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ABSTRACT. The amplified esterase B gene responsible for resistance to organophosphorus insecticides
in Culex mosquitoes is shown to form a DNA “puff” in salivary gland polytene chromosomes. This
“puff” is absent in susceptible mosquitoes lacking the amplified gene, and unlike all puffs known today,
it is neither related to development nor involved in protein synthesis. The “puff” therefore corresponds
to a special arrangement of the very large number of copies (possibly up to 250,000) of the 25-30-kb
DNA fragment encompassing the esterase B structural gene in polytene chromosomes. In addition, the
amplified and nonamplified esterase B gene(s) were found to be localized on chromosome 2L, and flanked
by identical banding patterns, indicating the absence of an important chromosome rearrangement before,

during, or after gene amplification.

INTRODUCTION

Among the organisms that have become re-
sistant to pesticides and drugs by gene amplifi-
cation, Culex pipiens Linn. is the only species
with polytene chromosomes, and thus consti-
tutes a unique material for a detailed study of
the structural modifications associated with gene
amplification. In this mosquito, resistance to or-
ganophosphorus insecticides (OP) may be
achieved by the overproduction of an esterase B
resulting from the amplification of the structural
gene. Several independent amplifications have
been identified, each involving a different allele
of the structural gene (Mouches et al. 1990, Ray-
mond et al. 1991, Poirié et al. 1992, Xu et al.
1994, Vaughan et al. 1995). Resistance to OP
and overproduction of the esterase B protein are
inherited as a single Mendelian character (Geor-
ghiou et al. 1980, Wirth et al. 1990, Poiri€ et al.
1992), suggesting that all gene copies are clus-
tered on a chromosome. The presence of the am-
plified esterase B1 gene in male gametes (Ray-
mond and Pasteur 1989) and in meiotic chro-
mosomes (Nancé et al. 1990), and the stability
of the amplification over generations (Raymond
et al. 1993) show that all copies of the amplifi-
cation are transmitted from generation to gen-
eration. However, the amplified genes are not
expressed in all tissues (Nancé 19912), and it is
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not known whether certain cell lines lose their
amplification during development, or whether
the genes are simply not expressed in these tis-
sues. Finally, there are no data on eventual chro-
mosome rearrangements associated with gene
amplification. The present investigation was un-
dertaken to address some of these points.

MATERIALS AND METHODS

Two strains of Cx. pipiens were used: TEM-R
(Georghiou et al. 1980), a Cx. p. guinquefasciatus
Say strain with a 250-fold amplification of the
esterase B1 allele (Mouches et al. 1990), and
MSE (Raymond et al. 1986), a Cx. p. pipiens
strain that is lacking an amplified esterase B.

Salivary glands of 50-70 late 3rd- or 4th-in-
star larvae were dissected in 0.85% sodium
chloride, and transferred to a test tube containing
the same solution. After centrifugation (1 min at
300 X g), most of the supernatant was discarded
and replaced by methanol: acetic acid (1:3 v/v)
diluted in demineralized water (1:2 v/v). This
solution was replaced by 3 ml of methanol : ace-
tic acid (1:3 v/v) after 2 h. To increase chro-
mosome spreading, the salivary gland suspen-
sion was then sonicated 3—4 sec (Sonifer 250,
Branson, Sonotrode output = 1), and stored
overnight at 5°C before preparing 2—3 slides by
the air-drying method. Slides were stained with
2% Giemsa in 25 mM phosphate buffer (pH
6.88) for 2 min, rinsed twice rapidly in demin-
eralized water, dried at 37°C for at least 1 h, and
stored at —20°C until further processing.

In situ hybridization was performed as pre-
viously described (Nancé et al. 1990), using a
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Fig. 1.

In situ hybridization of salivary gland polytene chromosomes of Culex pipiens 4th-instar larvae with

the esterase B1 cDNA probe. Each chromosome fragment was photographed before (a, c¢) and after (b, d)
hybridization with the probe labelled with *H. a, b. TEM-R strain with an amplified esterase B gene (250 copies).
¢, d. MSE strain with no amplified esterase B gene. Note that the large pufflike structure present in TEM-R
(arrow) is absent in MSE (triangle). Ce designates the centromere.

cDNA esterase B1 probe (Mouches et al. 1990)
labelled with either [*H]adenine and thymidine
or [*Pladenine. Exposures were 3 wk and 2-5
days, respectively.

The presence of the esterase B1 protein in sal-
ivary glands was investigated by immunohisto-
chemistry on paraffin sections of whole 4th-in-
star larvae. Larvae were fixed for 24 h in Bouin—
Dubosc, dehydrated, and embedded in paraffin.
Paraffin sections were immersed 10 min in phos-
phate-buffered saline (PBS) buffer (0.1 M, pH
7.2), and 10 min in a 1/200 solution of sheep
serum (Nordic Immunology) in PBS. Seventy-
five milliliters of a 1/500 dilution in PBS of the
esterase B1 rabbit antiserum (Mouches et al.

1987), containing 2% of Triton X100, was de-
posited on each slide, and slides were stored at
5°C in a water-saturated atmosphere for 48 h.
Slides were rinsed twice with PBS, incubated 45
min at room temperature with fluorescein-con-
jugated goat antirabbit antiserum (Diagnostic
Pasteur) (1/200 in PBS), rinsed in PBS, and
mounted in 2:1 glycerol:PBS. The coverslips
were sealed with nail polish.

RESULTS

Structure of the amplified esterase B gene:
Hybridization of salivary gland polytene chro-
mosomes with the esterase B1 cDNA tritiated
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Fig. 3.
instar larva of the TEM-R strain treated with esterase
B1 rabbit antiserum and anti-rabbit goat antiserum
linked to fluorescein. The tissues containing esterase
B1 protein appear as white areas. Ca = ceca of the
stomach, H = hypoderm, Sg = salivary gland cells,
S1 = salivary gland lumen.

Longitudinal section of the thorax of a 4th-

in control larvae from MSE or TEM-R strains
treated with the goat anti-rabbit serum alone (re-
sults not shown). In contrast, a strong positive
reaction was observed in cells of the alimentary
canal (midgut and hindgut), Malpighian tubes,
hypoderm, and in some neurones of TEM-R lar-
vae, but no staining occurred in the salivary
gland cells or lumen (Fig. 3), indicating that de-
spite the large esterase B ‘“‘puff’’ there is no
more esterase B protein in the salivary glands
of TEM-R than in those of MSE. This obser-
vation, associated with the fact that, in TEM-R
larvae, the esterase B mRNA is only found in
tissues showing a positive reaction with the es-
terase B1 antibody (Nancé 1991?) strongly sug-
gests that the “‘puff” is not involved in gene
transcription, in contrast to all puffs known so
far, whether ‘“‘normal” puffs (Ashburner 1978,
Andrea and Thummel 1992) or Sciaridae DNA
puffs (Breuer and Pavan 1955, Berendes and
Lara 1975, Glover et al. 1982, Paco-Larson et
al.1992):

Chromosome localization of the amplified es-

terase Bl: As well-spread whole polytene chro-
mosomes could not be obtained owing to exten-
sive anastomoses (Dennhofer 1968), chromo-
some identification had to rely on an easily rec-
ognized chromosome-specific structure. Figure
1c shows that hybridization of the esterase Bl
cDNA probe occurred not far from a centromere
in salivary gland chromosomes of MSE larvae,
as did the TEM-R “puff” (Fig. 2b). Thus, the
banding patterns of the centromeres were used
to identify the chromosome carrying the esterase
B gene using published photographs and line
drawings of Cx. pipiens polytene chromosomes
(Dennhofer 1968, Tewfik and Barr 1974).

In a preliminary study, the centromeres of the
3 chromosomes were located in MSE and TEM-
R larvae. The patterns of bands and interbands
of each centromere and its flanking segments
could clearly be identified. On this basis, the site
where the esterase Bl cDNA probe hybridized
was identified as the left arm of chromosome 2
in both TEM-R and MSE mosquitoes.

Subsequent studies consisted of comparing
the banding pattern of the chromosome seg-
ments flanking the area of hybridization. In the
2 strains, the following sequence could be ob-
served from the centromere towards the chro-
mosome tip (Fig. 4): 2 bands (a) followed by a
large achromatic zone (b), 3 strongly stained
bands (c), the pufflike structure in TEM-R or an
interband in MSE (noted by a triangle on Fig.
4c), 2 close bands (d), a large amorphous zone
with a band in its middle (e), 3 equidistant bands
(f), and a long achromatic zone (g) that is prob-
ably equivalent to zone 35B-35D of Dennhofer
(1968). The similar banding patterns, observed
on each side of the esterase B gene(s) in TEM-
R and MSE chromosome 2L, indicate that no
major chromosome rearrangement has taken
place before, during, or after the process of am-
plification. It further suggests that the ““puff” in
TEM-R corresponds to a single interband in
MSE mosquitoes that have a single copy of es-
terase B gene.

DISCUSSION

In larval salivary gland polytene chromo-
somes of the highly resistant TEM-R strain, the
amplified esterase B gene forms a large DNA
pufflike structure that is not developmentally
regulated, does not seem to be involved in pro-
tein synthesis, and is absent in the MSE strain
with a single copy of the gene. These observa-
tions suggest that the TEM-R “‘puff” is related
to the presence of multiple copies of the esterase
B structural gene and of the DNA sequences that
are coamplified with it (a total DNA sequence
of 25-30 kb [Mouches et al. 1990]). No such
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Fig. 2. Salivary gland polytene chromosomes of Culex pipiens. a. Polytene chromosome preparation of a
3rd-instar larva of the TEM-R strain showing the large pufflike structure (arrow) containing the esterase B1
amplified gene. b. Polytene chromosomes of TEM-R larvae showing that the pufflike structure containing the
esterase B1 gene is near a centromere (Ce). c. Polytene chromosome preparation of a late 4th-instar larva showing
the disintegration of chromosomes into chromatic bodies prior to pupation.

probe showed a large cluster of silver grains in
TEM-R mosquitoes that carries a 250-fold am-
plification of the esterase B1 gene. Comparison
of photographs of the same chromosome prep-
arations, taken before and after in situ hybrid-
ization, clearly indicated that the silver grains
were located on a large “‘puff” (Figs. la, 1b).
This “‘puff” was absent in MSE larvae with a
single copy of the esterase B gene (Figs. 1c, 1d).

The “puff” hybridizing with the esterase Bl
cDNA probe was observed in all chromosome
preparations from TEM-R 3rd- (Fig. 2a) and
4th-instar larvae (Figs. 1a, 1b, and 2b). It could
not be studied in old 4th-instar larvae because
the polytene chromosomes apparently disinte-
grate into a large number of small chromatic
fragments before pupation (Fig. 2c¢). The TEM-

R “puff”’, unlike puffs observed in other regions
of the chromosomes (Fig 1), or in other Diptera
(Berendes and Lara 1975, Ashburner 1978), pre-
sents a homogeneous aspect and its presence
seems independent of developmental stages. Be-
cause salivary gland preparations were treated
with RNase, the ‘“puff” appears to be largely
composed of DNA. To better understand its
function, the tissue distribution of the esterase
B1 protein was investigated on paraffin sections
of whole 4th-instar larvae by immunocytochem-
istry, using a rabbit esterase B1 antiserum and
the fluorescein-conjugated goat anti-rabbit anti-
serum of Mouches et al. (1987). No evidence of
the esterase B1 protein was found in MSE lar-
vae: fluorescence was homogeneously distribut-
ed in all tissues and its intensity was as low as
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Fig. 4.

structure is observed in Drosophila salivary
gland chromosomes for the multiple copies of
rDNA or histone genes. In fact, ribosomal cis-
trons present a reduced polyteny in Drosophila
giant chromosomes (Hennig and Meer 1971,
Spear 1977), indicating that polytenization is
regulated. Because multiple copies of ribosomal

Identification of polytene chromosome banding patterns flanking the pufflike structure containing
amplified esterase B in TEM-R (A and B) and the zone of hybridization with the esterase B cDNA probe (noted
by a triangle) in MSE (C and D). Homologous regions are identified by letters (a—g).

genes are observed in most eucaryote species, it
is likely that regulation of polytenization for
such genes is very ancient. In contrast, esterase
B amplification is a recent phenomenon (30
years at the most), and there is no reason why
regulation of polytenization should have coe-
volved with the amplification. If we assume that
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Culex polytene chromosomes are formed of
DNA strands resulting from 9 successive repli-
cations (i.e., 1,024 strands), as in Drosophila,
the DNA sequence coamplified with the esterase
B structural gene may exist in some 250,000
copies in TEM-R polytene chromosomes. It is
then not surprising that such an enormous num-
ber of identical DNA sequences should result in
a peculiar chromosome structure, as can be seen
with some gene amplifications in mitotic chro-
mosomes of cultured or tumor cells that have
become resistant to drugs (Rovigatti et al. 1986).

Most of our knowledge of the consequences
for chromosome structure of gene amplifications
selected by exposures to xenobiotics derives
from drug-resistant cultured and tumor cells.
Metaphase chromosome studies of these cells
have revealed that, when amplified genes are in-
tegrated within chromosomes, they are generally
associated with more or less extensive rear-
rangements (Melera and Biedler 1991). Similar-
ly, in the aphid Myzus persicae, which, as has
Culex pipiens, has become resistant to OP in-
secticides due to the amplification of an esterase
gene, one of the 2 amplified esterases described
(E4) is associated with a translocation (Devon-
shire and Field 1991), but it is not known wheth-
er this translocation and the amplification oc-
curred independently or are in some way related
to one another. The present study shows that, in
Cx. pipiens, the amplified and nonamplified es-
terase B genes are on the left arm of chromo-
some 2L and flanked by identical banding pat-
terns. These results indicate that amplification in
Culex mosquitoes can occur without extensive
chromosome rearrangements (i.e., within a sin-
gle interband). The study of other independent
esterase B amplifications (e.g., B2, B4, B5, and
others) is necessary to determine whether this is
a general feature in the species.

Polytene chromosome studies in Culex spe-
cies have been limited due to their poor spread-
ing, and linkage groups II and III have not yet
been assigned to a specific chromosome. Ester-
ase B alleles, whether amplified or not, are not
linked to the yellow larva gene, which is the
only widespread mutation of linkage group II
available in laboratory reference strains. The es-
terase B gene (also named Est-2) has, therefore,
been attributed to linkage group III (Pasteur et
al. 1981). Our in situ hybridization study, by as-
signing the esterase B structural gene to chro-
mosome 2L, is the first report of a chromosomal
identification of linkage group HI. It is believed
that the knowledge of the genome structure of
important vector species, such as Cx. pipiens,
will progress in the future as in situ hybridiza-
tion investigations develop.
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