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The influence of environmental ethanol on different fitness components and the larval activities of some enzymes were
studied in three strains of Drosophila melanogaster. All three strains carried the Adh>-2Gpdh* allele combination on their
second chromosomes while they had unique allele combinations at the Odh and Aldox loci on their third chromosomes
(strain 1: OdhS-Aldox”; strain 2: Odh’-Aldox®; strain 3: Odh**-Aldox®). Normal lines and exposure lines, kept on 5%
ethanol supplemented medium for at least 20 generations, were established from each strain and the responses of the two
lines to different ethanol concentrations were compared. Two survival components were estimated in the juvenile life
history stages. In addition, the weights of the emerging adult males were measured at various concentrations of ethanol.
The changes in the activities of two enzymes (ADH and «GPDH) were also surveyed in the larvae after the different
ethanol treatments. Strain-specific differences were observed in the responses of all investigated traits to ethanol.
0dh*S-Aldox” larvae seemed to be more tolerant to ethanol than the larvae of the other two strains while the utilisation
of ethanol as energy source appeared to be the least effective in this strain. Larvae of the exposure lines had significantly
higher tolerance to ethanol, and the adult males were heavier than the ones from the normal lines. The enzymatic
responses of the two lines to the ethanol treatments were also different. ADH activily, fresh male weight, and
pupa-to-adult survival seemed only to be associated under short-term exposure to ethanol. Ethanol tolerance appeared to
be independent of the utilisation of ethanol in the larva-to-pupa stage.
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Alcohol tolerance of Drosophila melanogaster is a
model system in studies involving the relationship
between molecular variation and adaptation to envi-
ronment. The most abundant natural breeding sub-
strates of D. melanogaster are fermenting fruits, the
alcohol content of which can be quite high (GiBsON
et al. 1981; McKECHNIE and MORGAN 1982; DAVID
1988). The fruitfly tolerates both the toxic effect of
different environmental alcohols (DAvVID and Boc-
QUET 1976; KERVER and VAN DELDEN 1985) and
can also use ethanol as a food source (vAN HER-
REWEGE and DAvID 1980; McKECHNIE and GEER
1984).

Natural populations of D. melunogaster exhibit
considerable genetic variation in ethanol tolerance.
Clinal patterns of variation have been documented in
Europe (DAVID and BOCQUET 1976), in Australia
(PArRSONS 1980), and on the eastern and western
coasts of US (CoOHAN and GRAF 1985). On a micro-
geographic scale, flies have higher alcohol tolerance
inside wineries compared with the surrounding areas
(BRISCOE et al. 1975; MCKENZIE and MCKECHNIE
1979; Hickey and McLEAN 1980; GiBsON and
WiLKS 1988). In laboratory experiments, ethanol tol-
erance increased when flies were grown on ethanol
supplemented medium (KERVER and VAN DELDEN
1985; SANCHEZ-CANETE et al. 1986; BARBANCHO et
al. 1987, KERVER and RoTMAN 1987).

Alcohol dehydrogenase (ADH) is the key enzyme
in the detoxification of ethanol (DAVID et al. 1976)

and ADH allozymes do show different in vitro en-
zyme activities (GIBSON 1970), yet the relation be-
tween the level of polymorphism at the Adh locus and
ethanol tolerance does not seem to be straightfor-
ward. There is evidence suggesting that natural popu-
lations with higher Adh’ allele frequency (ADHF is
the high activity allozyme) exhibit higher level of
ethanol tolerance (BRISCOE et al. 1975; HICKEY and
McLEAN 1980). In addition, increased Adh’ allele
frequency has been observed when polymorphic pop-
ulations were selected for higher ethanol tolerance on
ethanol supplemented media (CAVENER and CLEGG
1978: vAN DELDEN et al. 1978). Other evidence,
however, indicates that increased ethanol tolerance
is not invariably associated with increased Adh”
allele frequency (MCKENZIE and PARSONS 1974;
OAKESHOTT et al. 1984; BARBANCHO et al. 1987).
Hence, tolerance to environmental ethanol cannot be
explained by genotypic differences at the Adh locus
exclusively. In natural populations, considerable ac-
tivity variation can be detected among flies ho-
mozygous for Adh presumably due to the effects of
polymorphic modifier genes (BARNES and BIRLEY
1978; LAURIE-AHLBERG et al. 1980; ANDERSON and
GIBSON 1985). A positive correlation has been
demonstrated between larval ADH activity and egg-
to-adult survival on ethanol supplemented media
(THOMPSON and KAISER 1977; KAMPING and VAN
DELDEN 1978). In the adults, however, ethanol toler-
ance was not related to ADH activity (MERCOT and
MASSAAD 1989).
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Even though the biochemical and physiological
background of larval ethanol tolerance is not yet fully
understood, accumulating evidence shows that the
entire energy metabolism is influenced and the activi-
ties of several enzymes are altered when larvae are
exposed to environmental ethanol (GEER et al. 1983;
MCcELFRESH and McCDONALD 1983; MCKECHNIE
and GEER 1984; GEER et al. 1990). Several authors
have found epistatic interaction between Adh and
a-glycerophosphate dehydrogenase (aGpdh) geno-
types (CAVENER and CLEGG 1981; vAN DELDEN
1984; McKECHNIE and GEER 1988; 1ZQUIERDO and
RuBIO 1989). In an earlier survey we have demon-
strated that the enzymatic responses to exogenous
ethanol depended on the Odh-Aldox two-locus geno-
type of the flies (PECSENYE et al. 1994a). Larval
survival on ethanol supplemented medium has been
reported to correlate with the GPO activity of the
larvae (McKECHNIE and GEER 1986; GEER et al.
1991). Accordingly, ethanol tolerance in D. melano-
gaster is a complex metabolic trait determined by
several enzyme and regulatory loci.

The aim of this work was to provide further evi-
dence on the influence of the Odhi-Aldox region of the
third chromosome. Different responses (changes in
two survival components, adult male weights and
enzyme activities) of three strains were compared
with various concentrations of ethanol. All of our
strains carried the Adh®-aGpdh® allele combination
on their second chromosomes while they had unique
allele combinations at the Odh and Aldox loci on
their third chromosomes. We have also studied the
influence of long-term ethanol exposure on the inves-
tigated traits. Two lines were established from each
strain: normal lines (NL) were kept on regular food
medium while exposure lines (EL) were kept on 5%
ethanol supplemented medium for at least 20 genera-
tions. The responses of the two lines to the different
ethanol treatments were analysed in all three strains,

MATERJALS AND METHODS
Strains

Three strains of Drosophila melanogaster were con-
structed from the offspring of a single female of an
isofemale line (CARDWELL Australia 1986) and
maintained at the Umed Drosophila Stock Center.
Given the past history of the female from which all
three strains originated, the genetic composition of
the strains can be assumed to be similar. The original
genetic variation of the Cardwell population was
considerably depleted by three bottle necks: (i) in
1986 or earlier, an isofemale line was established in
Cardwell; (i1) in 1987, a few (4-5) females of this

isofemale line were sent to the Umed Drosophila
Center and a stock was founded; (iii) in 1988, the
strains were constructed from a single female of this
stock. Genetic variation may have decreased further
after the second bottle-neck due to inbreeding when
the stock was kept in Umed for about 30 generations.

Strain 1 was monomorphic for the Odh*-Aldox”
allele combination, strain 2 had the Odh™-Aldox®
two-locus genotype and strain 3 was monomorphic
for the OdhS™-Aldox* allele combination. These two
loct are closely linked on the third chromosome with
7.5 map units between them. All strains carried the
In(2L)t inversion, which is fixed for the AdhS-aGpdh*
allele combination on their second chromosomes.
Two lines were established from each strain: one line
was kept on normal cornmeal molasses medium (NL)
while the other line on 5% ethanol supplemented
cornmeal molasses medium for at least 20 generations
(EL).

Culture conditions

Prior to all experiments, the strains were kept in mass
cultures at 18°C and approximately 70—80 % relative
humidity. 11 of normal cornmeal molasses medium
contained 72 g maize flour, 10 g agar, 6 g dead yeast,
60 g sucrose, and 4 m! propionic acid. Ethanol sup-
plemented media were prepared by adding the appro-
priate volume of 96 % ethanol to freshly cooked
medium with rigorous stirring after it had been
cooled to 50°C. Ethanol concentrations are given as
percentages by volume.

Alcohol tolerance

Two survival components were studied in both lines
of the three strains: larva-to-pupa and larva-to-adult
survival. Adults were put to fresh media and were
allowed to lay eggs for four days, and then second
instar larvae (approximately 4 days old) were col-
lected. 50 larvae were put into vials containing 5 ml
normal or ethanol supplemented cornmeal molasses
medium. Six ethanol concentrations were used for the
normal lines while seven for the exposure lines (0, 5,
7.5, 10, 12.5, 15, and 17.5%) with 10 replicates per
concentration. 10-20 days later the number of pupae
and adults were counted in each vial.

Weight determination

When counting the adults, 10 seven day old males
were collected from each vial, and they were mea-
sured together. Consequently, fresh weight obtained
for each vial was the mean weight of 10 flies. Male
weights were measured at three ethanol concentra-
tions (0, 5 and 7.5 %) for all strain and line combina-
tions.
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Enzyme studies

The activities of alcohol dehydrogenase (ADH) and
a-glycerophosphate dehydrogenase (xGPDH) were
measured on starch gels after the separation of the
proteins by gel electrophoresis.

Flies raised on regular medium were allowed to lay
eggs for four days, and then second instar larvae
(approximately 4 days old) were collected. 20 larvae
were then subjected to 5 ml medium containing dif-
ferent concentrations of ethanol (0, 5, 7.5%). The
sampling procedure, the conditions of electrophore-
ses, and the enzyme assays were carried out as de-
scribed by PECSENYE et al. (1996). Six estimates of
activities {replications) were collected for each en-
zyme, strain, and food combination.

Data analyses

The data from the survival experiments were analysed
in two parts. The larva-to-pupa and larva-to-adult
components were analysed as the proportions of pu-
pae and adults dying out of the original 50. Death
rates were analysed using generalized linear models
with binomial errors and logit link function in both
cases (FRANCIS et al. 1994; CRAWLEY 1993). The
model (Table 1) was analysis of co-deviance with
ethanol concentration (E) as independent variable
and strains (S) and lines (L) as main factors. The
model also contained the two- and three-way interac-
tions among main factors and the error term, which
was the variation among replicate vials. The terms
were included sequentially, i.e., the effect of any term
was conditional on all those fitted above it in the

Table 1. Analyses of co-deviance for larva-to-pupa
(L-P) and lurva-to-adult (L-A) death rate data. Inde-
pendent variuble: E—ecthanol concentration. Factors:
L—lines; S—strains; df—degrees of freedom; Er-
ror—residual mean deviance; ns—not significant; *—
significant at 0.05 level; **—significant at 0.01 level:
***__significant ar 0.001 level

Factor df L-P L-A

E 1 1023.0%** 1062.0***
L 1 266.6%** 387.9%**
S 2 30,5%** 16, 1*%*
ExL 1 8.9%* 23.8*%*
LxS 2 18.2%** 3.4ns
ExS 2 7.6% 0.4 ns
ExLxS 2 0.2 ns 3.6ns
Error 372 355.2 387.6

+: Difference in the degrees of freedom for the error term
from those appropriate to a complete model is the conse-
quence of missing values

Table 2. Parameters of the regression lines obtained in
the analyses of co-deviance for the two survival compo-
nents in both lines of all three strains.

NL: normal lines; EL: exposure lines; L-P: larva-to-
pupa survival; L-A: larva-to-adult survival; slope: slope
of the regression lines; intercept: intercept of the re-
gression lines;, SE: standard error

Line Strain L-P L-A
Slope Intercept  Slope Intercept
(SE) (SE) (SE) (SE)
NL | 0.3758 —2.681 0.3979 —1.554
(+0.0286) (£0.2589) (+£0.0211) (+0.0630)
2 04693  —2.306 0.3979 —1.485
(+0.0232) (£0.2567) (£0.0211) (£0.0627)
3 0.4090 —1.885 03979 —1.123
(£0.0301) (10.2329) (£0.0211) (40.0619)
EL 1 0.2795 —2.986 0.2796 —2.662
(£0.0411) (£0.2690) (£0.0134) (£0.0651)
2 0.3730 —4.075 0.2796 —2.593
(£0.0284) (£0.3315) (£0.0134) (£0.0647)
3 03127 —2.894 0.2796 —2.231

(£0.0247) (£0.2663) (+0.0134) (+0.0628)

table. Differences in the degrees of freedom from
those appropriate to complete models were conse-
quences of missing values. Tests of significance were
performed by comparing the changes in deviance
with a chi-square distribution. The slopes of the
regression lines were used in the comparison of the
alcohol tolerance of the strains and lines. We also
estimated the initial survival in the absence of ethanol
(IS = I — (exp(intercept/slope))) and the ethanol con-
cen-tration which killed 50% of the individuals
(LDs, = 1/(1 + (1 /exp(intercept))))) using the regres-
sion equations predicted by the models for all line
and strain combinations.

For the other responses (fresh weights and enzyme
activities), the data were analysed by generalized lin-
ear models (McCULLAGH and NELDER 1989) as-
suming constant coefficient of variation which can be
approximated by specifying gamma error distribu-
tion coupled with a reciprocal link function. All
models constructed to analyse the weight data and
the enzyme activity data (Table 5) had three main
factors (ethanol concentrations: E, lines: L, and
strains: S), all two- and three-way interactions and
the error terms. Tests of significance were performed
by comparing the mean changes in deviance with the
F distribution. All arithmetic was performed using
GLIM, release 4.



106 K. Bokor and K. Pecsenye

Hereditas 126 (1997)

RESULTS
Ethanol rolerance

All regression lines for the two lines of the three
strains were significant in the survival analyses (Table
1). As we counted the number of pupae and adults
for each vial we could analyse larva-to-pupa (L-P)
and larva-to-adult (L-A) survival in parallel. Com-
paring the results obtained for these two components
we could also draw certain inferences for pupa-to-
adult (P-A) survival.

Larva-to-pupa survival. — Strain specific differences
were observed in the initial death rates of the normal
lines (Table 1 L-P: S and L x S), specifically strain 3
(Odh>*-Aldox®) had the highest initial survival rate
(Table 3: 1S). Significant differences were also found
in the IS values between the exposure and control
lines (Table 1 L-P: L and Table 2 L-P: intercept),
namely long-term ethanol exposure decreased initial
death rates considerably (Table 3: IS). Nevertheless,
the least difference in the IS values between the two
lines was detected in strain 1 (OdhS-Aldox*: 25 %).
Significant differences were observed in the slopes
of the regression lines among the normal lines of the
strains (Table 1 L-P: E x S and Table 2: slope). Strain
1 (Odh*-Aldox*) appeared to be the most tolerant to
ethanol in the larval stages (Table 2 and Table 3:
LDs,). Although strains 2 (Odhf-AldoxS) and 3
(Odh3*-Aldox®) seemed to be similarly sensitive to
ethanol on the basis of their LDs, values (Table 3),
the significant difference between the slopes of these
two strains implies that strain 3 had higher level of
tolerance to ethanol than strain 2 (Table 2: slope).
Long-term ethanol exposure improved larval alcohol
tolerance in all three strains (Table 1: L-P: E x L and
Fig. 1); the slope of the regression lines decreased
considerably (20-25%) and the LDy, values in-

Table 3. Predicted values of initial survival in the
absence of ethanol (IS) and the LD, values (ethanol
concentration which killed 50 % of pupae and adults) in
the larva-to-pupa (L-P) and larva-to-adult stage
(L-A). NL: normal lines; EL: exposure lines

Line Strain L-P L-A
IS LDsg IS LDS()
NL 1 0.936 7.13 0.825 391
2 0.909 4.91 0.815 3.73
3 0.868 4.61 0.754 2.82
EL 1 0.952 10.68 0.935 9.52
2 0.983 10.92 0.930 9.27
3 0.947 9.25 0.903 7.98

creased to a great extent. Strain-specific differences
were not observed in the ethanol tolerance of the
exposure lines (Table 1: L-P: E x L x S).

Larva-to-adult  survival. — Strain-specific differences
were also detected in the initial survival rate in the
larva-to-adult stage (Table 1: L-A: S). Similarly to
the larva-to-pupa stage, strain 3 (OdhS*-Aldox®) had
the highest IS values (Table 3). Long-term ethanol
exposure had a significant effect on initial survival
(Table 1 L-A: L); exposure lines had considerably
higher IS values in all strains (Table 3: IS).

Both indices of ethanol tolerance (slope of the
regression lines and LDy, values) indicated that the
effect of ethanol on larva-to-adult survival was simi-
lar in the three strains (Table 2: slope and Table 3).
Long-term ethanol exposure has a significant effect
on alcohol tolerance (Table 1: L-A: E x L); exposure
lines of all strains were considerably more tolerant
than the normal lines. It is remarkable that this
difference between the two lines was much higher in
case of the larva-to-adult survival than in the larva-
to-pupa survival (Table 4).

Pupa-to-adult survival. — Although our experimental
design was not appropriate to analyse pupa-to-adult
survival in detail, certain inferences could be drawn
for this survival component as well when the results
of the analyses for the larva-to-pupa and larva-to-
adult stages were compared. The results indicated
that pupa-to-adult survival had two interesting fea-
tures. (i) In the larva-to-pupa stage, the normal line
of strain 1 (OdhS-Aldox®) had much lower slope
value than the normal lines of the other two strains
(Table 2). At the same time, the normal lines of all
three strains had similar slope values estimated for
the larva-to-adult stage (Table 2). It implies that the
ethanol tolerance of the pupae was also different in
the three strains, namely strain 1 (Odh®-Aldox") pu-
pac must have been the most sensitive to ethanol.
(ii) Long term ethanol exposure improved alcohol
tolerance in all investigated life history stages. It is,
however, quite interesting that the difference between
the normal and exposure lines was slightly higher for
the larva-to-adult stage than for the larva-to-pupa
stage (Table 2: slope and Table 3: LDy, values).
Accordingly, long term ethanol exposure had certain
influence on the alcohol tolerance of the pupae as
well.

Weight

All three main factors had significant effect on the
fresh weights of males (ethanol/E/: F, 3 =7.15,
0.05> P> 0.001; line/L/: F|,3=12.67, 0.05> P>
0.001; strain/S/: F,, 3= 34.57, 0.05> P> 0.001).
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Fig. 1a and b. The observed values and the predicted lines of survival components ( x —normal lines; A —exposure lines).
1a larva-to-pupa survival. 1b larva-to-adult survival.
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Table 4. Average male weights together with their
standard deviations. NL—normal lines; EL—expo-
sure lines; ethanol concentrations: 0, 5, and 7.5 %

Strain 1 Strain 2 Strain 3

NL EL NL EL NL EL

0% 780 8.30 8.01 8.92 8.67 8.89
(0.146) (0.155) (0.160) (0.167) (0.162) (0.164)

5% 1.5 8.20 8.75 8.39 9.40 8.40
(0.146) (0.154) (0.181) (0.160) (0.187) (0.158)

7.5% 7.09 8.21 7.15 8.29 8.82 8.53
(0.157) (0.157) (0.2969) (0.154) (6.297) (0.170)

Specifically, (i) long-term ethanol exposure increased
male weights in strains 1 (OdhS-Aldox*) and 2 (Odh*-
Aldox>), while strain 3 (OdhS*-Aldox®) did not re-
spond to it (L x S: F,;3,=12.93, 0.05> P > 0.001});
(ii) the three strains had significantly different fresh
weights namely, strain 1 (Odh®-Aldox*) had the low-
est male weights; (iif) 5% ethanol did not affect the
weights of the males of the normal lines while 7.5 %
ethanol resulted in a considerable decrease in male
weights; (iv) neither 5 nor 7.5% ethanol affected
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male weights in the exposure lines (E x L: F, 3=
13.95, 0.05 > P > 0.001).

Enzyme activities

The activities of both enzymes differed significantly
among the lines and strains (Table 5: L, S, L x S —
except for aGPDH); ethanol treatments also had a
significant effect on enzyme activities (Table S: E,
E x L). Strain-specific differences were also observed
in the influence of environmental ethanol on the
activities of the two enzymes (Table 5: E xS or
E x L x S). Ethanol treatment is known to induce
alcohol dehydrogenase in D. melanogaster, resulting
in an increase in ADH activity due to enhanced
protein synthesis (GEER et al. 1988; KApPoOUN et al.
1990). When the larvae of the normal lines were
exposed to 5% ethanol, we observed a considerable
increase in ADH activity (approx. 30%) in strains 2
and 3 (Fig. 2: NL). On 7.5 % ethanol supplemented
medium, however, larval ADH activity of all three
strains was much higher than on normal medium
(Fig. 2: NL). In the larvae of all three strains, ADH
activity of the exposure lines (kept on 5% ethanol)
was much higher than that of the normal lines mea-
sured on 5 % ethanol supplemented medium (Fig. 2:

ADH
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Fig. 2. Larval ADH activities in the normal (NL) and exposure (EL) lines ot the three strains obtained at various ethanol concentrations.
s 1-strain | (Odh3-Aldox*; s 2-strain 2 (Odh*-Aldox>); s 3-strain 3 (Odl®*-Aldox").
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concentrations. s 1-strain 1 (Odh3-Aldox¥; s 2-strain 2 (Odh"-Aldox®); s 3-strain 3 (Odh>*-Aldox ).

NL 5% versus EL 5 %). Nevertheless, the treatment
with 7.5 % ethanol resulted in a further increase in
the ADH activity of the exposure lines (Fig. 2: EL).
When the larvae of strains 1 (Odh®-Aldox®) and 3
(Odh**-Aldox®) were treated with 7.5% ethanol,
ADH activities were similar in the normal and expo-
sure lines. The exposure line of strain 2 (Odh’-
Aldox*), however, had much higher ADH activity
than the normal line in the presence of 7.5 % ethanol
(Fig. 2: NL 7.5% versus EL 7.5 %).

Long-term ethanol exposure had a significant effect
on larval aGPDH activities, exposure lines had much
higher activities than the control lines (Fig. 3: NL
versus EL). Strain-specific differences were observed
in the activities of «GPDH, strain 2 larvae (Odh’-Al-
dox®) had slightly but significantly higher activity
than the larvae of the other two strains. When the
larvae were treated with 7.5 % ethanol, all «GPDH
activities increased considerably (Fig. 3}.

DISCUSSION

Ethanol tolerance of D. melanogaster involves the
ability to survive and grow in the presence of ethanol
and to utilise it as a source of energy (GEER et al.

1990). Ethanol tolerance has been extensively studied
(KAMPING and VAN DELDEN 1978; vaAN HER-
REWEGE and DAvID 1980; OAKESHOTT et al. 1985;
GEER et al. 1990). These studies are difficult to
evaluate since the experimental conditions have

Table 5. Analyses of deviance for the enzyme activity
data. Fuctors: E—ethanol concentration; L—lines;
S—strains; df-—degrees of freedom; MCD-—mean
change in deviance; Error—residual mean deviance;
ns—not significant; all other entries are significant at
0.001 level

Factor df Mean Change in Deviance
ADH GPDH

E 2 2.224 2.827

L 1 0.527 2.148

S 2 0.060 0.200
ExL 1 0.253 0.013 ns
LxS 2 0.092 0.010 ns
ExS 4 0.008 ns 0.211
ExL xS 2 0.038 0.002 ns
Error 73+ 0.209 0.297

+: Difference in the degrees of freedom for the error term
from those appropriate to a complete model is the conse-
quence of missing values
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varied to a great extent. PARSONS (1980), DAVID and
VAN HERREWEGE (1983) as well as MERcOT and
MAsSAAD (1989) exposed adults to ethanol fume
while OAKESHOTT et al. (1985) and GIBSON and
WILKS (1988) used ethanol supplemented medium.
The tolerance has been equated to the concentration
of ethanol that killed 50 % of the individuals in a
given period of time. MCKECHNIE and MORGAN
(1982), DORADO and BARBANCHO (1984), KERVER
and VAN DELDEN (1985) as well as MCKECHNIE and
GEER (1988) have reported on the changes in differ-
ent survival components when larvae were exposed to
various concentrations of ethanol in the food
medium. The sensitivity of D. melanogaster to
ethanol seems to vary at different life stages; adults
are more tolerant to alcohol than larvae (MCKENZIE
and PARsONs 1972; KERVER and VAN DELDEN
1985).

Here, larval survival components were studied on
regular food medium containing various concentra-
tions of ethanol. Strain-specific differences were
found in all survival components. Strain 1 larvae
(Odh*-Aldox") seemed to be the most tolerant to
ethanol while the larvae of strains 2 (Odh*-Aldox®)
and 3 (Odh3*-AldoxS) appeared to be equally sensi-
tive to it. In contrast, in the presence of ethanol, the
lowest pupa-to-adult survival was estimated for strain
1 while the pupae of the other two strains appeared
to be more tolerant to alcohol. This result seems to
be significant considering the genetic composition of
the strains. It is highly probable that the differences
in ethanol tolerance among the strains were due to
genetic differences on chromosome three. Although
we cannot exclude the possibility of other differences
in their genetic backgrounds, this seems unlikely to
account for the differences we observed. If unknown
genetic differences had influenced the responses to
ethanol, we would have expected great variation in all
responses of the exposure lines (which experienced 20
generations of inbreeding) within each strain. How-
ever, the standard deviations for all investigated re-
sponse variables for each strain were similar in the
normal and exposure lines (Tables 2 and 4; Fig. 2 and
3: NL vs. EL). CHAKIR et al. (1996) have recently
demonstrated that the genetic basis of both ethanol
and acetic acid tolerance is mainly linked to chromo-
some three. They suggest that the activity differences
in acetyl-CoA synthetase carried by chromosome 3
are responsible for the variation in both tolerances.
The cytological map position of this locus is on
chromosome 3, at 78 C (ASHBURNER pers. commun.
1995), which is fairly close to the Odh-Aldox region
(cytological map position: 86D1-89A2).

In accordance with other studies (AYALA and Mc-
DoNALD 1980; KERVER and VAN DELDEN 1985;

Table 6. Changes in fresh male weights, ADH activi-
ties and in the three survival components after the
normal lines of the three strains were exposed to 5%
ethanol. V, p: larva-to-pupa viability; Vp,: pupa-to-
adult viability; V, ,: larva-to-adult viability

Strains Changes in

Weight ADH Survival components
activity
Vip Vea Via
1 —0.7% +12.7% —524% —355% —262%
2 +9.2% +31.0% —538% —143% —46.1%
3 +84% +266% —608% —259% —47.0%

SANCHEZ-CANETE et al. 1986; BARBANCHO et al.
1987) we also demonstrated that long-term exposure
to ethanol improved all investigated survival compo-
nents. Furthermore it is important to note that after
long-term ethanol exposure strain-specific differences
were not detected in ethanol tolerance (Table 1:
E x L x S). Assuming that long-term ethanol expo-
sure resulted in adaptation to exogenous ethanol the
influence of the Odh-Aldox region seems to be limited
to the short-term response to alcohol and did not
affect this adaptation process.

Alcohol utilisation and tolerance are two physio-
logical traits which are controlled, at least in part, by
different genetic mechanisms in D. melanogaster (VAN
HERREWEGE and DaviD 1980). Our earlier results
have suggested that, if larvae survive the toxic effect
of ethanol, it may be utilised as energy source later in
the development (PECSENYE et al. 1994b). Ethanol is
primarily degraded by the ADH metabolic pathway
and is mostly converted into lipids (GEER et al. 1990,
1991). Consequently, the weight of adults developing
on ethanol supplemented medium is expected to be
higher than those of growing on normal medium.
Here we wished to see whether ADH activities were
associated to freshly emerged male weights and also
to any survival components. Comparing the predicted
values of larval ADH activities, fresh male weights
and the three survival components (V. p, V4 and
V,a) of the normal lines for media containing 0 %
and 5 % ethanol, we could detect certain trends in the
changes of these variables (Table 6). In strain 1
(Odh*®-Aldox®), ADH was not induced and male
weights did not change after the larvae were treated
with 5% ethanol. In contrast, both ADH activities
and fresh male weights increased significantly under
the same conditions in strains 2 (Odh*-Aldox®) and 3
(Odh®*-Aldox>). When the larvae: were exposed to
5% ethanol, pupa-to-adult survival changed in the
expected manner in that the largest decrease in this
survival component was observed .in strain 1. The
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decrease in larva-to-pupa survival, however, was
much less in strain 1 than in the other two strains
under this ethanol treatment. Accordingly, the rela-
tionship was only consistent among ADH activity,
fresh weight, and pupa-to-adult survival. Larva-to-
pupa survival, however, seemed to be independent of
both ADH activity and fresh weight. This agrees with
a similar observation by GEER et al. (1991). Our
results indicate that larva-to-pupa survival mainly
depends on the level of resistance to ethanol, which
appears to be largely independent of the utilisation of
ethanol. When ethanol is efficiently converted to
lipids and a considerable amount of fatty acids can
accumulate in the larval fat bodies, the sensitivity of
pupae to ethanol decreases to a great extent.

The situation, however, was entirely different after
long-term exposure to ethanol. The variables did not
change in any consistent pattern in the exposure
lines of the strains. Larval ADH activities were asso-
ciated neither with male weights nor with any sur-
vival component.

Even though all three strains carried the Adh3-
aGpdh* allele combination on their second chromo-
somes, strain-specific differences were observed in
the responses of these enzymes to the different
ethanol treatments. It is known that ADH activity
increases in third instar larvae during ethanol treat-
ment due to the increased rate of protein synthesis
(GEER et al. 1988; KAPOUN et al. 1990). In our
study, however, ADH induction was not observed in
strain 1 larvae at a low concentration of ethanol
(Fig. 2: 5%). After long-term exposure to 5%
ethanol all three strains showed a considerable in-
crease in larval ADH activity which was much
higher than that measured after short-term exposure
to 5% ethanol (Fig. 2: NL 5% vs. EL 5%). It is
also remarkable that ADH was still inducible when
the larvae of the exposure lines were exposed to
7.5% ethanol. Strains 1 (Odh®-Aldox*) and 3
(OdhS*-Aldox®) larvae showed similar ADH activi-
ties following the treatment with 7.5 % ethanol re-
gardless of the previous culture conditions (Fig. 2:
NL 7.5% vs. EL 7.5%). These strains had, accord-
ingly reached the maximum level of larval ADH
activity. In contrast, when the larvae of strain 2
(Odh™-Aldox>) were treated with 7.5% ethanol the
exposure line showed much higher ADH activity
than the control line. In the presence of 7.5%
ethanol, the normal line of this strain did not reach
the maximum level of ADH activity yet. Here we
give for the first time results on ADH induction in
lines exposed to ethanol for several generations. The
strains differed in the way they reached the maxi-
mum activity of ADH, that is, the dynamics of
ADH induction.

ACKNOWLEDGEMENTS

We would like to thank Dr. Z. Varga, Kossuth Lajos
University, Debrecen, Hungary, for helpful and stimulating
discussion, Dr. B. Francis and Dr. M. Green, University of
Lancaster, U. K., for assistance in the composition of the
statistical model; we are also grateful to Dr. Z. Barta,
Kossuth Lajos University, Debrecen, Hungary, for helpful
discussion and to V. Mester for the excellent assistance.
The project was supported by OTKA 1704.

REFERENCES

Anderson DG and Gibson JB, (1985). Variation in alcohol
dehydrogenase activity in vitro in flies from natural
populations of Drosophila melanogaster. Genetica 67:
13-19.

Ayala FJ and McDonald JF, (1980). Continuous variation:
possible role of regulatory genes. Genetica 52/53: 1-15.

Barbancho M, Sanchez-Canete FJS, Dorado G and Pineda
M, (1987). Relation between tolerance to ethanol and
alcohol dehydrogenase (ADH) activity in Drosophila
melanogaster: Selection, genotype and sex effects. Hered-
ity 58: 443-450.

Barnes BW and Birley AJ, (1978). Genetical variation
for enzyme activity in a population of Drosophila
melanogaster. IV. Analysis of alcohol dehydrogenase
activity in chromosome substitution lines. Heredity 40:
51-57.

Briscoe DA, Robertson A and Malpica J, (1975). Domi-
nance at Adh locus in response of adult Drosophila
melanogaster to environmental alcohol. Nature 255:
148-149.

Cavener DR and Clegg MT, (1978). Dynamics of corre-
lated genetic systems. IV. Multilocus effects of ethanol
stress environment. Genetics 90: 629-644.

Cavener DR and Clegg MT, (1981). Multigenic response to
ethanol in Drosophila melanogaster. Evolution 35: 1-10.

Chakir M, Capy P, Genermont J, Pla E and David JR,
(1996). Adaptation to fermenting resources in Dro-
sophila melanogaster: Ethanol and acetic acid tolerances
share a common genetic basis. Evolution 50: 767-776.

Cohan FM and Graf JD, (1985). Latitudinal cline in
Drosophila melanogaster for knockdown resistance to
ethanol fumes and for rates of response to selection for
further resistance. Evolution 39: 278-293.

Crawley MJ, (1993). GLIM for Ecologists. Blackwell Scien-
tific Publications.

David JR, (1988). Ethanol adaptation and alcohol dehy-
drogenase polymorphism in Drosophila: from pheno-
typic functions to genetic structures. In: Population
Genetics and Evolution (ed. G De Jong), Springer Ver-
lag, Berlin, p. 163-172.

David JR and Bocquet C, (1976). Compared toxicities of
different alcohols for two Drosophila sibling species: D.
melanogaster and D. simulans. Comp. Biochem. Physiol.
54C: 71-74.

David JR and van Herrewege J, (1983). Adaptation to
alcoholic fermentation in Drosophila species: relation-
ship between alcohol tolerance and larval habitat. Comp.
Biochem. Physiol. 74A: 283-288.

David JR, Bocquet C, Arens M and Foullict P, (1976).
Biological role of alcohol dehydrogenase in tolerance of
Drosophila melanogaster to aliphatic alcohols: Utiliza-
tion of an ADH-nuill mutant. Biochem. Genet. 14: 989-
997.



112 K. Bokor and K. Pecsenye

Hereditas 126 (1997)

Dorado G and Barbancho M, (1984). Differential re-
sponses in Drosophila melanogaster to environmental
ethanol: Modification of fitness components at the Adh
locus. Heredity 53: 309-320.

Francis B, Green M and Payne C, (1994). GLIM 4 The
Statistical System for Generalized Linear Interactive
Modelling. Oxford University Press Inc., New York.

Geer BW, McKechnie SW and Langevin ML, (1983). Reg-
ulation of sn-glycerol-3-phosphate dehydrogenase in
Drosophila melanogaster larvae by dietary ethanol and
sucrose. J. Nutr. 113: 1632-1642.

Geer BW, McKechnie SW, Bentley MM, Oakeshott JG,
Quinn EM and Langevin ML, (1988). Induction of alco-
hol dehydrogenasec by ethanol in Drosophila melano-
gaster. J. Nutr. 118: 398-407.

Geer BW, Heinstra PWH, Kapoun AN and van der Zel A,
(1990). Alcohol dehydrogenase and alcohol tolerance in
Drosophila melanogaster. In: Ecological and Evolution-
ary Genetics of Drosophila melanogaster (ed. JSF Barker
et al.) Plenum Press, New York, p. 231-252.

Geer BW, McKechnie SW, Heinstra PWH and Pyka MJ,
(1991). Heritable variation in ethanol tolerance and
its association with biochemical traits in Drosophila
melanogaster. Evolution 45: 1107-1119.

Gibson JB, (1970). Enzyme flexibility in Drosophila
melanogaster. Nature 227: 959-960.

Gibson JB and Wilks A 1988. The alcohol dehydrogenase
polymorphism of Drosophila melanogaster in relation to
environmental ethanol, ethanol tolerance and alcohol
dehydrogenase activity. Heredity 60: 403-414.

Gibson JB, May TW and Wilks AV, (1981). Genetic varia-
tion at the alcohol dehydrogenase locus in Drosophila
melanogaster in relation to environmental variations:
Ethanol levels in breeding sites and allozyme frequencies.
Oecologia 51: 191-198.

Hickey DA and McLean MD, (1980). Selection for ethanol
tolerance and Adh allozymes in natural populations of
Drosophila melanogaster. Genet. Res., Cambridge 36:
11-15.

Izquierdo JD and Rubio J, (1989). Allozyme polymorphism
at the «Gpdh and Adh loci and fitness in Drosophila
melanogaster. Heredity 63: 343-352,

Kamping A and van Delden W, (1978). Alcohol dehydro-
genase polymorphism in populations of Drosophila
melanogaster. II. Relation between ASH activity and
adult mortality. Biochem. Genet. 16: 541-551.

Kapoun AM, Geer BW, Heinstra PWH, Corbin V and
McKechnie S, (1990). Molecular control of the induction
of alcohol dehydrogenase by ethanol in Drosophila
melanogaster larvae. Genetics 124: 881-888.

Kerver JWM and van Delden W, (1985). Development of
tolerance to ethanol in relation to the alcohol dehydroge-
nase locus in Drosophila melanogaster 1. Adult and
egg-to-adult survival in relation to ADH activity. Hered-
ity 55: 355-367.

Kerver JWM and Rotman G, (1987). Development of
ethanol tolerance in relation to the alcohol dehydroge-
nase locus in Drosophila melanogaster. II. The influence
of phenotypic adaptation and maternal effect on survival
on alcohol supplemented media. Heredity 58: 239-248.

Laurie-Ahlberg CC, Maroni G, Bewley GC, Lucchesi JC
and Weir BS, (1980). Quantitative genetic variation of
enzyme activities in natural populations of Drosophila
melanogaster. Proc. Natl. Acad. Sci. USA 77: 1073
1077.

McCullagh P and Nelder JA, (1989). Generalized Linear
Models. 2nd ed. Chapman and Hall, London.

McElfresh KC and McDonald JF, (1983). The effect of
alcohol stress on nicotinamide adenine dinucleotide
(NAD™) levels in Drosophila. Biochem. Genet. 21: 365
374.

McKechnie SW and Geer BW, (1984). Regulation of alco-
hol dehydrogenase in Drosophila melanogaster by di-
etary alcohol and carbohydrate. Insect Biochem. 14:
231-242.

McKechnie SW and Geer BW, (1986). sn-glycerol-3-phos-
phate oxidase and alcohol tolerance in Drosophila
melanogaster larvae. Biochem. Genet. 24: 859-872.

McKechnie SW and Geer BW, (1988). The epistasis of Adh
and aGpdh allozymes and variation in ethanol tolerance
of Drosophila melanogaster larvae. Genet. Res. Cam-
bridge 52: 179-184.

McKechnie SW and Morgan P, (1982). Alcohol dehydroge-
nase polymorphism of Drosophila melanogaster: Aspects
of alcohol and temperature variation in the larval envi-
ronment. Aust. J. Biol. Sci. 35: 8§5-93.

McKenzie JA and McKechnie SW, (1979). A comparative
study of resource utilization in natural populations of
Drosophila melanogaster and D. simulans. Oecologia 40:
299-309.

McKenzie JA and Parsons PA, (1972). Alcohol tolerance:
an ecological parameter in the relative success of
Drosophila melanogaster and Drosophila simulans.
Oecologia 10: 373-388.

McKenzie JA and Parsons PA, (1974). Microdifferentiation
in a natural population of Drosophila melanogaster to
alcohol in the environment. Genetics 77: 385-394.

Mercot H and Massaad L, (1989). ADH activity and
ethanol tolerance in third chromosome substitution lines
in Drosophila melanogaster. Heredity 62: 35-44.

Oakeshott JG, Gibson JB, Anderson PR and Champ A,
(1980). Opposing modes of selection on the alcohol dehy-
drogenase locus in Drosophila melanogaster. Aust. J.
Biol. Sci. 33: 105-114.

Oakeshott JG, Gibson JB and Wilson SR, (1984). Selective
effects of the genetic background and ethanol on the
alcohol dehydrogenase polymorphism in Drosophila
melanogaster. Heredity 53: 51-67.

Oakeshott JG, Cohan FM and Gibson JB, (1985). Ethanol
tolerances of Drosophila melanogaster populations se-
lected on different concentrations of ethanol supple-
mented media. Theor. Appl. Genet. 69: 603-608.

Parsons PA, (1980). Adaptive strategies in natural popula-
tions of Drosophila. Theor. Appl. Genet. 57: 257-266.

Pecsenye K, Lefkovich LP, Giles BE and Saura A, (1994a).
The influence of the Odh-Aldox region of the third
chromosome on the response of Drosophila melano-
gaster to environmental alcohol. Hereditas 121: 237-248.

Pecsenye K, Lefkovich LP, Giles BE and Saura A, (1994b).
Does Drosophila melanogaster use ethanol as an energy
source during starvation? Hereditas 121: 225-236.

Pecsenye K, Lefkovich LP, Giles BE and Saura A, (1996).
Differences in environmental temperature, ethanol and
sucrose associated with enzyme activity and weight
changes in Drosophila melanogaster. Insect Biochem.
Mol. Biol. 26: 135-146.

Sanchez-Canete FJS, Dorado G and Barbancho M, (1986).
Ethanol and isopropanol detoxification associated with
the Adh locus of Drosophila melanogaster. Heredity 56:
167-175.



Hereditas 126 (1997)

Differing alcohol tolerance in D. melanogaster 113

Thompson JN and Kaiser TN, (1977). Selection upon
slow-migrating Adh alleles differing in enzyme activity.
Heredity 38: 191-195.

van Delden W, (1984). The alcohol dehydrogenase poly-
morphism in Drosophila melanogaster, facts and prob-
lems. In: Population Biology and Evolution (eds K.
Wohrmann and V. Loeschcke), Springer Verlag, Berlin,
Heidelberg.

van Delden W, Boerema AC and Kamping A, (1978). The
alcohol dehydrogenase polymorphism in populations of
Drosophila melanogaster. I. Selection in different envi-
ronments. Genetics 90: 161-191.

van Herrewege J and David JR, (1980). Alcohol toler-
ance and alcohol utilisation in Drosophila: partial
independence of two adaptive traits. Heredity 44: 229-
235.



