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Esterase 6 and Reproduction in Drosophila melanogaster

Abstract. A nonspecific carboxylesterase (esterase 6) of Drosophila melanogaster
shows greater activity in adult males than in females and is highly concentrated in
the anterior ejaculatory duct of the reproductive tract of the male. Esterase 6 is
depleted in males by copulation and is transferred to females early during copulation
as a component of the seminal fluid. That esterase 6 may be involved in a system
controlling the timing of remating is suggested by differences in the activity of this
enzyme in a strain of Drosophila selected for a decrease in time to remating and by
differences in the timing of remating in females initially inseminated by males lacking

or having active esterase 6.

Esterases are among the most geneti-
cally variable enzymes known in both
plants and animals (/). Carboxylesteras-
es (E.C. 3.1.1) have been extensively
studied in Drosophila and are highly
polymorphic (2). The first biochemical
polymorphism discovered in Drosophila
was a carboxylesterase, esterase 6 (EST
6), found in D. melanogaster (3), and ge-
netic variation at the autosomal esterase
6 (Est 6) locus has been found in every
natural population studied (/). With few
exceptions (¢), however, the functions of
nonspecific esterases and their in vivo
substrates are unknown. Studies (5, 6)
on the developmental pattern and tissue
distribution of EST 6 have suggested that
this enzyme might have a function in
some aspect of reproduction. We present
results here which show that EST 6 is a
component of the seminal fluid of D.
melanogaster, is active in the reproduc-
tive tract of females, and may act to

Table 1. Esterase 6 activity (* the standard
error of the mean) in virgin and mated Dro-
sophila melanogaster. The number of flies in
each group was ten.

Specific
Treatment CZ;?:;I;S activity
’ of EST 6*
A. VirginEst 655 3 3 2 3.289 + 0.317
B. Once mated 2 1.046 = 0.125
Est 655 33
C. Twice mated 2 0.778 = 0.173
Est 655 33
D. VirginEst6°° 2 2 0.042 = 0.004
E. Est 6°° 29 3 0.185 + 0.035
mated to
Est 655 33

*Micromoles of B-naphthol per milligram of protein
per 30 minutes at 27°C.
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influence the timing of female remating.
Natural populations of D. melanogas-
ter are invariably polymorphic for two
electrophoretic variants of EST 6 termed
EST 6" and EST 6°. Two strains of flies
derived from a natural population in
Bloomington, Indiana, were individually
made homozygous for the third chromo-
some, which carries the structural locus
for EST 6. This procedure ensures that
only one form of EST 6 is present in flies
from either of these two strains. Flies
heterozygous for the Est 6” and Est 6°
alleles were obtained from a balanced le-
thal strain carrying the dominant mor-
phological markers, Stubble and Serrate
(7). A null stock (Est 6°) lacking esterase
activity and producing no detectable
EST 6 protein has been described (6).
Several investigators have shown that
the specific activity of EST 6 may be
fivefold greater in 3- to 5-day-old virgin
males than in virgin females of the same
age (5, 6). In males, the enzyme is highly
concentrated in the anterior ejaculatory
duct, a reproductive tract, secretory or-
gan connecting the accessory glands and
testes to the ejaculatory bulb and penis
(5, 6). The possibility that EST 6 is in-
volved in reproduction was tested by de-
termining whether the enzyme was de-
pleted in males by copulation and trans-
ferred to females. Virgin males were
collected from a stock homozygous for
the Est 6° allele, and virgin females were
collected from the Est 6° stock. All flies
were aged at 25°C for 4 days. The males
were divided into six groups of ten flies
each. Two groups of males (treatment A)
and two groups of females (treatment D)
were immediately frozen at —50°C. Two
groups of males (treatment B) were indi-
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Fig. 1. Acrylamide-gel electrophoresis
of Est 6°° (N) females mated to Est 6°'F
(F, lane 8), Est 655 (S, lane 4), Est 67
(FS, lane 6), and Est 6° (N, lane 2) males.
Channels 1 and 10 contain a virgin
Est 675 female and male, respectively.
Flies were individually homogenized
(18) in 15 ul of distilled water and the
homogenate was diluted to S0 ul with
distilled water. The individual fly homog-
enates were centrifuged at 15,600 for

Genotype

Origin

s

FSN N 8 N FS N F
F MXF MXF MXF

N FS
MXxXF M
ot W e o el T - N = I )

Sex

Lane |

5 minutes. Immediately after centrifugation, the supernatants were placed in the wells of a 6
percent acrylamide-slab gel 0.8 mm thick and subjected to electrophoresis in the buffer system
of Davis (/9). After electrophoresis, the gel was stained for esterase activity with both a- and

B-naphthyl acetates as substrates (/8).

vidually placed with virgin Est 6° females
until copulation was observed. After
mating, the sexes were separated and im-
mediately frozen. The females form
treatment group E. In the treatment C
groups, individual males placed with two
virgin Est 6° females were permitted to
mate once, individually transferred to
another vial containing females, and al-
lowed to mate again before being frozen.
All groups of flies were later analyzed for
total protein and EST 6 activity (6). A
one-way analysis of variance of the EST
6 specific activity of the male groups
(Table 1) shows these treatment means
are significantly heterogeneous [F, 3 =
39.1, P<.01]. A Student-Newman-
Keuls test (8) of means reveals that vir-
gin males have significantly higher EST 6
activity than either once- or twice-mated
males, and that once- and twice-mated
males do not differ significantly. These
results demonstrate that EST 6 activity
is depleted in males as a result of copula-
tion, and that little, if any, additional loss
of activity occurs if a male remates im-
mediately. A comparison of treatment
groups D and E reveals that EST 6 activ-
ity in recently mated females is signifi-
cantly above that of the controls
(t=3.2,P<.05).

Sufficient EST 6 activity is present in
mated Est 6° females so that the enzyme
can be detected after electrophoresis of
homogenates of individual females.
Four-day-old virgin males of four Est 6
genotypes (65'S, 65'F, 6F/F, 6°° were
mated to individual Est 6° females. After
the matings were completed, each indi-
vidual was homogenized, the homoge-
nates were centrifuged, and the super-
natants were placed in the wells of a thin-
layer, acrylamide-gel slab (Fig. 1). Lanes
2 and 3 of this gel contained the homoge-
nates of an Est 6° female and her Est 6°
mate. No EST 6 activity is present.
However, in lanes 5, 7, and 9 containing
homogenates of Est 6° females mated to
males homozygous and heterozygous for
the Est 6F and Est 65 alleles, the female
sample shows EST 6 activity of the same
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type as the male with which she was
mated. (The Est 6F strain utilized in this
experiment has reduced activity and the
Est 6° female band is difficult to see in a
photograph.) Thus, the depletion of EST
6 in males on mating is due to its transfer
to females in the seminal fluid. Addition-
al experiments with the gel assay for
EST 6 show that the enzyme can be de-
tected in Est 6° females after only 1 min-
ute of copulation with virgin Est 65/
males. This result is interesting since
sperm do not begin to be transferred un-
til 4 to 8 minutes after copulation is initi-
ated (9). Apparently the first few minutes
-of a normal 20-minute copulation are de-
voted to the transfer of substances other
than sperm.

The role of EST 6 in the reproduction
of flies is being studied. Several lines of
evidence led us to test the hypothesis
that EST 6 might be involved in a system
that allows the male to influence the tim-
ing of female remating. Females of D.
melanogaster will remate before sperm
from a previous mating is exhausted (/0).

Table 2. Cumulative numbers and frequencies
(in parentheses) of females remating per day
after initially mating with an Est 6%° or Est 65/
male. Females homozygous for the recessive,
sex-linked, allele, forked, were used as a con-
trol for nonvirginity. Females were given the
opportunity to remate with the males of the
forked strain.

Cumulative frequencies* of

;;T;:ﬁ:; females first mated to
(days) Est 6°° male Est 65'S male
1 7(0.233) 6(0.207)
2 8(0.267) 11(0.379)
3 13 (0.433) 22(0.759)
4 20 (0.667) 26 (0.897)
5 23(0.767) 26 (0.897)
6 26 (0.867) 28 (0.966)
7 28(0.933) 29 (1.00)
8 28(0.933) 29(1.00)
9 28(0.933)  29(1.00)
N 30 29

*Kolmogorov-Smirnov (8) one-sided test of the hy-

pothesis that the two cumulative distributions were

drawn from the same underlying distribution yielded
= 0.326; x} = 6.27; .025 > P > .01.

Since much of the stored sperm remain-
ing at the time of remating is displaced
by sperm from a later male (/0), a male-
controlled mechanism delaying female
remating as long as possible would be
adaptive (/7). Manning (/2) showed that
inhibition of sexual receptivity in mated
Drosophila females had two com-
ponents: (i) an effect associated with the
presence of sperm in the females’ stor-
age organs and (ii) an effect due to copu-
lation itself which he hypothesized might
be caused by some of the constituents of
the seminal fluid.

In an independent investigation, Pyle
and Gromko (/3) selected a strain of D.
melanogaster for decreased time to re-
mating. The selected line of flies (MMS)
remated approximately 2 days after its
initial mating while an equivalently in-
bred but unselected control line (CON)
originating from the same base popu-
lation remated after an average of more
than 5 days. Both lines are homozygous
for Est 65. The EST 6 activity in these
lines was examined in virgin males aged
from 0 (late pupal stage) to 20.5 days (6).
At every sample point after the animals
were 1 day of age, the MMS strain has
significantly more EST 6 activity than
the control strain. This result is consis-
tent with the hypothesis that EST 6 is
part of a system that influences the tim-
ing of female remating.

This hypothesis was tested further by
comparing the time to remating in fe-
males initially inseminated by Est 6°° or
Est 65'S males. Virgin females were in-
seminated with males of either EST 6
type and tested for remating for 2 hours
on each day thereafter with a third type
of male. The results, expressed as a cu-
mulative remating distribution (Table 2),
show that females initially inseminated
by Est 65'S males remate sooner than fe-
males initially inseminated by Est 6°/°
males. These two pieces of information
suggest that increased EST 6 activity re-
sults in a reduction in time to remating.

The mechanism by which EST 6 might
influence the timing of remating is un-
clear at present. The discovery that D.
melanogaster males produce a sex-spe-
cific lipid (male lipid) localized in the
ejaculatory bulb and transferred to fe-
males during copulation (/4) suggested a
possible candidate for the substrate of
EST 6 or the product of an EST 6 cata-
lyzed reaction. The male lipid is an ace-
tate ester of the fatty acid, cis-11-octadec-
enoic acid, and has also been isolated
from reproductive organs of male Danaid
butterflies where it is required for suc-
cessful copulation (/5). Several carboxyl-
esterases, and in particular EST 6, act
as lipolytic enzymes under the appropri-
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ate conditions (/6). To test the possi-
bility that EST 6 is involved in the pro-
duction of the male lipid, extracts of
males from several strains of D. melano-
gaster homozygous for the Est 6° and Est
6° alleles were subjected to thin-layer
chromatography (/4). The male lipid was
clearly present in strains carrying both
the null and active alleles, an indication
that the enzyme is not involved in the
production of this substance.

Gilbert et al. (17) have shown that the
number of sperm stored and its utiliza-
tion by females differs according to the
EST 6 type of the inseminating male. Al-
though the total number of progeny pro-
duced by females inseminated by Est 655
or Est 6°° males is not significantly dif-
ferent, more sperm are stored in Est 6°°
inseminated females and sperm is initial-
ly used at a greater rate by Est 65 in-
seminated females. These results suggest
that EST 6 may influence remating by af-
fecting both the storage and utilization of
sperm. The possibility remains that EST
6 may interact with the male lipid in the
female’s reproductive tract to achieve
these effects.

The widespread occurrence of non-
specific esterase polymorphisms in many
plant and animal populations has made
them valuable tools for systematic, ge-
netic, population genetic, and medical
studies. However, an almost complete
absence of information about their func-
tions in vivo limits their utility. Our re-
sults show that D. melanogaster is viable
without EST 6, but that the enzyme may
be involved in physiological control of
reproduction in Drosophila. Although
the relation between genetic variation at
the Est 6 locus and possible differences
in individual fitness are unknown (/7),
our observations provide a system in
which to begin an experimental study of
this relation.
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Food Dyes Impair Performance of Hyperactive Children on a

Laboratory Learning Test

Abstract. Forty children were given a diet free of artificial food dyes and other
additives for 5 days. Twenty of the children had been classified as hyperactive by
scores on the Conners Rating Scale and were reported to have favorable responses
to stimulant medication. A diagnosis of hyperactivity had been rejected in the other
20 children. Oral challenges with large doses (100 or 150 milligrams) of a blend of FD
&C approved food dyes or placebo were administered on days 4 and 5 of the experi-
ment. The pérformance of the hyperactive children on paired-associate learning tests
on the day they received the dye blend was impaired relative to'their performance
after they received the placebo, but the performance of the nonhyperactive group
was not affected by the challenge with the food dye blend.

Feingold (/) hypothesized that arti-
ficial food dyes are pharmacologically
active substances that induce or aggra-
vate symptoms of hyperactivity in chil-
dren. Even though a controlled double-
blind study of 46 hyperactive children (2)
and a series of open trials involving 142
hyperactive children (3) have confirmed
that about 50 percent of those tried on
the Feingold diet showed a decrease in
symptoms of hyperactivity, the mecha-
nism for and the magnitude of this effect
remains in question. Some studies (¢)
have failed to document that reintroduc-
tion of (or challenge with) 1 to 26 mg of
artificial food dyes (5) elicits symptoms
of hyperactivity. In other studies, the be-
havioral effects of the diet (2, 6) or the
responses to challenges with food dyes
(7) have been considerably less in magni-
tude than in reports based on clinical ob-
servations (/, 8). For these reasons, the
benefits associated with the Feingold
diet have been attributed to a placebo or
Hawthorne effect (9).

The lack of response to challenges in
previous studies may have been due to
an insufficient dose of dye. We have used
higher challenge doses—up to 150 mg,
which the Food and Drug Administration
(10) estimated to be at the 90th percentile
for _daily consumption of artificial food

0036-8075/80/0328-1485$00.50/0 Copyright © 1980 AAAS

dyes by children from 5 to 12 years of
age. With these larger doses we have
documented a dye-induced impairment
of performance on a laboratory learning
test.

We tested 40 children (36 boys and 4
girls; average age, 10 years) referred to
the Child Development Clinic of the
Hospital for Sick Children with behav-
ioral symptoms suggesting hyperactivity
(for example, short attention span, ag-
gressiveness, overactivity, impulsivity,
distractibility). To form these groups, we
selected 20 children who had shown a fa-
vorable response to stimulant medica-
tion (//) and 20 children in whom an ad-
verse response had been documented.
The group of favorable responders had
an average score of 16.2 in the Conners
Rating Scale (/2), and the group of ad-
verse responders had an average score of
12.3, which is under the criterion of 15
established for the diagnosis of hyper-
activity. Thus, one group was composed
of children on whom the diagnosis of hy-
peractivity had been confirmed, and the
other group was composed of children
for whom a diagnosis of hyperactivity
had been rejected.

The children were admitted to the
Clinical Investigations Unit (CIU) of the
hospital in pairs matched for age and sex
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