
Heredity 58 (1987) 351—356
The Genetical Society of Great Britain Received 17 June 1986

Inheritance of chiorpyrifos resistance
in Culexpipiens L. (diptera: culicidae)
and estimation of the number of
genes involved

Michel Raymond*t, Nicole Pasteur*,
and George P. Georghiout

* Laboratoire de Génétique, Institut des Sciences de
l'Evolution (UA 327), Université de Montpellier II,
34060 Montpellier, France.
t Division of Toxicology and Physiology, Department
of Entomology, University of California, Riverside,
CA 92521, U.S.A.

The inheritance of chlorpyrifos resistance has been studied in a strain (MSE) derived from larvae collected in southern

France in 1979, using two susceptible strains (S-LAB and YPL). All Ft offspring displayed straight dosage-mortality
(ldp) lines confirming that the susceptible and the resistant strains were homozygous for the genes involved. All
backcross itip lines differed significantly from those expected if resistance had been monofactorial and were straight
regression lines. Based on the crosses involving the S-LAB strain, the number of additive and independent genes
contributing to chlorpyrifos resistance was estimated to be at least 2 and perhaps more. The evolution of chlorpyrifos
resistance in natural populations in southern France is discussed in the light of these findings.

INTRODUCTION

The presence of chlorpyrifos resistance was first
detected in southern France in 1972 (Sinègre, Jul-
lien and Crespo, 1976). Research conducted in
1975 indicated that this resistance was due to the
Est-3A gene coding increased esterase
detoxification (Pasteur, 1977; Pasteur, Iseki and
Georghiou, 1981). In 1979, a significant increase
in the level of chiorpyrifos resistance was noted
(Pasteur, Sinègre and Gabinaud, 1981) and a strain
with a high resistance was isolated and made free
of the Est-3A gene (Raymond et a!., 1985b). In
the present investigation, we examine the inherit-
ance of chlorpyrifos resistance in this strain (MSE)
and we estimate the number and identity of
independent and additive genes contributing to
resistance.

MATERIALS AND METHODS

The MSE strain has been maintained for more
than 1 year free of insecticide exposure and its
resistance has remained remarkably constant. MSE
mosquitoes were mass crossed with two susceptible
strains, S-LAB (Georghiou, Metcalf and Glidden,

1966) and YPL (Guptavanij and Barr, 1979). The
Fl offspring of these crosses, i.e., (noting the
female parent first)

I. S-LAB x MSE,
II. MSE x S-LAB and

III. YPLxMSE,

were then backcrossed to their respective suscep-
tible or resistant parents, or were inbred, viz.

YPLx(YPLx MSE),
S-LAB x (S-LAB x MSE),
(S-LAB x MSE) x MSE and

(S-LAB x MSE)
x (S-LAB x MSE).

Bioassays were conducted on fourth-instar lar-
vae in disposable waxed cups holding 100 ml of
tap water containing different concentrations of
chlorpyrifos. In each test, sets of 20 larvae were
exposed to the insecticide during 24 hrs. The action
of two synergists, DEF (S,S,S,tributylphos-
phorotrithioate) an inhibitor of esterases and
glutathione-S-transferases, and Pb (piperonyl
butoxide) an inhibitor of oxidases, was investi-
gated by exposing larvae to 05 mg/L DEF or
5 mg/L Pb 4 hrs prior to the addition of chior-
pyrifos. To standardise the bioassays, the solvent

IV.
V.

VI.
VII.
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(absolute-ethanol) concentration was syste-
matically adjusted to I per cent. Selections were
conducted on the backcrosses under the same
experimental conditions as for the bioassays.
Offspring from the backcrosses to the S-LAB strain
(cross V or V-i) was treated with 005 mg/L chior-
pyrifos and offspring from the backcrosses to the
MSE strain (cross VI or VI-i) was treated with
0.4 mg/L chiorpyrifos. Larvae surviving after 24
hours were reared under insecticide free conditions
and their adults were mass-crossed to the appropri-
ate strain. In all, five successive backcrosses were
made to S-LAB and two to MSE, thus,

V-i. S-LAB x (S-LAB x MSE)
V-2. S-LAB x V-i selected
V-3. S-LAB x V-2 selected
V-4. S-LAB x V-3 selected
V-S. S-LAB x V-4 selected
VI-i. (S-LAB x MSE) x MSE
VI-2. VI-! selected x MSE

The results of bioassays were analysed on a
IBM-PC using the probit analysis program of Ray-
mond (1985). The classical probit analysis method
of Finney (1971) does not provide an estimate of
the variance of the reciprocal of the slope. When
this parameter was needed, randomization tests
(Sokal and Rohlf, 1981) were carried out.

The dominance level (D) of the resistance in
the Fls was estimated using the index of Stone
(1968). This parameter varies linearly from —1,

>-
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indicating complete recessivity, to +1, indicating
complete dominance, with 0 corresponding to per-
fect codominance. The confidence limits of D were
calculated according to Misra (1968).

RESULTS

Resistance characteristics in the parental
strains and their Fl offspring

The parental strains MSE, S-LAB, and YPL were
characterised by straight ldp lines when bioassayed
with chiorpyrifos (fig. 1) indicating that each strain
was homogeneous with respect to its susceptibility
characteristics. The two reciprocal Fl crosses
between MSE and S-LAB (crosses I and II) as
well as the Fl between YPL and MSE (cross III)
were also characterised by straight ldp lines (P>
0.3, 02 and 009, respectively) confirming that
MSE, YPL and S.-LAB are homozygous for the

resistance (or susceptibility) genes they possessed.
The characteristics of the ldp lines of the paren-

tal strains and of their Fl offspring are given in
table 1. These allow calculation of the degree of
dominance of resistance in each Fl according to
the index used by Stone (1968). Approximately
the same dominance values were observed in the
Fis between MSE and S-LAB or YPL (0.22±
0.01, 026±0•01 and 025±001 in crosses I, II
and III, respectively).
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Figure 1 Lpd lines for chiorpyrifos obtained against strains S-LAB and MSE, their Fl, F2 and backcross (V, VI) offspring. Broken
lines indicate the expected mortalities in case of monofactoriality.
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Table I Characteristics of dose-mortality regression lines in larvae of the various strains and
crosses

Strain
or Cross

LC50 (95% cf. mt.)
(mg/Lx l0_2) Slope (SE) DF Chi2 H*

MSE 1075 (1017—1142) 542 (0.43) 4 772 1
S-LAB 334 (322—346) 116 (0.86) 3 572 1

YPL 553 (5.29—5.77) 750 (0.64) 3 200 1

I 114(110—118) 5.97(0.33) 5 595 1

II 128(123—135) 6.29(0.40) 4 605 1

III 143 (134—152) 446 (0.35) 3 631 1

IV 128 (997—157) 157 (016) 5 582 I

V-i 991 (7.89—1.20) 148 (0.13) 5 4'67 1

V-2 11 (910—i30) 150(014) 4 152 1

V-3 715 (4.97—929) 1.17 (0.14) 4 361 1

V-4 849(592-110) 1.08 (0.13) 4 &52 1

V-5 125 (9.83—15.4) 123 (013) 4 5•46 1

VI-i 415(338—510) 306(0.40) 6 211 491
VI-2 354(302—415) 236(0-23) 7 150 2•15
VII 59•3 (42.4—82.9) 1•47 (0.13) 7 187 2•67

* Heterogeneity factor (Finney, 1971).

Resistance characteristics in larvae of the
backcrosses and F2

When resistance is monofactorial, the mortality
curves expected in the backcross and P2 progenies
can be calculated from the mortality lines of the
parental strains and their Fl. The mortality lines
observed in all backcrosses and F2 tested in this
study differ significantly (P<0001) from those
that would be expected if resistance in the MSE
strain is monofactorial (fig. 1 shows results). In all

the backcrosses (crosses IV to VII), mortality lines

70
a: 50
0

30
o 20

2
0001

were straight (fig. 2 and table 1). These results
indicate that resistance in the MSE strain is due
to more than one gene. This conclusion is in agree-
ment with previous studies that showed the pres-
ence in the MSE strain of an insensitive
acetylcholinesterase (AChE) coded by the AceR
allele, and a modified oxidative detoxification
(Raymond et a!., 1985c, 1986).

Five successive backcrosses to S-LAB (crosses
V-i to V-5) were obtained from the Fl (S-LAB x
MSE) after exposing the larvae of each backcross
to O'05 mg/L chiorpyrifos (a dose that is lethal to
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Figure 2 Lpd lines obtained with chiorpyrifos against offspring of the repetitive backcrosses (crosses V-I to V-5; VI-i and VI-2).
See text for explanations.
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Table 2 Maximum number of genes (n) involved in chiorpyrifos resistance deduced from
the mortality of various backcrosses treated with chiorpyrifos (see text for explanation)

Cross
Dose

(mg/L) Treated
Number

Killed
Mortality
(±SE) n (Range)

V-i 0-OS 580 437 753 (±3-5) 2-0 (1.8—2.2)
V-2 0-05 580 490 84-S (±2-9) 2-7 (2-4-3-0)
V-3 0-05 660 551 83-5 (±2-8) 2-6 (2-4—2-9)
V-4 0-05 820 675 82-3 (±2-6) 2-5 (2-3—2-7)
V-S 0-05 580 491 84•7 (±2.9) 2-7 (2-5—3-0)
VI-1 0-4 440 330 75-0(±4•O) 2.0(1.8—2-3)

all susceptible phenotypes but does not affect sig-
nificantly the Fl). The mortalities obtained
increased slightly between V-I and V-2 (P <0-05)
and remained stable thereafter (table 2). The mor-
tality curves (fig. 3) did not differ significantly
(P>O.3) from one backcross to the next showing
that the survivors of each backcross were geneti-
cally identical among themselves and with the Fl
larvae. The genetic similarity of V-S survivors with
Fl larvae was verified with respect to the Ace gene
using the Raymond et aL (1985a) technique: all
(43) larvae examined were AceR/AceS heterozy-
gous as were the Fl larvae. In addition, V-5 larvae
were exposed to various chiorpyrifos doses in the
presence of the synergists DEF or Pb. Both com-
pounds modify the mortality lines (fig. 3) but
whereas this line remained straight (P> 0.45) with
DEF, it clearly displayed a plateau at the 50 per
cent mortality level with Pb. Thus, when oxidases
are inhibited, the segregation of a major resistance
gene (most probably the Ace gene) becomes
evident. Oxidases are, therefore, significantly con-

tributing to the resistance observed in the MSE
strain.

Two successive backcrosses to MSE (crosses
VI-i and VI-2) were conducted using the Fl (S-
LAB x MSE) with concurrent selection at
0.4 mg/L chiorpyrifos, a dose that does not affect
MSE larvae significantly but is lethal to Fl. The
mortality curves of VT-i and VI-2 did not differ
significantly (P>0.l) from one another (fig 2).
VT-i survivors were, therefore, genetically identical
to the larvae of the MSE strain, as far as resistance
genes were concerned.

Estimation of the number of genes involved in
chiorpyrifos resistance in the MSE strain

The number of independent genes with additive
effects that contribute to the expression of a quanti-

tative trait (such as chlorpyrifos resistance) can be
estimated from (a) the mortality data obtained in
successive selected backcrosses or (b) the means
and the variances of the resistance character in the
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Figure 3 Synergism of the 5th repetitive backcross (V-5) and the S-LAB strain with Pb and DEF.
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parental strains and in their P2 or backcross
offspring by applying Wright's formula (see
below).

Thus, using the survivorship data of the back-
crosses to the S-LAB parent (crosses V-i to V-5),
the proportion of larvae similar to the Fl (ie.,
surviving 005 mg/L chiorpyrifos) will be equal to
(1/2) if n independent genes control resistance
in the MSE strain. The number of resistance genes
will then be

n = log (% survivors)/log (1/2).

Considering the mortalities observed in the V-i to
V-5 backcrosses to the S-LAB strain (table 2), it
was calculated that 2 or 3 genes account for the
resistance. When the backcrosses to the MSE
parent are considered by the same method (cross
VI-1 and VI-2), an estimate of two genes is
obtained.

Wright's formula (in Castle, 1921) giving the
number of independent genes with additive effects
contributing to the expression of a quantitative
character is

' =(2—.t1)2/(8x u2)

where p and p are the means of the character
in the two parental strains, and cr2 is the genetic
variance of the character observed in the P2 or
backcrosses. With resistance characters the mean
of the distribution corresponds to the decimal
logarithm of the LC5O and its variance to the
reciprocal of the slope of the ldp line (table 3).
Estimates of the genetic variance were made using
various formulae provided by Lande (1981)
depending on the cross considered. Thus, the
minimum number of genes controlling chlor-
pyrifos resistance in the MSE strain was estimated
to be between 1 and 2 (table 4). As noted by Lande
(1981) such values may underestimate the actual
number of genes if the latter are linked and/or
have no additive effects.

Table 3 Means ( =iog(LC50)) and slope reciprocal (1/b)
of the resistance character in the crosses involving S-LAB
and MSE strains. Variances in parenthesis

Strain
or Cross a

(Var(s)
x l0—) 1/b

(Var(l/b)
x iO—)

S-LAB —248 (5.95) 0086 (F65)
MSE 0'0314 (159) 0185 (128)
I —0945 (791) O'168 (14.6)
V —2'OO (978) 0674 (309)
VI —0382 (132) 0326 (l1'2)
VII —l23 (375) 0•681 (730)

DISCUSSION

The inheritance of resistance to chiorpyrifos in the
MSE strain, was found to be multifactorial: the
mortalities observed in all backcross and P2 gener-

ations differ significantly from those expected
when resistance is due to a single gene. From the
crosses between MSE and S-LAB, the number of
genes controlling chlorpyrifos resistance was esti-
mated by two independent methods to be between
2 and 3. In both cases, these values may be an
underestimation if the resistance genes are linked
and/or their effects are non-additive.

The presence of a plateau at 50 per cent mor-
tality in the ldp line of cross V-5 obtained with
chiorpyrifos + Pb suggests that a major resistance
gene is segregating when the MPO system is sup-
pressed. Since the survivors of this cross possessed
the AceR allele, these results strongly support the
view that resistance in MSE is due primarily to
reduced sensitivity of acetylcholinesterase and a
modified MFO. The results obtained also suggest
that other genetic effects may be involved in chior-
pyrifos resistance. This is indicated in the crosses
to the S-LAB through the use of Pb, because the
curve BC-V-5 in fig. 3 differs slightly from the
expected curve for monofactorial control.

Intensive chemical control of Culex pipiens as
practised in southern France (Sinègre, Jullien and

Table 4 Estimation of the number of genes contributing to chiorpyrifos resistance using
Lande's (1981) method. Each calculation (1-4) is based on a different estimation of the

genetic variance

Estimation of the genetic variance (2)

Estimation of n

(1)
(2)
(3)
(4)

u2o,11—ir
o2 2(1. o:j2+:. 'S-LAB MSE)
.22.2y2_,i
.2 2+2_(O.2+1. 0LAB+ Q.ISE)

F5±02
15±05
*

11±06

* Standard error exceeds estimate.
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Crespo, 1976) represents undoubtedly a dramatic
change in the environment of mosquito popula-
tions. This study of the resistance genes found in
the MSE strain collected in 1979 illustrates the
evolutionary changes occurring in such popula-
tions. In 1971 all the populations examined were
susceptible, resistance having first been detected
in one locality (Lunel-Viel) in 1972 (Sinegre, Jul..
lien and Crespo, 1976). By 1974—1975 resistance
had increased rapidly, being found over the entire
treated zone and was strictly associated with a
highly active detoxifying esterase encoded by the
Est-3A gene. No mosquito in any of the popula-
tions sampled during 1974 and 1975 could survive
chlorpyrifos doses that were lethal to the resistant
reference strain S54 which is homozygous for the
Est-3A gene (Pasteur 1977, Pasteur and Sinègre
1978). Thus, Est-3A was the first gene selected in
natural populations. However, during 1978-1979
although the correlation between the presence of
Est-3A and chlorpyrifos resistance continued to
be good, individual mosquitoes in some popula-
tions were found to tolerate doses that were lethal
to S54 larvae (Pasteur, Sinègre and Gabinaud,
1981). From the present study of the MSE strain
(which lacks the Est-3A gene), it is evident that
the enhanced survival was due to the presence of
two or possibly three newly selected resistance
genes.

Thus, chlorpyrifos resistance in southern
France while initially monofactorial, subsequently
became multifactorial. Such a change is not based
only on selection of modifiers, since at least one
of the subsequently selected genes, AceR, provides
by itself higher resistance than is conferred by the
Est-3A gene. Apparently, the shift from monofac-
tonality to multifactoniality of chiorpyrifos resist-
ance has a more complicated basis than the simple
selection of modifiers.
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