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We have studied the distribution of resistance genes in relation to genetic structure and gene
flow between field populations of Culex pipiens from Italy. Electrophoretic polymorphism of 12
supposed neutral genes showed that genetic differentiation among samples was low and
indirect values of Nm provided high estimates of gene flow. In contrast, we observed a strong
differentiation in the distribution of resistance genes, highly correlated with the presence/
absence of organophosphate insecticide treatments. These results are discussed in relation to
the fitness cost of these genes and pattern of dispersal in C. pipiens.
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Introduction

The mosquito Culex pipiens is one of the few insect
species in which insecticide resistance, in particular
to organophosphorous (OP) products, has been
studied in the wild at the gene level (Raymond &
Pasteur, 1996). This mosquito is a vector of several
diseases, and for this reason it has been the target of
many control programmes worldwide. The wide-
spread use of OP insecticides represents a powerful
agent of selection in natural populations of the
mosquito C. pipiens, in which three loci have
developed several resistance alleles (Pasteur et al.,
1981; Wirth et al., 1990; Poirié et al., 1992): Est-2,
coding for esterase B, Est-3, coding for esterase A,
and Ace, coding for acetylcholinesterase. At the
Est-2 and Est-3 loci, several electromorphs with
either a normal or high activity have been recorded,
in addition to the null alleles (Mouches et al., 1987;
Poirié et al., 1992)

To date, four to six electromorphs with high
activity for both A and B esterases have been
described in C. pipiens, named Al, A2, A4, AS and
B1, B2, B4, BS, B6 and B7, according to the order of
their discovery (Georghiou & Pasteur, 1978; Pasteur
et al., 1981; Raymond et al., 1989; Poirié et al., 1992;
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Xu et al., 1994; Raymond & Pasteur, 1996). The
high activity of these esterases involved in OP resist-
ance is caused by an enzyme overproduction. This
overproduction is the result of gene amplification
(Raymond et al., 1989; Poiri€¢ et al., 1992) and/or
gene regulation (Rooker et al., 1996). The two loci
are located on the same chromosome at less than
1% recombination, and in some situations, both
esterase A and B loci are coamplified, which explains
the tight statistical association of some electro-
morphs, like A2 and B2 (Rooker et al., 1996), A4
and B4, or A5 and BS5 (Guillemaud et al., 1997). The
sequences flanking the structural gene have always
been coamplified with the gene and the ‘amplicon’
of Bl amplification from the Californian strain
Tem-R was characterized by Mouchés et al. (1990).
Population studies suggest that the spread of
resistance genes, such as overproduced esterase
alleles, is largely governed by migration and selec-
tion (Raymond et al., 1989; Raymond & Pasteur,
1996); mutations generating novel overproduced
esterase alleles are probably quite uncommon and
possibly unique events (Chevillon et al., 1995). In
Italy, the control programmes against C. pipiens vary
greatly, depending on local vector-control agencies
and insecticide use (the OPs temephos and chlorpyr-
ifos are the most used insecticides) (Severini et al.,
1993, 1997). Recent surveys carried out across the
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whole country showed the presence of resistance
alleles previously detected within the Mediterranean
area: Al, A2-B2, A4-B4, A5-BS5, Cl and Ace®
(Severini et al., 1993, 1997). The Al and A4-B4
esterases as well as the Ace® are present in the
entire sampled area, although with marked hetero-
geneity in frequency between samples (mosaic distri-
bution), whereas the presence of A2-B2, AS5-B5
and Cl is restricted to a few areas (pocket
distribution).

We performed a study on the population structure
of 11 C. pipiens field populations in order to assess
the role of migration in resistance gene dispersal:
gene flow between populations was studied by
analysing the electrophoretic polymorphism of puta-
tive neutral genes in different geographical
situations.

Materials and methods
Mosquito samples

Eleven C. pipiens samples were collected as larvae
and/or pupae from April to August 1995 (Fig. 1).
Identification of the species was by microscopic

Lignano (LIG)
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¢ Trivignano (TRI)

Recco (REC
¢ ) Ravenna (RAV)

Ventimiglia (VEN) Ancona (ANC)

Lucca (LUC)
[

Latina (LAT) Brindisi (BR)

Otranto (OTR)

Fig. 1 Map of Italy showing the sites of collection of
Culex pipiens. Population codes are in parentheses. Popu-
lations treated with OP insecticides are underlined.
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examination. Some of the larvae were immediately
used for bioassay. The rest were reared under
standard laboratory conditions until the imaginal
stage, and 3-day-old adults were stored in liquid
nitrogen for biochemical genetic investigation.

Bioassays

Bioassays were performed by exposing 25 early
fourth instar field-collected larvae to various concen-
trations of insecticide (temephos or chlorpyriphos)
in 200 mL volumes of dechlorinated tap water
(World Health Organization, 1981). Control larvae
were exposed to water alone. At least two replicates
were run for each insecticide concentration accord-
ing to the availability of the larvae. Bioassays were
also carried out on ISS, a laboratory susceptible
strain of C. pipiens (Villani et al., 1982). LCS0 (the
insecticide concentration inducing a mortality of
50% of the sample) was determined by log dosage—
probit mortality regression analysis.

Identification of known resistance genes

Presence or absence of highly active esterases was
determined on single mosquito homogenates by
starch gel electrophoresis, as described in Pasteur ez
al. (1988). Several laboratory strains of known resist-
ance were used as controls: esterase Al strain
BARRIOL (Pasteur et al., 1981), esterases A2-B2
strain SELAX (Wirth ez al., 1990), esterases A4—B4
strain VIM (Poirié et al., 1992). Overproduced
esterases A4—-B4 and AS5-B5, which show the same
electrophoretic mobility under our experimental
conditions, were discriminated by the RFLP (restric-
tion fragment length polymorphism) pattern of the
amplified region encompassing the esterase-B struc-
tural gene, using as control the strain CYPRUS
homozygote for the presence of AS-BS (Poirié et
al., 1992). DNA was obtained as described in
Raymond & Marquine (1994), digested with the
EcoRV restriction enzyme, run on agarose gel,
transferred onto a nylon membrane, and hybridized
with the 1.3 kb cDNA B1 probe of Moucheés et al.
(1990), as described in Raymond et al. (1989).

Because of the dominance relationships between
overproduced alleles and nonoverproduced ones,
allelic frequencies cannot be computed in this case;
instead, for each resistance allele (i.e. Al, A2-B2 or
A4-B4), the proportion of mosquitoes displaying it
is computed, and this proportion will be referred to
here as ‘frequency’ for simplicity. Note that the sum
of the ‘frequencies’ for each allele does not neces-
sarily add up to one.
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Genotype determination of neutral genes

Electrophoretic studies were conducted on adult
homogenates as described in Pasteur et al. (1988).
For each mosquito it was possible to analyse up to
12 loci: Hbdh (hydroxybutyrate dehydrogenase, EC
1.1.1.30), Mdh-1 and Mdh-2 (two malate
dehydrogenases, EC 1.1.1.37), Me-1 and Me-2 (two
malic enzymes, EC 1.1.1.40), Idh-1 and Idh-2 (two
isocitric dehydrogenases, EC 1.1.1.42), Aat-2 (aspart-
ate aminotransferase, EC 2.6.1.1), Hk (hexokinase,
EC 2.7.1.1), Mpi (mannose-6-phosphate isomerase,
EC 5.3.1.8), Gpi (glucose-6-phosphate isomerase,
EC 53.19) and Pgm (phosphoglucomutase, EC
5.4.2.2). The ISS strain was used as reference strain.
The inheritance of these loci has been described
previously (see Narang & Seawright, 1982; Marshal,
1994), with the exception of Hbdh.

Statistics

Population structure was analysed with the GENEPOP
(version 2) software (Raymond & Rousset, 1995).
F-statistics were computed according to Weir &
Cockerham (1984). Heterozygote deficits or excesses
were tested using an exact U-score test (Rousset &
Raymond, 1995). Genotypic associations between
each pair of loci were tested for each population by
a probability test as described by Raymond &
Rousset (1995), and over the whole data set by
Ohta’s variance analysis (Ohta, 1982), using the
LINKDOS program (Garnier-Gere & Dillman, 1992).
Genotypic differentiation between populations was

tested by computing an unbiased estimate of the
P-value of a log-likelihood (G) based exact test
(Goudet et al., 1996). When necessary, the signifi-
cance level of each test was adjusted by taking into
account the other tests using the sequential Bonfer-
roni method. The number of effective migrants
(Nm) was computed from Fgr estimates according to
the equation Nm = (1/Fsy —1)/4 (Wright, 1969) and
using the private allele method of Slatkin (1985).
Isolation by distance was analysed as described by
Rousset (1997), ie. computing the relationship
between pairwise estimates of Fgr/(1—Fsr) and loga-
rithms of geographical distance. A possible positive
relationship was tested with the Mantel test, using
the Spearman rank correlation coefficient as a statis-
tic (as available in Genepop version 3.1). Geographi-
cal distances between samples were the shortest
measurements on a map.

Results
Insecticide resistance genes

Bioassays were conducted on nine samples collected
in Italy during the summer of 1995. Three popula-
tions, Lignano, Padova and Ravenna, showed high
levels of resistance (defined by the resistance ratio,
RR, relative to the susceptible ISS reference strain)
for temephos, 200-, 133- and 153-fold, and chlorpyr-
iphos, 67-, 186- and 183-fold, respectively, but the
remaining populations were susceptible or, at most,
showed low levels of resistance (Table1). The
observed levels of resistance were correlated with

Table 1 Resistance ratio and LC50 of temephos and chlorpyrifos and insecticide resistance gene distribution in Culex
pipiens field populations from Italy. Frequency data of Al from Padova and A5-B5 from Lignano are extracted,

respectively, from Severini et al. (1993, 1997)

Temephos Chlorpyriphos Esterases RFLP

Insecticide
Population  treatment LC50*  RR - LC50* RR N Al A2B2 A4B4 N B2 B4 B5
Lignano Continuous  0.03000 200  0.02900 67 60 015 0.03 090 57 004 007 051
Trivignano  Absent 0.00300 20 0.00500 12 31 016 090 20 0.55
Padova Continuous  0.02000 133 0.08000 186 86 030 0.65 40 0.56
Recco Absent 0.00150 10 0.00170 4 31 019 036 20 0.35
Ventimiglia  Absent 0.00310 21 0.00160 4 45 007 057 20 0.38
Ravenna Continuous  0.02295 153 0.07895 183 43 0.57 0.15 0.84 14 014 051
Lucca Absent (0.00085 6 0.00620 14 58 021 057 20 0.33
Ancona Absent 0.00018 1 0.00040 1 53 009 081 30 0.30
Latina Absent 0.00040 3 0.00300 7 31 016 055 26 0.17
Brindisi Absent 0.00240 16 0.00290 7 22 023 0.64 25 0.43
ISS 0.00015 0.00043
*mg/L.

RR, resistance ratio relative to the ISS strain.
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the information regarding the presence or absence
of organophosphate insecticide treatments (informa-
tion on past history of treatments is given in
Table 2). These results were also in agreement with
previous results of Severini et al. (1993) for some of
these populations.

Electrophoretic studies confirmed the presence of
amplified esterases Al, A2-B2, A4-B4 (or A5-BS)
as reported in previous studies (Bonning et al., 1991,
Severini et al., 1993). The identity of esterase Al was
confirmed by the presence of the Est-2°%-Al
linkage disequilibrium found in all the samples
studied. Al and A4-B4 (or A5-BS5) were present in
all samples studied, although at different frequen-
cies. In contrast, A2—B2 was observed in the sample
from Lignano and Ravenna. Esterase Al was at
higher frequencies in populations where the resist-
ance ratio was elevated, for both temephos and
chlorpyriphos, whereas A4-B4 (or AS-B5) frequen-
cies seemed to vary independently of the level of
resistance (and hence with the presence of OP treat-
ments), indicating differences in selection pressures.
For the Lignano sample, which showed a high level
of resistance, RFLP analysis of the amplified ester-
ase B locus revealed a high frequency of A5-BS
esterases, which is known to confer a high level of
OP resistance (Poirié et al., 1992). A5-B5 was not
found in any sample other than Lignano.

Neutral polymorphism genes

A total of 485 mosquitoes were analysed for the 12
loci. In some cases, genotypes were not recorded for
technical reasons. Overall, a total of 3443 genotypes
were available for statistical analysis. The number of
alleles detected varied between two (Mdh-I and 2,
Aat-2, Hk-2) and six (Pgm). For three loci, Mdh-2,
Me-1 and Idh-2, the frequency of the most common
allele was greater than 95% in all samples. Data
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concerning frequencies and Fjs estimates of the
most polymorphic loci relative to the Italian popula-
tions studied are available upon request.

Hardy-Weinberg equilibrium was rejected
(P<0.05) in three out of 65 tests, but none
remained significant after applying the sequential
Bonferroni test, indicating that the populations
studied were substantially panmictic.

Gametic association was significant (P <0.05) for
only two out of 64 tests, and these associations
concerned only two populations (Trivignano and
Ravenna), which did not remain significant when the
sequential Bonferroni test was applied. The linkage
disequilibrium between two alleles of a pair of loci
within a subdivided population is caused either by
directional selection pressures or by genetic drift. To
differentiate between random and selective causes of
disequilibrium, Ohta (1982) devised a method for
partitioning the variance of dilocus disequilibrium
coefficients into within (D;s and D) and between
(Dsr and D) subpopulations components. The
discrimination is based on the comparisons of D
and Dgy values, on the one hand, and of Dis and
D4 values, on the other. For all pairs of loci
studied, D;s<Dgr and D s> D §; and this observation
was consistent with the hypothesis that the observed
gametic associations were caused only by the action
of drift, with the unique exception of the pair
Hk-Mpi.

Although Fsr estimates were low for all loci, the
overall differentiation among populations was highly
significant (P<0.0001) and corresponded to an Fsr
estimate of 0.0096, indicating a slight but significant
genetic differentiation among the populations
studied. Three loci out of 12, Aat-2, Mpi and Gpi,
contributed mostly to genetic differentiation,
showing significant P-values (P<0.05) (Table 3).
The importance of genetic exchanges among popula-
tions was assessed from the number of effective

Table 2 Information on insecticide treatments in the natural Culex pipiens populations analysed in the present study

Study populations

History of insecticide treatments

Ancona, Brindisi, Latina, Recco,
Trivignano, Ventimiglia

No treatments throughout the last 10 years

Intensively treated throughout the last 20 years; malathion and chlorpyriphos were

replaced by temephos in the early 90s. Since 1993 the IGR diflubenzuron and

Intensively treated since 1989; chlorpyriphos was replaced by temephos in 1992
Intensively treated throughout the last 15 years; chlorpyriphos was replaced by

Lignano
temephos were periodically alternated
Padova
Ravenna
temephos in the early 90s
Lucca

Intensively treated with chlorpyriphos until 1987; after that date only sporadic

treatments with temephos were performed
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Table 3 Fgp estimates and P-values and standard error?
the test of differentiation (Goudet et al., 1996) for Culex
pipiens field populations from Italy

Locus Fsr P SE
Mdh-1 0.007 0.0858 0.0091
Mdh-2 —0.004 1.0000 <0.0001
Me-1 0.003 0.0962 0.0061
Me-2 0.006 0.1483 0.0090
Idh-1 —0.001 0.1351 0.0100
Idh-2 —0.001 0.7761 0.0113
Aat-2 0.020 0.0087 0.0017
Hk 0.010 0.1161 0.0130
Pgm 0.004 0.0559 0.0130
Hbdh 0.007 0.1350 0.0157
Mpi 0.006 0.0044 0.0027
Gpi 0.019 0.0019 0.0014
All 0.009 <0.0001

migrants, Nm, computed from Fgy estimates of Weir
& Cockerham (1984) and with Slatkin’s method
based on private alleles; this was high (Nm>14),
indicating that gene flow among Italian C. pipiens
populations is extensive. There was a significant
(Mantel test, 10 000 permutations, P = 0.0013) and
positive relationship between FST/(l—FST) and the
logarithm of distance, indicating an isolation by
distance at the scale studied (Fig. 2).

0.04 ' ' '

0.031 ' ]

0.02

0.01

Fs1/(1-Fsr)

0.00

00060 500 600 7.00 800

In(distance)

Fig. 2 Isolation by distance using the Rousset (1997)
method. Pairwise estimates of Fgr were calculated accord-
ing to Weir & Cockerham (1984).

Discussion

The evolution of insecticide resistance provides a
useful opportunity to study selection in natural
populations. Previous studies on the evolution of
resistance in field populations of C. pipiens have
indicated that mutations transforming susceptible
genes into resistance ones are extremely rare, indi-
cating that the distribution of resistance genes is
mainly the result of migration and selection (see,
e.g. Guillemaud ez al., 1996; Raymond & Pasteur,
1996). For the latter, resistance genes are selected
for in treated areas and apparently selected against
in untreated areas, reflecting a pleiotropic cost. This
cost seems allele-dependent in southern France
(Chevillon et al., 1998), being different for distinct
OP resistance genes, but the validity of this situation
in other geographical areas is not known. The
present study was undertaken to understand better
the correlation between OP resistance genes and the
genetic structure of field populations of C. pipiens in
Italy.

For the distribution of the genetic variability, two
distinct patterns occur, if we consider neutral genes
(genes not influenced by the presence or absence of
insecticide) and genes responsible for insecticide
resistance. Statistical analyses of neutral genes
confirm the hypothesis that gene flow between the
populations studied is high, suggesting a strong
influence of migration against the random effect of
drift. The probable neutrality of the loci studied is
supported by the absence of deviations from Hardy-
Weinberg equilibrium and the lack of systematic
selection on pairs of alleles at distinct loci. In addi-
tion, these results are consistent with the statistical
independence of the loci studied and the concordant
local differentiation and migrant estimates.

There was a significant isolation by distance in
Italian C. pipiens populations (Fig.2), which is at
odds with results found in southern France (Chevil-
lon et al., 1995). French data were analysed with
Slatkin’s method, where some points, corresponding
to a low differentiation between some pairs of popu-
lations, are removed because of a negative Fst esti-
mate; in this situation, no Nm estimate could be
computed. When the French data were re-analysed
with the new method of Rousset (1997), a significant
isolation by distance was found (F. Rousset, pers.
comm.). Thus, it seems that at the scale of several
hundred kilometres, there is isolation by distance in
C. pipiens populations from southern Europe.

When insecticide resistance genes  were
considered, a strong differentiation was found, even
between populations separated by short geographi-
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cal distances. However, the distribution pattern of
each gene was distinct and influenced by the
presence of insecticide treatments. A2-B2 and
A5-B5 were present only in the heavily treated
Lignano sample, whereas Al and A4-B4 showed a
large heterogeneity among all samples.

The reason for the widespread distribution of the
A4-B4 haplotype all over Italy must be explained.
Apparently, this allele is easily maintained in field
mosquito populations even without insecticide selec-
tion pressure, suggesting a low pleiotropic cost. This
is in agreement with the situation of A4-B4 in
Corsica (Raymond & Marquine, 1994) or southern
continental France (Chevillon et al., 1995). A4-B4
seems to increase in frequency in places where the
treatments are performed with different insecticides
(temephos in Corsica, temephos and chlorpyrifos in
Italy, temephos, chlorpyrifos and fenitrothion in
southern France). This hypothesis does not exclude
a possible presence of residual doses of insecticides
in untreated areas, possibly explaining the presence
of this resistance allele in the whole of Italy.

The situation of Al is similar that of A4-B4,
except that Al has a much lower frequency. This
difference is unlikely to result from a difference in
selection in the presence of insecticide, as the OP
resistance provided by these two resistance alleles is
similar (Poiri€ ef al., 1992). Likewise, a difference in
cost is suspected, with a higher cost for Al than for
A4-B4. This is consistent with results found in
southern France (Chevillon et al., 1998). This situa-
tion, the older resistance gene (Al) being more
costly than a more recent one (A4-B4), indicates
that allele replacement — instead of selection of a
cost modifier — takes place in the evolution of OP
resistance for this mosquito.

The restricted distribution of resistance genes
such as A2-B2 and A5-B5 suggests that either their
introduction is recent or they are associated with a
high pleiotropic cost in untreated areas. A2—-B2 has
already been detected in continental Italy, in a place
where it has subsequently disappeared because of a
change in insecticide usage. Its presence in Lignano
probably indicates a new introduction in Italy,
consistent with the propensity of this resistance gene
to invade worldwide (Rivet et al., 1993; Guillemaud
et al., 1996). A5-B5 has already been detected in
Lignano (Severini et al., 1997), a place where OP
treatments are continuous. It is remarkable to note
that this resistance allele has not been detected in
an untreated area only 100 kmm distant (Trivignano,
Mestre). Considering the extensive gene flow
detected by polymorphism of neutral genes, this
situation indicates that A5-BS is probably associated
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with a high pleiotropic cost.

The extensive gene flow between populations is
not a limiting factor for the migration of resistance
genes, except for long distances, as indicated by the
significant isolation by distance for several hundred
kilometres. The difference in the distribution of OP
resistance genes seems to be the result of both the
advantage they provide (Al and A4-B4 have never
been associated with high resistance, in contrast to
A2-B2 or A5-B5) and the associated pleiotropic
cost (A4-B4 has no cost or a reduced one compared
to the other alleles).
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