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The detoxification of both ethanol and isopropanol in relation to the Adh locus was studied in the "Lagar de los
Reyes" (LR) lines of Drosophila melanogaster. Homozygous lines for the Adh' and the Adhs alleles were kept on an
ethanol-supplemented medium for about 60 generations. After the selection, adult flies from these selected lines
(LRSeF and LRSeS) were tested for utilisation of, and tolerance to, ethanol and isopropanol, and compared with
appropriate controls (LRCF and LRCS) kept on regular medium. Both LRC and LRSe were able to use ethanol (but
not isopropanol) as food, the selected flies showing a larger utilisation range than controls. Independently of the lines,
FF flies showed a higher or equal ethanol and isopropanol tolerance than SS animals, the females being more or
equally tolerant compared with the males. Increased tolerance to ethanol (but not to isopropanol detoxification is
equally tolerant compared with the males. Increased tolerance to ethanol (but not to isopropanol) was found in the
selected lines. Because of this, a partial independence of ethanol and isoproponal detoxification is suggested.

INTRODUCTION

The alcohol dehydrogenase (Adh) polymorphism
in Drosophila melanogaster was first described by
Johnson and Denniston (1964). Since then, a con-
siderable amount of information about the Adh
locus has been obtained (see van Delden, 1982,
for a review).

The main function of the ADH isozymes in
insect metabolism seems to be the detoxification
of environmental alcohols. The ADH catalyses the
oxidation of primary and secondary alcohols to
their corresponding aldehydes or ketones respec-
tively, which is associated with a concurrent reduc-
tion of NAD to NADH (Grell et al., 1968; Dick-
inson and Sullivan, 1975). In vitro, homozygous
FF individuals show an ADH activity at least twice
that of SS homozygotes, with heterozygotes (FS)
showing intermediate activity values (Gibson,
1970; Ward and Hebert, 1972; Vigue and Johnson,
1973; Day et a!., 1974; Ward, 1974, 1975; Oake-
shott, 1976 a, b; McDonald and Ayala, 1978; Birley
et al., 1981).

Both ethanol tolerance and ethanol utilisation
seem to depend on an active ADH (David et a!.,
1976; David, 1977). However, both of these traits
may, at least partially, be controlled by different
* To whome correspondence and reprint requests should be
sent.

genetic mechanisms (van Herrewege and David,
1980; Dorado and Barbancho, 1984). In any case,
ethanol is transformed into acetaldehyde which is
further converted into acetate and thus used as
metabolic energy through the Krebs cycle (Clarke,
1975; David et a!., 1976; David, 1977; Deltombe-
Lietaert et a!., 1979). ADH isozymes seem to have
a dual function catalysing both ethanol and acetal-
dehyde oxidations in D. melanogaster (Heinstra et
al., 1983). Ethanol and other primary alcohols can
be clearly used as food by D. melanogaster, increas-
ing the life span of flies deprived of other food
resources (van Herrewege and David, 1974; Del-
tombe-Lietaert et a!., 1979; van Herrewege et a!.,
1980; Andeson et aL, 1981; Dorado and Bar-
bancho, 1984), and even when the flies are exposed
only to ethanol vapour (van Herrewege and David,
1978). The survival time of adult D. melanogaster
flies with ethanol as the only food resource seems
to be correlated with the ADH activity (Libion-
Mannaert et al., 1976), FF flies better using the
ethanol as metabolic energy than SS flies (Daly
and Clarke, 1981; Dorado and Barbancho, 1984).

On the other hand, it is well known that secon-
dary alcohols, like isopropanol, are more toxic
than their corresponding primary alcohols (David
et a!., 1976, 1981). Nevertheless, fl vitro, the ADH
is much more active on secondary than on primary
alcohols as substrates (Vigue and Johnson, 1973;
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Day et a!., 1974; Morgan, 1975; Oakeshott, 1976b;
Chambers et aL, 1978). This higher toxicity (a
secondary toxicity) seems to be due to the ketone
which is produced from isopropanol (David et al.,
1976). Isopropanol and other secondary alcohols
are not used as energy sources and they do not
extend longevity (van Herrewege et a!., 1980).
However, the ADH isozymes must also play a
significant role in the detoxification of isopropanol
since there has been reported (1) a positive correla-
tion between tolerance to isopropanol and ADH
activity (McDonald and Avise, 1976), (2) an
increase of AdhF frequencies on isopropanol
supplemented media (van Delden et al., 1975), and
(3) a higher tolerance of ADH-active flies to
isopropanol and acetone than ADH-null flies
(David et aL, 1976, 1981).

In summary, the ADH isozymes seem to play
an important role in the detoxification of both
primary (ethanol) and secondary (isopropanol)
alcohols in D. melanogaster. Hence, it should be
interesting to test if an increase in the tolerence to
a primary alcohol is associated with a higher toler-
ance to a secondary one. In the present study a
co-selection for increasing both ethanol and
isopropanol tolerance, in relation to Adh
genotypes and sexes of adult flies, has been tested.
For this purpose homozygous lines for the AdhF
and the Adhs alleles were kept for many gener-
ations on both normal and ethanol supplemented
media, and the ability to tolerate and/or use both
ethanol and isopropanol was tested in both control
and selected lines.

MATERIALS AND METHODS

The flies used came from LR lines, which were
founded from a sample collected in the "Lagar de
los Reyes" winery of Baena, Córdoba (Spain). Two
lines, one homozygous FF and the other homozy-
gous SS, were maintained on normal or regular
medium (control lines; LRCF and LRCS), and on
ethanol-supplemented medium (selected lines;
LRSeF and LRSeS). The number of generations
of selection was about 60. For more details about
lines and culture conditions see Dorado and Bar-
bancho (1984).

To test selection efficiency, adult longevity on
10 per cent v/v ethanol and 2 per cent v/v
isopropanol-supplemented media was determined
for control and selected lines. For this purpose,
samples from LRC and LRSe lines were both
grown for one generation on regular food and two-
to four-day-old flies from these cultures fed one

day more on fresh regular medium. Male and
female longevity of three- to five-day-old flies was
determined daily in hermetically closed vials
(100mm high x 30mm diameter), containing 3 ml
of the appropriate food. The flies were not
etherised and 5 replicates, each vial containing 10
males and 10 females, were made.

To test adult tolerance to both ethanol and
isopropanol, alcohol solutions of either ethanol
(0, 125, 25, 5, 7.5, 10, 125 and 15 per cent v/v)
or isopropanol (0, 1, 2, 3, 4 and 5 per cent v/v)
were used. Mortality measurements were deter-
mined in the same way as indicated above, but
3 ml of the alcohol solutions were dropped on to
04 g of absorbent cotton, standing at the bottom
of the vials, on the top of which a circle of What-
man no. 3 filter paper with the same diameter of
the vial was placed. Each vial contained 10 males
and 10 females and 3 replicates for each alcohol
concentration were made.

All the experiments were carried out at
approximately 25°C.

RESULTS

(i) Adult longevity on ethanol-supplemented
medium

As a selection control, adult longevity in 10 per
cent ethanol-supplemented medium was deter-
mined. Fig. I shows the longevities of control and
selected lines of the two Adh genotypes on normal
and ethanol-supplemented medium as the relation-
ship between adult mortalities and days of
exposure.

Comparing the longevity on 10 per cent ethanol
medium with that on the normal one a clear toxic
effect is apparent, though such a toxic effect is
higher for the SS flies than the FF ones. On the
other hand, it has been an efficient ethanol selec-
tion since the ethanol tolerance of both selected
lines (LRSeF and SRSeS) has improved. After
selection the time taken for 50 per cent of FF and
SS flies to die was 70 and 60 days respectively.
Comparatively, flies of the same genotype from
the control lines took 27 and 08 days.

A factorial ANOVA (summarised in table 1)
was used to quantify the extent of the ethanol
tolerance on lines, genotypes and sexes. Tn_this
analysis, angular transformations (arc sin /p) of
mortality at the third day (day with a high mortality
at control test) were used. As expected, significant
differences between lines were observed, which
indicate that the LRSe lines have a higher ethanol
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Figure 1 Adult longevity as a relationship between adult mor-
tality (M) and the number of days' exposure (t), for LRC
(0, •) and LRSe (A, A) lines on non-supplemented
(0, A) and a 10 per cent ethanol supplemented medium
(•,A).FF:—;SS:----.

tolerance than the LRC ones. Significant inter-
genotypic differences were also detected, presum-
ably resulting from the higher tolerance of the FF
flies.

(ii) Adult longevity on ethanol solutions

Once the effect of the selection on improving the
ethanol tolerance was corroborated, adult lon-
gevity on ethanol or isopropanol solutions was
determined. Fig. 2 shows the mortalities of control
and selected lines of both FF and SS genotypes

on the different ethanol concentrations as a func-
tion of the number of days exposure.

Comparing in fig. 2 adult mortalities on each
ethanol concentration to those on distilled water
(0 per cent), the ability to use ethanol as food can
be suggested. For both FF and SS control flies an
increase in longevity is observed for smaller con-
centrations (1.25, 25 and 5 per cent), this increase
being also observed for FF flies at a 75 per cent
concentration. On the other hand, the ethanol
selection increased the adult longevity, since the
FF and SS selected flies increased also their
longevities at concentrations of 10 per cent and
75 per cent respectively. The most likely explana-
tioñ of these longevity increases seems to be the
ability of the flies to use the ethanol as a metabolic
energy, this ability having been improved by the
ethanol selection.

These observations are statistically supported
on the upper part of table 2, which shows indepen-
dent mortalities at the third day of treatment, for
LRC and LRSe males and females on the different
ethanol concentrations. Comparing adult mor-
talities on each concentration to those on distilled
water (0 per cent) by means of a Student's test
(once angular transformations of mortalities were
done), both ethanol utilisation and ethanol toxicity
were tested. Some specific differences between
males and females can be seen, since the females
from LRC lines showed a lower tolerance and
lesser utilisation than their respective males. On
the other hand, both the ethanol utilisation and
the ethanol tolerance have been improved by the
selection only in the females.

The lower part of table 2 shows selection,
genotypic and sex effects on the different ethanol
concentrations used. The selection effect was
obtained comparing (by means of a Student's test)

Table 1 Factorial analysis of variance (ANOVA) of the effects of line, genotype and sex on the
adult mortality at the third day (transformed to angles) on medium supplemented with 10 per
Cent ethanol and 2 per cent isopropanol

Source of
variation d.f.

Ethanol lsopropanol

Deviance F Deviance F

Lines (L) I 1359697 3582 4055 019 ns
Sex (5) 1 170 000 ns 784480 3693t
Genotypes (G) 1 310826 819t 667767 3144t
LxS 1 47220 1•24ns 97222 4.58*
LxG 1 28052 074ns 8134 038 ns
SxG 1 196510 5.18* 64912 306ns

LxSxG 1 158643 4.18* 4158 02Ons

Residual 32 37962 21242

Total 39

* P<005; t P<001; ns P>005

M
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the mortalities (after angular transformations)
between selected and control lines for each sex,
genotype and concentration. In general, the selec-
tion has only improved the ethanol tolerance of
the females at concentrations of 75 and above.

The genotypic effects were obtained in the same
way as before—by comparing the mortalities of
FF vs. SS flies for each sex, line and concentration.
Both sexes of FF flies from LRSe lines were more
tolerant to ethanol than SS animals at concentra-
tions of at least 75 per cent. In contrast, both sexes
of FF flies from LRC lines only show a greater
ethanol tolerance than the SS ones at concentra-
tions of 75 per cent.

The sex effect was obtained comparing females
and males of each genotype, line and concentra-
tion. Although some differences were seen, in gen-
eral these were again consistent only for concentra-
tions higher or equal to 75 per cent, and only for
LRSe lines.

(iii) Adult longevity on isopropanol solutions

Fig. 3 shows the longevities of the flies from both
LRC and LRSe lines, of both FF and SS genotypes,
on the different isopropanol concentrations. The
ability to use isopropanol as food is also shown
in fig. 3 and in the upper part of table 3.
Isopropanol, at concentrations of I per cent and
above, do not increase the longevity of

D. melanogaster flies from LR lines, independently
of the genotype and sex. D. melanogaster is not
able to use isopropanol as food. This alcohol is
toxic at concentrations of 2 per cent, except for
FF females which do tolerate a concentration of
2 per cent. Isopropanol at 1 per cent is well toler-
ated but does not increase the longevity of the flies.
As can be seen in the upper part of table 3, the
toxic effect of isopropanol affects both females and
males. On the other hand, ethanol selection seems
not to have improved the ability to use isopropanol
as food.

The interactions of selection, genotype and sex
with the different isopropanol concentrations are
shown in table 3 (lower part). In general, the
selection for improving the ethanol tolerance has
not increased isopropanol tolerance of the control
lines. However, intergenotypic differences—FF
being more tolerant than SS for both control and
selected lines—are clearly observed at concentra-
tions of 2 per cent.

Finally, the females showed a greater
isopropanol tolerance than the males, particularly
at concentrations of 2 per cent, these differences
being more apparent in the FF flies.

(iv) Adult longevity on isopropanol-
supplemented medium

To corroborate that the selection to improve the
ethanol tolerance had not modified the

PA
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Figure 2 Adult longevity as a relationship between adult mortality
different ethanol solutions. Symbols: see fig. 1.

0 I 3 4 5 6

and the number of days' exposure for LRC and LRSe lines on



DETOXIFICATION ASSOCIATED WITH Adh IN DROSOPHILA 171

Table 2 Upper: Mortalities at the third day of flies from each line, genotype and sex, and ethanol utilisation/toxicity by comparing
the mortalities on each ethanol concentration with that on water (0 per cent). (+: utilised; —: toxic; =: Not utilised and not
toxic concentrations).

Lower: Selection, genotypic and sex effects at each ethanol concentration. (Mortalities of LRSe, FF or 9 lower (+), higher
(—) or similar (=) than that of LRC, SS or respectively).

Comparison of mortalities (transformed to angles) using Student's test. Significances: P <005

Ethanol concentration (%)

0 125 25 5 75 10 125 15

LRC SS 1•000 0.100
+

0133
+

0133
+

0867
+

0967
=

1000
=

1000
=

9 0770 0033
+

0000
+

0000
+

0.733
=

0.900
=

1000
—

1000
—

FF 1000 0100
+

0000
+

0033
+

0400
+

0867
+

0967
=

1000
=

9 0'900 0.100
+

0000
+

0033
+

0467
+

0933
=

1000
—

1000-
LRSe SS 0980 0267

+
0067
+

0033
+

0667
+

1000
=

1000
=

1000
=

9 0860 0000
+

0000
+

0033
+

0400
+

0633
+

0867
=

1000
—

FF 0960 0.000
+

0000
+

0000
+

0200
+

0700
+

0900
=

0933
=

9 0770 0.000
+

0000
+

0000
+

0000
+

0•100
+

0633
=

0767
=

Effect of 0 125 25 5 75 10 12•5 15

Selection
(SevsC)

S=9=
F
=
=

S
=
=

F
+
+

S
=
=

F
=
=

S
=
=

F
=
=

S
=
+

F
=
+

S
=
+

F
=
+

S
=
+

F
=
+

S
=
=

F
=
+

Genotype
(FvsS)

C=9=
Se
=
=

C
=
=

Se
+
=

C
=
=

Se
=
=

C
=
=

Se
=
=

C
+
+

Se
+
+

C
=
=

Se
+
+

C
=
=

Se
+
+

C
=
=

Se
=
+

Sex
(9vsd

C+9+
Se
=
+

C
=
=

Se
+
=

C
+
=

Se
=
=

C
+
=

Se
=
=

C
=
=

Se
+
+

C
=
=

Se
+
+

C
=
=

Se
+
+

C
=
=

Se
=
=

isopropanol tolerance, adult longevities on regular
medium supplemented with a 2 per cent
isopropanol were determined.

Fig. 4 shows the mean mortalities of males and
females on isopropanol-supplemented medium for
both LRC and LRSe lines, and for both FF and
SS genotypes, as a function of the days of treat-
ment. Although the FF flies are more tolerant to
isopropanol than the SS ones, control and selected
flies from a same genotype seem to show a similar
isopropanol tolerance. This is statistically suppor-
ted by the factorial ANOVA summarised in table 1.

DISCUSSION

Our results are clearly consistent with the well
known phenomenon that D. melanogaster adults
can use primary alcohols as a source of metabolic

energy (van Herrewege and David, 1974, 1980;
Deltombe-Lietaert et a!., 1979; Anderson et a!.,
1981; Dorado and Barbancho, 1984).

Ethanol, at small and moderate concentrations,
extend longevity of D. melanogaster adults. In gen-
eral, our data indicate that non-selected flies are
able to use ethanol as food at concentrations up
to 75 per cent, the FF flies using such 75 per cent
ethanol concentration more efficiently than the SS
flies. Moreover, this ability to use the ethanol is
improved, in both FF and SS flies, after a pro-
gramme of selection for increasing tolerance to
ethanol: in general, ethanol-selected flies are able
to use concentrations up to 10 per cent ethanol
(see fig. 2 and table 2). It is interesting to note that
at high concentrations (7.5 and 10 per cent) only
the females, for both Adh genotypes, have
improved their ability to use the ethanol as food
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Figure 3 Adult longevity as a relationship between adult mortality and the number of days' exposure for LRC and LRSe lines on
different isopropanol solutions. Symbols: see fig. 1.

(table 2).
This ability to use ethanol as food, increasing

the survival time of the flies, appears to be posi-
tively correlated with the ADH enzymatic activity
(Libion-Mannaert eta!., 1976). This positive corre-
lation seems to be supported by the facts that 1)
the FF flies show a better ability than SS flies to
use ethanol as food (Daly and Clarke, 1981;
Dorado and Barbancho, 1984; present paper),
and 2) ADH-active flies are able to use the
ethanol better than ADH-negative flies (van
Herrewege and David, 1974, 1978, 1980; David
et aL, 1981).

Our results also show that in the LR lines the
ability to detoxify the ethanol at concentrations
not used as food (>7.5 per cent at LRC and >10
per cent at LRSe) appears again to be greater in
the FF flies than in the SS ones, although only in
the selected flies (fig. 2 and table 2). In the non-
selected flies this intergenotypic effect only appears
to be significant at the concentration of 75 per
cent (lower part of table 2). Ethanol at 75 per cent
seems to be a threshold concentration below which
the FF and SS flies show a similar ability to use
ethanol as food, and above which both exhibit a

similar ability to detoxify it. Several studies indi-
cate that FF flies show greater survival than SS
animals at high concentrations of ethanol; i.e.,
more than 10 per cent (Briscoe etaL, 1975; Morgan,
1975; van Delden et aL, 1978; Dorado and Bar-
bancho, 1984). Such superiority has been associ-
ated by some authors with a more active ADH-F
isozyme (Gibson and Miklovich, 1971; Libion-
Mannaert et aL, 1976; Kamping and van Delden,
1978; van Delden and Kamping, 1983). However,
at such high concentrations we have only observed
this intergenotypic difference in the selected lines,
since FF and SS flies from non-selected lines show
a similar ethanol tolerance (lower part of table 2).
These non-intergenotypic differences in non-
selected flies contrast with the significnt differences
observed on the 10 per cent ethanol supplemented
medium (fig. 1). This is in agreement with previous
observations (Dorado and Barbancho, 1984) in
which intergenotypic differences in both LRC and
LRSe were seen, using an 11 per cent ethanol-
supplemented agar. A different ethanol vapour
pressure, higher at ethanol solutions, could be the
explanation since Drosophila can utilise ethanol
taken in during respiration (Starmer et aL, 1977;
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Table 3 Legend similar to that of table 2, but using isopropanol as
checked at the first day of exposure

the testing alcohol. Mortalities

Isopropanol concentration (%)

0 1 2 3 4 5

LRC SS 0•020 0•033 0833 0933 1000 1000

2 0'OOO 0000 0233 0500 1000 1000

FF d 0•020 0000 0•167 0•800 0833 1000

2 0•000 0000 0000 0233 0'500 0•933

LRSe SS 0100 0200 0800 0867 1000 1000

9 0000 0•000 0200 0433 0•933 1000

FF 0040 0067 0267 0900 1000 1000

9 0000 0000 0033 0367 0800 0967

Effectof 0 1 2 3 4 5

Selection
(SevsC)

Genotype
(FvsS)

Sex
(9vs)

Sd=9=
C

&=
9=

C
d=9=

F

=
Se
=
=
Se
+
=

S
—

C
=
=
C
=
=

F

Se
=
=

Se
+
=

S

C
+
+
C
+
+

F

Se
+
+

Se
+
+

S

C
=
+

C
+
+

F

Se
=
=

Se
+
+

S

C
+
+

C
=
+

F

—

Se
=
=
Se
=
+

S

C

=

C
=
=

F

Se
=
=

Se
=
=

van Herrewege and David, 1978; Ziolo and Par-
sons, 1982).

On the other hand, at ethanol concentrations
higher or equal to 75 per cent, the ability of both
FF and SS flies to tolerate the ethanol has only
been appreciably improved by the selection in
females (lower part of table 2). An increased toler-
ance to ethanol by selection has been associated
by some investigators to a higher ADH activity of
the selected lines (McDonald et a!., 1977; Ayala
and McDonald, 1980). However, other studies sug-
gest that the ADH per se is not the only factor
involved in alcohol tolerance, and that an
increased tolerance to ethanol could depend on
loci other than Adh (McKenzie and Parsons, 1974;
Gibson et a!., 1979; Oakeshott, 1979; Ziolo
and Parsons, 1982; van Delden and Kamping,
1983).

Our results also demonstrate that at low ethanol
concentrations (under 75 per cent), neither the
genotype nor selection show differential effects on
the detoxification of ethanol (lower part of table

2). If the Adh locus is directly involved in ethanol
detoxification, the presumed ADH activity
differences between FF and SS flies, and between
control and selected lines, seem not to be relevant
at concentrations lower than 75 per cent. Thus,
our findings seem not to agree with those of Daly
and Clarke (1981), since they observed differential
survival of FF and SS adults maintained on low
concentrations of ethanol (2 per cent).

Independently of sex, genotype or ethanol
selection, D. melanogaster adults are not able to
use isopropanol as food, which is toxic at con-
centrations equal or higher to 2 per cent (fig. 3 and
table 3). Our results are consistent with the fact
that while primary alcohols are used as a source
of metabolic energy, secondary alcohols are not
(van Herrewege et a!., 1980); David et a!., 1981).
The high toxicity of isopropanol probably results
from the acetone derived from it. However, flies
with a higher ADH activity are able to tolerate
better either isopropanol or acetone than flies with
a lower ADH activity (David et a!., 1976, 1981;
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Figure 4 Adult longevity as a relationship between adult mor-
tality and the number of days' exposure for LRC and LRSe
lines on non-supplemented and a 2 per cent isopropanol
supplemented medium. Symbols: see Fig. 1.

McDonald and Avise, 1976). Our results support
this observation mainly at concentrations of 2 per
cent; the FF flies from both selected and non-
selected lines show higher ability than the SS flies
to detoxificate the isopropanol.

As pointed out by David et al. (1981),
detoxification of isopropanol by the ADH leads
to a physiological paradox: ADH increases the
tolerance to isopropanol in spite of the fact that
this enzyme transforms such alcohol into acetone,
a much more toxic product. Moreover, both
acetone (Papel et aL, 1979) and isopropanol
(Schwartz and Sofer, 1976) rapidly decrease the
ADH activity in vivo. Probably, other loci apart
from the Adh locus—but perhaps linked to it—
could be involved in the detoxification of secon-
dary alcohols.

In summary, ADH seems to play a role in the
detoxification of ethanol and probably also of iso-
propanol; FF flies show a higher or equal tolerance
to both alcohols than SS flies. However, while
selection for increasing tolerance to ethanol
appears to be successful at concentrations of at
least 75 per cent, such selection did not suceed in
improving isopropa.nol tolerance. It is interesting
to note the specificity of the selection in our lines,
since only the ability to detoxify the selected
alcohol was improved. This specific selection was
not observed by van Delden and Kamping (1983).

They reported that lines successfully selected for
increased tolerance to hexanol, also proved to be
more tolerant to other alcohols. However, these
authors only tested primary alcohols: hexanol,
ethanol and propanol, and the factors involved in
the increased tolerances to such alcohols seem not
to be the same. While ethanol tolerance appears
to be associated with a higher ADH activity, this
seems not to be the main factor in the tolerance
to hexanol and propanol.

In conclusion, an increase in the tolerance and
metabolic utilisation of ethanol, produced through
a selection for increasing tolerance to a primary
alcohol (ethanol), is not associated with an
increase in the tolerance and/or utilisation of a
secondary alcohol (isopropanol). These results
suggest that different methods of detoxification
exist for primary and secondary alcohols in
D. melanogaster, although both could depend on
the enzymatic activity of ADH.
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