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Causes and consequences of esterase 6
enzyme activity variation in pre-adult

Drosophila melanogaster
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We report heritable threefold differences in both larval and pupal esterase 6 activity among 17
isoallelic lines of D. melanogasrer extracted from a natural population. The activity differences in
the two stages are only weakly correlated with each other or with previously determined values for
esterase 6 activity in adults of these lines. The pre-adult activity variation is also unrelated to
polymorphisms among the lines for six esterase 6 allozymes and six restriction sites in a region
encompassing the esterase 6 coding DNA and the first kbp of 5' flanking DNA. However, two
insertions, of 8.0 and 6.8 kbp, located about 1.4 kbp 5' of the esterase 6 coding region are
associated with low activity in larvae and, to a lesser extent, in pupae, albeit not in adults. Restric-
tion mapping reveals similarity between the 8.0 kbp insert and the 7.4 kbp retrotransposon 17.6.
The differences in larval activity among lines are positively correlated with fitness as assessed from
assays of pre-adult viability and development time but no significant associations between pupal
esterase 6 activity and these measures are detected. Some effects of esterase 6 allozyme differences
are also found for viability and development time but these effects could be explained by linkage
disequilibrium between the 8.0 kbp insert and the EST6-9 allozyme.
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Introduction

Most empirical work on the level of enzyme variation
and its adaptive significance has focused on structural
polymorphisms detected by electrophoresis. Regula-
tory polymorphisms affecting the amounts of the
enzymes have received less attention, largely because
their phenotypes and inheritance are generally more
complex. High levels of structural polymorphism have
been documented in diverse species and evidence for
high levels of regulatory polymorphism is also now
accumulating, although the molecular bases of the
latter have seldom been determined (but see Strand &
McDonald, 1989; Laurie et al., 1992 for notable
exceptions). Despite exhaustive effort, little unam-
biguous evidence for an adaptive role for structural
polymorphism has thus far accumulated (Eanes, 1987;
Aquadro, 1992 for reviews) and this has fuelled specu-
lation that the regulatory variation may be of greater
adaptive significance (Singh & Choudhary, 1989;
Dickinson, 1991). However, direct experimental tests

*Correspondence

of the adaptive significance of regulatory variation are
still few.

The experiments described here screen for adaptive
differences associated with both structural and regula-
tory polymorphisms of the esterase 6 (EST6) enzyme
of Drosophila melanogaster. High levels of structural
variation have been documented already for EST6,
with a total of 21 variants identified by a combination
of electrophoretic and thermostability criteria (Cooke
& Oakeshott, 1987; Labate et al., 1989). Although
regulatory variation has been less thoroughly studied,
heritable threefold differences have been reported for
adult male and female EST6 activities among over 40
field-derived lines (Game & Oakeshott, 1989). Much
of the activity variation in both sexes maps to the third
chromosome, on which the esterase 6 structural gene
(Est6) resides (69A1; Oakeshott et al., 1987) and a sub-
stantial proportion of the male variation at least is
associated with restriction site polymorphism in the
Est6 promoter (Game & Oakeshott, 1990). The latter
observation implies the existence of polymorphisms
with cis-acting effects on promoter function.

One line of evidence that EST6 is involved in an
adaptively significant physiological function is the fact
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that no EST6 null variants have been recovered from
over 1000 separately extracted third chromosomes
from wild populations (Oakeshott et at., 1989). How-
ever, the only EST6 polymorphism, structural or regu-
latory, which has been thoroughly investigated for its
adaptive significance is the major EST6-F/EST6-S
electrophoretic polymorphism. The distributions of
Est6-F and Est6-S allele frequencies in field popula-
tions show complementary nonrandom patterns in
respect of both latitude and season (Anderson &
Oakeshott, 1984; Oakeshott et al., 1988). Although the
seasonal trends are not strong and the latitudinal rela-
tionship breaks down in some Chinese populations
(Jiang et at., 1989), the repeatability of the latter over
wide latitudinal ranges in Australia, North America
and Europe and the consistency of its direction with
the pattern in the seasonal variation provide strong
evidence that the Est6-F and Est6-S alleles are not
neutral to natural selection.

Nevertheless, experiments with laboratory popula-
tions aimed at tracing the selection down to individual
fitness components related to the physiology of the
enzyme have met with only limited success. The major
pulse of EST6 expression is in the sperm ejaculatory
duct of adult males (Richmond et a!., 1990 and refer-
ences therein) and the enzyme is also found in some
other tissues throughout development, such as the gut
and haemolymph (Healy et al., 1991). However, exten-
sive efforts have failed to find consistent differences
between Est6-F and Est6-S genotypes, either in
aspects of reproductive fitness that could be related
to the ejaculatory duct expression (Costa, 1989;
Oakeshott et at., 1989; Houle, 1990; Richmond et at.,
1990; Miekie & Richmond, 1991) or in aspects of
viability or development time that might be related to
gut, haemolymph or other aspects of expression
(Kojima & Huang, 1972; Danford & Beardmore,
1980; Gilbert, 1985).

The only previous study of the adaptive significance

ofEST6 regulatory polymorphism found that variation
in adult male EST6 activities among six wild-derived
lines did not map to the Est6 locus and was unrelated
to male mating times and copula durations but was
negatively associated with pre-adult development times
(Gilbert, 1985). These are intriguing results but diffi-
cult to interpret because of the few lines studie and
uncertainty about the relevance of adult EST6 activity
to pre-adult development.

Here we report heritable threefold differences in
larval and pupal EST6 activity levels among 17 field-
derived lines each isoallelic for Est6. These two
measures of pre-adult activity are shown to be largely
independent of each other and of the adult male and
female activity values previously determined for these

lines. The two pre-adult activities are then tested for
associations with restriction fragment length poly-
morphisms in the Est6 region; two insertions located
1.4 kbp 5' of the coding region are found to be asso-
ciated with low larval activity. Finally, assays of juvenile
viability and development time reveal that lines with
low larval EST6 activity are less fit under the condi-
tions of the test.

Materials and methods

The study is based on 19 of the 42 third chromosome
isoallelic lines compared for adult male and female
EST6 activity levels by Game & Oakeshott (1989).
These lines were extracted from a population at Coff's
Harbour (N.S.W., Australia) and they have also been
characterized for EST6 allozyme status (Cooke et a!.,
1987) and restriction fragment length polymorphisms
(RFLPs) around the Est6 gene (Game & Oakeshott,
1990).

The RFLP study revealed three 5' insertions among
the 19 lines. Here we determine restriction maps for
the three insertions, from Southern analysis of genomic
DNA digested with seven restriction enzymes and
probed with three cloned fragments overlapping the
site of insertion (methods of Game & Oakeshott,
1990). The restriction enzymes are listed in Fig. 1. The
three sequences used as probes were the EcoRI,
Hindlil and Ecoffl/HindIII fragments located 0—1.6
kbp, 1.1—2.2 kbp and 1.6—3.6 kbp 5' of the Est6 initia-
tion codon, respectively (Collet et al., 1990; Game &
Oakeshott, 1990).

In the present study EST6 activity has been
measured in homogenates of first instar larvae and
2-day pupae. Three or four replicate cultures were
assayed for each of these life stages for 17 of the lines
(two of the 19 lines (2 and 3 in Table 1) being lost
before these assays were carried out). Each culture was
established by allowing 50 pairs of flies a 1 h egg-laying
period on media (recipe as for the fitness tests below)
supplemented with live yeast. Vials were then incu-
bated at 25°C and first instar larvae were collected 48 h
later. Puparia were staged by the flotation method of
Mitchell & Mitchell (1964) and collected after
developing a further 48 h at 25°C. One homogenate
was prepared for each life stage from each culture,
each homogenate containing 15—45 first instar larvae
or 5—10 2-day pupae. Each homogenate was prepared
in 0.1 mL of 0.1 M phosphate buffer pH 6.8, clarified
by centrifugation for 10 mm at 15 000 g and stored at
— 20°C until used. The concentration of protein in
each homogenate was determined by the method of
Markwell et at. (1978). Aliquots containing 15 1ug of
protein were then assayed for EST6 activity.
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Fig. 1 Restriction maps of
p InsA( —1.4), InsB(— 1.4) and

InsC( — 1.4). Restriction enzyme sites
InsC (-1.4) (0.5kb) were mapped for Hindill (H), BglII

(B), XbaI(X), EcoRI (E) and PstI(P).
There were no sites for HpaI or Sail.

H B
P H E The restriction map of the retrotrans-

"1' i
poson 17.6 is also shown (from

17.6 (7.4kb) Bingham&Zachar, 1989).

Table 1 Phenotypes of the 19 lines for EST6 activity (arbitrary units, SEs) in first instar larvae and 2-day pupae, the seven 5'
and two Estó coding region RFLPs (from Game & Oakeshott, 1990) and EST6 allozyme status (from Cooke et al., 1987).
Haplotypes are also given for the 5' (P) and coding region (C) polymorphisms, with the coding region haplotypes derived from
the two RFLPs and the allozyme data

EST6 activity

EST6 polymorphism

Promoter Coding region

Line Larvae Pupae RFLPsf Haplotype RFLPst Allozymes Haplotype

36
44
45
42
38
41
33
43
7

18
19
20
23
25
2t

32
16
3t

10

1.13 0.88
0.72±0.12 0.84±0.06
0.66 0.92±0.15
0.80±0.15 1.26±0.03
0.99 0.90±0.06
0.98 0.94
0.83 0.92±0.13
0.70±0.12 0.80
0.97 1.20± 0.11
0.89 0.84
0.93 0.88±0.18
0.95 1.01±0.29
1.23±0.13 0.72±0.13
0.78 0.87

ND ND
1.15 0.85 ±0.04

0.42±0.11
ND ND

0.47±0.14 0.76±0.09

— — — + + + —
—

+ —
— — — + —
— — — + +

— — — —

— +
+
+

PA
PB
PB
PC
PD
PE
PE
PE
PE
PE
PE
PE
PE
PE
PE
PF
PG
PH
PH

— —

+ —
+ —
+ —
+ —
+ —
+ —

+ +
+ +
+ +
+ +
+ +
+ +
+ +
++
+ +
+ +
++
+ +

5
1
1
4
4
4
5
2
8
8
8
8
8
8
9
8
8
9
9

CA
CB
CB
CC
CC
CC
CD
CE
CF
CF
CF
CF
CF
CF
CG
CF
CF
CG
CG

tin order from left to right, the 5' RFLPs are InsA( —1.4), InsB( 1.4), InsC( — 1.4), DdeI( —0.90), TaqI( —0.63), RsaI( —0,53)
and Sau3A( —0.20) and the coding region RFLPs are RsaI( +0.20) and Taql( + 0.80) (numbers in parentheses indicating
distances in kbp from the initiation codon).
tEST6 activities were not determined for lines 2 and 3; see text.
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There was insufficient EST6 activity in either the
larval or pupal extracts to allow assays of EST6 activity
by the spectrophotometric procedure of Game &
Oakeshott (1989). Accordingly, EST6 activity was
assessed by laser densitometry of the EST6 isozyme
band after native polyacrylamide gel electrophoresis
and histochemical staining for carboxylesterase
activity. Electrophoretic and histochemical methods
followed Healy et a!. (1991) (including both a- and
,8-naphthyl acetate as substrates) and densitometry was
carried out in a Shimadzu dual-wavelength scanning
densitometer set at 640 nm. Trial experiments con-
firmed that the relationship between EST6 activity
levels and absorbance values was linear under these
assay conditions. Four gels each containing homo-
genates of most of the lines under study were assayed
for larvae and five such gels were scored for pupae.

The two components of pre-adult fitness measured
were viability and development time from the first
instar larval stage to adult eclosion. Both components
were measured on about three different test cultures
for 18 of the lines. (These included all but one of the 17
lines (45 in Table 1) scored for EST6 activity; line 45
bore an eye colour mutant on chromosome III that
could have independently affected fitness.) Larvae to
be tested were collected within 24 h of egg-laying and
counted out in lots of not less than 50, and where
possible 100, per test culture. Test cultures contained
either 5.5 mL medium ('high density cultures') or 10
mL medium ('low density cultures'). The medium com-
prised 40 g agar, 400 mL treacle, 400 g cornmeal, 750
g dead yeast and 106 mL of the fungicide Tegasept
(supplier: Bronson & Jacobs), made up to 4 L with
distilled water. The test vials were incubated at
18 1°C and the adults emerging were counted and
removed every day.

All activity and fitness data were analysed by gener-
alized linear modelling procedures (Payne, 1985).
Analyses of untransformed data are presented here but
essentially similar results were obtained when logarith-
mically transformed activity data and angularly trans-
formed viability scores were analysed.

Results
Mean EST6 activities for the 17 lines for which data
are available cover a 340 per cent range for larval
activity (0.36 0.04 to 1.23 0.13) and a 300 per cent
range for pupal activity (0.42±0.11 to 1.26±0.03;
Table 1). Similar ranges were reported for adult male
and female activities among these lines (Game &
Oakeshott, 1989).

To assess the contributions of regulatory and struc-
tural differences to the pre-adult activity variation, we

have used previously determined RFLP and allozyme
data to describe the lines in terms of two sets of haplo-
types (Table 1). One set is generated from seven RFLPs
in the first three kbp 5' of the gene and the second is
generated from two coding region RFLPs plus six allo-
zymic differences. The seven 5' RFLPs comprise four
site polymorphisms (DdeI( —0.90), TaqI( —0.63),
RsaI( —0.53) and Sau3A( —0.20)) in the 900 bp near-
est the coding region and three insertions (InsA( —1.4),
InsB( — 1.4) and InsC( — 1.4)), which all differ in size
but map to the same region (— 1.15 to — 1.55 kbp). Of
the two coding region RFLPs, the RsaI( +0.20) poly-
morphism is silent but TaqI( +0.80) results in a
threonine versus alanine difference at residue 247 of
the EST6 protein. This polymorphism does not cause
an allozyme difference although it is in strong gametic
disequilibrium with one (Cooke & Oakeshott, 1989).
The six allozymes in the sample cover four major
electrophoretic mobility classes, EST6-vF (otherwise
denoted EST6-1), EST6-F' (or EST6-2), EST6-F and
EST6-S. The latter two are the more common major
mobility classes and each contains two minor mobility
variants (EST6-4 and EST6-5, and EST6-8 and EST6-
9, respectively). The TaqI( + 0.80) polymorphism is in
strong disequilibrium with the EST6-F/EST6-S
difference.

The seven coding region haplotypes do not contri-
bute significantly to the activity differences in either
stage (Table 2). However, large proportions of the
activity variation in both life stages are due to differ-
ences among the eight 5' haplotypes (79 per cent for
larvae and 71 per cent for pupae). The two haplotypes
contributing most of these differences are PG and PH
(lines 16 and 10, respectively), both of which have low
larval activities and one of which, PG, is also low for
pupal activity. Haplotypes PG and PH are distinct from
all others in having the 5' insertions InsB( —1.4) and
InsA( — 1.4), respectively. These are also the only two
polymorphisms that are significantly associated with
juvenile activity when all the polymorphisms are
analysed individually. Consistent with the haplotype
analyses, InsB( — 1.4) is associated with both larval and
pupal activity and InsA( —1.4) is associated with larval
activity (Table 2).

Restriction maps for the three insertions,
lnsA( — 1.4), InsB( — 1.4) and InsC( — 1.4), were deter-
mined with a combination of enzymes and probes that
allow significant revision to the previous estimates of
their size. We estimate InsA( — 1.4) as 6.8 kbp,
InsB( — 1.4) as 8.0 kbp and InsC( — 1.4) as 0.5 kbp
(Fig. 1, cf. 4.9, 0.9 and 0.5 kbp in Game & Oakeshott,
1990). However, we confirm the previous localization
of all three insertions to a region which is between 1.15
and 1.55 kbp 5' of the initiation codon. Their similar
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Table 2 Analyses of variance for the effects on estimated
larval and pupal EST6 activities due to different gels and
lines; then within lines, due to different 5' or coding region
haplotypes; and finally, within 5' haplotypes, due to different
nucleotide polymorphisms

Source of variation

Larv

d.f.

al activity

Ft

Pupa

d.f.

1 activity

Ft

Gels 3 15.2*** 4 13.2'°
Lines 16 1.9© 16 2.0*

Coding haplotypes 6 1.9 6 0.9
S'haplotypes 7 3.2** 7 3.1

InsA(—l.4) 1 55* 1 0.5
InsB( — 1.4) 1 1 1.2** 1 13.9***

InsC(—l.4) 1 1.5 1 0.5
DdeI( —0.90) and

TaqI(—0.63) 1 0.3 1 1.3
RsaI(—0.53) 1 0.2 1 2.6
Sau3A(—0.20) 1 2.8 1 1.2

tAll terms are tested against the residual mean squares
(chiefly composed of nonsignificant gel Xline interactions),
with 36 and 48 d.f. for larval and pupal activities respectively.
tDdel( —0.90) and TaqI( —0.63) have the same distributions
across lines.

0.05, *p oo5, **p ***p 0.001.

locations suggest the possibility of a common origin but
we could not find any shared restriction fragments
between InsA( — 1.4) and lnsB( — 1.4) (InsC( — 1.4) is
too small for meaningful comparisons). If InsA( —1.4)
and InsB( — 1.4) have had a common origin, then one
or both must therefore have undergone multiple
rearrangements or mutations (in addition to the inser-
tion/deletion( s) which explain their difference in size).
The restriction map of InsB( — 1.4) is very similar to
that for the 7.4 kbp retrotransposon 17.6 but
InsA( — 1.4) bears no obvious relationship to any
known transposable element (Bingham & Zachar,
1989). However, internally rearranged forms of 17.6
are known to occur at relatively high frequencies
(Bingham & Zachar, 1989), so it remains possible that
InsA( — 1.4) is derived from InsB( — 1.4).

Although line 16, bearing the 8.0 kbp InsB( — 1.4), is
the lowest for both larval and pupal activities, the two
activity measures are only weakly correlated across all
17 lines (Table 3). Likewise neither measure is strongly
correlated with the adult male or female activity esti-
mates for these lines obtained by Game & Oakeshott
(1989). Thus, while correlations among the four
measures are generally positive, they are all small and
nonsignificant.

Data on pre-adult development time have been
obtained for 18 lines and viability data for 17 lines

Table 3 Correlation coefficients among the 17 line means
for larval and pupal EST6 activities from the present
analyses and for the adult male and female EST6 activities of
these lines in Game & Oakeshott (1990)t

Pupae Adult d d Adult 99

Larvae 0.40 0.22 0.37
Pupae —0.16 0.15
Adult dd 0.33

tAll correlations are nonsignificant in these data, although
the correlation between adult male and female activities was
significant (r 0.32, P <0.05) in the larger set of 42 lines
analysed by Game & Oakeshott (1990).

Table 4 Line means ( SE) for pre-adult development time
(in days) and viability (%survival). Results are given
separately for high and low density cultures for development
time but not for viability, as density only has significant
effects on development time (see Table 5)

Line

Development timet

ViabilitytHigh density Low density

36
44
42
38
41
33
43
7

18
19
20
23
25
2

32
16

3
10

16.1±0.2
16.0

17.1±0.1
15.3±0.1
16.1±0.1

15.9
16.0±0.2
15.4±0.4
16.2±0.5
15.0±0.3
18.4±0.6
15.7±0.1
16.0±0.5
15.1±0.2
15.9±0.4
16.1±0.2
17.2
17.3±0.0

14.3±0.2
—

16.1±0.1
13.2±0.2
14.2±0.1
14.3±0.3
15.2±0.1
14.6±0.3
14.6±0.4
14.1±0.4
16.4±0.1
14.6±0.1
15.6±0.2
13.6±0.1
13.7±0.2
15.2±0.2
15.4
16.7±0.4

81.1±3.2
—

72.5±11.7
67.4±3.2
89.7±3.8
66.2±7.2
80.0±3.5
85.9±2.4
64.5±8.5
75.5±2.6
68.9±2.7
78.5±2.1

47.7±15.2
75.2±2.2
78.9±3.0
74.0±3.4
61.5 5.0
57.8±4.2

Lines are ordered according to haplotypes as in Table 1.
tNo fitness data were collected for line 45 (haplotypes PB!
CB) because it carried an eye colour mutation that might
independently affect fitness.

(Tables 4 and 5). Both fitness measures are estimated at
two culture densities but the density difference shows
no significant main effect or interaction with line differ-
ences in respect of viability. Higher densities signifi-
cantly retard development time but again there is no
significant interaction effect of culture density and lines
on development time. There is thus a strong correla-
tion (r15 =0.82, P < 0.001) among development times
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Table 5 Analyses of variance for the effects on pre-adult
development time and viability due to different culture
densities, different lines and, within lines, different EST6
allozyme and EST6 activity values

Development

Source of variation d.f.

time

Ft

Vi

d,f.

ability

Ft

Density 1 153.2*** 1 0.1
Density X lines 16 1.4 13 0.4
Lines 17 15.6*** 16 4.2***

Allozymes 5 35** 4 3.2*
Larval EST6 activity 1 30.3*** 1 8.2**

Pupal EST6 activity 1 4.0 1 1.6

at the two densities. Development time and viability are
not strongly correlated (r15 = —0.36, P >0.05), indi-
cating that the variation in these two measures reflects
largely independent effects on fitness.

Highly significant variation among lines is found for
both development time and viability, with about a three
and a half day difference between the most extreme
lines for development time (13.2±0.2 to 16.7±0.4
days in low density cultures and 15.0±0.3 to
18.4±0.6 days in high density cultures) and nearly
twofold differences in viability (47.7 15.2 per cent to
89.7 3.8 per cent). Significant proportions of the
variation among lines for both development time and
viability are explained by differences in larval EST6
activity values and EST6 allozyme status but not by
differences in pupal EST6 activity values.

The significant effects of larval EST6 activity on the
fitness measures reflect a positive association between
activity and viability and a negative association
between activity and development time (Fig. 2). The
most extreme EST6 activity lines, 16 and 10, bearing
InsB( — 1.4) and InsA( — 1.4), respectively, are major
contributors to these effects (analyses excluding these
lines give P> 0.05 for both measures). Independent
evidence for the adverse fitness effects of InsB( —1.4)
at least comes from line 3, which had been lost before
the pre-adult EST6 activity assays were carried out;
line 3 closely resembles the other insertion-bearing
lines in having slow development and low viability.

Allozyme status is also associated with differences in
development time and viability. Most of the fitness
differences among the allozyme classes are due to the
slower development and lower viabilities of the three

Uncrowded
cultures

I

T

tAll terms are tested against the residual, within-line mean
squares, with 56 and 42 d.f. for development time and
viability, respectively.

0.05, **p 0.01, ***D 0.001.

I
T

17—

16-

15-
E00

14-

13
I I

0.3 0.5 0.7 0.9 1.1 1.3

18-
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cultures

18—
>..
(80

10

17-

15—

I I I

0.3 0.5 0.7 0.9 1.1 1.3
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.80
0
2' r0
E0
0
(n0
U-

--+
60

40-

0.3 0.7 0.9

Larval activity

1.1 1.3

Fig. 2 Relationships of larval EST6 activities with pre-adult
development times and viabilities. Lines 10 and 16, which
carried InsA( — 1.4)and InsB( — 1.4), respectively, are indi-
cated.
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Table 6 Allozyme means ( SE) for pre-adult development
time (days) and viability (% survival)

Allozyme

Major Minor

Development time

ViabilityHigh density Low density

EST6-VF EST6-1 16.0 — —

EST6-F' EST6-2 16.0±0.1 15.2±0.1 80.8±3.5
EST6-F EST6-4

EST6-5
16.0±0.3
16.0 0.4

14.5±0.4
14.3 0.2

78.4±4.1
73.7 4.6

EST6-S EST6-8
EST6-9

16,2±0.3
16.5±0.5

14.8±0.2
15.1±0.5

73.4±2.2
65.9±3.0

EST6-9 lines within the major EST6-S class (Table 6).
However two of these three EST6-9 lines also bear
InsB( — 1.4) (Table 1). While these two lines (3 and 16)
have low viability and slow development, the third
EST6-9 line (2) does not. We conclude that the appar-
ent effect of EST6-9 on viability and development is
not a causal relationship but simply a consequence of
the association between EST6-9 and InsB( — 1.4) in
two of the three relevant lines.

Gilbert (1985) had previously reported a prelimi-
nary analysis testing for a relationship between EST6
activity and development time among six lines of D.
melanogaster. No pre-adult EST6 activity data were
available for his experiment but a significant negative
relationship between development time and adult male
EST6 activity was detected. The present study allows a
more comprehensive test for this relationship. No rela-
tionship between the adult male EST6 activity values
of Game & Oakeshott (1989) and the pre-adult
development time data from this study is evident
among the 16 lines for which both measures are avail-
able (F1,56 = 2.50, P>0.05).

Discussion

Substantial heritable variation for larval and pupal
EST6 activities has been detected among 17 third
chromosome isoallelic lines extracted from a single
natural population of D. me/anogaster. The results con-
cur with those of Game & Oakeshott (1989) who
found large heritable EST6 activity differences among
these lines in the EST6 activity of adults. Game &
Oakeshott (1989) found that the variation in adult
activity was oniy weakly correlated across the two
sexes. Similarly, we find only weak correlations
between larval and pupal activity and between larval
activity and adult female activity, with effectively negli-
gible associations between larval and adult male activi-
ties and between pupal activity and either adult
measure. There is thus largely independent genetic

control of variation in the four measures of EST6
activity.

A comparison of the nucleotide polymorphisms
associated with the activity variation likewise indicates
distinct genetic bases for the variation in the four
measures. Game & Oakeshott (1990) showed that
about half the adult male activity variation was asso-
ciated with differences in 5' haplotypes and about half
of this association was due to the RsaI( —0.53) poly-
morphism. However, they found no significant correla-
tions between adult female activity variation and
nucleotide polymorphisms in either the 5' or coding
regions. Here we find associations with 5' haplotypes
for larval and pupal activities which are due to
InsA( — 1.4) and, in particular, InsB( — 1.4) and which
are associated with twofold reductions in pre-adult
EST6 activity.

There are several ways of explaining the insertion/
activity associations we have detected but we favour
those which invoke effects on EST6 expression
mediated by changes to Estó promoter function.
Explanations invoking effects on EST6 structure seem
less likely because no stage-specific structural differ-
ences have been described for EST6 to date (Healy et
at., 1991 and references therein). Explanations based
on structural effects would also require that the inser-
tions are not themselves causally involved in the asso-
ciations but in linkage disequilibrium with causal
replacement polymorphisms in the Estó coding region.
However, such disequilibrium in itself is not unlikely.
One pertinent example is the association between
InsB( — 1.4) and EST6-9 among the lines studied here.
Game & Oakeshott (1990) also showed high levels of
disequilibrium among a number of nucleotide poly-
morphisms up to 1—2 kbp apart in the Est6 region.

One of three other explanations that we consider
more likely than structural effects also assumes that
InsA( — 1.4) and InsB( — 1.4) have no causal effect but
are in linkage disequilibrium with other, unscored,
causal polymorphisms, this time in the Est6 promoter.
Game & Oakeshott (1990) calculated that their RFLP
survey effectively only screened about 10 per cent of
the sites in the first kbp of 5' DNA and even less in the
next kbp. There is thus considerable scope for more
polymorphisms to exist in 5' regions likely to contain
promoter elements.

The other two explanations we consider likely both
invoke a causal involvement of InsA( — 1.4) and
InsB( — 1.4) in their activity associations. In one case,
the reduction in activity could be a direct consequence
of the disruption of specific pre-adult promoter ele-
ment(s) located at the insertion site(s). Alternatively it
could be an indirect effect resulting from interference
in the transcription of Est6 in pre-adults by transcrip-
tion of the inserted material at this stage.
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The possibility that InsA( — 1.4) and InsB( — 1.4)
directly disrupt pre-adult promoter elements is consist-
ent with the results of functional studies on germ-line
transformants bearing Est6 genes variously truncated
in their 5' regions. Most aspects of Est6 expression
prove to be inherited in the first kilobase pair of 5'
DNA (Karotam & Oakeshott, 1993; Ludwig et a!.,
1993) but control of pre-adult expression is also
exercised by elements outside this region, which could
include the insertion site(s) for InsA( —1.4) and
InsB( — 1.4) (M.J.H., M.M. Dumancic, A. Cao &
J.G.O., unpublished data). In this scheme, the failure of
InsC( — 1.4) to disrupt Est6 expression might be
explained most simply by InsC( — 1.4) having a differ-
ent insertion site which does not disrupt a specific
control element.

The other possibility, that InsA( — 1.4) and
InsB( — 1.4) indirectly interfere with Est6 transcription,
presumes that the two insertions are themselves tran-
scriptionally active in pre-adult tissue. We do not know
whether this occurs but somatic transcription has been
reported for the retrotransposon 17.6, which resem-
bles InsB( — 1.4) in its restriction map (Bingham &
Zachar, 1989). Moreover there are precedents for
interference in the transcription of adjacent genes by
transcription of other Drosophila retrotransposons.
For example, Strand & McDonald (1989) described a
naturally occurring alcohol dehydrogenase (Adh =
gene; ADH =enzyme) variant in D. melanogaster
which has aberrantly low pre-adult ADH activity levels
and contains a copia transposable element inserted in
the same orientation as the Adh gene about 300 bp
upstream of the Adh promoter. The copia element is
maximally transcribed in pre-adults and it was pro-
posed that this upstream transcriptional activity inter-
feres with the function of the Adh promoter. A parallel
interpretation of our own data might assume that
InsB( — 1.4) is indeed a transcriptionally active form of
17.6 and that InsA( — 1.4) has been derived from
InsB(1.4) by a rearrangment(s) which does not prevent
its transcription (at least in larvae), but that the large
deletion(s) involved in obtaining InsC( —1.4) has
largely abolished transcriptional activity.

Whatever their molecular bases, the EST6 activity
associations we report here for InsA( —1.4) and
InsB( — 1.4) add to a growing body of data indicating
that 5' insertions can change gene expression. Like
most of the other examples, the present data indicate a
decrease in activity (see e.g. Bingham & Zachar,
1989; Gibson et al., 1992), but there are also some
instances where promoter activity is apparently
enhanced (Laurie et al., 1992; Mathew et a!., 1992) or
changed in its tissue specificity (Parkhurst & Corces,
1986). While promoter polymorphisms involving

single base changes have also been implicated in
altered expression levels (e.g. the RsaI( —0.53) poly-
morphism and adult male EST6 levels; Game &
Oakeshott, 1990), it is evident that insertional poly-
morphisms may be significant sources of naturally
occurring variation in promoter function.

In the case of Est6, we have also found evidence that
this variation in promoter function may affect fitness.
Specifically, larval EST6 activity is positively asso-
ciated with fitness as assessed from development time
and pre-adult viability. Moreover, this effect is
explained by the lower fitness of the low activity lines
bearing InsA( — 1.4) and InsB( — 1.4). There remains
some possibility that these insertion—fitness associa-
tions may not be mediated by effects of the insertions
on EST6 activity but by their effects on the functioning
of the next transcriptional unit upstream. We do not
know the physiological function of this adjacent gene
but as its 3' end is several hundred base pairs upstream
of the insertion sites (Collet eta!., 1990), it is less likely
to be affected by the insertions than is Est6. We also
note that an Est6-mediated effect is consistent with the
dietary or detoxifying roles of the enzyme inferred
from its localization in larval gut and haemolymph
(Healy eta!., 1991).

The fitness tests herein also reveal an association
due to EST6 allozyme status; flies bearing EST6-9
within the major EST6-S class show slower develop-
ment and lower viability than flies bearing the other
five allozymes tested. However, this effect appears to
be a consequence of an association between EST6-9
and InsB( — 1.4) in two of the three EST6-9 lines
studied; the third EST6-9 line does not carry
InsB( — 1.4) and does not show the effect. We draw
three conclusions from these findings. Firstly, we note
that EST6-9 is much less common than the other
EST6-S variant, EST6-8 (Labate et al., 1989), 50 the
EST6-9 differences have little explanatory value for
the latitudinal dines and seasonal variation for the
major EST6-S and EST6-F classes (Anderson &
Oakeshott, 1984). Secondly, the association of EST6-9
with reduced fitness (even though not causal) shows the
importance of complete ascertainment of structural
variation in any fitness comparisons among allozyme
genotypes. Previously such comparisons have not
distinguished among the many minor mobility variants
within EST6-F and EST6-S. Our finding may help
explain some puzzling discrepancies among studies
(reviewed in Oakeshott et a!., 1989; Richmond et al.,
1990 and see also Costa, 1989; Houle, 1990; Miekle &
Richmond, 1991). Thirdly, our data testify to the
dangers of ascribing causality to fitness associations
between allozymes (or any other variation) without
screening for closely linked polymorphisms which may
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be in disequilibrium with them. In our case the
ascertainment of flanking variation over just a few kbp
changes our interpretation of the mechanistic bases for
the EST6-9 differences to the point where we are left
with no evidence for causal fitness associations among
the various EST6 allozymes but clear indications of the
adaptative significance of regulatory variation at the
locus.
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