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INTRODUCTION

In recent years the development of insect resistance to insectici-
des has become an increasingly serious problem in the control of certain
pests, Lfforts to resolve this problem have lead to basic research in
several fields outside the scope of economic entomology in which it was
first encountered, Among the more important of these are physiology,
biochemistry, and genetics. As a result of this research much progress
has been made, but in all probability the final details will not be
revealed until the physiological and diochemical processes of the insect
body have been completely elucidated. At the present time this is being
greatly handicapped by tho lack of adequate techniques, In the ultimate
sense the genetic aspects of this problem are also closely related to
the physiology and biochemistry of the insect., Some aspects of
resistance, however, cen and are being studied by the usual technioues

of geneties,

The present paper deals with this latter type of investigation.
Hore specifically it is concerned with the inheritance of resistance to
DDT in a certain strain of the German cockroach, Blatella germanica Iinn.
In the course of the development of this resistant strein there were
indications that the inheritence is in soms way related to sex. Such
a relationship seemed likely because at the beginning of the study from
2 to 3 times as much DDT was required to kill female roaches as male
roaches, and this difference became increasingly greater as resistance

developed in the strain selected for survival to DDT treatments., The
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research reported in this paper was underteken in an endeavor to prove

or disprove this relationship,
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The reports of insects becoming resistant to insecticides began
to appear in the literature very early., Melander's (12) "Can inseots
become resistent to sprays?” published in 1914, is probably among the
first, In this work, however, he mentions that as early as 1908 the

phenomenon was definitely recognized,

In spite of this early beginning the subject remained relatively
unexplored until the extensive use of the newer organic insecticides
brought it pointedly to the foreground, Since then the literature on
the various aspects of resistance has become rather volwminous, Two
eritical reviews have been prepared and published by PBabers (1) end

Babers and Pratt (2).

Among the first suggestions as to how resistance arises in nature
were those published by Painter (13) and Thorpe (15). Each discussed
the presence of groups of individuals within a wild population which
appe: T to differ from the rain body of the population in one respect
or another. Painter stated that sometimes two or more genetically
distinct groups or strains may be present in the wild population,.
Dobghansky (7) later elaborated upon this idea end suggested that it
is an example of the gene variation typically existing in any popule-
tion. Further, this variation constitutes the raw materials of
evolution, Dobzhansky (7) also showed that genetic variation occurs
as a result of gene mutation or chromosomal aberation. White (16)

has stated that the former are far more freguant than the latter and
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are, therefore, more important. Brown (4) stated that insects are
heterozygous for many genes, and that this allows seleation to occur
for the more resistance individuals when a population is treated with
an insecticide., He suggested further that 1t is also possible for a
gene mutation for resistance to occur during the period in which
chemical control is applied.

The meshaniams of inheritance of resistance are not well undere
stood, Mendelien principles seem to be involved although the details
vary in (ifferent insect speciea, The earliest investigations of this
nature are those of Hough (10, 11) who made reciprocal crosses between
stralns of the codling moth, Carpocapsa pomonella (Iinn,), which
differed in their ability to enter epples that had been sprayed with
leed arsenaste, The progeny from these crosses proved to be intermedi-
ate botween the two parental strains in their ability to enter sprayed
fruit, The back crosses produced strains that were intermediate
between the l’l and the parental strain with which it was ecrossed.
Hough reached no conclusions about the genetic nechaniem involved, but
Brown (4) interpreted it as indicating autosomal multiple-gene ipheri-

tance.

Dickson (6) proved thet the resistance to HQN fumigation exhibi-
ted by the California red scale insect, Aonidiella aurantii (Mesk.),
is inherited as a simple sex-linked factor. This has been confirmed

by Yust at al (18).

The literature on the inheritance of resistance to DDT in the
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house fly, Musca domestica Linn,, is somewhat contradietory. Bruce
and Decker (5) found that a reciprocal cross between resistent and
non-resistant strains resulted in the production of progeny whose
resistance was intermediate between the two parental strains., This
they conclude probably indicates autosomal multiple-gene inheritence,
On the other hand, receiprocal crosses made by Harrison (9) resulted
in the production of an Fl generation which was slightly more resist
ant to DDT than the noneresistant parental strain., The F, generation
from this c¢ross produced a ratio of 3 non-resistant flies to 1
resistant fly., This would indicate a one-factor, autosomal inheritance
with the factor for non-resistance incompletely dominant., There is
some question about the wvalidity of the toxicologicel criterion for
resistance used by Harrison, but if her results are eorrect it would
indicate that there are at least two genetic mechanisms involved in

producing resistance in the house fly.

In addition to the investigations of the genetic mechanisma
involved in the resistance of insects to insecticides there has been,
in recent years, a very extensive investigation of the physiolozical
mechaniam for resistance. Perry and Hoskins (14) stated that there
are three main physiological lines of defense involved, TFirst, the
resistant insect is able to convert considerable guantities of
sbsorbed DDT fnto the relatively non-toxic ethylenic derivative of
DDT, known ac DDE, This occurs before DDT has tiue to do any demage,

Secondly, & similar process of conversion to an unidentified ocorpound
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also occurs, Finally, resistant insects are capable of storing
considerable quantities of DDT in certain tissues in their bodies and
of disposing of it by degradation to non-toxic compounds at their

leisure,

The physiological work has been carried out mainly on resistant
house flies, and it is not nown if the results can be generalized to
other insects., In addition, the exact mechaniem by which DDT is
degradated 18 not known, Furthermore, the relationship between the
physiologiocal and the genetic mechanisms for resistance is not well
understood. Perry end Hoskins (14) have theorized that perhaps resiste
ant strains of house flies may arise by seleotion of those possessing

an engyme oeapabls of dehydrohalogemation of DDT,

iiigglesworth (17) stated that there are several types of sex-
determination mechanisms found in insests, Aotually these seen to
constitute only two besic types with some variations in them. The
first type is that in which the females have two X sex chromoscmes, end
the males have one X and one Y sex chromosome; the seeond is that in
which the females have two X sex chromosomes, but the masles have only
one X sex chromosome and no Y. This is referred to as the X0 condition.
No references was found in the literature oonceraing the sex~determina-
tion meechanism preseat in the German cockroach, However, M. J. D.
Yhite* states that the Cerman cockroach has masles X0 and females XX,

This is in aecoxd with the situation in most Orthoptera,

¥ Personal communication



]l -

The DDT-resistant strain of German cockroaches used in these
experiments was developed in the laboratory by Crayson (8). The develop=
ment of resistance proceeded very slowly through 5 generations of
seleetion and then began to increase repidly.* No other reference to a
DDT-resistant strain of German cockroaches was found in the literature.
Therefore, this ia probably the first study of the inheritance of

resistance to DDT in this insect species.

*  Personal coruunication
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MATERIALS AND IMETHODS
Materials:

The cockroaches used in these experiments were obtsined from the
stock cultures of DDT-resistant and noneresistant strains currently
being maintained in the Entomology Seetion of the Virginia

Agricultural Ixperiment Station.

In rearing the roaches the following materiels were used: one
gallon glass battery jars, i=inch pressboard, brown wrapping paper,
cheese cloth, vaseline, and small strips of wood measuring " x 2" x
4e" 'The roaches were fed dry commercial dog food which was occasionally

supplemented with fresh lettuce leaves,

In teating the roaches for resistance the following equipment was
used: e chainomatic, analytical balance equipped with magnetic damper
and notched beam; a centigrade thermometer; an electrical blemdor; an
interval timer; end small mesh, oylindrical, soreen wire cages measure
ing 1" in diameter and 4" in length, The form of DDT used was a

wettable powder containing 75 percent DDT,

Methods:

I Rearing Technigue:

Each of the l-=gallon gless battery jars used as rearing chambers
contained approximately 20 pairs of adult roaches and the offepring they

produced. In order to accommodate this large number of individuals in
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each jar 4 or 5 layers of Z=inch pressboard were arranged in tiers by
prleoing small strips of wood between them. A sixeinch band of brown
wrapping paper was pleced around the outside of each rearing jar to
darken the interior and thus simulate natural conditions. Escape of
the roaches was prevented by rubbing a thin film of wvaseline in a 2=
ineh band on the inside top rim of the jars. In addition, the jars

were covered with cheesecloth held in place with rubber bdbands,

The food wes placed loose in the bottom of the rearing chambers
so that the roaches had free acceas to it, Water was provided in
petri dishes placed on top of the layers of pressboard end was availa~

ble at all times,

A constant temperature room was not available for rearing purposes;
hence, the roaches were reared at room temperature which varied from
70-80 degrees Fahrenheit. The relative humidity of the room was raised

by keeping water in pans at various points in the laboratory.

II Genetic technicue:

Reciprocal crosses were made between DDT-resistant and non-resiste
ant strains of cockroaches, A reciprocal cross signifies, in this
case, crossing females of the DDT-resistant strain with males of the
noneresistant strain and females of the noneresisteant strain with males
of ths DDT-resistant strain, In order to insure virgin females the
sexes wero separated within 2/ hours after the adult staue was reached,

and held separately umntil enough individuasls were obtained to make the
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desired crosses, Mating was not observed to oecur within the first 24

hours following the last moult,

The experiments were conducted twice: First, when the DDT-resistant
strain was in the ninth generation of seleetion for resistance and,
secondly, when it was in the eleventh generation. The equivalent genere-

tion of the non-resistant strain was used in esech case.

The parents involved in each cross were divided into four lots, and
allowed to reproduce until a population of progeny sufficient for
toxicological testing was obtained., Care was teken to remove parent

roaches before any of the offspring rezched the adult stage,

III Toxicological Technique:

The order of resistance to DDT of each l‘l strain, as well as the
equivalent parental strains, was determined by treating known age adults
from each strain with different concemtrati-ns of DDT. The method of
toxiocological assay consisted of dipping the roaches in a water suspense
ion of the toxicant at 30 degrees centigrede. The samples of DDT were
weighed on an analytical balance and the agueous guspensions were
processed in an eleetricel blendor for 15 seconds, The technique of
testing was changed during the course of the two experiments because of
the mechanical difficulties involved in putting enough DDT into suspeng~
ion to kill the highly resistant females of the DDTeresistant strain,

In the !'9 generation the roaches were dipped in the toxicant for 10

seconds and left in the treatment cages for 5 minutes, while in the Fll
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goeneration they were dipped in the toxicant 15 seconds and left in the
treatment cages 30 minutes before removal to recovery jars. For this
reason the quantitative results from the two sets of experiments are
not directly comparable, but all comparisons within each of the two

experiments and the genetic trends indicated by both should be valid.

The sexes were treated separately in subsamples of approximately
30 insects each, Following treatment the roaches were placed in
recovery jars which contained food and water. Observations for
mortality were made at the end of three and six days with the criterion

of mortality being failure to exhibit active locomotion.

IV Statistical Technique:

The data obtained by treating the various strains of roaches at
different concentrations of DDT were plotted on logarithmic-probability
paper and regressicn lines were fitted to the points by the method of
least squares (Bliss, 3). Five or six points were used to establish
each line., For each concentration from 50 to 150 insects, in sub-
samples of approximately 30, were used, and the tests were replicated

from two to five times,

Ninty=-five percent fiduocial limits were placed on any lines that
were considered close enough that they could be derived from identical
populations. In addition, the difference between the m50 values
{concentration of DDT required to obtain 50 percent kill) of all lines
were analyzed to further test whether or not any two lines were coming

from identical populations,
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RESULTS

The regression lines which resulted from plotting the toxicologi-
cel data are shown in figures 1 to 6, The LD5° and LD9° points of these
lines, as well as the order of resistance at LD5°, are shown in table
1, The Fl males and femsles from the cross involving the DDT-resistant
females and the non-resistant males are referred to as the A strain, and
the !’1 males and females from the cross involving the non-resistant

femsles end the DDT-resistant males are referred to es the B strain.

The data show that the A~ and B-strain males and females from both
the ?9 and Fll generation crosses are intermediate, with regard to
resistance, between the two parentel male and female types, respectively
(table 1). The LD5° values of the Fl regreasion lines were significante

ly difforent from those of all the parental lines,

The Fl males and females from the A strain were more resistant to
DDT at I.Dso than the corresponding sex among the Fl of the B strain
(figures 3 and 6). An analysis of the I.D,o values of all F) regression
lines showed that there was a significant difference in all cases
except between the A- and B-strain males of the Fg cross. In that case
the A-strain males were still more resistant at LD5° than the B-strain
males, but the difference was not significent. The 95 percent fiduciel
limits indicate that these two lines could be coming from identical
populations (figure 3). The data for the B-strain males, hovever, did

not fit a straight line too well, as indicated by the CHI square test,
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EXPLARATICK OF FIGURE I

Mgure 1 « Toxicity of DDT to the warious strains of the German

cockroach involved in the F9 generation B-strain

cross,






EXPIANATION OF FIGURE II

Figure 2 -~ Toxieity of UDT to the various strains of the German

cockroach involved in the I‘9 generation A-str:in

oroes,






EXPLANATION OF FIGURE III

Flgure 3 - Toxicity of DDT to the 1'9 generation A- and B-strain

crosses,






EXPLANATION OF FIGURE IV

Tigure 4 - Toxicity of DDT to the various strains of the Germen
oockroach involved in the l‘u generation Bestrain

CTross.









EXPLANATION OF FIGURE V

Figure 5 -« Toxicity of DDT to the wvarious strains of the German
cockroach involved in the Fll goneration A-strain

Cross,









EXPLANATION OF FIGURE VI

Figure 6 =~ Toxicity of DDT to the I‘n generation A~ and B-strain

CTro8868,
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DISCUSSION

The preliminary suggestion that inheritance of resistance is
related to sex was based on the fact that the females always exhibited

more resistance to IDT than did the males. This could be expleined on

the basis of sex-linkage because then the females would have two sets
of these fasctors, one on each X chromosome, whereas the males would
have only one, If this theory were correst the expected results would
be Fl females alike in resistance from both of the reciprocal crosses,
and probably intermediate between the two parental female types, and
Fl males that resemble their respective maternal parent with regard to
regsistance, Since males and females are different with respect to
resistance, however, the 1'1 males would be expected to resemble the
males of the strain from which their maternal parent came. The results
that were actually obtained show that the males as well as the females
are intermediate between, and significantly different from, their
respective parental types. This would indicate that reaistance is not

inherited as a simple sex~-linked factor,

Another mechanism for the inheritance of resistance must, there-
fore, be sought. One clue presents itself in the data from the B~
strain cross (figures 1 and 4). In this cross the only source of
resistance is the paternal parent (DDT-resistant males). Any resistance
possessed by the progeny above that of the non-resistent strain must
come from this source. Furthermore, the B-strain males receive no sex

chromosome from the paternal parent because male gametes containing X
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chromosomes produce only femsles when united with female gametes. The
B-strain males do, however, receive a full set of autosomal chromosomes
from the paternal parent, Inasmuch as they were found to possess
resistence signifioantly greater than that of the non-resistant males,

1t would appear that at least part of the resistance mechanism is located

on the autosomal chromosomes.,

The explanation of the difference between male and female resistance
must also be sought elsewhere. It will be remembered that the none
resistant females ere more resistant to DDT thean are the non-resistant
males (figures 1 and 4). The difference is highly significant at IDgqe
From this it would appear that the females are physiologicelly capable
of withstanding the effects of nore IDT than are the males., This might
al80 explain why the females have become increasingly more resistant to

DDT than the males as the selection progressed,

The greater resistance of the A-strain individuals as opposed to
the Bestrain individuals, both male =nd female, suggests that besides
the chromosomal factors there may be a maternal factor involved in
this resistance. In every case the A-strein individuals were more
resistant than the B-strain individuals at LD5° (figures 3 and 6), The
difference was significant in all cases except the 1'9 males, This lone
exception may probably be disregarded because it was not substantiated
in the rn crosses; furthermore, the date for the ¥, B-strain males

9
showed more variation than expected.
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The nature of the proposed maternal factor is not evident from
this investigation, but one possidbility is a cytoplasmic factor present
in the eggs of the DDT-resistant females and pessed along to their A~
strain offspring. Such a factor,if present,would be found in the
apparently inactive state in the non-resistant female eggs and would,

therefore, have no visible effect on the resistance of the Bestrain
individuals,

The explanation of the convergence present at the lower ends of
the regression lines of the F9 generation A= and Bestrain females
(figure 3), and also at the lower ends of the lines of the Fll zenera=
tion A~ end B-strain males (figure 6), is probably twofold, First,
there is probably enough residual heterozygosity present in the resist~
ant strain to produce some non-reaistant Fl individuals, and secandly,
the slope of the various lines could readily be affected by random

sampling errors,



CONCLUSIMNS

On the basis of these experiments it appears that the following

conclusions are justified:

1.

2.

3.

A.

That the resistance which the German cockroach has developed to

DDT is not inherited as a simple sex-linked fazctor.

That this resistance to DDT is at least in part an autosomally

linked factor.

That the females of the German cockroach are physioclogically
more vigorous than the males with regard to their ability to withe-

stand the effects of DDT,

That besides the already mentioned difference between the nales
and females there 18 an additional maternel factor involved in

the inheritance of resistanoo to DDT,
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2.

3.
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5.
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SWMMARY

Reeiprocal crosses were made between a DDT-resistant and a non-

Tesistant strain of the German cockroach,

The techniques employed in rearing the roaches and obtaining
toxicologlcal data on the different strains, as well as the

genetical and statistical procedures, are described.

The toxicologlical date are presented in the form of regression

lines with appropriate statistical analyses,

A table showing the relative resistance to DDT of the various

strains involved in this study is included.

Several conclusions are drawn relative to inheritance of

resistance to DDT in the German cockroach,
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