaches was sclected with rigour equal to that used in aslecting
the DDT strain, and perhaps also the chlordane strain, the lindane strain
atill does not possess the degree of resistance that is characteristic of
the other strains. This third defect introduces difficulty in interw
preting the results of most of the crosses necessary to a genetic analysis,
Although the lindanewresistant strain of cockroaches is not as
different from the non-resistant strain as would be desired for a study of
this kind, it should be possible to increase the differential in resiste
ance between these strains. In order to accomplish this one could make
the noneresistant strain more homogeneous and more susceptible by cone
$rolled breeding technigues. This could be accomplished by mating pairs
of cockroaches, and treating with insecticide one~half of the female
progeny of the first eggwcase, If the females s0 treated were susceptible
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to the toxicant it would be a strong indication that the male parent

had supplied s genome characterized by susceptibility to the insecticide.
The remaining females of the first eggecease then could be backcrogsed

to the susceptible male parent., The progeny of the backcross might then
be dealt with as was the first pair of cockwoaches. After a sufficiently
suscaptible strain had been developed one might introduce messures to
produce mutants in the susceptible and resistant strains. It is suggested
that treatment with mubtagenic substances might produce viable morphological
muatant types which might then be used in the desired crosses. Associ-
ation betwesn a visible mutant and its being susceptible or resistant to
the insecticide would lend a degres of refinement to the genetic techw
niques heretofore unattained,
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CONCLUBIORS

Under the stated conditions of this experiment it is concluded

thats

1.
2.

3e

Lo

5e

6e

Te

Lindane resistence is not inherited as a simple, sex~linked factor.
The inherditance of lindane resistance ia not attributable to maternal
effects, cytoplasmlic factors, or to sex~linked spistatic genes,
Lindane resistance is principally inherited through the autosomal
chromosomes.

The genes for resistance comprise a multi~factorial system and indi-
viduelly are of minor effect.

. Selection for resistance somewhat reduces the variation among indi-

viduale within the strain.

The resistant strain, though the product of lengthy selection, ls
atill & heterogeneous population with respect to resistance to lindane,
Only a slight loss of resistance had occurred after eight successive

generations without any selection to lindane,
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SUMMARY

The inheritance mechanism of resistance to lindane in the German
cockroach, Blattella germanica (L.), was studied by determining the
toxicity of lindane to the following populations of cockroachesi

a) lindane-resistent and non~-resistant strains, b) the Fy and Fy
progeny of reciprocal crosses bebtween the two parental strains,

¢) the Fy and Fp progeny of backcrosses between the reciprocal cross
F1 males and resistant and non-resistant strain females, d) the
progeny of palr matings within resistant and non-resistant strains,
and o) eight successive generations of a resistant strain isolated
from further insecticide selection.

The methods employed in rearing the cockroaches and obtaining toxi-
cological data on the different populations, as well as the genetical
and statistical procedures, are deseribed,

The toxicological data for the mass matings are presented in the form
of regression lines fitted by appropriate statistical analyses.

The toxicological data for the pair matings, transformed into "indices
of raaimnca", are presented in tabular form.

Appropriate conclusions are drawn from the data to explain the inhere

itance mechanism of lindane resistance in the German cockroach,
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Inheritance of Resistance ©

i.iindane in the German Cockroach, Blattella germanica, {(L.)

The World Health Organization defines insecticide resistance as
"the development of the ability in a strain of insects to tolerate doses
of toxicants which would prove lethal to the majority of individuals in
a normal population of the same species.” Although resistant insects
have been encountered for some sixty years it has been only since World
War II that they have caused widespread concern, It is apparent that
the spread of resistance in this period is a direct result of the more

N
rigorous selection brought about by use of the organic insecticides act-
ing through inheritance mechanisms about which little is known. Thus
there is a need for studies of the genetic mechanisms of insecticide
resistance.

A population of German cockroaches resistant to lindane was developed
by laboratory selection for eight years at the Virginia Polytechnic In-
stitute. It was decided to determine whether this trait was due to auto-
somazl or sex-linked genes; the relative frequencies of the genes for re-
sistance, i.e., whether the character was dependent upon a single gene,
or a complex of genes; and the length of time necessary for the resistant
population to revert to the non-resistant condition in the absence of
selection.

The cockroaches were reared under conditions of controlled tempera-
ture and humidity. Adults under 10 days in age were exposed to the in-

secticicde by immersion in aqueous suspensions of the insecticide at selected



)

concentrations. After four days mortalitiee were determined. The re-

sulting data were plotted on log-probit paper in the form of regression

lines by the method of least squares. Four to six points were used to
establish each line; and for each concentration the tests were repli-
cated from 3 to 6 times and involved from 100 to 200 insects.

Teciprocal crosses were made between the resistant and non-resistant
strains of cockroaches. Controlled pair matings were made within the
resistant and non-resistant strains. Backcrosses were made between
reciprocal cross male progeny and females of the two parental strains.
Further, a population of resistant cockroaches was reared in isolation
from exposure to lindane for eight successive generations.

The following conclusions were drawn from this study.

1. That lindane resistance is not inherited as a simple sex-

linked factor.

2. That it is not attributable to maternal effects, cytoplasmic

factors, or to sex~linked epistatic genes.

3. That it is principally inherited through the autosomal

chromosomes.,

4, That lindane resistance is embodied in a multi-factorial system

of genes.

5. That the resistance is still in a heterogeneous condition al-
though the variation in the resistant strain was not nearly so
great as in the non-resistant strain.

¢. That lindane resistance is relatively stable, there being a rather
small loss of resistance through eight successive generations in

absence of selection.



