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Although descriptions of evolutionary mechanisms are common in the literature, very few studies
focus on the possible evolution of the adaptive genes themselves, i.e. their quantitative and qualitative
changes. Evolution of insecticide resistance in Culex pipiens is a suitable model for studying such
processes. In this species, organophosphorous insecticide resistance can be achieved through the
overproduction of esterases that sequester the insecticide, and this overproduction can be caused by
gene amplification. It is generally assumed, but never verified, that esterase activity, and therefore
resistance, is monotonically related to gene amplification. We have analysed resistance, esterase
activity and gene amplification in different laboratory strains and natural populations in order to
detect variability and to infer effects of selection on these factors. We have shown that resistance,
esterase activity and amplification covary, that insecticide selection is able to increase amplification
levels, and that a fitness cost is probably attached to the amplification in laboratory strains, related to
the level of amplification. The importance of variation in gene amplification level is discussed and
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some evolutionary implications are proposed.
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Introduction

Previous studies on pesticide resistance have focused
generally on the appearance and subsequent dynamics
of the resistance genes, but very few have been
concerned with the evolution of the resistance genes
themselves, i.e. the qualitative or/and quantitative
changes they undergo as a result of selection (but see
Mutéro et al. (1994); Field et al. (1996); Bourguet et al.
(1997); and Guillemaud et al. (1998)).

In Culex pipiens, one mechanism of resistance to
organophosphorous insecticides (OP) is the overpro-
duction of two nonspecific carboxylesterases A and B
(EC 3.1.1.1). This overproduction is caused either by the
coamplification of both A and B esterase structural
genes (Rooker et al., 1996; Guillemaud et al., 1997), or
by the amplification of the B esterase gene alone
(Mouches et al., 1986; Guillemaud et al., 1997), or else
by the up regulation of the A esterase gene expression
with no amplification (Rooker ef al., 1996). Historically,
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the first molecular description of this resistance mech-
anism focused on overproduction of Bl esterase, present
in Californian mosquitoes, which results from the
amplification of the B esterase gene alone (Mouches
et al., 1986). The amplified structure of this gene and the
possibility of regulation of gene expression offer a
context in which to test several hypotheses concerning
the evolution of an adaptive mechanism. In the present
study, we analysed the evolution of insecticide resistance
of laboratory strains with the Bl amplification in
relation to the variations observed in amplification level
and esterase activity. We report that amplification,
esterase activity and resistance covary, and that the
evolution of the amplification level can take place under
selection.

Materials and methods

Mosquito strains and natural populations

Four laboratory mosquito strains were used in this
study.

S-LAB is a susceptible reference strain from Califor-
nia (Georghiou et al., 1966) containing no overproduced
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esterases and no esterase gene amplification (Mouches
et al., 1986).

TEM-R is a strain that has been selected with
temephos (an OP) during 14 years. Selections were
made each generation on fourth instars at a 30-80%
mortality level. This strain, reared without selection
since 1988, is homozygous for the Bl esterase amplifi-
cation (Raymond et al., 1993).

EDIT is a strain deriving from crosses between the
SUTTER-YUBA strain (a field population collected in
Sutter-Yuba, California, in 1988 (Ferrari & Georghiou,
1991)) and the susceptible S-LAB strain. This strain
was founded with the offspring of one female SUT-
TER-YUBA x S-LAB crossed with one S-LAB male,
and selected by single pair-crosses between adults
possessing esterase B1 until homozygosity was attained
in April 1992. This strain was thus homozygous for
a single allele with a given number of Bl gene copies.
This strain was maintained without insecticide expo-
sure.

SEDIT is derived from the homozygous EDIT strain
obtained in April 1992. It was selected each generation
with a temephos dose killing >80% of the larvae.

The known resistance mechanism in the three Bl
strains (TEM-R, EDIT and SEDIT) is Bl esterase
overproduction. Additionally, another minor resistance
mechanism (possibly a reduced penetration) has also
been reported in TEM-R (Raymond et al., 1989b), but
this resistance is very low.

Three natural populations from the region of Mon-
tpellier (southern France) were also used. The St Gély
and St Bauzille populations were collected as larvae or
pupae in sewage stations in July 1990. The Maurin
population was collected in April 1996 as mated females,
which were allowed to lay eggs in the laboratory.
Mosquitoes were reared until adult, and deep-frozen for
further analyses.

Crosses between the Bl strains (EDIT, SEDIT and
TEM-R) and the susceptible strain S-LAB were per-
formed in order to obtain heterozygous mosquitoes
with a single amplified allele. EDIT and SEDIT
mosquitoes were crossed to S-LAB in May 1996, and
TEM-R mosquitoes in December 1996. For each Bl
strain, between 118 and 165 virgin females were placed
in a cage with at least 50 S-LAB males. After 3 days,
females were blood-fed and individually isolated into
glass vials. The offspring of each female was reared
separately at a density of about 100 larvae per 200 mL
of water in the absence of insecticide. Every other day,
growing cups were checked and if more than 10 adults
had emerged, mosquitoes were frozen in liquid nitrogen.
These three sets of F| progeny are referred to as EDIT-
F1, SEDIT-FI and TEM-R-FI. In each case, the
rearing conditions were maintained as constant as

possible. The larvae were reared in plastic cups con-
taining tap water complemented with a daily addition of
yeast powder. Temperature (22°C) and light-dark cycles
(14 h—10 h) were constant over the whole experimental
period.

Insecticide bioassays

Resistance to temephos was analysed by bioassays
according to Georghiou et al. (1966) using plastic cups.
Mortality data were analysed using the log-probit
program of Ratsira et al. (1996). Dose-mortality
responses were considered identical (at P > 0.05) if
their parallelism was not rejected at the 5% probability
level and if the confidence limits of the resistance ratio
contained the value 1.

Selection experiment

Fourth instars deriving from 50 egg-rafts of SEDIT were
separated into two batches. The first one, S-SEDIT, was
exposed to 0.35 mg/L temephos during 24 h (producing
a mortality of 80%), and the second one, NS-SEDIT,
was reared in the same conditions in the absence of
insecticide. Twenty-five adults of S-SEDIT and 28 of
NS-SEDIT were stored in liquid nitrogen after emer-
gence.

Esterase genotype analysis

RFLP analyses were carried out on mosquitoes from the
three natural populations as described in Raymond &
Marquine (1994). The probe for the esterase A locus is
described in Rooker et al. (1996). The probe for the
esterase Blocus is a PCR product of 2.1 kb. The primers
used were:
5-TGCTGGGACAGGAGTACGTCA-3 and
5-CAGCTTCGGGTCGATCATCAT-3’

The PCR conditions were the same as those described
by Guillemaud et al. (1996).

Determination of esterase activity in
single mosquitoes

The protocol used is a modification of that of Ferrari &
Georghiou (1990) or Dary et al. (1990).

Stock solutions Solution A was 0.1 M sodium phosphate
pH 7.0 containing 1% Triton X-100. Solution B was an
aqueous solution containing 1/20 of a 6 x 1072 M
a-naphthyl-acetate solution diluted in ethanol and 1/4
of solution A. Finally, solution C consisted in 0.8 mg/L
Fast Garnet GBC salt (Fluka, Buchs, Switzerland,
44710).

© The Genetical Society of Great Britain, Heredity, 83, 87-99.
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Mosquito preparation Each mosquito was homogenized
in 450 uL of solution A. Tubes were centrifuged at
10 000 g for 1 min. The supernatant was separated into
two parts (1) and (2).

Esterase activity Three dilutions of part (1) of the
supernatant were introduced to wells of microplate 1.
The dilution factors in solution A depended on the
strain used (1/2, 1/4 and 1/8 for S-LAB, 1/20, 1/40 and
1/80 for EDIT and SEDIT, and 1/40, 1/80 and 1/160
for TEM-R). The final volumes of microplate 1 wells
were 75 puL. After 10 min of incubation at 25°C,
100 uL. of solution B were added to each well.
Microplate 1 was then left at 25°C for 30 min,
100 uL. of solution C was added to each well and
then the microplate was again incubated at 25°C for
10 min. The absorbance of each well was measured at
550 nm using a Spectramax 250 (Molecular Devices,
Sunnyvale, CA). The three dilutions were performed in
order to obtain at least one measure within the linear
range of resolution of the assay (i.e. an absorbance
between 0.6 and 1 unit of optical density (OD)). The
parameter estimated for each mosquito 7 is designated
as OD550,.

Material content estimation We studied the range of
OD variation of successive dilutions of the supernatant
measured in spectral analysis (between 250 and
750 nm). This allowed us to find the wave length
(250 nm) at which OD variations were best correlated
with supernatant dilutions. This estimate was highly
correlated with dry weight, wing size and protein
content estimation; in the comparison with weight and
wing size, the correlation was higher in the case of our
method than the classic protein assay, and the
measurement errors were smaller (T. Lenormand,
University of Montpellier II, unpubl. obs.). 150 uL. of
part (2) of the supernatant were distributed to wells of
microplate 2; 10 uLL of ethanol were added to each well
and the absorbance at 250 nm was measured. The
parameter estimated for each mosquito 7 is designated
as OD250;.

Estimating the level of esterase activity The increase of
esterase activity relative to S-LAB mosquitoes was
computed for each mosquito i as:

ACtiV,' = (OD550,'/OD2501')/(ODSSOS_LAB/ODZSOS_LAB) y

where OD2505_; 45 and OD5504.; 45 are the averages of
the estimates over all S-LAB individuals measured
(n=48). In order to simplify the notation, this param-
eter will be simply referred to as ‘esterase activity’ in
‘S-LAB’ units.

© The Genetical Society of Great Britain, Heredity, 83, 87-99.

Determination of B esterase gene
amplification level (AL)

The method used was an adaptation of Guillemaud et al.
(1997) using DNA from a single individual instead of
from pooled mosquitoes. The DNA was blotted on
nylon membranes and hybridized with the Ace.2 gene
(internal control), then with the B esterase gene labelled
probes. In order to obtain reading responses within the
range of linearity of detection of the f-imager used
(Storm, Molecular Dynamics, Sunnyvale, CA, USA),
exposure times between 15 and 24 h were chosen. On
each membrane, three to four S-LAB individuals were
included as a control. For each membrane, the B esterase
amplification level of individual i was estimated as
follows:

ALI' = (Bi/Ace.2,»)/(BS_LAB/Ace.2S_LAB),

where B; and Ace.2; are the quantities of genomic DNA
of individual i hybridizing with B esterase and Ace.2
gene probes, respectively, and where Bg.;,z and
Ace.2g.; 45 are the averages of the estimates over the
S-LAB individuals blotted onto the same membrane.

Results

Insecticide resistance in B1 strains

Nonselected strains S-LAB, the susceptible reference
strain showed no variation in its mortality line between
February 1990 (Raymond et al., 1993) and May 1996
(Fig. 1).

The TEM-R strain was bioassayed three times (May
1990, April 1996 and January 1997). For all temephos
concentrations, TEM-R was more resistant in 1990.
With reference to S-LAB, the resistance ratio (RR) of
TEM-R at LCsq varied between 1281 (in 1990) and 365
(in 1996).

EDIT was analysed four times between July 1992 and
May 1996. The resistance ratio at LCsq relative to
S-LAB decreased continuously and significantly be-
tween 1992 (RR =27) and January 1995 (RR =17), and
between August 1995 (RR=15) and May 1996
(RR =10).

Selected strain SEDIT, which was under temephos
selection in every generation, was tested four times
between January 1995 and April 1996 (in addition to the
first bioassay involving the parental strain EDIT in
1992). RR at LCs, decreased slightly between 1992 and
January 1995 (from 27 to 22), then it increased
significantly between January 1995 (RR =22), August
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Fig. 1 Evolution of mortality curves of Bl and susceptible strains of Culex pipiens. When a curve could be fitted by a line, this line is
shown. Vertical arrows indicate points outside the range of the represented scales.

1995 (RR =43) and November 1995 (RR =225), and
decreased slightly but significantly between November
1995 (RR =225) and April 1996 (at LCso,, RR =127).

At about the time that the F; crosses were performed,
the EDIT (in May 1996), SEDIT (in April 1996) and
TEM-R (in January 1997) strains presented different
mortality curves. Resistance was significantly higher in
TEM-R (RR =1034) than in SEDIT (RR =127), and in
SEDIT than in EDIT (RR =10).

Esterase activity in B1 strains

Esterase activity (EA) was measured on a total of 721
males of the F; progenies. The offspring of 44 females
were analysed for EDIT-F1, 35 for SEDIT-F1 and 50 for
TEM-R-F1. In addition, 48 S-LAB individuals were
used as a control. Only male mosquitoes were analysed in
order to avoid a possible sex effect on esterase expression.

EA showed extensive variation both between and
within F; offspring families (Fig. 2). The three sets of F,
mosquitoes have elevated EA compared with S-LAB, as
expected.

The variance attributable to parental strains, families
and microplates was partitioned by a nested ANOvA
(Table 1). In each case one variable was considered
fixed whereas the other two were assumed to be varying

randomly (Sokal & Rohlf, 1981). The parental strain
effect was highly significant. The mean and variance
of EA of each F; set are presented in Table 2.
Mosquitoes of TEM-R-F1 had more activity than
SEDIT-F1 (F,19=343.8, P < 10°), and those of
SEDIT-F1 had more than EDIT-F1 (F),;=12.8,
P=1.6x107). In each F, set, the family effect was
significant (P < 10%). The overall data showed a
significant microplate effect although it had no signifi-
cant effect on S-LAB measures (F 46=0.23, P=0.88)
nor on each Fy set (P > 0.05).

Distribution of B1 esterase gene amplification

The amplification levels (ALs) of the B esterase gene
were measured in two sets of experiments. In expt 1, 31
females and between one and five of their male offspring
were analysed in SEDIT-F1 and 34 females in EDIT-F1.
For TEM-R-F1, the mothers were not available so that
only the offspring of 36 families were studied. Ampli-
fication was also measured in S-LAB. A total of 605
mosquitoes were analysed. In this experiment, the B/
and Ace.2 probes were not purified before hybridization,
in order to limit the number of manipulations with the
aim of increased standardization. Therefore, a strong
background diluted the measures of hybridization of the

© The Genetical Society of Great Britain, Heredity, 83, 87-99.
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specific probes, so that the estimations obtained were
not absolute measurements of amplification level but
proportional to them.

Experiment 2 was performed in order to obtain
absolute values of the amplification level. Between 19
and 24 individuals randomly chosen per F; set were
analysed using purified probes.

The correlation between the measures obtained in
expts 1 and 2 is very high (*=0.99; P=4.4 x 107°; see
Table 2). Therefore, we used data of expt 2 in order to
calibrate linearly ([data exp(2)]=4.95 x [data exp(1)] —

HM//(

1.7 5
Esterase activity (S-LAB units)

15

3.86) those of expt 1 when necessary. Most analyses
were performed on expt | data. When data were
calibrated, it is explicitly referred to in the text.

ALs obtained in expt 1 showed extensive variation
between and within F; crosses (Fig. 3) and between
mothers of the same or different strains. Nested ANOVA
(Table 3) shows that the F, strain effect was significant.
Mosquitoes of TEM-R-F1 were more amplified than
SEDIT-F1 (F,43=067.11, P < 10°). SEDIT-F1 mos-
quitoes were significantly more amplified than EDIT-F1
only in the second experiment (£} 45=6.07, P=2x 10 3,

Table 1 Nested analysis of variance of esterase activities in Bl strains of Culex pipiens. s is the strain factor, f the family

factor, p the microplate factor and res the residue

© The Genetical Society of Great Britain, Heredity, 83, 87-99.

All

Model d.f. MS F
s 3 86543.3 323.3%%*
P 32 267.7 2. 1%%*
res 685 124.7
Total 720 491.2

EDIT-F1 SEDIT-F1 TEM-R-F1

d.f. MS F d.f. MS F d.f. MS F

f 43 46 5.36%** 34 90.1 3.91%** 49 942 54 35%%*
P 134 8.6 1.11 NS 117 23 1.39 NS 6 17.33 0.09 NS
res 46 7.7 38 16.5 203 186.5
Total 223 15.61 189 33.8 258 326.1
¥**p < 0.001.
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Table 2 Mean (m) and variance (V') of esterase activity and esterase gene amplification level in each set of Culex pipiens.

The sample size (n) is indicated

S-LAB (mothers)  EDIT-F1 (mothers) SEDIT-F1 TEM-R-F1 EDIT SEDIT
Esterase activity
m 1 12.5 15.1 51.3
14 0.04 15.61 33.80 326.08
n 48 224 190 259
Amplification Experiment 2
m 1 2.5 3.2 5.6
V 0.08 0.61 0.50 1.58
n 19 23 24 24
Experiment 1
m 1 1.3 1.4 1.9 1.8 2.2
Vv 2x107* 0.04 0.04 0.15 0.24 0.33
n 85 143 131 160 44 42
Experiment 1 corrected
m 1.09 2.6 3 5.6 4.9 7.1
V 0.06 0.97 0.92 3.76 5.99 8.11
n 85 143 131 160 44 42
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Fig. 3 Histograms of frequency distri-
bution of esterase gene amplification of
Fy Culex pipiens from the different B1
strains (TEM-R mothers were not
analysed). Note that two scales are
represented on both graphs, in order to
obtain approximately the same apparent
dispersion for each mosquito set.
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Table 3 Nested analysis of variance of esterase gene amplification measured in Culex pipiens from expt 1. s is the strain
factor, f the family factor, m the membrane factor, and res the residue

All
Model d.f. MS F
S 3 18.91 97.71%**
m 91 0.19 4.54%**
res 444 0.04
Total 538 0.17
EDIT-F1 SEDIT-F1 TEM-R-F1
d.f. MS F d.f. MS F d.f. MS F
f 33 0.06 0.57 NS 25 0.09 1.85 NS 22 0.58 2.20*
m 13 0.11 4.46%** 16 0.05 2.86%** 27 0.26 6.50%**
res 96 0.02 84 0.02 110 0.04
Total 142 0.04 125 0.04 159 0.15

*P < 0.05, ***P < 0.001.

in a two-way ANOVA, with strain and membrane as
factors). This might be because the membrane effect was
not significant in this experiment (F)44=0.001,
P=0.96). When considering each F; set, the family
effect measured in the first experiment was not signifi-
cant except for TEM-R-F1. In all the cases, membranes
affected the AL measures.

Differences in AL of EDIT and SEDIT mothers were
tested in a two-way ANOVA, both strains being present in
five membranes. The mother’s strain effect was signifi-
cant in each membrane (global test, Fs5g¢=11.09,
P=7x 10", SEDIT mothers being more amplified
than EDIT ones.

Relationships between amplification level in mothers and
offspring 1f selection has no influence upon the distri-
bution of amplification level in offspring and if the AL
inheritance is Mendelian, we expect a relationship
between Bl esterase gene copy numbers of mothers
and offspring. Under these hypotheses, a female with
chromosomes carrying x; and x, copies of the B/ ester-
ase gene has a mean amplification level of (x; + x,)/2.
In the F; offspring, the expected AL of F; mosquitoes is
((x; + x»)/2 + 1)/2. So, on average, we have the
expected relationship AL of F;=(AL of mother)/
2 + 1/2. Therefore, we can compare, in each F; set,
the observed distribution of family mean ALs of the
offspring with their expected values measured by the
above formula (Fig. 4). This comparison was performed
on calibrated data of expt 1. The test of mean equality
for paired observations is rejected for SEDIT-FI
(Student’s r-test, t,,=2.2, P=0.037) but not for
EDIT-F-1 (t33=1.4, P=0.16). In SEDIT-FI1, the
expected values, computed from the observed values

© The Genetical Society of Great Britain, Heredity, 83, 87-99.

of the mothers, are generally larger than the observed
values of the offspring ALs. This indicates that alleles
with high copy numbers of the B/ esterase gene are less
frequent in offspring than predicted (Wilcoxon unilat-
eral signed rank test, Z=1.83, P=0.034). Figure 4
shows that the expected mean copy number in offspring
computed from the observed values of AL in mothers is
highly variable in each F; set, and in the case of EDIT
is apparently bimodal. For both sets, the upper range of
expected copy number, i.c. classes higher than 4 (i.e. Bl
allele in the F; with more than seven copies), is
generally not represented in the offspring. This result
is related to the fact that no correlation is found
between ALs of the mothers and the offspring, neither
globally on both SEDIT-F1 and EDIT-FI
(F1.59=0.003, P=0.98) nor separately in each F; set
(F131=0.026, P=0.87, for SEDIT-F1, and F) 4=
1.81, P=0.19 for SEDIT-F1).

Within-family distribution of amplification level Two
families of TEM-R-F1 were more precisely studied. ALs
of 53 and 27 mosquitoes from TEM-R-F1-A and TEM-
R-F1-B were examined on a single membrane in expt 2.
TEM-R-FI1-A offspring allowed us to test the sex effect
on the measurements, because 37 females and 16 males
were available. The sex effect proved significant, males
having a lower AL than females (s =16.79,
P < 10%). The distribution of AL was investigated
only on females in both families. In TEM-R-FI-A, a
normal distribution is significantly rejected (y3=9.74,
P=0.008). In each family, a few individuals with very
low values of AL were present: two mosquitoes with AL
of 5 and two with AL of 6 in offspring with AL modes of
9 and 8.5, respectively.
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1 computed from the mothers’ amplifica-
tion levels (see text for details). These
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expt 1.

Relationships between resistance, B1 esterase
activity and B1 esterase gene amplification

The three parameters estimated in this study, the
resistance ratio (for temephos) of parental strains, the
B1 esterase activity and the Bl esterase gene amplifi-
cation measured in F; sets vary in the same way
(Fig. 5).

There is a global correlation (P < 107°) between the
family means of Bl EA and amplification. In each F;
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Fig. 5 Relationships for Culex pipiens between resistance ratio
at LCsq (for temephos) of parental strains, the mean of esterase
activity and amplification level of the three F; sets and the
susceptible reference strain S-LAB. Values of amplification
levels are from expt 1 calibrated by the results of expt 2.

set, the relationship is not as clear (Fig. 6). In EDIT-F1
and TEM-R-F1, a negative but nonsignificant relation is
found between the family means of ALs and of Bl
esterase activities, whereas the SEDIT-F1 set shows a
significant negative correlation (P = 0.034). This result is
probably not an artefact arising from the membrane
effect observed in the AL estimation, because when
correlations between mean amplification levels and
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mean esterase activities were computed for each mem-
brane, we observed the same negative trend (r=-0.09)
although it is not statistically significant (Global test,
Fisher’s method, 77, =2.28, P > 0.5).

Effect of selection on B1 amplification level
in SEDIT

Amplification levels of two sets of SEDIT mosquitoes
reared in the presence (S-SEDIT) and in the absence
(NS-SEDIT) of temephos exposure were measured in
expt 2. No significant difference was found between the
two treatments (£ s5o=1.6, P=0.21).

B4 amplification in the field

Mosquitoes from natural populations sampled in 1990
and 1996 in southern France were compared. ALs were
measured in expt 2 on heterozygous mosquitoes for the
A4-B4 amplification. In mosquitoes from 1996, the B4
esterase gene is significantly more amplified (mean 2.7)
than in those of 1990 (mean 2.1) (F)o4=4.46,
P=0.045).

Discussion

Amplification level is variable among
strains and families

A major result of this study is that the amplification
level (AL) is variable for a given amplified esterase gene.
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Family mean amplification level

Comparisons of the different F, sets have revealed
extensive variation of Bl copy number, as did compar-
isons of mothers of the three Bl strains. We also
detected a family effect on AL in TEM-R-F1. This effect
was not influenced by mosquito size and is likely to
result from variation in the number of B1 gene copies,
although an environmental effect cannot be excluded
despite the precautions taken to minimize it (rearing
larvae at low density in standard conditions of food and
temperature). It is noteworthy that a family effect was
not detectable either in EDIT-F1 or SEDIT-F1. This is
possibly because of the relatively low variation in Bl
copy number observed in these F;s, or because mea-
surement errors were too high to detect them (as AL in
these two sets are much lower than in TEM-R-F1). A
family effect on esterase activities was significant in all
three F, sets. The results on esterase activity and gene
amplification variance are in agreement with those of
Ferrari & Georghiou (1991) who found significant
genetic variation of esterase activity among families in
backcrosses of a Bl strain.

Amplification level variation is probably
caused by a high recombination rate

In analysing the distribution of AL in crosses TEM-R-
F1-A and B, we found that a few individuals had a low
AL clearly outside the normal distribution. Two hy-
potheses could explain this observation. First (H1), for
each family, this low class of AL may correspond to the
segregation of one allele (i.e. a chromosome with a low
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number of Bl copies) present in the mother. Alterna-
tively (H2), this class may represent the result of an
unequal crossing-over between the two maternal
homologous chromosomes.

Under HI1, the theoretical distribution of AL in
offspring should follow a binomial probability law
B(n, p), with p=0.5. This hypothesis is rejected signif-
icantly for both families (P < 10> and P < 10* for
TEM-R-F1-A and B, respectively).

Under H2, the unequal recombination hypothesis, we
have to consider each family separately. For TEM-
R-FI1-A, we might suppose that the mother was
homozygous for 17 copies of the BI esterase gene (or
heterozygous for copy numbers around this value).
Therefore, a nonrecombinant mosquito would have a
measured AL=(17 + 1)/2=9, which is observed in the
distribution. Mosquitoes with an AL of 5 (i.e. with nine
copies of the gene on the maternal chromosome) can be
obtained by unequal crossing-over, but in this case we
expect also to find recombinants with an AL of 13 (i.e.
with 25 copies on the maternal chromosome). Individ-
uals with an AL of 13 were not observed. However, the
probability of ‘missing’ them under a trinomial law B(n,
1 —r, r/2, r/2), with n the number of individuals and r the
estimated recombination rate, is P=0.13. For TEM-
R-F1-B, the same kind of argument leads one to
consider a mother homozygous for 16 copies of the Bl
esterase gene. Recombinants with measured values of
AL of 6 can be obtained together with individuals whose
AL is 11. Again, the second type was not present in the
distribution. The associated probability of missing them
is P=0.36. On both families, a global test computed by
Fisher’s method gives the same information (y3=2.68,
P=0.61).

If the H2 hypothesis is true, we can estimate a
minimum value for the unequal recombination rate
within the TEM-R amplification at 4/60=6.7% (be-
tween 2% and 15% at the 95% confidence interval).
Note that this value is a minimum because recombinants
with a copy number close to the normal haplotype
would not have been detected. At first glance, this result
is in sharp contrast with that of Ferrari & Georghiou
(1991) who found that new Bl copy number variants
arose at very low frequency (less than 1 per 500
gametes). However, they only considered as recombi-
nant the mosquitoes displaying an activity falling in the
range of nonelevated esterase activity, and therefore
could have missed numerous variants. Our result is more
in agreement with estimates of Axelrod et al. (1994) with
reference to the data of Smith ez a/. (1990) on CAD gene
amplification in hamster cells, i.e. a density of four
crossovers per repeat unit using a Poisson distribution
model.

Relationships between genotypes
and phenotypes

Some previous studies on C. pipiens resistance have
suggested the hypothesis that esterase activity, and
therefore resistance, were always linked to esterase gene
amplification (Pasteur et al., 1984; Ferrari & Georghiou,
1990, 1991; Raymond et al., 1993; Callaghan et al.,
1998). In our analyses, we verified this hypothesis:
globally, the more amplified is the B/ esterase gene, the
higher is the B1 esterase activity (in the F, offspring),
and the more resistant is the strain.

A similar result was reported in the aphid Myzus
persicae (Field et al., 1988). However, the authors had
not undertaken precise quantitative estimations and the
amplified genes (E4 and FE4) were different in the
strains analysed. In our study, the same B esterase gene
(B1) was considered and variations of both gene AL and
EA were investigated. The shape of the relationship
between mean AL and mean EA in the F; mosquitoes
and S-LAB shows that the two characters are linearly
correlated. However, the relationship between temephos
resistance and each of these parameters is not linear.
The function that links resistance and EA or AL is more
like a threshold one.

Existence of regulatory mechanisms?

Within strains, AL and EA are not positively correlated.
In the three F; sets, we observed a negative correlation
which was significant in SEDIT-F1. An experimental
bias may explain this pattern. Sex effect can be excluded
because only males from each F; set were analysed and
AL estimations were independent of mosquito size as we
used an internal genomic probe control (the Ace.2 gene).
Therefore it is possible that, at the scale of within-strain
variation, an unknown mechanism of esterase expres-
sion regulation explains this pattern. Additional work is
needed to confirm this hypothesis.

Gene amplification level and selection

We have seen that amplification level is variable between
individuals, and the relationships between amplification
level, esterase activity and finally resistance have been
established. These two points constitute a necessary
theoretical condition for the amplification level to be a
factor under selection, and our results indicate that this
is indeed the case as insecticide exposures lead to higher
copy number of the BI esterase gene in the selected
strain (SEDIT) relative to the nonselected one (EDIT).
It is possible that this difference, measured in 1996, may
be the result of an increase in SEDIT or a decrease in the
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nonselected EDIT, or both. However, the fourfold
increase in resistance of SEDIT between 1992 and
1996 indicates that at least part of the difference in Bl
copy number between SEDIT and EDIT was a result of
insecticide selection. Additionally, the resistance de-
creased in the EDIT strain, so that the amplification
level of this strain may have evolved too.

The comparison of the number of B4 esterase gene
copies in field populations collected in 1990 and 1996
also revealed an evolution of the amplification level.
This is the first report of evolution of amplification level
of esterase genes in natural populations. However, the
level of significance of the difference is low (P =0.045)
and needs to be confirmed.

Resistance by gene amplification is
subjected to a fitness cost

Several lines of evidence indicate that resistance and/or
the mechanisms involved in the resistance are subjected
to a strong fitness cost in the laboratory.

First, the temporal variation of mortality—dose re-
sponses showed two kinds of evolution. Resistance has
increased globally since 1992 in the selected strain
SEDIT. In the absence of insecticide selection, resistance
decreased in both EDIT and TEM-R. This contrasts
with the results of Raymond et al. (1993) who found no
change in the resistance of TEM-R over 1.5 years in the
absence of selection. This indicates that this period was
not sufficient to detect any variations in resistance.

Secondly, the esterase gene amplification level is not
stable with time. In TEM-R, comparison between
amplification levels measured in 1990 and 1996 reveals
extensive variations. Our estimate of the BI esterase
amplification level in TEM-R (between 5 and 20) is
considerably lower than that of Mouches ef al. (1986) or
Raymond et al. (1989a), who found amplification levels
of 250- and 150-fold, respectively. However, we must
interpret these results with caution because the methods
used were different.

Thirdly, in SEDIT-FI mosquitoes, a systematic dif-
ference was found between the amplification level of the
mothers and that of the offspring. The comparison
between mothers and offspring revealed that alleles with
a high copy number were under-represented in the
offspring. A fitness cost may possibly be involved. Adult
and larval mortality of the offspring was not controlled,
therefore individuals with a high BI esterase copy
number could have been selected against. Moreover,
haplotypes with the high B/ esterase copy number could
have been sclected against at meiosis or in sperm
competition.

© The Genetical Society of Great Britain, Heredity, 83, 87-99.

The existence of a fitness cost associated with insec-
ticide resistance caused by Bl overproduction has
already been documented (Ferrari & Georghiou, 1981;
El-Khatib & Georghiou, 1985; Raymond et al., 1993)
and we showed that such a cost could be associated with
Bl esterase amplification level (this study). Therefore,
with an estimated recombination rate of more than 5%,
we may expect that high ALs could not be maintained in
the absence of insecticide selection.

Evolutionary implications

This study has dealt with the evolution of recent
adaptive alleles through the model of insecticide resis-
tance. The effect of selection is strong even after the
appearance of these alleles. Some quantitative (amplifi-
cation level variation) changes in the alleles that alter the
phenotype exist and they can be selected for or against.
Moreover, the mechanism by which variation in ampli-
fication level is achieved appears to be more frequent
than previously thought in C. pipiens esterase gene
amplification.

General models of population genetics that try to
infer the outcome of adaptive genes are often based on
simple approximations, like the existence of one or two
genes with two alleles. Esterase gene amplification is
exceptional because a so-called amplified allele (e.g. the
B1 amplified allele) is a class of alleles with extensive
variation of copy number. In this situation, a population
fixed for the presence of an amplified esterase gene must
be polymorphic because amplified alleles may have
different copy numbers. Moreover, the fact that these
amplified alleles could respond to selection for or
against by changing their copy number (certainly
through unequal crossing-over) may allow such ‘fixed’
polymorphic populations to adapt rapidly. This
situation renders the predictability of allele frequency
evolution considerably more complex than in a classic
two-allele case. Tabashnik (1990) made a simple model
under the assumption of the existence of one, two and
three copies of a resistance gene, and showed that the
response to selection is different from the predictions of
previous models.

Moreover, the well studied effect of fitness cost
might be attenuated by the fact that a high recom-
bination rate can allow the rapid adaptation of the
allele towards lower copy number. This possibly can
explain why cost is still detectable in natural popula-
tions and why modifiers of the cost have not been
discovered yet in C. pipiens (Chevillon et al., 1997)
unlike the case for other species such as Lucilia
cuprina (Clarke, 1997).
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