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Forty-two homozygous lines each isoallelic for the Esterase 6 (Est-6) locus were extracted from a natural population
of Drosophila melanogaster. Homogenates of 4-5 day old virgin adults of each sex from several replicate cultures of
each line were assayed for EST6 activity. Depending on the line, males had from three to nine times more EST6
activity than females. Both sexes showed highly significant differences in EST6 activity among lines, with 3-2 and 27
fold differences between highest and lowest lines for males and females respectively. However, the variation in EST6
activity among lines was only weakly correlated across the two sexes. Female EST6 activity did not differ significantly
across the six electrophoretic variants of EST6 found among the 42 lines. On the other hand, a significant proportion
of the variation among lines in male EST6 activity could be explained by differences among the six electromorphs.
However, most of these differences were due to the relatively high activities of males from two relatively rare
electromorphs and there were no significant differences in male activity among the four more common EST6
electromorphs. Radial immunodiffusion assays with polyclonal anti-EST6 antibody established that differences among
lines in male EST6 activity were largely due to differences in the number of EST6 protein molecules, with negligible
differences in their specific activities. It is concluded that the natural population segregates for genetic variance with
large effects on the amount of EST6 protein; that there is little overlap in the variance expressed in the two sexes; and
that most of the variance is different from the polymorphisms for electrophoretically detectable variants of EST6.

INTRODUCTION

Evidence of non-random spatial and temporal
variation in electromorph frequencies suggests that
a significant proportion of enzyme polymorphisms
are not neutral to natural selection (Barker and
East, 1980; Piazza et al., 1981). It is presumed that
the selection operates on variation in biochemical
functions correlated with the electrophoretic
differences and indeed high levels of variation have
been found in enzyme activities, both in vitro and
in vivo (Cavener and Clegg, 1981; Laurie-Ahlberg
et al., 1982).

The question then arises as to the nature of
the correlation between the electrophoretic and
activity variation (McDonald, 1983; Eanes, 1987).
Are the two forms of variation directly connected
because the structural differences detected by
electrophoresis also affect the specific activity of
the enzyme? Or is the correlation indirect, due to
gametic disequilibrium between the electromorphs
and cis-acting regulatory polymorphisms affecting
the amount of enzyme produced? The plausibility

of the latter explanation is enhanced by accumulat-
ing evidence for large gametic disequilibria among
nucleotide polymorphisms in the coding and 5’
regulatory sequences of the alcohol dehydrogenase
gene of Drosophila melanogaster (Kreitman and
Aguade, 1986; Aquadro et al, 1986). However the
two alternative explanations have seldom been
distinguished because information is required on
both the amount and specific activities of the poly-
morphic electromorphs.

The present paper provides such information
for the Esterase 6 polymorphism of D.
melanogaster. The Esterase 6 enzyme (EST6,
EC 3.1.1.1) is encoded by the Est-6 locus, located
at 69AI on chromosome IIT (Wright, 1963; Akam
et al, 1978). High resolution electrophoresis
detects ten polymorphic variants of EST6 (Cooke
et al, 1987) and the recurrence of large-scale
latitudinal clines indicates that at least some of the
variants differ under natural selection (Anderson
and Oakeshott, 1984). The mechanism of selection
is likely to involve reproductive fitness, since most
EST6 is produced in the sperm ejaculatory duct
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of the adult male, from where it is transferred to
the female during mating (Richmond et al., 1980,
Richmond and Senior, 1981).

The present analysis utilises 42 homozygous
third chromosome isoallelic lines extracted from
a single natural population and including six EST6
electrophoretic variants. An endpoint spectro-
photometric assay is used to determine the in vitro
EST6 activities of 4-5 day old virgin adult males
and females. Radial immunodiftfusion techniques
using polyclonal anti-EST6 antibody are then used
to assess the contributions of variation in the
amounts and specific activities of EST6 protein to
the EST6 activity differences found among males
of the 42 lines.

MATERIALS AND METHODS

The 42 isoallelic lines were isolated from a popula-
tion at Coffs Harbour, on the east coast of New
South Wales (Australia), by crossing and back-
crossing wild-caught males to the third chromo-
some balancer line TM3 (Cooke et al., 1987). The
lines used were homozygous for wild-caught third
chromosomes and had been maintained in the
laboratory for about 15 generations before this
experiment. None of these 42 lines carried the
In(3L)P inversion.

Standard electrophoretic procedures (Oake-
shott et al., 1981) had resolved four major mobility
variants of EST6 among the 42 lines; EST6-VF,
EST6-F', EST6-F, and EST6-S. However, sub-
sequent application of precision cellulose acetate
electrophoresis revealed six variants, the major
EST6-F and EST6-S variants each being resolved
into two variants distinguished only by minor
mobility differences (Cooke et al., 1987). In the
nomenclature of Cooke et al (1987), the six
variants, with their correspondence to the major
classes and their relative anodal mobilities at
pH 8-5 in parentheses, were; EST6-1 (= EST6-VF,
1-18), EST6-2 (= EST6-F', 1-12), EST6-4 (= EST6-
F, 1-07), EST6-5 (=EST6-F, 1:06), EST6-8
(= EST6-S, 1-00) and EST6-9 (= EST6-S, 0-99).

EST6 activity was assayed in homogenates of
virgin adult males and females aged 4-5 days since
emergence. Homogenates were prepared from
between four and ten separate cultures for each
sex from each line. For each homogenate between
4 and 50 flies (usually about 25) were weighed and
homogenised in 10 pl/female or 20 wl/male of
grinding buffer (0-1M phosphate pH 6-8,
10 pg/ml BSA). Homogenates were then cen-
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trifuged for 25 min at 15,000 g and the supernatant
stored at —20°C until used.

EST6 activity was determined by a modification
of the end-point spectrophotometric assay of
Sheehan et al. (1979). Homogenate equivalent to
0-45 mg of males or 1-3 mg of females (about 10 pl)
was incubated for 30 minutes at 27°C in a final
volume of 1 ml grinding buffer containing 107> M
B-napthyl acetate (Sigma), 107" M eserine (Sigma)
and 5x 10 * M p-chloromercuribenzoate (Sigma).
One ml of a 2:5 one per cent Diazoblue (Sigma):
five per cent SDS dye solution was then added and
the mixture left at 22°C for five minutes before its
ODs5, was determined. After subtracting the ODss,
for control samples without homogenate, the EST6
activity of the homogenate was expressed as
ODss,/mg fly x10°. (Essentially the same pattern
of results was obtained if activity values were stan-
dardised by the number rather than the weight of
homogenised flies). The eserine and p-chloromer-
curibenzoate were added to inhibit the activity of
other esterases and the specificity of the assay for
EST6 activity was confirmed by the lack of detect-
able activity in homogenates of the EST6 null stock
of Sheehan et al. (1979).

It was necessary to carry out the activity assays
on several different days. In order to avoid con-
founding variation among lines with variation
among assay days, the homogenates assayed on
each day were randomised with respect to lines.

Radial immunodiffusion (RID) assays of EST6
protein amounts were performed following a
method similar to that of Dickinson et al. (1984).
The RID assays were carried out on three of the
homogenates of males from each line assayed for
EST6 activity. (RID assays were not carried out
on homogenates of females because their lower
EST6 activity levels made accurate assays more
difficult.) 20 ml gels of 2-5 per cent agarose in
grinding buffer were prepared, each containing
75 wl of polyclonal rabbit anti-EST6 antibody (gift
of R. C. Richmond). Each gel contained 36 evenly
spaced circular wells and two replicates of three
dilutions (1-5, 3,6 pl) of five homogenates to be
tested plus one standard mass homogenate were
added to these wells. The plates were then incu-
bated for 14-15 hours at 4°C, before being stained
with 0-01 per cent B-napthyl propionate (Sigma),
0-4 per cent fast garnet GBC salt (Sigma) in 0-1 M
phosphate buffer pH 6-8.

Following Mancini et al. (1965) and Dickinson
et al. (1984), the areas of the stained circles were
used to determine the amount of EST6 cross-
reacting material (CRM). The log of the area was
plotted against dilution for each extract under test
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and the linear part of the plot compared to that
for the control extract to give a relative estimate
of CRM. The specific activity of EST6 molecules
was calculated as the ratio of activity/CRM for
each homogenate assayed for both measures.

All measures of EST6 activity, CRM and
specific activity were subjected to hierarchical
analyses of variance nested by electromorphs, lines
within electromorphs and homogenates within
lines. Separate analyses were carried out for the
two sexes. Following the procedures of Sokal and
Rohlf (1969), significance tests were carried out
on mean squares corrected to account for unequal
sample sizes across cells. The F values shown
below were based on untransformed data but tests
based on logarithmic transformations yielded
similar results.

RESULTS

Fig. 1 shows the mean EST6 activities of 4-5 day
old virgin adults of each sex from each of the 42
isoallelic lines. Consistent with previous observa-
tions (Sheehan et al., 1979; Stein et al., 1984), EST6
activity differed substantially between the two
sexes, with values from three to nine times higher
in males than females. However, within each sex,
there were also substantial differences in EST6
activity among lines (Fg 366 = 10-98, P <0-001 for
males; Figa13=9'14, P <0-001 for females), with
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a 3-2 fold range of values in males (1075+69 to
3444 +310) and a 2-7 fold range in females (210+
10to 563 +13). Moreover the variation among lines
was significantly but not strongly correlated across
the two sexes (r=0-32, r*=0-11, P<0-05). This
correlation was not simply a consequence of a
correlation between the two sexes within
individual cultures because the latter correlation
was negligible (data not shown).

Table 1 shows the mean EST6 activities for
males and for females and the means of their ratios

Table1 Means and standard errors of three measures of EST6
activity for each of six EST6 electromorphs. The three
measures are the in vitro EST6 activities of 4-5 day old
virgin males and females and the ratio of the activities in
the two sexes. The units of activity are ODsg, per mg
fly x 10>. The six electromorphs were identified by precision
electrophoretic procedures and their correspondence to
the four major classes resolved by standard electrophoretic
methods is also shown (see Materials and Methods for
details). The number of lines { N) assayed for each elec-
tromorph is also given

Electromorph Male activity:
EE— Male Female female
Standard Precision N  activity activity  activity

VF 1 2 3019+162 347+31 8-24+0-65
F' 2 1 2398+100 325+18 7-81+0-70
F 4 6 2169+68 420+10 5-34+0-21
F 5 3 184766 343+20 5-82+0-48
S 8 22 196135 3647 5:78%0-14
S 9 8 171951 375+11 4.97+0-22
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Figure 1 Means and standard errors of the in vitro EST6 activities of 4-5 day old virgin males and females from the 42 lines. Units

are 0D, per mg fly x 10,
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in each of the six EST6 electromorphs which
Cooke et al. (1987) found among the 42 lines.
Differences among the six electromorphs were
statistically significant for EST6 activity in males
(Fs36=3-28, P<0-05), and for the ratio of
activities in the two sexes (Fs3,=2-49, P <0-05),
but not for the activity in females (Fs;,=0-84,
P>0-05). As Table 1 shows, the significant
differences among the six electromorphs for male
activity and the ratio in the two sexes were largely
due to relatively high values for the rarest and most
anodal electromorphs, the EST6-1 and EST6-2
variants of Cooke et al. (1987) (previously denoted
EST6-VF and EST6-F'). The EST6-1 variant
showed the most extreme values and if the EST6-1
data were omitted from the analyses then the
differences among genotypes were no longer
statistically significant (F,35=1-70, P>0-05 for
male activity; Fy;,=1-57, P>0-05 for the ratio).
There were thus no significant differences for any
of the three activity measures, either between the
major mobility classes EST6-F and EST6-S, or
between the minor mobility variants within these
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classes, EST6-4 and EST6-5 (within EST6-F), and
EST6-8 and EST6-9 (within EST6-S).

Fig. 2 shows the mean amounts of EST6 protein
(CRM) in 4-5 day old virgin adult males from
each of the 42 isoallelic lines. There was a strong
and highly significant correlation across the lines
between EST6 activities and EST6 amounts (r=
0-80, *=0-64, P <0-001). As with EST6 activity
there were large differences between lines in EST6
amount (Feg5=2-22, P<0-01), with a 3-7 fold
range in values between the highest and lowest
lines.

As Table 2 shows, the male EST6 CRM values
showed a pattern of variation among the six
electromorphs which was similar to that for the
corresponding male EST6 activity data (Table 1).
In the case of the CRM values the variation among
electromorphs did not reach statistical significance
(Fs3,=1-74, P>0-05), but once again the
EST6-1 variant yielded the highest values, with
EST6-2 next and negligible variation among the
four variants in the major EST6-F and EST6-S
classes.
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Figure 2 Means and standard errors of the amount (CRM) and in vitro activity of EST6 protein in 4-5 day old virgin males from

the 42 lines. Units for activity are as in fig. 1 and units for CRM

are arbitrary (see Materials and Methods).
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For those homogenates of males assayed for
both measures, the ratio of EST6 activity to EST6
amount gave an estimate of the specific activity of
EST6 protein. This estimate did not vary sig-
nificantly among either the 42 isoallelic lines (Fig.

Table2 Means and standard errors of EST6 CRM and specific
activity in 4-5 day old virgin males for each of six EST6
electromorphs identified by precision electrophoresis. The
units for CRM are arbitrary and specific activity is defined
as the ratio of EST6 activity to CRM. As in table 1, the
correspondence of these electromorphs with those iden-
tified by standard electrophoretic procedures are given, as
are the number of lines ( N') assayed for each electromorph

Electromorph

|
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3, Figg2=1:30, P>0-05) or the six electromorphs
(Table 2, F535=0:50, P>0-05). The correlation
between EST6 activities and specific activities
across the 42 lines was also negligible (r=0-04,
r>=0-005, P> 0-05).

DISCUSSION

This study has revealed substantial inherited vari-
ation for EST6 activity among 42 third chromo-
some isoallelic lines extracted from a natural popu-
lation of D. melanogaster. A 3-2 fold difference
was found between the lines with highest and
lowest activity in 4-5 day old virgin males, and a
2-7 fold difference was found between the lines
most extreme for activity in virgin 4-5 day old
females. Moreover the variation in the two sexes
was only weakly correlated across lines.

The majority of EST6 activity in males occurs in
the anterior sperm ejaculatory duct, with all the
activity in females (and the remainder in males)
spread throughout the remainder of the body

Specific
Standard Precision N CRM activity
VF 1 2 2475+475 1298 +199
F 2 1 1950£484 1402+ 255
F 4 6 1666 £91 1296 +60
F S 3 1738 + 191 1138 +58
S 8 22 1640+ 62 1276 £ 31
S 9 8 1495+118 1237 81
1700 - [
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Figure 3 Means and standard errors of the specific activity of EST6 protein in 4-5 day old virgin males from the 42 lines. Specific
activity is calculated as the ratio of EST6 activity to CRM (see fig. 2).
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(Sheehan er al, 1979; Stein et al, 1984; A. Y.
Game, unpublished data); therefore the data for
males largely reflect variation in the EST6 activity
of the ejaculatory duct, while the data for females
reflect variation in the EST6 activity of the remain-
der of the body.

Most of the variation detected in either sex is
likely to be inherited on the third chromosome, on
which the structural locus for the EST6 enzyme is
located (Wright, 1963). This is because the back-
crossing programme to the TM3 balancer used to
make each line isoallelic for a different wild-
derived third chromosome would also require each
line to derive all its X chromosomes and about 75
per cent of its second and fourth chromosomes
from the balancer stock (Cooke er al., 1987). The
elimination of X-linked variation is particularly
noteworthy since a pilot survey among chromo-
some substitution lines by Tepper et al. (1982,
1984) found that the only significant effects on the
EST6 activity of males (females not being assayed)
were due to the X and third chromosomes. The
elimination of X-effects in the present study also
suggests that the variation we detected was not
mediated by differences in juvenile hormone or
ecdysone titres. Both hormones induce EST6
activity in isolated male abdomens (Richmond and
Tepper, 1983) and the X is the only chromosome
to which factors affecting the titres of these hor-
mones have been mapped (Kiss ef al,, 1978; Klose
et al., 1980).

Although much of the activity variation was
thus likely to be inherited on the (third) chromo-
some containing the EST6 locus, very little of the
variation was associated with the structural
variants of this locus detected by electrophoresis.
No significant differences in female EST6 activity
were found among the six EST6 electromorphs
which Cooke et al. (1987) found among the 42
lines. Significant variation was found among the
electromorphs for male EST6 activity but this was
due to the high activity of the two rare, most
anodal, EST6-1 and EST6-2 variants. Importantly,
no consistent differences in male activity were
found among the four more common electro-
morphs in the two major mobility classes EST6-F
and EST6-S.

Radial immunodiftusion assays established
that the differences among lines in male EST6
activity were largely due to differences in the num-
ber of EST6 protein molecules, with negligible
differences in their specific activities. This was true
both within and between electromorphs and could
be explained by differences in the stability of EST6
protein or mRNA, in the translation of EST6
mRNA, or in the transcription of the EST6 gene.
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We have no direct evidence as yet to discount
the explanations based on differences in transla-
tional efficiency or in the stability of EST6 protein
or mRNA. However it is relevant that the activity
variation was largely uncorrelated across the two
sexes; for these explanations to apply would
require that the stability or translational differences
were conditional upon sex/tissue. While pre-
cedents have been described in other systems for
variation in translational efficiency or protein or
mRNA stability, these differences have been “‘sys-
temic”, rather than conditional upon sex/tissue
(e.g., Fagerhol and Cox, 1981, King and
McDonald, 1987; Laurie-Ahlberg and Stam, 1987).
On the other hand, several precedents for differen-
ces in levels of transcription have been described
which are conditional upon tissue (e.g., Bishop
and Wright, 1987, Maniatis et al, 1987). Such
differences might arise through either cis-acting
variation in tissue specific promoter elements or
trans-acting variation in tissue specific transcrip-
tion factors binding to these elements (Maniatis et
al, 1987; Dynan, 1987, for reviews).

Finally it remains to consider the present results
in relation to previous studies on the adaptive
significance of EST6 polymorphism. The physio-
logical function of EST6 in the female is unknown
but the location of most male EST6 in the ejacula-
tory duct suggests a role in reproductive biology.
Comparisons of the reproductive performance of
males wild-type wversus null for EST6 activity
indeed confirm that at least some EST6 activity is
important for male fitness (Gilbert, 1981; Gilbert
et al, 1981). Consistent with this, EST6 null
variants are found to occur most infrequently in
natural populations (Voelker et al., 1980; Cambissa
et al, 1982; Cooke et al., 1987).

Most studies of EST6 in natural populations
however have concentrated not on the null activity
variants, but on the polymorphism for the two
common electrophoretic classes EST6-F and
EST6-S. Oakeshott er al. (1981) and Anderson and
Oakeshott (1984) found that EST6-S increases, and
EST6-F decreases in frequency away from the
equator in all three continents they studied. This
suggested that the two variants are not selectively
equivalent and that the relative fitness of genotypes
producing EST6-S increases away from the
equator. White et al. (1988) subsequently proposed
that the physiological basis for the latitudinal
clines involves temperature-dependent differences
in the catalytic efficiencies of the two electro-
morphs. They found that purified EST6-S has
greater activity than EST6-F over a range of sub-
strate concentrations at assay temperatures around
15°C, but that there is little difference in activity
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between the two variants at assay temperatures
above 25°C. They noted that the nature of these
temperature dependent differences is consistent
with the direction of the latitudinal clines and
therefore suggested that these may be the differen-
ces on which the selection producing the clines is
acting.

Our results are consistent with this proposition
to the extent that they reveal no difference in
activity between EST6-F and EST6-S at an assay
temperature (27°C) where the difference White et
al. (1988) reported was very small anyway. More
importantly however, the present results have also
demonstrated that electrophoretically detectable
structural variants of EST6 represent only a minor
source of the activity variation on which selection
might act. Most of the activity variation results
from differences in the amount of EST6 protein
and these differences are largely uncorrelated
across the two sexes. A high priority for future
work on the population genetics of EST6 therefore
lies in elucidating the molecular basis and adaptive
significance of this sex-specific variation in EST6
protein amount.
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