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Studies on the Inheritance of Carbamate-Resistance
in the Housefly (Musca domestica L.)*

G. P. GEORGHIOU 1 & M. J. GARBER2

In view of the increasing importance of carbamic acid esters in insect control, the
authors have conducted studies on the inheritance of carbamate-resistance in the housefly
Resistance to Isolan (1-isopropyl-3-methyl-5-pyrazolyl dimethylcarbamate) in carbamate-
selected strains is inherited as a partially dominant major single factor, without sex linkage
or appreciable cytoplasmic influence. Inclusion ofpiperonyl butoxide as a synergist with
Sevin (J-naphthyl methylcarbamate), Zectran (4-dimethylamino-3,5-xylyl methylcar-
bamate), or m-isopropylphenyl methylcarbamate also produced evidence of monofactorial
inheritance.

In contrast, resistance to Isolan and to a combination of Sevin and piperonyl butoxide
in a ronnel-selected strain is inherited in a pattern suggestive ofa polygenic system.

The results obtained are discussed in the light ofpreviously established data on the rate
of development, stability and regression of carbamate-resistance.

The genetics of resistance to most of the major
groups of insecticides have been investigated and
reviewed by Milani (1960) and Davidson & Mason
(1963); the significance of such research has also been
discussed (Davidson, 1958). Recently a number of
studies have been published on the inheritance of
resistance to organophosphorus compounds. One
such paper by Oppenoorth (1959) on the genetics
of organophosphorus-resistance and low ali-esterase
activity in the housefly has emphasized the impor-
tance of the biochemical approach in such studies,
and has given the impetus for further work in this
direction (van Asperen & Oppenoorth, 1959;
Matsumura & Brown, 1961; Ogita, 1961; Franco &
Oppenoorth, 1962; Velthuis & van Asperen, 1963).

Various esters of carbamic acid have gained
increasing importance in recent years as insecticides
in public health and agriculture, by virtue of their
specificity of action, rapid knockdown and generally
low acute and chronic mammalian toxicity. (For
reviews see Fukuto, 1961; Metcalf, 1961; Gordon,
1961; Cassida, 1963.) Resistance to carbamate
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insecticides has been developed in laboratory strains
of the housefly (Moorefield, 1960; Georghiou,
Metcalf & March, 1961) but strains of Anopheles
albimanus and Culex pipiens quinquefasciatus (= Cu-
lex pipiens fatigans) under selection pressure with
m-isopropylphenyl methylcarbamate for 21 and
30 generations, respectively, have exhibited only
vigour tolerance to this and to related carbamates
(Georghiou & Metcalf, 1963). No study appears to
have been made, to date, of the genetics of carba-
mate-resistance. Such a study is needed as an aid
toward a better understanding of the basic mecha-
nisms underlying the development of resistance and
for the elucidation of phenomena of population
dynamics.

It is perhaps noteworthy that most of the published
studies on the genetics of organophosphorus-
resistance have concluded that such resistance in
arthropods of distant evolutionary relationship is
inherited as a single major factor. Such was found
to be the case with malathion-resistance in the
housefly (Oppenoorth, 1959; Nguy & Busvine, 1960)
and the mosquito Culex tarsalis (Matsumura &
Brown, 1961), and with parathion-resistance in the
housefly (Nguy & Busvine, 1960), Drosophila
(Kikkawa, 1958), and the mite Tetranychusl pacificus
(Andres & Prout, 1960). Three exceptions have been
reported, two of which are in Musca domestica:
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Oppenoorth (1959) found that resistance to diazinon
(O,O - diethyl O- (2 - isopropyl - 6 -methyl -4 -pyrimi-
dinyl) phosphorothioate) resistance is due to at
least two genetic factors, and Harris, Wearden &
Roan (1961) concluded that malathion-resistance
in the Kansas strain is inherited by "two allelic
groups exhibiting incomplete duplicate dominance
epistasis". Dittrich (1961) reported that several
genetic factors controlled the inheritance of resis-
tance to demeton-O (Systox) in Tetranychus telarius,
but subsequently was able to isolate a recessive
mendelian factor (Dittrich, 1963) which seemed to
account for most of the observed resistance.
The similarity of toxic action of carbamates and

organophosphorus compounds as anticholineste-
rases might lead one to presuppose the existence of
partially common or genetically related defence
mechanisms in insects against these compounds.
This is suggested by the presence of fairly similar
but not identical cross-resistance spectra in strains
selected with carbamates and organophosphorus
compounds. However, studies with methylene
dioxyphenyl compounds such as piperonyl butoxide
indicate that while the activity of several carbamates
such as Sevin (1-naphthyl methylcarbamate) can be
potentiated to a considerable extent by piperonyl
butoxide, the latter compound will potentiate
organophosphorus compounds such as diazinon
very little (Hoffman, Hopkins & Lindquist, 1954)
or will even antagonize others such as malathion
(Rai et al., 1956).

In a study of the activity of synergized carbamates
against various resistant strains, Georghiou (1962)
observed that virtual flooding of the system of
carbamate- and of ronnel-selected flies with pipe-
ronyl butoxide did not eliminate carbamate-resis-
tance entirely. The question was thus raised whether
carbamate-resistance in such strains consists of two
or more components, at least one of which is insen-
sitive to the action of piperonyl butoxide. It was
assumed that a study of the inheritence of carba-
mate-resistance with and without the synergist would
yield useful information on the possibility of pre-
sence of genetically distinct multicomponent resis-
tance.
Although resistance to m-isopropylphenyl methyl-

carbamate was shown to be due primarily to the
ability of the flies to detoxify the carbamate at a rate
commensurate with its penetration into the insect
(Georghiou & Metcalf, 1961), the identity of the
breakdown enzyme(s) has not yet been determined.
In the case of resistance to organophosphorus

insecticides, van Asperen & Oppenoorth (1959)
observed low ali-esterase activity in resistant strains,
and in a subsequent study they (Oppenoorth & van
Asperen, 1960) concluded that the breakdown capa-
city for organophosphorus insecticides and the
character for low ali-esterase activity are dependent
on one and the same gene, which is an allele of the
gene for high ali-esterase activity. Such a relation-
ship does not exist in our carbamate-selected strain
R-MIP-2, in which ali-esterase activity as measured
against nine different substrates was 1.29 to 1.91
times higher than in the susceptible NAIDM strain
(unpublished data). Since the nature of the carba-
mate-detoxifying enzyme(s) is still unknown, the
identification of phenotypes in the present study
was based entirely on toxicological tests.

MATERIALS AND METHODS

Housefly strains
The housefly strains used were the carbamate-

resistant R-isolan and R-MIP.2, the organophos-
phorus-resistant R-ronnei and the susceptible S-NAIDM
and S-Lab. The R-isoian strain has been developed
from the S-Lab strain by larval and adult pressure
with Isolan (1 -isopropyl- 3-methyl- 5-pyrazolyl
dimethylcarbamate) as described by Georghiou,
Metcalf & March (1961). Nearly maximal resistance
to this and other carbamates was achieved by the
20th generation. Thereafter, selection was con-
tinued up to the present time by larval pressure alone
in the range of 70 %-80% mortality. Some 100
generations had been completed under selection
pressure by the time this investigation was initiated.
The present level of susceptibility to Isolan (LD50
13.26 ,tg/female) represents an 8.5-fold increase
over the susceptibility of the parental strain at the
time of initiation of selection. The slope of the ld-p
(log-dosage/probit) line (b = 10.093 ± 1.046) indi-
cates a population highly homogeneous in its res-
ponse to Isolan.

Strain R-MIP_2 has been developed by the same
method as the R-isolan, but from strain S-NAIDM by
selection with m-isopropylphenyl methylcarbamate
(abbreviated hereafter as MIP) (Georghiou, 1962).
It is fully resistant to the selective agent (LD50>
100 pg/fly) and also to Isolan (LD50 12.75 ,ug/female;
b = 5.354 ± 0.853). Both of the carbamate-selected
strains show close similarity in their resistance
spectra toward other carbamates, chlorinated hydro-
carbons and organophosphorus insecticides (Geor-
ghiou, 1962).
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The organophosphorus-resistant strain R-rolei
was developed from a susceptible strain (S-staffer)
by selection pressure with Chlorthion (0-(3-chloro-
4-nitrophenyl) 0,0-dimethyl phosphorothioate) and
subsequently with ronnel. It is highly resistant to a

number of organophosphorus compounds (March,
1960) and carbamates. Its high resistance to
piperonyl-butoxide-synergized Sevin (129-fold)
(Georghiou, 1962) rendered it especially suitable for
this investigation.

Strains S-NAIDM and S-Lab are of normal suscep-
tibility to insecticides, except that the latter strain
contained dieldrin-resistant individuals at a fre-
quency of approximately 5% homozygous-resistant
and 12% heterozygous-resistant (Georghiou, March
& Printy, 1963). The response of both strains to
Isolan dosages was not linear on a log scale owing to
an upward deflection of the ld-p line. However, the
upper end of the line (LD100) did not extend into the
range of dosages producing mortality in the resistant
(R) strains. It is certain, however, that the suscep-

tible (S) strains did contain some heterozygotes for
the resistance genes, otherwise it would not have
been possible to produce the R strains from these.
When the dosages of Isolan were plotted on an
arithmetic (instead of logarithmic) scale, satisfactory
dosage-mortality regression lines with X' values
within the 95% probability level were obtained
(Table 1). The non-linearity of response, evident in
both S strains (of different origin), was interpreted as

being due to peculiarities in the intoxication action
of the insecticide, and possibly also to vigour toler-
ance, since non-linearity was more consistent in
the S-Lab strain which comprised some dieldrin-
resistant individuals. In view of this, the dosages of
Isolan were plotted on the arithmetic scale. As an

added safeguard, the interpretation of results was

based on the construction of complete dosage-
mortality lines for the F2 and backcross generations,
rather than on discriminating dosages, and each
observed percentage of mortality was analysed in-
dependently.

TABLE 1

COMPARISON OF DOSAGE-MORTALITY REGRESSION LINES OBTAINED BY PLOTTING
THE DOSE ON ARITHMETIC (A) AND LOGARITHMIC (L) SCALES

Strain [etrI enityLsand Compound | Scale factor d.f. X|2 | gL')

S-Lab d Isolan L 3.575 7 25.028* 1.001
A 1 8 12.485 1.255

9 Isolan L 6.354 6 38.124* 3.226
A 1 8 10.222 3.682

S-NAIDM 9 Isolan a L 5.557 6 33.345* 2.359
A 1 7 5.087 2.807

C Isolan b L 1 7 6.020 1.009
A 1 6 9.562 1.416

9 Isolan b L 1 5 6.581 1.995
A 1 5 10.915 2.376

9 MIP + piperonyl butoxide L 1 4 4.713 0.277
A 1 4 1.785 0.296

V Zectran+plperonyl butoxide L 1 3 2.896 0.151
A 1 3 5.953 0.157

V Sevin+piperonyl butoxide L 2.819 5 14.098* 0.340
A 1 5 11.008 0.366

a Test series B, December 1962 (See Table 2).
b Test series A, June 1962 (See Table 2).
* P <0.05.

183



G. P. GEORGHIOU & M. J. GARBER

Rearing and testing

Rearing and testing of the insects were by methods
already described (March & Metcalf, 1949). Briefly,
rearing was by a modification of the CSMA (Chemi-
cal Specialties Manufacturers' Association) pro-
cedure at 80°F (26.7°C) and 60% relative humidity,
and testing was by the topical application of 1-micro-
litre drops of w/v acetone solutions of the insecti-
cides to the nota of 3-day-old flies under CO2
anaesthesia. Treatment was carried out at a tem-
perature of 74°F (23.3°C); then the insects were held
at 60°F (1 5.6°C) and 60% relative humidity for
24 hours, at the end of which time mortality was re-
corded. Insect activity at this temperature was
minimal, and in general no mortality occurred in the
controls. Treatment of the offspring of any one cross
extended over a period of from three to 10 days,
depending on the number of flies available and the
sample size desired. The results of different days
were averaged.

Insecticides used

The insecticides were of technical grades of the
highest obtainable purity. Isolan was supplied by
J. R. Geigy S.A., Basle, Switzerland and was redis-
tilled at b.p. 86-900C, 0.15 mm Hg; Sevin (m.p.
142°C) by Union Carbide Chemicals Co., New York;
MIP (m-isopropylphenyl methylcarbamate) (m.p.
72-73°C) by Hercules Powder Co., Inc., Wilming-
ton, Del. (as AC-5727); Zectran (4-dimethylamino-
3,5-xylyl methylcarbamate) (m.p. 850C) and ronnel
by Dow Chemical Co., Midland, Mich.

Genetical technique

Mass crosses were performed in preference to
single-pair matings, in order to provide sufficient
offspring for testing and for further crosses. Some
250 flies of each sex were utilized per cross. These
were obtained within 12 hours of emergence. All
crosses and tests are summarized in Table 2. Series
A was performed in June 1962, and involved the
study of the inheritance of resistance to Isolan and
MIP in strains R-Isoian and R-MIP-2. Reciprocal
crosses of each strain to its parental strain were
performed and the susceptibility of the F1, F2 and
backcross generations was determined. The back-
cross involved females of the F1 generation and
males of the susceptible strain. This particular
backcross was adopted in preference to the other pos-
sible backcrosses, after the F2 results had indicated
that resistance was autosomal and partially domin-

ant. The offspring of cross Ilb also served for a
study of the inheritance of resistance to MIP and
Zectran in combination with piperonyl butoxide.
Series B was undertaken in December 1962, and
was intended to extend the previous findings to
include Sevin + piperonyl butoxide and also to
determine the inheritance of carbamate-resistance in
the organophosphorus-resistant strain R-rormel. The
results obtained with each cross are discussed under
the heading of the respective insecticide.

Statistical treatment
Dosage-mortality regression lines for all parental,

F1, F2, and backcross populations were determined
by the probit analysis method of Finney (1952) on a
programmed IBM 1620 computer. Classes with
expected values below 5 were pooled with adjacent
classes before calculating the X2 values. The regres-
sion sum of squares was tested for significance
against X2/k, where k is the number of degrees of
freedom associated with the calculated X2 and
equals n-2-m, where m is the number of classes
absorbed.
As mentioned earlier, regression lines for Isolan

on the S strains yielded lower X2 values when the
scale of dose was not transformed. When the carb-
amates were used in combination with piperonyl
butoxide, satisfactory ld-p lines were obtained with
the scale of dose transformed to log (Table 1). As a
rule, dosage-mortality regression lines for F2 and
backcross generations involving the carbamate-
resistant strains gave high X2 values, reflecting the
genetic heterogeneity of these generations. There-
fore, straight lines are given in the accompanying
graphs only for the parental and FL populations.
Complete dosage-mortality data for these, as well as
LD,0 values, X2 values and slopes (b) are to be found
in the respective tables. The expected F2 segrega-
tion, on the basis of single-factor Mendelian in-
heritance, was calculated by the formula x(F2)=
al(S)0.25+a2(SR)0.50+a3(R)0.25, where x is the
expected response of F2 to a given dose, and a,, a2,
and a3 are the observed response of S, SR (hybrid)
and R populations to that dose, read from their
respective regression lines. Similarly, the expected
segregation of the backcross (BC) of the SR to the
S populations was calculated for each dose by
the formula x(BC)=a,(SR)0.50+a2(S)0.50. The
agreement of the observed response to the expected
was calculated by the X2 method (1 degree of free-
dom). Significant deviations of the observed from
the expected (X2 > 3.8) are indicated by an asterisk
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TABLE 2
DETAILS OF CROSSES PERFORMED

Data in:
Series No. | Crosses | Generation a |_Compound|No.

Series No. Crosses ~~~~~andsex tested CopudTable Fig.

F., F2, BC Y Isolan 4 1
A la R-Isolan oXS-Lab V |

Fi, Fa, BC cl Isolan I

F., F2, BC Y Isolan 4 1
A lb R-isolan ?XS-Lab ,

Fi, F2, BC d Isolan 1

Fi, Fg, BC Y Isolan 5 2
A Ila R-MIP-2 d X S_NAIDM Y

F., F2, BC S Isolan 2

F., F2, BC y Isolan 5 2

Fi, F2, BC , Isolan 2
A lib R-MIP-2 X S_NAIDM cl

F., F2, BC Y MIP+piperonyl butoxide 3

F., F2, BC | Zectran+piperonyl butoxide 3

F,, F2, y Isolan 5
B R-MIP 2 VjXS-NAIDM d

_
I R-Mlp-2 YXS-NAIDM S

F1, F2, BC V Sevin+piperonyl butoxide 4

F., F2, 9 Isolan I5
____

Rron_XS_NAIDM F., F2, BC Sevin+piperonyl butoxide 6 4

a BC = backcross.

in the tables, and are circled in the graphs. Because RESULTS
of space limitations, detailed data are presented only Resistance to Isolan
for female flies of crosses A-Ia, A-Ib (Table 4), Susceptibility of hybrids. The susceptibility of
A-Ila, A-IIb (Table 5) and B-Il (Table 6). Data for male and female hybrids of the reciprocal crosses in
the remaining crosses are to be found in the graphs. Series A is shown in Table 3. The data indicate that

TABLE 3
DATA FOR F. OFFSPRING OF RECIPROCAL CROSSES OF SERIES A,

TESTED WITH ISOLAN

Cross Sex tested LDo 95% fiducial b : SE(,Ag/fly) limits

R- lan 6X S-Lab e 10.265 9.842-10.688 0.296±0.0186

R-Isolan 9X S-Lab cl 10.232 9.782-10.736 0.296±0.0243

R-Isolan 6XS-Lab e 3.943 3.678-4.209 0.534±0.0411

R-I0olan 9X S-L.ab 6 CT 4.276 3.981-4.571 0.476+0.0384

R-MIp-2 6xXS-NAIDM V 7.803 7.444-8.161 0.264±0.0146

R-MIpa2 X S-NAIDM |6 8.567 8.169-8.964 0.296+0.0219
R-MIP22X S_NAIDM 9 6T 4.325 3.779-4.902 0.395±0.0389

R-Mjp-2 Vx S-NAIDM 6 CT 4.351 4.077-4.625 0.415±0.0311
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in both carbamate-selected strains the character of
resistance to Isolan is autosomal, being transmitted
to the hybrids by either the male or the female parent.
They also indicate the possibility of slight cyto-
plasmic influence, since somewhat higher resistance
is imparted to the hybrid (of either sex) by the
female than by the male parent. However, this
effect, although evident in three of the four pairs of
reciprocal crosses, is significant (P < 0.05) only in
one-namely, in the female offspring of R-MIP-2 ° X

S-NAIDM 6T which were 1.1 times as resistant as

those of the reciprocal cross R-MIP-2 d X S-NAIDM S-

In view of their close agreement, the results of the
reciprocal crosses were combined and treated as

one in both the F1 and F2 generations.
Tables 4 and 5 present complete dosage-mortality

data for female flies of crosses A-I and A-II tested
with Isolan. The resistance ratios (RR) of the R
and F1 populations (bottom lines of tables) are the
quotients of the LD50 values of R or F1-. S. In four

TABLE 4
POOLED DATA FOR FEMALE FLIES OF RECIPROCAL CROSSES la AND lb OF SERIES A (R-Iso1anXS-jLab)

TREATED WITH ISOLAN

24-hour mortality a
Dosage
of Isolan Fi Backcross
(14/flY) S R F.

Expected Observed x2 Expected Observed x2

0.4 3

0.5 5

0.8 14

1 6 2 2

1.5 g 13 | [ | ~~~~~~~~~ ~~~2.753b|1.5 13 3 .7 7 5 0.369

2 18 5 5 0 10 8 0.267

3 34 9 9 0.009 19 23 0.806

4 65 3 16 19 0.955 30 27 0.257

5 71 13 6 22 23 0.110 40 38 0.156

6 13 8 27 25 0.244 49 50 0.024

7 94 18 32 37 1.238

8 17 25 39 55 12.912* 62 57 0.637

10 12 48 52 69 13.894* 74 75 0.104

12 35 73 68 83 12.407* 85 93 3.012*

14 55 87 83 92 6.888* 94 92 0.222

16 81 93 93 98 4.607* 99 98 0.606

20 97 x2=56.017 X2=6.460
12] [11]

LDso 3.683 13.451 10.295 8.175 6.843

b 0.507 0.323 0.304 0.250 0.223

x2 10.223 1.171 1.934 9.369 16.643

Degrees of
freedom 8 3 7 11 10

Resistance
ratio 3.65 2.80

a Number of flies treated at each dosage level: F,=140, F2=120, BC=60.
b x2 based on pooled data for dosages of I "g and 1.5 Mg.
* P<0.05.
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POOLED DATA
TABLE 5

FOR FEMALE FLIES OF RECIPROCAL CROSSES Ila AND llb OF SERIES A
(R-MIp . X S-NAIDM) TREATED WITH ISOLAN

24-hour mortality a (%)
of ssolan Fit Backcross

(,..glflY) S R F Expected Observed xi Expected Observed X2

0.8 14

120 12 11 0.023

1.5 26 10 11 0.213 17 6 8.574*

2 45 12 12 0.007 22 13 4.720*

3 71 10 20 19 0.116 37 35 0.097

4 18 29 29 0 49 51 0.128

5 94 3 17 35 37 0.161 58 53 0.821

6 26 42 45 0.605 65 60 0.879

7 12

8 48 54 50 0.773 76 63 3.379

10 27 72 66 69 0.406 86 73 7.561*

12 33 89 78 80 0.288 94 89 1.899

14 48 96 86 87 0.047 98 95 1.026

16 75 99 93 95 0.246

20 92 X= 2.862 X'=29.107
.[11] [11]

LDw. 2.376 13.361 7.936 7.633 - b

b 0.604 0.209 0.279 0.200

XI 10.915 4.266 11.929 19.068

Degrees of
freedom 5 5 7 12

Resistance
ratio 5.62 3.34

a Number of flies treated at each dosage level: Fi=220, F2=120, BC=80.
b Non-significant regression.
* P<0.05.

of five crosses, the RR of the F1 was found to be
greater than one-half the RR of the R parent,
indicating that resistance to Isolan is partially
dominant. The only exception is the male offspring
of the cross R-I81.. x S-Lab, in which resistance is
intermediate between S and R strains, i.e., RR of
F1 . RR of R = 0.49.

Susceptibility of F2. The results obtained with the
F2 generations were tested for linearity by attempting
to construct valid dosage-mortality regression lines.
It will be observed from the X2 values given at the
foot of Tables 4 and 5 that such lines (P > 0.05) can

in fact be obtained. Linearity in the F2 is commonly
considered as suggestive of polygenic inheritance.
The possibility exists, however, that straight lines
can be fitted for the F2 due to the generally low degree
of resistance involved and the substantial over-
lapping between the S and F1 lines. Furthermore,
when the various dosage-mortality points for the F2
are connected, the resultant line shows a general
tendency for deflection in the range of 20%-50%
mortality. This, in itself, indicates that the F2
population segregates into classes of phenotypes,
and consequently that resistance is due to a major
factor. In order to test this possibility, the observed
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results were subsequently analysed for goodness
of fit to monofactorial inheritance by the X2 method
as outlined earlier. The expected F2 regression lines
were calculated and are shown in Fig. 1 and 2. The
degree of departure of the observed response from
the expected is represented by x2 values in the
respective tables. It will be noted that with the
exception of cross I of Series A (Table 4), the
observed mortalities are generally in agreement with
the expected on the basis of a major single-factor
inheritance. Cross I of Series A shows significant
departures of observed from expected responses
in the area of 40%-100% mortality.

Susceptibility of backerosses. Female F1 offspring
of the combined reciprocal crosses la, Ib, Ila and
lIb (Series A) were backcrossed to males of the
respective parental susceptible strains. The results
were tested for linearity by probit analysis. In two
of four crosses valid regression lines (P > 0.05) could
be obtained. As in the case of the F2 generations,
however, a deflection in these lines (Fig. 1 and 2)
indicated the segregation of groups of phenotypes.
Analyses of the observed and expected responses,
on the basis of one-factor inheritance, yielded X2
values in most cases well within the 0.05 probability
level.

FIG. 1
DOSAGE-MORTALITY REGRESSION LINES FOR ISOLAN INDICATING EXPECTED (.) AND OBSERVED (v) MORTALITIES
FOR F2 AND BACKCROSS (BC) FEMALE AND MALE HOUSEFLIES OF THE RECIPROCAL CROSSES R-IsoianXS-Lab

(la & lb OF SERIES A) a

Dosage (tpg/Isolan) per f ly

a Complete data for females are given in Table 4.

- 10

. 0o

a

0

In

140
0~

1-

6

4

188



INHERITANCE OF CARBAMATE-RESISTANCE IN THE HOUSEFLY

FIG. 2
DOSAGE-MORTALITY REGRESSION LINES FOR ISOLAN INDICATING EXPECTED (e) AND OBSERVED (.) MORTALITIES
FOR F2 AND BACKCROSS (BC) FEMALE AND MALE HOUSEFLIES OF THE RECIPROCAL CROSSES R-MIp_2XS-NAIDM

(Ila & lib OF SERIES A) a

O 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 1718 0 2 3 4 5 6 7 8 9 10 I 12 13 14 15 1617 18

Dosage (pg/lsolan) per f ly

a Complete data for females are given in Table 5.

Resistance to MIP

A number of tests were performed on the progeny
of crosses Ia, Ib, Ita and ilb, in order to determine
the feasibility of extending this study to include the
mode of inheritance of resistance to MIP. These
tests indicated that the dosage-mortality regression
line for the F1 generation produced a plateau at
dosages above 10 ,ug/fly. The existence of a plateau
in the regression line of genetically uniform popula-
tions such as the F1 suggested the presence of
limitations in the cuticular penetration of the toxicant
at these high dosages. Greater mortality was pos-
sible only by applying a greater amount of solvent
per insect, such as 2 microlitres, thus increasing the

area of the absorbing surface. However, the applica-
tion of 2 microlitres of acetone per fly produced
some mortality in the controls. In view of this
limitation, a study of the inheritance of resistance
to MIP was not possible by the testing method em-
ployed. However, the limited tests on the F1 of the
reciprocal crosses indicated that, as in the case of
Isolan, resistance to MIP is also autosomal, with
only slight maternal effects.

Inheritance of resistance to carbamates in presence

of piperonyl butoxide

In view of the limitations of the topical application
method in the study of the inheritance of resistance

a

0

6

5

4

0

1 5m-
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to MIP, a series of tests were carried out in which the
carbamate was used in combination with piperonyl
butoxide. The synergistic effect ofpiperonyl butoxide
is thought to be due to its interference with oxidative
defence mechanisms in the insect. It was thus
reasoned that piperonyl butoxide, through its
suppressing effect on oxidative defence mechanisms,
would afford an opportunity to detect the presence
of secondary defence mechanisms in the insect, if
such other mechanisms do actually exist in detecta-
ble degrees. It should be indicated that the ratio of
piperonyl butoxide to carbamate used (5:1) does
not cause complete deactivation of the piperonyl-
butoxide-sensitive mechanism. This is evident in

the fact that further increase in the proportion of
piperonyl butoxide to a ratio of 10:1 results in
further synergism of the carbamate (unpublished
data).
The materials studied in combination with

piperonyl butoxide were MIP, Zectran, and Sevin.
For the first two, flies of cross Ilb of Series A were
utilized. For Sevin a special cross (cross I of Series B)
of the same strains was performed. The procedure
described previously was followed in the experimen-
tal part and in the analysis of the results.

MIP + piperonyl butoxide. The results obtained
are shown in Fig. 3 (upper graphs). Resistance in

FIG. 3
DOSAGE-MORTALITY REGRESSION LINES FOR MIP AND ZECTRAN IN COMBINATION WITH PIPERONYL BUTOXIDE (1: 5)

INDICATING EXPECTED (e) AND OBSERVED (A) MORTALITIES FOR F2 AND BACKCROSS (BC) FEMALE
HOUSEFLIES OF THE CROSS R-MIP-E ?XS-NAIDM e (lIb OF SERIES A)

98.

90 /W / A0

6
80

70

50 5

30 p'A

20 A/4

F2 BC?~
0
- ~~~~~~MIP MIP098r0

M 90[ r/I

I 10 0.1 I
Zectran Zectran
D.osage (pg/carbamate) per fema I e f I y

10

WHO 50260

190



INHERITANCE OF CARBAMATE-RESISTANCE IN THE HOUSEFLY

the F1 generation was partially dominant (RR of
F1 RR of R = 0.6). In the F2 a valid Id-p
line could not be fitted (X2 = 19.085; P<0.01),
indicating non-linear distribution of phenotypes.
Analysis of the observed and expected responses
of the F2 and backcross generations, on the basis
of one-factor inheritance, yielded x2 values with
P> 0.05, with certain exceptions, particularly in
the upper range of dosages employed on the F2
generation.

Zectran + piperonyl butoxide. As in the case of
Isolan and MIP, resistance to Zectran in the F1
hybrids was partially dominant (RR of F1 RR of
R = 0.57). Similarly, the response of the F2 genera-
tion was non-linear (X2 = 34.112; P < 0.001),
indicating segregation of classes of phenotypes.
This is readily observed in both the F2 and backcross
results, where definite plateaux are evident (Fig. 3,
lower graphs). However, X2 analysis of responses
on the basis of one-factor inheritance yielded values
in most cases far below the 0.05 probability level.
It is perhaps significant that the mortalities obtained
with each dosage on the F2 exceed the expected by a
factor of 10 %-25 %. Excessive F2 mortality with
all dosages was also observed in the tests with
MIP + piperonyl butoxide in which offspring of the
same cross were used. This may have been caused
by a factor impinging upon the Id-p line in its
entirety, such as might be caused by the intrusion of
susceptible individuals in the population, or by a
lower biotic potential of the homozygous resistant
individuals, so that the entire id-p line shifts to the
left. It is of interest that a similar situation was not
observed in the tests with Sevin + piperonyl
butoxide (described below), for which an entirely
new cross was performed.

Sevin + piperonyl butoxide. The flies utilized
for these tests were derived from cross I of Series
B. The tests were performed approximately six
months after the termination of the tests of Series A.
The results (Fig. 4) indicate partially dominant
resistance in the F1 (RR of F1 +. RR of R = 0.86).
The response of the F2 generation was again non-
linear (x2= 73.163; P< 0.001). x2 analysis of the
response observed with each dosage indicates, in
12 out of 15 points, close agreement (P > 0.05) to
what might be expected on the basis of major single-
factor inheritance. The backcross results are less
clear, with the lower four dosages producing
significant deviations from the expected.

Inheritance of carbamate resistance in an organo-
phosphorus (R-ronnel)-selected strain.
Resistance to Isolan. These tests were performed

on the offspring of cross 1I of Series B and were
confined to the F1 and F2 generations (Fig. 5). The
F, generation showed partial dominance of resist-
ance at the LD50 level (RR of F1. RR of R= 0.74).
The slope of the F1 generation was markedly lower
than that of the R parent. This is in contrast to the
results obtained with Isolan on the crosses involving
the carbamate-selected strains, which yielded F.
slopes nearly equal to or higher than those of the R
parent. The F2 generation produced a fairly straight
dosage-mortality line (Fig. 5) (X2 = 6.121; PI.-0.80)
characteristic of polygenic systems, while x2 analysis
of individual points indicated significant deviations
of the observed responses from those to be expected
on the basis of single-factor inheritance; these
deviations involved approximately one-half of the
population.

Resistance to Sevin+piperonyl butoxide. Tests on
cross II of Series B with Sevin + piperonyl butoxide
(Table 6, Fig. 4) indicated that resistance in the F,
was partially recessive (RR of F1 . RR of R=0.077).
As in the case of tests with Isolan on this cross, the
slope of the F1 generation was lower than that of the
R parent (b= 1.785 as against 2.040). x2 analysis of
the results of all dosages employed on the F2 and
backcross generations indicate, in most cases,
significant departures from the results to be expected
on the basis of single factor inheritance.

DISCUSSION

It is concluded from the foregoing that the charac-
ter of resistance to Isolan in the two carbamate-
selected strains R-isolan and R-MIP-2 is inherited as a
partially dominant major single factor without sex
linkage or appreciable cytoplasmic influence. The
evidence for simple Mendelism is based on: (1) the
absence of continuous distribution of the character
of resistance in the F2 and backcross progeny and (2)
the statistical agreement of the observed responses to
those which may be expected in case of monofac-
torial inheritance.
The inclusion of piperonyl butoxide synergist at a

ratio of 5:1 in tests with Sevin, Zectran and MIP
failed to provide definitive evidence of the presence
of more than one factor responsible for resistance to
the carbamates. As in the case of the Isolan tests, the
results with these synergistic combinations appear to
conform to the pattern of single-factor inheritance.
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FIG. 4. DOSAGE-MORTALITY REGRESSION LINES FOR SEVIN IN COMBINATION WITH PIPERONYL BUTOXIDE (1:5)
INDICATING EXPECTED (o) AND OBSERVED (A) MORTALITIES FOR Ft AND BACKCROSS (BC) FEMALE FLIES

OF THE CROSSES R-MIP 2 ?XS-NAIDMS AND R-ronnelx S-NAIDM (I & 11 OF SERIES B) a
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a Complete data for cross 11 of series B are given in Table 6.

FIG. 5. DOSAGE-MORTALITY REGRESSION LINES FOR ISOLAN INDICATING EXPECTED (.) AND OBSERVED (A
MORTALITIES FOR F2 FEMALE HOUSEFLIES OF THE CROSSES R-MIP-2XS-NAIDM AND R ronne1X SNAIDM (I & 11 OF SERIES B)

90 0
6

807-

730 - .

50

30

Dosage ( pg/lsolan) per f e m a I e f I y

P

.0

,x

BC?
R-lUIP2 X S NAIDO

1.1.x

I

o :



193INHERITANCE OF CARBAMATE-RESISTANCE IN THE HOUSEFLY

TABLE 6
DATA FOR FEMALE FLIES OF CROSS 11 OF SERIES B (R.ronnel XS-NAIDM!)

TREATED WITH SEVIN IN COMBINATION WITH PIPERONYL BUTOXIDE

24-hour mortality a& (%)
osage-

of Sevin Ft Backcross
(Mg/fly) S R |F Expected Observed | X2 Expected ] Observed xi

8

12

18

23

28

30

33

35

37

39

42

45

48

52

56

61

67

77

82

2

2

2

2

4

5
6

6

7

8

B

a,

3 4.0768
4 7.272*

1 3.983*

5 4.336*

3 2.479

1 16.200'
5 10.4190

4 9.705*

8 10.381

3 13.181*

i1 26.674*

6 24.945*

2 27.692*

3 61.602*
3 41.420*

2 25.951

2 45.228*

5 25.611*

5 16.029*

Xe=377.184
(19]

42

52

54
57

62

67

73

14

27

31

43

65

73

88

32.183*

1 28.837*

51.111 *

17.591'

0.610

1896

9.640*

x' = 141.868
[71

LD.,| 0.340 45.609 3.505 1.903 1.148

b 4.546 2.040 1.785 1.906 2.934

)(2 14.098* 12.127 11.781 87.226* 2.606
Degrees of
freedom 5 7 11 16 5

Resistance
ratio 134.06 10.30

a Number of flies treated at each dosage level: Fi=100, Fa=180, BC=140.
* P<0.05.
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If several factors are involved, they are evidently
closely linked so that they are inherited as a single
unit.

In contrast to these results, the pattern of in-
heritance of resistance to Isolan and to the Sevin/
piperonyl-butoxide combination in the organo-

phosphorus-resistant strain R-ronnel is suggestive of
a polygenic system, as evidenced by the continuous
distribution of resistance in the F2 and backcross
generations; also, by the lack of agreement of the
observed dosage-mortality lines to those which may
be expected in the case of single-factor inheritance.
These results also indicate that the very pronounced
resistance to Sevin + piperonyl butoxide in strain
R-ronnel shows varying expressivity and incomplete
penetrance in the F2 hybrids.
The results obtained with these tests help to ex-

plain some of the phenomena observed previously in
connexion with the development of resistance to the
carbamate insecticides. The apparently rapid rate of
development of resistance to MIP as measured by
topical application of the insecticide in 1-microlitre
acetone drops (Georghiou, Metcalf & March, 1961)
was evidently enhanced by the fact that some of the
hybrids are insensitive to the action of this insecticide
when they are treated by topical application. It may
be expected, therefore, that " immune " individuals
will appear as soon as the frequency of heterozygotes
is such that they can be detected in the sample size
tested. A sample size of 1200 flies from a susceptible
strain was found to contain two individuals which
survived the maximal topical dosage of 10 ,ug. In-

sensitivity of the heterozygotes to Sevin and m-tert
butylphenyl methylcarbamate may also explain the
apparently rapid rate of development of resistance
to these compounds in the housefly as observed by
other investigators (Moorefield, 1960; Hoskins &
Nagasawa, 1961).

It is also obvious that since by topical application
of maximal dosages of MIP one cannot discriminate
between heterozygous and homozygous resistant
genotypes, selection for resistance by this method
alone cannot be expected to produce a homozygous
resistant strain. This condition may be remedied if
selection pressure on the adults is accompanied by
pressure on the larvae.

Resistance to Isolan can be developed by adult
pressure alone, since complete mortality of homozy-
gous resistant genotypes is possible by topical
application. Maximal resistance to this compound
is comparatively low (approximately 10-fold), and
can be reached within a few generations due to the

semi-dominance of the resistant allele. This condi-
tion permits the virtual elimination of susceptible
genotypes with successive selections. Similarly, the
heterozygotes can be progressively eliminated since,
according to our data, up to 35 % and 50% of female
and male homozygous resistant genotypes, respec-
tively, will survive the minimum dose that produces
complete mortality of the heterozygotes.

Certain discrepancies in the responses of the F2
generations require further clarification. These
involved primarily a significantly higher than ex-
pected mortality, either in the upper range of the
dosage-mortality line alone (Fig. 1, upper left graph)
or over the entire dosage-mortality line (Fig. 3, lower
left graph). It is likely that some biotic factor causing
differential fecundity or egg hatch may have been
responsible for changes in gene frequencies in certain
crosses. A test of the reproductive potential and egg
hatch in certain of the crosses (Table 7) did actually
reveal a lower egg hatch in the homozygous resist-
ant R-isolan flies, which was coincidental with lower
fecundity and longevity. Although this condition
was not encountered in a subsequent test performed
several months later, it might account for the higher
than expected mortality in some ofthe F2 generations.
The quantitative assessment of response to a large

number of closely spaced dosages in the F2 and back-
cross tests, although time-consuming, appears in-
dispensable where the inheritance pattern is entirely
unknown. Andres & Prout (1960) emphasized that
the production of Mendelian ratios by a single dose

TABLE 7
PERCENTAGE OF EGG HATCH IN VARIOUS HOUSEFLY

STRAINS AND THEIR CROSSES

Strain or cross Eggs Egg hatchexamined (%

S-Lab
(rr) 881 93.6

R-Isolan
(RR) 794 74.5

Rrx Rr 846 96.5

Rr()x RR(!) 791 96.8

Rr()x rr(&) 1 170 94.2

Rr(e) xRR(°) 274 80.0

Rr()x rr(9) 1 035 92.3

Least significant difference: 14.9
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is necessary but not sufficient evidence for a major
gene, since such a dose might be truncating a con-
tinuous distribution of resistance at levels numerical-
ly equivalent to Mendelian ratios. This is amply
illustrated by the results obtained with the back-
cross offspring of cross II of Series B (Table 6 and
Fig. 4); had only one dose (1.4 ,ug) been used, it
would have produced results in agreement with
simple Mendelian inheritance; however, the use of
seven dosages produced a line of continuous distribu-
tion truncating the expected in the area of the 1.4-,ug
dose.
Hoskins & Nagasawa (1961) considered that

resistance to Isolan in the R-isoian strain is due to
" a clear case of vigour tolerance". Although the
term " vigour tolerance " does not yet appear to have
been clearly defined, it is supposed that the mecha-

nism governing such tolerance is polygenic, and the
likelihood of selecting a pure strain is remote
(Davidson, 1958, p. 614). For this reason, such
strains are expected to revert to the original tolerance
level when selection is stopped, as was the case for
Anopheles stephensi reported by Davidson &
Jackson (1961). Georghiou (1964) studied the out-
come of resistance to Isolan after cessation of the
selective pressure and found that resistance re-
mained virtually unchanged for at least 41 genera-
tions; thereafter, it regressed only gradually so that
in the 62nd generation the strain contained 28%
homozygous susceptible individuals. This pro-
longed stability of resistance, as well as the present
evidence of monofactorial inheritance, precludes the
possibility that the observed resistance to Isolan is
due entirely to vigour tolerance.

RtSUMI

L'emploi croissant des esters de I'acide carbamique
dans la lutte contre les insectes justifie 1'6tude de la trans-
mission her6ditaire de la resistance de la mouche domes-
tique a ce groupe d'insecticides.
La resistance a l'Isolan - avec ou sans agent syner-

gique - des souches selectionnees par cette substance, se
transmet comme facteur unique, partiellement dominant,
non lie au sexe, et sans influence cytoplasmique appre-
ciable.
En revanche, la resistance a l'Isolan et au Sevin addi-

tionne d'un agent synergique d'une souche resistante aux

organophosphores (R-ronnel) semble dependre d'un
systeme polygenique, comme le montrent la r6partition de
la resistance dans la F2 et les croisements en retour, ainsi
que les courbes dose-mortalite.
La resistance 'a l'Isolan s'est maintenue a peu pres la

meme durant 41 generations apres interruption de la
pression de selection; elle ne diminua que graduellement:
la 62e generation contenait 28% d'homozygotes sensibles.
Ces faits indiquent que, contrairement a ce qu'ont avance
certains auteurs, la resistance a l'Isolan n'est pas 1'expres-
sion d'une simple tolerance constitutionnelle.
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