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A GENETIC STUDY OF AN ESTERASE IN
CULEX PIPIENS QUINQUEFASCIATUS1

PHYLLIS GARNETT 2 anp W. L. FRENCH 3

Asstracr. Wild populadons of Culex pipiens
quinquefasciatus Wiedemann were chosen for a
genetic study of esterase enzyme systems by
means of acrylamide gel electrophoresis. Analysis
of single individuals from the same population
showed a high degree of genetic heterogeneity in
esterases of this population. Using the substrate
alpha naphthyl acetate, 13 different forms of
esterases were observed in adult populations.

Strains of these mosquitoes which are homozy-
gous for certain esterase genes have been estab-
lished by many generations of inbreeding and

Multiple molecular forms of esterases
have been demonstrated in a variety of
organisms (Shaw, 1965). Several genetic
studies have been made of esterase iso-
enzymes in insects. Laufer (1961) in-
cludes a study of esterases in silkmoths
in a survey of enzyme systems. There
are several reports on the genetics of
esterases in Drosophile (Beckman and
Johnson, 1964; Wright, 1963; Johnson
et al., 1968). Reports on the genetics of
esterases in Musca include Velthius ez al.
(1963), Ogita (1962), and Menzel et al.
(1963). Recently, published reports of
esterase isoenzymes in mosquitoes ap-
peared. Studies of esterase isoenzymes in
Aedes aegypti L. are reported by Town-
son (1969) and Trebatoski and Craig
(1969). Freyvogel et al. (1968) describe
esterase zymograms for 14 species and
strains of mosquitoes in the family Culi-
cidae. They showed that the esterase pat-
terns were species and strain  specific.

1 This work was conducted at Louisiana State
University in partial fulfillment of the require-
ments for the degree of Doctor of Philosophy. Tt
was supported by NIH Predoctoral Research
Grant No. 5-FO1~-GM~-39, 279-02.

2 Present address, Arkansas Children’s Colony,
Arkadelphia, Arkansas.

3 Present address, Department of Zoology and
Physiology, Louisiana State University, Baton
Rouge, La.

selection. A genetic study of adult polymorphism
indicates that two zones of esterase activity are
specified by a pair of autosomal co-dominant
alleles: Esterase 4 and Esterase 5. Electrophoretic
analysis shows that homozygotes produce only the
slow-moving (Est. 4) or the fast-moving (Est. 5)
band. Heterozygotes (E—4/E-s5) show esterase
activity at bands 4 and 5 with no interaction of
the gene products.

Further studies of Est. 4 and Est. 5 bands
by use of inhibitors show that these isoenzymes
are aljesterases.

Trebatoski and Hayes (1g69) surveyed
enzymes in 12 species of mosquitoes and
found species-specific esterase patterns for
all 12 species, as well as interspecific rela-
tionships. Simon (1969) reported an
electrophoretic analysis of esterases in the
development of Culex pipiens quinque-
fasciatus Wiedemann. He presented
genetic evidence that the polymorphism
found is controlled by a pair of autosomal,
interacting co-dominant alleles. Homo-
zygotes were characterized by either a
slow-moving or fast-moving band, whereas
heterozygotes had both parental bands
and an additional intermediate band. It
was suggested that the esterase variants
in this case exist as dimers.

MaTFRIALS AND MeTHODS. Culex pipiens
quinquefasciatus larvae were collected in
the vicinity of Baton Rouge, Louisiana.
First instar larvae hatched from single
egg masses were reared to adulthood in
quart milk bottles. The larval food was
a 1:1 mixture of wheat germ and Kel-
logg’s Concentrate. After emergence the
adults were removed and placed in cages
made from round, half-gallon ice cream
cartons. A very fine net sleeve covered
the cage. Cotton soaked in honey served
as food for the adults.

Larvae and adults were reared at 78° F.
and 8o percent RH in a room that was
lighted from 7:00 am. until 10:00 p.m.
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each day. Pigeons were placed in the
cages at night to provide a blood meal for
the females.

To establish stocks homozygous for
esterase genes, all the adults from single
egg rafts were continuously inbred for at
least fourteen generations. The genetic
constitution of each stock was tested peri-
odically to select for and to maintain genes
homozygous for the esterases. To ensure
the collection of virgins, single pupac were
isolated in small shell vials. After emer-
gence the adults selected for genetic crosses
were placed in pint containers for breed-
ing.

The vertical gel apparatus was from
E. C. Company model No. 470. The
procedure for assembly followed the steps
outlined in the E. C. Manual (Technical
Bulletin 128). A tris-borate buffer (pH
8.9) was used in both the gel and in the
buffer tank. The buffer contained o.1 M
Tris, 1.5 mM NayEDTA, 0.384 gm/1.
calcium lactate ttrated to pH 8.9 with
boric acid. The gel was 5 percent cyano-
gum-41.  Gelation occurred within 30
minutes with the addition of o.001 per-
cent TMED and o.001 percent ammo-
nium persulfate. A prerun of 1% hrs.
preceded each run with conditions of the
run and prerun being the same.

A miniature mortar and pestle were
made by using a 4 mm diameter glass
rod to grind % milliliter centrifuge tubes
at the tip. Fresh, single, whole mosquitoes
were homogenized in the ¥ ml grinding
tubes at o C in 40 microliters of o.1 M
phosphate buffer (pH 6.5) containing 10
percent sucrose and bromophenol blue as
an indicator. The samples were centri-
fuged at 27,000 x g at 0° C for 10 min-
utes. Twenty microliters of the clear su-
pernatant were carefully applied with a
micropipette into the gel slots. Care was
taken to minimize the amount of cellular
debris and lipids included in the sample.
Single live mosquitoes were used in most
cases; however, no differences were noted
in the electrophoretic patterns between
live mosquitoes and those frozen for 1—4
days from stocks homozygous for the
esterasc genes.

The voltage applied to the gel was ap-
proximately 250 volts which resulted in
a slightly fluctuating amperage which did
not exceed roo ma. Usually the samples
migrated 10 cm toward the anode within
3% hrs.

To lower the pH of the gel to ca 6.5
the gel was rinsed in 0.5M boric acid at
4 C for 5 min. before a 45 min. preincuba-
tion at 4 C in 0.1M phosphate buffer (pH
6.5) containing 4 ml of 1 percent alpha
naphthyl acetate (Dajac Company) in ace-
tone. Esterases were detected by incuba-
tion of the gels in 200 ml of phosphate
buffer (pH 6.5) containing 4 ml of 1 per-
cent alpha naphthyl acetate in acetone and
o.1 gram of Fast Blue BB (4'-amino—2',5'
dicthoxybenzamilide, diazonium salt) for
two hours at 25 C.

Inhibitors utilized to characterize the
esterases were paroxon (diethyl p-nitro-
phenyl phosphate) 107°M (American Cy-
anamid Company and eserine 10°M
(Sigma Company). After electrophoresis
the gel was cut into four sections each
having identical samples. Each of the
three sections was preincubated in one of
the test inhibitor-buffer solutions for 30
min. at 4 C. The fourth section, a control,
was preincubated for a similar time in
buffer. The gels were then transferred
to the substrate-inhibitor solution for 30
minutes of preincubation and finally trans-
ferred to the substrate-dye solution for
staining (Salkeld, 1965).

Rusurts. Adult Culex pipiens quingue-
fasciatus from the isolated population used
in this study demonstrated a total of 13
zones of esterase activity (Fig. 1). In any
given individual, however, only certain
of the zones were detectable. Bands 1, 2
and 6 were observed in all adult females
examined, where bands 1 and 2 were not
found in adult males. A weak zone of
esterase activity, band 2.5, which was
found in adult males was not detected
in adult females. In the local population,
with the exception of the zones of high
esterase activity which were analyzed
genetically, all other zones of activity were
not readily amenable to genetic analysis
with the techniques employed.
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Bands 4 and 5 were chosen for a genetic
analysis due to their reproducibility and
their pattern of occurrence in single in-
dividuals in the unsclected population.
Stocks homozygous for the alleles responsi-
ble for the occurrence of bands 4 and 5
were established by many generations of
inbreeding and selection. Hereafter, these
alleles will be designated E-4 and E-s5.
Allele E-5 was found in most of the indi-
viduals in the wunselected population,
whereas E-4 occurred only rarely. Twenty
geperations of inbreeding and selection

Female Male

O

Fic. 1.—Schematic drawing showing the
esterase isoenzyme pattern in adult male and
female Culex pipiens quinquefasciatus. o—origin;
solid lines—intense staining; dashed lines—
moderate staining; dotted lines—faintly staining.

were required to isolate and obtain a
healthy stock of individuals homozygous
for allele E-4, whereas isolation of prog-
eny of single pair matings readily yielded
strains homozygous for E-5.

Three patterns of occurrence of esterase
bands 4 and 5 were observed on the elec-

" tropherogram. These are (1) band 4

alone; (2) band 5 alone; (3) bands 4 and
5 together. Genetic crosses and reciprocal
crosses were made using all possible com-
binations of these patterns (Table 1).
After eggs were produced from these
crosses, parents were examined electro-
phoretically to verify their genotype and
subsequently the genotype of the progeny.
The following discussion concerns only
bands 4 and 5.

Individuals homozygous for allele E-4
produced progeny showing only band 4
on the electropherogram. Individuals
homozygous for allele E-5 produced prog-
¢ny showing only band 5. Reciprocal
crosses between individuals homozygous
for allele E-4 and E-5 produced- hetero-
zygous offspring showing esterase activity
at both bands 4 and 5. The resolution
of these isoenzymes by our electrophoretic
system is shown in Fig. 2. Results of
reciprocal crosses between individuals
homozygous for allele (E-5 and hetero-
zygous for allele E-4 and E-5 show essen-
tially a 1:1 ratio for the occurrence of
allele E-5 alone to the occurrence of hetero-
zygotes expressing activity at zones 4 and
5. Results of crosses between individuals
homozygous for E-4 and individuals
heterozygous for alleles E-4 and E-5 show
esterase activity cither at zone 4 alone or
at zones 4 and 5 in approximately a 1:1
ratio (Table 1).

These crosses showed no significant dif-
ference for a 1:1 ratio of homozygous
individuals to heterozygous individuals.
However, there seems to be a trend in
favoring the heterozygous individual in
Cross No. 6. This trend might be ex-
plained by frequency-dependent selection
described in Drosophila by Kojima and
Yarbrough (1967)-

Crosses between known heterozygotes
for alleles E-4 and E-5 produce progeny
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TasrLe 1.—The occurrence of bands 4 and 5 in progeny of crosses between individual
male and female Culex pipiens quinquefasciatus
Progeny
‘Total
Females Males Individuals
Cross Female Male No. of with bands with bands with bands
No. Parent Parent Crosses 4 5 4,5 4 5 4,5 4 5 4,5
1 Fq/E—4 E—4/E-4 8 105 86 191
2 E-5/E~5 E—5/E-5 10 8o 55 135
3 E—4/E—4 E-5/E~5 5 54 59 113
4 E—-5/E—5 F-q/F—q 2 10 6 16
*s E-5/E-5 E—4/E-s 2 5 11 6 10 1T 21
6 E-4/E-5 E-5/E-5 9 42 31 27 35 69 66
®iy E—4/E~5 E—5/E—5 3 5 8 4 5 9 13
8 E-5/E-5 E—4/E-5 5 18 3I 12 21 30 2
9 E-4/E—4 E—4/E~s 2 7 5 4 5 1T 10
10 E-4/E—5 E~4/E-5 3 1 7 8 5 5 TII 6 12 19

* Backcross of Fi males from Cross No. 4 to females homozygous for E—s.
** Cross between Fi males and females of Cross No. 6 showing F: progeny.

that upon electrophoretic analysis yield
the three basic patterns, band 4 alone,
band 5 alone, and both bands 4 and 5.
In heterozygotes bands 4 and 5 show equal
staining intensity; however, in an indi-
vidual homozygous for either E-4 or
E-5 the single band has much darker
staining intensity than in the heterozygous
condition.

Analysis of Fa and backcross data indi-
cate that the two alleles are assorting in-
dependently and that the gene for these
isoenzymes is most probably located on
one of the autosomes.

These results are copsistent with the
hypothesis that the enzymes responsible
for the occurrence of esterase activity in
zones 4 and 5 are inherited as autosomal
co-dominant alleles.

The esterases were characterized by the
method suggested by Mounter and Whit-
taker (1953). According to their classifi-
cation, cholinesterases are inhibited by
both eserine and paroxon, aliesterases by
paroxon but not by eserine, and aromatic
esters by neither.

Figure 3 shows the effects on the elec-
tropherogram following inhibition of the
esterases by eserine and paroxon on adult
females and males. In adult females (4—6
days old) paroxon inhibited all zones of

activity with the exception of band 6,
whereas eserine inhibited only bands 1
and 2. According to this classification
bands 1 and 2 are cholinesterases; bands
3s 4, 5 and area 7 are aliesterases; bands
2.5 and 6 are aromatic esters. The area
including bands 7, 8, and 9 were not
clearly resolved in the inhibitior studies,
and are referred to as area 7.

The effect of the inhibitors on adult
males (4-6 days old) is the same as on
the adult females with the exception of
band 2.5 which is found exclusively in
males. This band was not inhibited by
either of the two inhibitors and is there-
fore classified as an aromatic ester. Bands
4 and 5 that are studied genetically are
inhibited by paroxon but not by eserine
and therefore, are aliesterases.

Discussion.  Culex pipiens quingue-
fasciatus exhibits a series of polymorphic
esterases throughout the life cycle. Dijs-
tinct differences in the esterase patterns
were observed in each stage of develop-
ment studied. No changes were detect-
able in esterase patterns of specific stocks
after adulthood was reached. 'The esterase
patterns of adult female and male C.
pipiens quinquefasciatus were character-
istically distinguished by three bands of
esterase activity. Bands 1 and 2 were
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Fie. 2.—FElectropherogram showing the three patterns of occurrence of bands 4 and 5. o—origin;

A—_individual female homozygous for E—5; B—individual female homozygous for BE—4; C—individual

female heterozygous for E—4/E~s.

found only in adult females; these bands
were absent in adult males. A weak zone
of activity, band 2.5, was present only in
males. The inhibitor studies showed that
bands 1 and 2 are cholinesterases whereas
band 2.5 is an aromatic esterase.

Simon (1969) reported four weak zones
of activity in C. pipiens quinquefasciatus
which differentiated between the esterase
patterns of adult females and males. Two
were found only in females and the other
two only in males. Simon suggested that
due to the low activity of the four zones
the differentiation between the sexes may
be of a quantitative order.

In the present work on a population of
C. pipiens quinquefasciatus, bands 1 and
2 stain very darkly and were never de-
tected in males. Due to similar electro-
phoretic mobility of band 2 in females
and band 2.5 in males, it may be sug-
gested that the intense staining of band 2
might interfere with the detection of the
lightly stained band, 2.5, in females. How-
ever, when bands 1 and 2 were completely
inhibited by paroxon and eserine, band
2.5 was still detected in males but not
in females. In this study, precise differ-
ences distinguish the esterase patterns be-
tween adult males and females.
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Evidence that esterase isoenzymes are
the products of co-dominant alleles have
been reported in Teirakymena (Allen,
1961), Drosophila (Wright, 1963; Beck-
man and Johnson, 1964; Wright and Mac-

Control

Intyre, 1963), in Aedes acgypti (Trebato-
ski and Craig, 1969), and in C. pipiens
quinguefasciatus (Simon, 1969). Conclu-
sive evidence that isoenzymes are the prod-
ucts of different alleles has been shown by
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Fic. 3.—Schematiq drawing showing the effect of inhibitors on the esterase variations in male
and female Culex pipiens quinquefasciatus. o—origin; solid lines—intense staining; dashed lines—

moderate staining; dotted lines—faintly staining.
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the chromesome mapping of esterase genes
in Drosophila (Wright, 1963; Beckman
and Johnson, 1964).

In the present study, homozygous indi-
viduals produced either electrophoretically
slow-moving (Est. 4) or fast-moving en-
zymes (Est. 5); heterozygotes showed
both parental forms of the enzyme. There
was no apparent interaction between the
products of the two alleles.

Simon (1969) reports the occurrence
of certain esterase isoenzymes in 4th instar
larvae resulting from the interaction of
autosomal co-dominant alleles. Homo-
zygotes produce cither the slow-moving
(Est. 4) band or a fast-moving (Est. 5)
band. Individuals heterozygous for the
two alleles show, in addition to the pa-
rental components, a hybrid enzyme band
with electrophoretic mobility intermediate
between the slow- and fast-moving forms.
Simon suggests that the hybrid enzyme
exists as a dimer resulting from a random
combination of two different Est. E mono-
meric subunits. The formation of the
hybrid enzyme indicates that at least two
polypeptide chains are involved in this
esterase system.

The electrophoretic procedure of Simon
(1969) differs somewhat from that used
in the present study. Therefore, direct
comparisons between the enzyme system
that he reports to that in the present study
are difficult, even though superficially the
enzyme studied seems to be similar in
electrophoretic mobility. The evidence
clearly shows that the two similar esterase
isoenzyme systems studied in the two
populations of C. pipiens quinquefasciatus
are genetically different.

Simon (1969) demonstrated the forma-
tion in witro of a hybrid between two
clectrophoretically distinct esterases. He
macerated larvae known to be homo-
zvgous for cach allele in 1M NaCl and
allowed the mixture to incubate at 25C
for 30 min. Electrophoretic  analysis
showed a pattern electrophoretically in-
distinguishable from the pattern obtained
from known genetic heterozygotes. In
these cases three Est. E bands appeared
on the electropherogram. Through the

use of this technique of in vitro hybridiza-
tion in the present study, esterases 4 and
5 could not be induced to form a hybrid
enzyme. The genetic evidence presented
is consistent with the results of these 77
vitro studies.

In experiments where adequate control
of the genetic parameters have been exer-
cised, the following classification of genes
responsible for isoenzyme formation ap-
pears to be adequate: (1) Co-dominant
alleles; (2) Interacting co-dominant al-
leles; (3) Co-dominant genes; (4) Inter-
acting co-dominant gznes. The esterase
isoenzymes 4 and 5, subject of analysis
in the present work, are classified as a
product of autosomal co-dominant alleles
since there is no detectable interaction of
the gene products. The gene responsible
for the esterase isoenzymes in C. pipiens
quinquefasciatus _ reported by Simon
(196g) was classified as a gene with inter-
acfing co-dominant alleles. The indepen-
dent action of non-alleles results in differ-
ent molecular forms of an esterase in
Tetrahymena pyriformis (Allen, 1961).
Some isoenzymes arise under the joint
influence of non-alleles such as the hybrid
lactate dehydrogenases (Apella and Mark-
ert, 1961).

According to the definition of isoen-
zymes given by the International Com-
mission on Enzymes, Culex pipiens quin-
quefasciatus has a number of isoenzymes
which can be clearly resolved by acryla-
mide gel electrophoresis. Because of the
differential specificity of the isoenzymes
to various substrates, esterase isoenzymes
should be further classified. Such a classi-
fication of isoenzyme systems has been
proposed by Holmes and Masters (1967).
They suggest that the esterases be further
classified as cholinesterase isoenzymes, ali-
esterase isoenzymes and aromatic esterase
isoenzymes. In the present work all three
esterase isoenzyme systems were found.

Sounary. Electrophoretic studies were
used to examine the inheritance of ester-
ases in Culex pipiens qurinquefasciatus.
A total of 13 sites of esterase activity were
found in adult mosquitoes. However, all
13 esterases have not been detected in any
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one individual. Adult males and females
were differentiated by three zones of ester-
ase activity. Bands 1 and 2 are detected
only in females, whereas band 2.5 is found
only in males. The heterogenous nature
of bands 4 and 5 made them amenable
to genetic analysis.

The relationship of bands 4 and 5 dem-
onstrated in the crosses indicates that they
are esterases produced by co-dominant
alleles. Analysis of Fy and backcross data
indicate that the two alleles are most prob-
ably located on one of the autosomes.
From the genetic crosses it was shown that
the alleles may occur in either a homo-
zygous (E-4), (F-5) or a heterozygous
(E-4/E-5) state. Upon electrophoretic
analysis homozygotes produce only the
slow-moving (Est. 4) or the fast-moving
(Est. 5) band. Heterozygotes (E-4/E-5)
show esterase activity at bands 4 and 5
with no interaction of the gene products.

By use of inhibitors (insecticides) the
esterases were further subdivided. The
esterases were classified as: bands 1 and 2
as cholinesterase; bands 3, 4, 5 and area 7
as aliesterases, and band 2.5 and 6 as
aromatic esterases.

The genetic relationship between ester-
ases 4 and 5 is further substantiated by
inhibitor studies. Esterases 4 and 5 were
shown to be isoenzymes under the con-
trol of a single autosomal gene with co-
dominant alleles.

Bibliography

Allen, S. L. 1961, Genetic control of the
esterases in the protozoan Teétrahymena pyri-
formis. Annals of New York Academy of
Science 94:753—773-

Apella, E. and L. L. Markert. 1961. Dissocia-
tion of lactate dehydrogenase into subunits with
quanidine hydrochloride.  Biochemical Bio-
physical Research Communications 6:171—176.

Beckman, L. and E. M. Johnson. 1964. Esterase
variations in Drosophila melanogaster. Genetics
48:787—801.

E. C. Apparatus Corporation. 1966. Vertical gel
electrophoresis, assembly and operation. Tech-
nical Bulletin 128.

Freyvogel, T. A., R. L. Hunter, and E. M.
Smith. 1968. Nonspecific esterases in mos-
quitoes.  Journal of Histochemistry and Cyto-
chemistry 16:765—78g.

Holmes, R. S. and C. J. Masters.

196%7. The

developmental multiplicity and isoenzyme status
of rat esterases. Biochimica et Biophysica Acta
146:138-150.

Johnson, ¥. M., R. H. Richardson and M. P.
Kambysellis. 1968, Isozyme variability in
species of the genus Drosophila. 1L, mulleri.
Qualitative comparison of the esterases of D.
aldrichi and D. mulleri. Biochemical Genetics
1:239—247.

Kojima, K. and K. Yarbrough. 196%7. Fre-
quency-dependent sel:ction at the esterase to
locus in Drosophila melanogaster. Proceedings
National Academy of Science 57:645—649.

Laufer, H. 1961. Forms of enzymes in insect
development. Annals of New York Academy
of Science 94:825-835.

Menzel, D. B., R. Craig and W. M. Hoskins.
1963. Electrophoretic properties of esterases
from susceptible and resistant strains of house-
fly, Musca domestica L. Journal of Insect Phy-
siology 9:479-493.

Mounter, L. A. and V. P. Whittaker. 1953. The
hydrolysis of esters of phenol by cholinesterase
and other esterases. Biochemical Journal s4:
5T1-550.

Ogita, Z. 1962, Genetico-biochemical analysis
on the ecnzyme activities in the housefly by
agar gel electrophoresis. Japanese Journal of
Genelcs 37:518-521.

Ogita, Z. 1968. Genetic control of isozymes.
Annals ¢f New York Academy of Science 151:
243—261.

Salkeld, E. H. 1965. Electrophoretic separation
and identification of esterases in eggs and
young nymphs of the large milkweed bug,
Oncopeltus fasciarus (Dallas). Canadian Journal
of Zoology 43:593-602.

Shaw, C. R. 1965. Flectrophoretic variation in
enzymes. Science 149:936—942.

Simon, Jean-Pierre. 1969, Esterase isozymes in
the mosquito Crulex pipiens farigans. Develop-
mental and genetic variation. Annals of the
Entomological Society of America 62:1307—
I3I1.

Townson, H. 196g. Esterase isozymes of indi-
vidual Aedes aegypti. Annals of Tropical Medi-
cine and Parasitology 63:413—418.

Trebatoski, A. M. and G. B. Craig. 1969.
Genetics of an esterase in Aedes acgypti. Bio-
chemical Genetics 3:383—392.

Trebatoski, A. M. and J. F. Hayes. 1969. Com-

parison of enzymes of twelve species of mos-
quitoes.  Annals of Entomological Society of
America 62:327-335.

Velthuis, H. H. W. and K. Von Asperen. 1963.
Occurrence and inheritance of esterases in
Musca domestica. Entomologia Experimentalis
et Applicata 6:79-87.

Wright, T. R. F. 1963. The genetics of an

esterase in Drosophila melanogaster. Genetics
48:787~801.
Wright, T. R. F. and R. J. Maclntyre. 1963. A

_homologous_ gene-enzyme system, Esterase 6,
in DT:OJ’OP/‘AZZ.’Z melunogaster and D. simulans.
Genetics 48:1717~1726,



