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The Monofactorial Inheritance of Resistance to
Dieldrin in Larval and Adult Culex quinquefasciatus

Say*
J. T. PENNELL 1 & W. M. HOSKINS

A susceptible and a resistant strain were isolated from an originally heterogeneous
laboratory colony of Culex quinquefasciatus Say (= Culex pipiens fatigans Wiedemann)
by use of discriminating concentrations of dieldrin on fourth-instar larvae. By cross-
breeding, hybrids of intermediate susceptibility were obtained. By repeated cross-breeding
and elimination of susceptibles the authors have shown that resistance to dieldrin is con-
trolled by a single inheritable factor which is neither fully recessive nor dominant in the
hybrid genotype, since the ratios of the LC50 values were 1:19:196. Cross-resistance was
shown to lindane but not to malathion or to any of three carbamates.

Similar tests were made with adultfemales exposed to papers impregnated with n-dioctyl
phthalate as solvent to secure high concentrations of dieldrin. Resistance in this stage also
was neither fully recessive nor dominant, but it can be calculated quantitatively only for
the hydrid (approximately 15-fold) since longer exposure was required with the resistant
genotype. Determination of dieldrin pick-up showed that this cannot account for the
differences in susceptibility of the genotypes. Analysis of resistant females surviving expo-
sure to dieldrin papers showed slow loss of dieldrin and thus added confirmation to the
hypothesis that metabolism is not the controlling process in dieldrin-resistance.

A strain of Culex quinquefasciatus Say (= Culex
pipiens fatigans Wiedemann) taken in Fresno and
Orange Counties, California, and reared in the
laboratory at Berkeley, Calif., for two years gave a
wide range of response to dieldrin when tested in the
fourth larval instar stage. By breeding from the
larvae surviving a discriminating dosage of 0.1 ppm
dieldrin, a strain highly resistant to dieldrin in both
the larval and adult stages was obtained and used
in tests of pick-up from WHO papers of varying
concentration of dieldrin (Pennell et al., 1964).
The marked difference in susceptibility between the
most susceptible and the most resistant members
of the original colony suggested that it would be
useful for a study of the inheritance of resistance to
dieldrin. Two questions were of primary importance:
(a) what is the number of inheritable factors that
have a significant effect on the level of resistance to
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dieldrin; and (b) what is the degree of dominance,
i.e., how fully does the hybrid genotype resemble
the fully susceptible or fully resistant genotype?

Limited experiments were also made with certain
other insecticides to examine the occurrence and
extent of cross-resistance resulting from selection
with dieldrin. The insecticides used were:

Dieldrin: recrystallized from a technical sample, first
from ethyl ether solution, then from ethanol solution.
A single peak was shown by gas chromatography.

Lindane: y-isomer, 99.9% pure.
DDT: p,p'-isomer, twice recrystallized.
Malathion: an analytical standard obtained from

American Cyanamid Company.
Sevin: a-naphthyl-N-methylcarbamate, recrystallized

three times from petroleum ether solution.
UC 10854: m-isopropylphenyl-N-methylcarbamate,

analytical grade, obtained from Union Carbide Corpora-
tion.
Bayer 39007; o-isopropoxyphenyl-N-methylcarbamate,

obtained from Chemagro Corporation, guaranteed 95%
pure.
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FIG. 1

DIELDRIN DOSAGE-MORTALITY DATA FOR FOURTH-INSTAR LARVAE OF
C. QUINQUEFASCIATUS OF ORIGINAL LABORATORY COLONY
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Since all samples were near 100% purity, all con-
centrations were prepared on that basis.

PROCEDURES WITH LARVAE

Groups of 25 early fourth-instar larvae from the
laboratory colony were exposed to dieldrin dispersed
from acetone solution in 250 ml of tap water. After
24 hours the larvae were removed, rinsed and trans-
ferred to clean tap water containing dried alfalfa
meal for food. After a further period of 24 hours
mortality was determined, since the further holding
period resulted in fewer individuals in the ambiguous
moribund condition and mortality in the control
groups was still zero in nearly all cases.

Fig. 1 shows the dosage-mortality points for the
original laboratory colony exposed in the early
fourth-instar stage to dieldrin as described. The
points roughly define a line flat from 0.01 ppm to
0.05 ppm, then rising to another plateau starting
at about 0.1 ppm. This is the characteristic response
of a mixed population containing highly susceptible
individuals succumbing below 0.01 ppm in the
present case, an intermediate group succumbing in

the range 0.01-0.1 ppm and a highly resistant group
succumbing only at concentrations greater than
0.1 ppm (Hoskins, 1960 1).

Discriminating dosages were used to segregate
dieldrin-susceptible and -resistant substrains from
this initial laboratory colony in the following
manner. Single egg rafts were placed in enamel
pans and, when the larvae had reached the early
fourth instar, two samples of 20 each were isolated
from each raft. One group was exposed to 0.01
ppm dieldrin as described earlier, and the other to
0.1 ppm. If both groups gave 100% mortality, the
larvae remaining from that raft were reared as a
dieldrin-susceptible (D-s) colony. If both groups
showed 0 mortality, the unused larvae from that
raft were reared as a dieldrin-resistant (D-r) colony.
Any group responding in an intermediate manner
was discarded since it was obviously of mixed
composition.
A dieldrin-hybrid (D-h) colony was obtained by

isolating single pupae from the susceptible and

1 Also discussed by W. M. Hoskins (1962) in unpublished
working document WHO/Insecticides/135.



INHERITANCE OF DIELDRIN-RESISTANCE IN CULEX QUINQUEFASCIATUS

resistant colonies and mixing emergent males from
one with females from the other, and vice versa
for the opposite cross. Larvae developing from eggs
of the two hybrid colonies were tested for susceptib-
ility to dieldrin.

RESULTS WITH LARVAE

The experimental points and log dosage-probit
(ld-p) lines drawn by eye from the mortality data
obtained in three separate tests on the four colonies
are shown in Fig. 2. Calculation of LD50 values and
slopes of the ld-p lines by the method of Litchfield
& Wilcoxon (1949) gives the values shown in the
upper part of Table 1. It is obvious that the ld-p
lines do not overlap and that the discriminating
dosages-i.e., 0.01 ppm and 0.lppm-were chosen
properly for isolation of the susceptible and resistant
genotypes within the original population. The
figure also shows that the hybrids resulting from the
two methods of crossing were identical in suscept-
ibility.

If the genetic basis of dieldrin-resistance in C.
quinquefasciatus is monofactorial and the larvae of
all genotypes have equal viability up to the stage of
testing, then the F2 larvae resulting from the cross of
susceptible with resistant in either direction should
consist of 25% D-s, 50% D-h and 25% D-r. Fig. 3
shows the experimental points obtained in several
separate tests with larvae from both crosses. The
theoretical ld-p line may be calculated by the
expression: Mt = Ms . %8 + Mh . %h + Mr . %r,
in which Mt is the total percentage mortality at any
dosage, Mg is the expected percentage mortality of
the D-s genotype, %8 is the percentage of D-s indivi-
duals present, and h and r refer likewise to the
hybrid and resistant genotype (Hoskins, 1960).
According to theory the line should show two
inflections or horizontal portions depending upon
the separation of the ld-p lines of the genotypes.
The experimental points shown in Fig. 3 are in good
agreement with the line calculated as just described.
To test further the hypothesis of monofactorial

inheritance of dieldrin-resistance, D-h males were

G. 2

DIELDRIN DOSAGE-MORTALITY DATA FOR FOURTH-INSTAR LARVAE OF
SUSCEPTIBLE, HYBRID AND RESISTANT GENOTYPES
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FIG. 3

DIELDRIN DOSAGE-MORTALITY DATA FOR Fi LARVAE FROM CROSS
DIELDRIN-HYBRID x DIELDRIN-HYBRID
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crossed with D-s females from pupae kept singly in
tubes. Under the assumptions of one controlling
factor for resistance and equal viability up to the
time of testing, the F1 larvae should consist of
50% D-s and 50% D-h. Upon exposure to 0.01
ppm dieldrin, which kills all D-s but none of the
hybrids, approximately 50% mortality resulted in
each case. The survivors were allowed to pupate
and emergent males were crossed with females from
the D-s colony which had been isolated as pupae.
Larvae of the next generation were exposed to
0.01 ppm dieldrin and the survivors allowed to
emerge and mate with susceptible females. This
entire operation was repeated three times and at each
generation approximately half of all larvae were
killed by 0.01 ppm dieldrin. Finally, in the fourth
generation, the larvae from the cross of D-h males
and D-s females were tested over a range of dieldrin
concentration. The results of several separate tests
are shown in Fig. 4.

If the inheritance of dieldrin-resistance in C.

quinquefasciatus were polyfactorial, dilution of the
genes for resistance would be expected during the
repeated crossings with the susceptible strain. The
results shown in Fig. 4 are in good agreement with
the ld-p line calculated for a population of 50%
D-s and 50% D-h individuals. This could result
only if dieldrin-resistance is inherited as a single
factor, or as a block of inseparable factors. In
either event the inheritance would be described as

monofactorial. The position of the ld-p line for the
hybrids as shown in Fig. 2 indicates that the hybrid
larvae are not identical with either D-s or D-r
larvae. Hence in the heterozygous condition, the
factor for dieldrin-resistance is neither fully domi-
nant nor fully recessive in its effect.
Because of the frequency and importance of cross-

resistance to insecticides other than the selecting
agent, it was of interest to determine the relative
susceptibility of the D-s and D-r strains as larvae
to a number of other insecticides. The upper part
of Table 2 gives the results with DDT, lindane,
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TABLE 1
SUSCEPTIBILITY OF SUSCEPTIBLE, H

RESISTANT GENOTYPES C
C. QUINQUEFASCIATUS TO DIEI

LCsoa
Genotype (ppm for larvae; Si

% for adults)

Fourth-instar larvae b

Susceptible 0.0024-0.0026 (0.0025)

Hybrid 0.043-0.052 (0.047)

Resistant 0.46-0.52 (0.49)

7-14-day-old adult females on n-dioctyl phi

Susceptible c

Hybrid: c

R? x Sd
SY x RS

Resistant d

0.78-0.90 (0.84)

10.1-14.5 (12.1)

12.7-16.3 (14.4)

11.8-15.4 (13.5)

a 24-hour exposure plus 24-hour holding p
tion of mortality.

b Figures in parentheses are derived from
c 2-hour exposure plus 24-hour holding peri

of mortality for susceptibles and hybrids.
d 24-hour exposure plus 24-hour holding p

adults.

malathion, Sevin and two other carbamates. All
tests were carried out identically with those in which
dieldrin was used. In all cases at least two runs were

made with closely agreeing results. LC50 values and
slopes are calculated from ld-p lines fitted by eye.

It is clear that there was significant cross-resistance
only in the case of lindane, for which the ratio of
LC50 values was nearly 20-fold. While all slopes are

approximate, they indicate the relative diversities
in susceptibilities within the strains to the various
insecticides. Thus the variation in susceptibility to
DDT was greater than that to any other material
tested. The relatively low toxicity of Sevin contrasts
sharply with the very high toxicity of UC 10854,
though they differ in structure only by the m-iso-
propyl group of the latter compound. Moving the
group to the o position raises the LC50 about
10-fold. (cf. Bayer 39007)

PROCEDURES WITH ADULT MOSQUrTOS

The clear-cut differences in susceptibility to diel-
drin of the genotypes as larvae made it of interest to
determine whether the corresponding adults differed
similarly. Adults from the susceptible, hybrid and

resistant genotype culture were allowed to emerge
IYBRID AND into cages provided with sugar-water, and females

LDRIN were used for testing at the age of 7-14 days. Since
no blood meal was taken, there was no egg produc-
tion. Exposure was made in the standard WHO

lopeofId-pline exposure tubes lined with Whatman No. 1 filter-
paper which had been treated uniformly with diel-
drin solution in n-dioctyl phthalate. This solvent

11-15 (12.7) was used because preliminary tests had shown that

7-13 (8.9)
the Risella oil used in the standard WHO papers

wil not dissolve enough dieldrin to give a range of
8-13 (9.4) mortality of the resistant genotype even with

24 hours' exposure when the oil is applied at the
thalate papers standard rate of 3.6 mg/cm2. Solutions were made

4.2-5.3 (4.8) by dissolving the calculated weight of dieldrin in
2.34 ml benzene plus 0.66 ml dioctyl phthalate per

4.1-9.9 (5.5) 12 x 15 cm paper; this gives the same volume of
dioctyl phthalate per unit area of paper as of oil in

3.5-6.3 (4.7) WHO papers. The 3-ml volume was applied from a
4.4-8.1 (5.7) pipette to the paper mounted on five pin-points with

every effort to distribute the liquid uniformly. At
eriod to observa- least 12 hours were allowed for the benzene to
the graphs. evaporate before the papers were used. For later
od to observation use they were kept at about 2°C in WHO testing
eriod for resistant chambers. To avoid the softening effect of dioctyl

phthalate on the plastic containers, the latter were

lined with aluminium foil. Adult females in groups

TABLE 2

SUSCEPTIBILITY OF DIELDRIN-SUSCEPTIBLE AND
DIELDRIN-RESISTANT C. QUINQUEFASCIATUS

TO OTHER INSECTICIDES

Insecticide 1_1(Lm) Slope of Id-p line

Fourth-instar larvae

Lindane 0.037 0.70 12 12

DDT 0.12 3.4

Malathion 0.064 14

Sevin 1.5 2.1 7

UC 10854 0.042 0.055 10

Bayer 39007 0.48 10

Adult females

Lindane 0.30 2.6 11 7

Malathion 2.0 12

Sevin 0.9 6

UC 10854 0.026 10

Bayer 39007 0.12 0.17 5
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FIG. 4

DIELDRIN DOSAGE-MORTALITY DATA FOR F. LARVAE FROM CROSS
DIELDRIN-HYBRID x DIELDRIN-SUSCEPTIBLE AFTER 3 GENERATIONS SELECTED BY

EXPOSURE TO 0.01 ppm DIELDRIN
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of 25 were blown gently into the exposure chamber
and left for two hours. They were then blown into
an uncontaminated holding-chamber and observed
after a further period of 24 hours. However, groups
of the resistant genotype had to be kept in the expo-
sure chamber for 24 hours and their mortality was

determined at the end of a further 24-hour holding
period in tubes lined with clean paper. In all cases
moist cotton wadding was placed over the cheese-
cloth covering the ends of the chambers.

RESULTS WITH ADULT MOSQUITOS

Fig. 5 shows the experimental points obtained in
several separate tests with the three genotypes and
the ld-p lines drawn by eye. The LD,0 values and
slopes calculated by the Litchfield & Wilcoxon
method are given in the lower part of Table 1. The
apparent overlapping of the ld-p lines for the hybrid
and resistant genotypes is due to the different
exposure of the two groups. Actually no mortality
of the resistant individuals resulted from two hours'
exposure. Consequently, it may be concluded that

the three genotypes do not overlap in sensitivity
to dieldrin in either the larval or adult stage.
The very high resistance to dieldrin shown by

the resistant females made it of interest to determine
the rate of disappearance of dieldrin with time after
exposure, by use of the analytical procedures
involving quantitative gas chromatography of
extracts that were used in the work reported by
Pennell et al. (1964). Six groups of 25 D-r females
were exposed to 4.0% WHO dieldrin papers for
four hours and a seventh group to paper without
dieldrin. One exposed group and the control group
were analysed for total dieldrin immediately after
the four-hour period. The other groups were placed
in holding tubes lined with clean paper and supplied
with sugar-water. The whole experiment was

replicated three times. Each day three groups were
analysed for total dieldrin with the closely agreeing
results shown in Table 3. Since 64% of the original
amount picked up was still present at the end of
120 hours, metabolism of absorbed dieldrin seems
improbable as a major factor in the resistance.

Since it was possible, at least in theory, that the
difference between the D-s and D-r strains in
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INHERITANCE OF DIELDRIN-RESISTANCE IN CULEX QUINQUEFASCIATUS

FIG. 5

DIELDRIN DOSAGE-MORTALITY DATA FOR ADULT FEMALES OF SUSCEPTIBLE,
HYBRID AND RESISTANT GENOTYPES

sensitivity to dieldrin was due to greater pick-up of
insecticide by the former, a quantitative comparison
was made of the external and internal dieldrin on
and in female mosquitos after two hours'exposure

TABLE 3

DIELDRIN RECOVERED FROM GROUPS OF 25 FEMALE
C. QUINQUEFASCIATUS EXPOSED TO DIELDRIN PAPERS

AND THEN HELD FOR DIFFERENT PERIODS

Number of hours holding T Dieldrin (i&g/?) recovered
period on clean paper after 4 hours' exposure to

before analysis 4.0 % dieldrin paper

0 0.787

24 0.721

48 0.620

72 0.612

96 0.577

120 0.505

to 0.4% dieldrin WHO papers. The results of four
parallel tests were:

D-s strains:
external, 0.0039-0.0059 ,ug/ 9; average, 0.0047 ,ug/ ?
internal, 0.0090-0.0110 jig/ i; average, 0.0100 ,tg/ 9

D-r strains:
external, 0.0037-0.0047 ,ug/ 9; average, 0.0043 jug[ ?
internal, 0.0074-0.0108 ug/ i; average, 0.0085 jig/ ?
A single test for total dieldrin pick-up gave

0.0093 ,ug/ ? for D-s females and 0.0106 ,ug/ ? for D-r
females. It is obvious that the very large difference
in sensitivity (almost 200-fold ratio of LC50s) could
not possibly be due to difference in pick-up.
A further point concerned with pick-up by adult

mosquitos is whether the dioctyl-phthalate-treated
papers permit the insects to accumulate the same
amount of dieldrin as they normally get from the
standard WHO papers in which the solvent is
Risella oil. Table 4 shows the results of exposure of
groups of D-r females for varying periods to 4%
dieldrin papers containing the two solvents. Only
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TABLE 4
COMPARISON OF AMOUNTS OF DIELDRIN RECOVERED
FROM DIELDRIN-RESISTANT MOSQUITOS EXPOSED TO
4.0% DIELDRIN PAPERS WITH DIFFERENT SOLVENTS

Total dieldrin recovered (Og/Y)Exposure
period (hours) 4.0 % dieldrin in 4.0 % dieldrin in

dioctyl phthalate Risella oil

2 0.022 0.043

4 0.051 0.111

8 0.075 0.187

12 0.077 0.377

24 0.146 0.985

surviving insects were used for the analyses. It is
clear that larger amounts of dieldrin were picked up
throughout the exposure from the WHO papers and
that the discrepancy became greater as exposure
increased. This matter must be considered in the
selection of a solvent for use in preparing any new
type of standard papers, such as those intended for
phosphates or carbamates.

Cross-resistance to the same group of insecticides
was also determined with adult female mosquitos
by use of papers treated with dioctyl phthalate
solutions. The results are shown in the lower part
of Table 2. DDT behaved in an anomalous manner,
for only low and variable mortalities were obtained
for either genotype with papers containing DDT at
concentrations greater than 5%. This is a second
illustration of the strong effect of a solvent with
different toxicants. As with the larvae, cross-
resistance was found only for lindane. The ratio of
LC50s was not quite 9-fold, about half that found for
the larvae. Sevin is relatively low in toxicity towards
the adults, UC 10854 very highly toxic and Bayer
39007 intermediate. The three carbamates have
the same relative toxicities for both larval and adult
stages.

CONCLUSIONS

From a laboratory colony of Culex quinquefascia-
tus which gave a wide range of larval sensitivity to
dieldrin, a dieldrin-sensitive (D-s) strain and a
dieldrin-resistant (D-r) strain were isolated by use
of the discriminating dosages 0.01 ppm and 0.1 ppm.
The LC50s were 0.0025 ppm and 0.49 ppm, respect-
ively. Crossing the strains in either direction pro-

duced hybrid larvae (D-h) whose LCse was 0.047
ppm. The ratios of the LC50 values were 1: 19 :196.
The hypothesis that inheritance of dieldrin-resistance
in C. quinquefasciatus larvae is monofactorial is
supported by the finding that F2 larvae were 25%
D-s, 50% D-h and 25% D-r. Crossing the D-h
males with D-s females, giving 50% susceptibles
and 50% hybrids, and elimination of the susceptible
males before re-crossing with D-s females gave a
fourth generation which responded to a range of
dieldrin concentrations as calculated for an equal
mixture of D-s and D-h. This could only result
from monofactorial inheritance of dieldrin-resist-
ance.
The D-r larvae showed 20-fold resistance to lin-

dane but approximately normal susceptibility to
DDT, malathion and three carbamates.

Similar tests with adult females exposed to diel-
drin-treated filter-papers for two hours gave LCg0
values of 0.84% for D-s and 12%-14% for the two
D-h genotypes. The D-r genotype required 24 hours'
exposure and the LC50 so determined was 13.5 %.
The ratios of the LC50 values for the susceptible and
hybrid genotypes were 1: 14 and 1: 17, depending
on the type of crossing; that for the resistant geno-
type cannot be calculated because of the difference
in exposure time.
The ratios of the LC,o values are of interest in

connexion with the question of dominance of resist-
ance to dieldrin in mosquitos. It is said frequently
that dieldrin tends to fail more rapidly than DDT
in practical control programmes because resistance
to it is dominant, whereas with DDT resistance is
recessive. In the sense that susceptible and hybrid
genotypes of C. quinquefasciatus, as either larva or
adult, can be separated by discriminating dosages
and the hybrid requires impracticably high dosages
for control, resistance to dieldrin may be called
dominant. But from the standpoint of the increase
in dosage for a given mortality-e.g., LC50-the
ratios 1: 19 :196 ppm show that one resistance
gene in the hybrid has much less than half the effect
of the two resistance genes in the homozygous
resistant genotype. From this viewpoint, resistance
may be called recessive.
The situation is similar with adult females, though

a definite LC50 for two hours' exposure of the resis-
tant genotype cannot be calculated from that
obtained after 24 hours' exposure. But since the
experimental LC50s are approximately the same
(Table 1, lower part), it is clear that the single resis-
tance gene ofthehybrid females hasmuch less than half
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the effect of the two resistance genes present in the
homozygous resistant females and hence dieldrin-
resistance in the females is technically recessive.
Of course, this does not alter the fact that the high
dosage range required for killing either larval or
adult hybrids makes their control impracticable
and explains the rapid development of resistance
when dieldrin is used against either stage.
The rate of loss of dieldrin from D-r females after

exposure to dieldrin papers was slow since only
one-third of the amount originally picked up had
disappeared after five days. This is in agreement
with the widely held theory that resistance to dieldrin

is not due primarily to metabolic changes of the
toxicant. Nor is it due to difference in pick-up of
toxicant by the susceptible and resistant adults,
since this was found to be almost identical. The
considerably greater amount of dieldrin picked up
from standard WHO papers having Risella oil as
solvent compared with that from dioctyl phthalate
papers indicates the need for caution in selecting
solvents for use with new types of insecticides.

Cross-resistance with adult female mosquitos
resembles that with larvae, since it was marked only
with lindane. Sevin was relatively low in toxicity,
and UC 10854 was the most toxic material tested.

RtSUMS

Les auteurs 6tudient le mecanisme de la transmission
de la resistance a la dieldrine dans une colonie de Culex
quinquefasciatus composee a l'origine d'individus de
sensibilite tr6s diverse.
Apres avoir observe sur des lots de larves l'action de

differentes concentrations de l'insecticide, ils ont obtenu
par selection une souche de moustiques sensibles a la
dieldrine (D-s), une souche resistante (D-r), et deux
souches hybrides (D-h) issues du croisement entre les
m&les et les femelles des deux premieres.
La resistance I la dieldrine des larves de 4 g6nerations

obtenues par croisements successifs entre males D-h et
femelles D-s a ete determinee. Le calcul des CL 50
indique que la resistance est transmise comme caractere
monofactoriel simple non entierement r6cessif et non
entierement dominant.
Des moustiques adultes femelles des differentes sou-

ches ont et6 soumis A des tests utilisant les papiers
impr6gn6s d'une solution de dieldrine. La r6sistance a
l'insecticide s'est r6v6l6e tres forte chez les femelles D-r,
faible chez les femelles D-s et intermediaire chez les
femelles D-h. Ici aussi l'examen des diff6rentes valeurs
de la CL 50 plaide en faveur d'une transmission de la
resistance par un facteur unique simple.

Les dosages des dieldrine totale, intemne et externe
par chromatographie gazeuse demontrent que la grande
difference de r6sistance constat6e entre les femelles D-r
et les femelles D-s ne peut en aucune fagon etre attribuee
?i une absorption plus elev6e de l'insecticide par ces
demieres. Les auteurs ont 6galement etudie la r6sistance
croisee a d'autres insecticides, dont le DDT, le lindane,
le malathion et trois carbamates. Chez les larves comme
chez les femelles adultes, elle se manifeste uniquement a
l'egard du lindane.
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