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Abstract. 
 
 The role of  ADH in the increase in alcohol tolerance specific to specific life 
stages is investigated in lines of Drosophila melanogaster selected for increased adult 
alcohol resistance (ADU-SS and ADU-FF, either homozygous for AdhS or AdhF), 
juvenile resistance (LAR-SS and LAR-FF) or selected during the whole life (WHO-SS 
and WHO-FF). Adult and egg-to-adult survival on ethanol medium, adult and larval 
ADH activity and Adh expression were measured for all selected and control lines for 
both Adh genotypes, after 40 generations (LAR and WHO) or 45 generations (ADU) of 
selection. The increase in adult survival in ADU-SS and ADU-FF lines was 
accompanied by an increase in adult ADH activity. On the contrary the increase in egg-
to-adult survival in LAR-SS and LAR-FF was not accompanied by a significant 
increase in larval ADH activity. It is argued that the role of ADH in the increase in 
ethanol tolerance is dependent on life stage and Adh genotype. 
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INTRODUCTION 
 

Environmental stress plays an important role in the maintenance of genetic variation 

(Jenkins et al., 1997; van Delden and Kamping, 1997) and in evolution (Hoffmann and 

Parsons, 1991; Bijlsma and Loeschcke, 1997a, b). Insects, and especially 

holometabolous insects, have a complex life cycle with several stages. Larvae and 

adults have generally a different shape, live in a different environment and may even 

have a different alimentary regime. A particular environmental stress can affect each 

life stage differently, and the resistance to a particular stress may be specific to a 

particuliar life stage (Loeschke and Krebs, 1996). Natural selection may increase, for 

instance, larval resistance, but may not affect adult resistance because the mechanism 

involved and selected for is specific to the life stage. 

 

Resistance to alcohol in Drosophila melanogaster is well documented (review in Geer 

et al., 1990; van Delden and Kamping, 1997), and provides a very good model to study 

the links between environmental stress and adaptation according to the life stage. The 

natural breeding substrates of D. melanogaster are fermenting fruits, which can contain 

quite high and toxic alcohol concentrations (David and Bocquet, 1974; Gibson et al., 

1981; Mc Kechnie and Morgan, 1982). David et al. (1976) showed that alcohol 

dehydrogenase (ADH) is a key enzyme involved in the detoxification of alcohol. The 

proteins associated with the two common electrophoretic alleles, AdhS and AdhF, differ 

in one amino acid (Lys in position 192 in ADHS changed into Thr in ADHF) which 

always brings about a large difference in enzyme activity. AdhFF flies exhibit an in vitro 

ADH activity generally about three times higher than AdhSS flies, while heterozygotes 

possess an intermediate activity (van Delden, 1982; Chambers, 1988, 1991; Heinstra, 

1993). The higher ADH activity for the AdhFF flies is generally associated with a higher 

alcohol resistance. However, ADH activities show considerable variation in natural 

populations, even within the same Adh genotype (Barnes and Birley, 1975, 1978; 

Laurie-Ahlberg et al., 1980; Anderson and Gibson, 1985). An increase in ethanol 

tolerance in a population is not invariably associated with an increase in AdhF frequency 

or with an increase in ADH activity (Gibson et al., 1979; Ziolo and Parsons, 1982; 

Oakeshott et al., 1983, 1984), and populations with similar ethanol tolerances can 

exhibit large differences in ADH activity (Mercot et al., 1994). Ethanol tolerance is a 
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complex trait involving other metabolic and detoxification processes, which are far 

from to be fully understood. 

 

The ADH enzyme produced by the larvae is identical to that of the adults, but 

interestingly, the Adh gene (Figure 1) shows a complex pattern of regulation (Savakis et 

al. 1986; Lockett and Ashburner, 1989; Wu and Gibson, 1998; Wu et al., 1998). The 

gene is transcribed from two distinct promoters (distal and proximal, separated by 654 

bp) and produces two mRNAs that differ only in the length of their 5’ untranslated end 

(Benyajati et al., 1983). Transcription from the proximal promoter predominates most 

of larval development, whereas the distal promoter is most used in late third instar 

larvae and in adult flies (Savakis and Ashburner, 1985). Mercot et al. (1994) generally 

found a parallel between larval and adult tolerance. However, the correlation between 

adult tolerance to alcohol and larval habitat is not always obvious (David and van 

Herrewege, 1983). On the one hand, the selection pressure exerted on D. melanogaster 

by ethanol produced by alcoholic fermentation in resources occurs certainly during the 

juvenile stages since larvae feed and grow in the substrate. On the other hand, adult 

feeding behavior and oviposition of females do not involve a long stay on the medium, 

and the selection pressure is probably lower for the adults. Boulétreau and David (1981) 

thought that the stay of adults on the fermenting fruits is too short to need a special 

metabolic adaptation, and they concluded that the selective pressure of ethanol occurs 

mainly during the juvenile stages. 

 

In a holometabolous insect like D. melanogaster, it therefore seems highly probable that 

the mechanisms involved in alcohol tolerance are different for larvae and for adults. 

Three different procedures of selection have been realized in order to discriminate 

between the effects of the ethanol selection pressures in the various life stages: larval 

selection, adult selection and selection in which the flies were always in contact with 

ethanol in all life stages. In our study, we focus on the Adh gene, starting the procedures 

of selection with two homozygous lines, an  AdhSS and an AdhFF line. The present paper 

presents the results for the evolution of ethanol tolerance, ADH activity and the amount 

of Adh mRNA after selection for alcohol resistance at different life stages (juvenile, 

adult or both). We analyse the role played by the ADH enzyme in juvenile and adult 

resistance for both genotypes, and discuss the possible role of other loci in the resistance 

to ethanol stress. 
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MATERIAL AND METHODS 

 

Experimental stocks 

 

Five lines homozygous for AdhS and five lines homozygous for AdhF were derived from 

a polymorphic population founded in 1983 with 403 females from a fruit market in 

Groningen, The Netherlands. The two lines used for the experiments, one homozygous 

for AdhS and the other for AdhF, were obtained from all possible intercrosses of the five 

lines with the proper Adh genotype in order to increase the genetic variability. All lines 

were homozygous for the α-glycerophosphate dehydrogenase (αGpdhF) fast allele, as 

αGpdh variants show epistatic interactions with Adh with respect to ethanol tolerance 

(Cavener and Clegg, 1981; van Delden, 1984; McKechnie and Geer, 1988; Izquierdo 

and Rubio, 1989). 

 

The two lines kept on standard medium (18g agar, 54g sucrose, 32g dead yeast and 

100mg ampiciline per 1000ml water), with a new generation every two weeks, were 

used as control strains (CON-SS and CON-FF lines). All selected and control strains 

were kept at 25°C (50 per cent RH and 24 hours light regime), in two replicate sets of 

five bottles (30 ml of food per bottle) with 300 eggs per bottle. At each generation, the 

flies emerged from the 5 bottles were mixed before starting a new generation and the 

two sets of five bottles were kept as two independant lines.  

 

Procedures of selection 

 

For the three procedures of selection, ethanol food was made by adding the appropriate 

volume of ethanol to standard medium at 50oC. Ethanol food was stored at 10oC for one 

to three days. For all selected and control lines, flies were kept at 25oC, about 50 per 

cent RH and at a 24 hours light regime. 
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1. The adult selection procedure (ADU):  

Flies were allowed to mate and females laid eggs into five bottles with 30 ml of 

standard medium. The density was maintained at about 300 eggs per bottle to avoid 

crowded conditions. Larvae were grown in the medium without alcohol, and the 

emerging adults were transferred and kept on standard medium for one week. To avoid 

egg retention in females and keep the flies in perfect condition, the food was refreshed 

24 hours before the flies were transferred into bottles with food supplemented with 

ethanol, 12 per cent for the AdhSS flies (ADU-SS) and 18 per cent for AdhFF flies (ADU-

FF). When approximately a quarter of the flies were dead, the survivors were 

transferred again into bottles with standard medium for an egg-laying period of 24 hours 

to start a new generation.  

 

2. The larval selection procedure (LAR): 

In this selection procedure, only the juvenile stages were in contact with the food 

supplemented with ethanol. Newly emerged flies were kept on standard medium for one 

week. Twenty-four hours before starting a new generation, medium was refreshed to 

allow females to lay eggs and avoid egg retention. Then, flies were transferred to the 

egg-laying vials. These vials (55 mm high, 50 mm diameter) were provided with a lid 

containing a thin layer of normal food and a little drop of yeast to stimulate egg laying. 

Females were allowed to lay eggs for a period of four hours and the eggs were 

transferred to five bottles containing ethanol food -300 eggs per bottle with 30 ml of 

food containing 10 per cent ethanol for AdhSS flies (LAR-SS) and 12 per cent for AdhFF 

flies (LAR-FF)-. Eggs were always transferred within 8 hours after egg laying because 

egg-to-adult survival on ethanol medium depends on the age at which the eggs are 

transferred (Bijlsma-Meeles, 1979; Kerver and Rotman, 1987). Larvae developed in this 

medium, and emerging adults were daily transferred into new bottles with fresh 

standard food, and kept on this medium for one week before starting the next 

generation. 

  

 3. The whole life cycle selection procedure (WHO): 

Flies were kept continuously on food supplemented with ethanol -10 per cent for the 

AdhSS flies (WHO-SS) and 12 per cent for AdhFF flies (WHO-FF)- during the whole life 

cycle. Females laid eggs on ethanol food, larvae grew in this medium and emerging 

adults were kept in the bottles for one week. Then, the flies were transferred to bottles 
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with ethanol-supplemented food to allow the females to lay eggs (300 eggs per bottle) 

to initiate a new generation.  

 

 

Experiments 

 

After selection for alcohol tolerance for 40 (LAR and WHO) or 45 (ADU) generations, 

flies from the selected lines were compared with flies from the control lines (CON) for 

adult survival on ethanol, egg-to-adult survival, adult and larval ADH activity and adult 

and larval Adh expression. 

 

1. Adult survival 

Adult mortality was measured in plastic vials (75 mm high, 25 mm diameter) containing 

9 ml of food supplemented with 0 or 30 per cent v/v ethanol. To avoid phenotypic 

effects, flies were cultured for one generation on standard medium, under identical 

uncrowded conditions. Then, virgin flies were collected and sexed. Females and males 

were kept separately in vials with standard medium in groups of ten individuals for one 

week. One-week-old flies were transferred to the test vials containing ethanol food and 

the number of dead flies was recorded regularly during one week. The number of 

replicate vials was ten per selection regime, genotype, sex and ethanol concentration. 

 

2. Egg-to-adult survival  

Flies from selected lines and control lines were raised on normal food under uncrowded 

conditions for one generation preceding the test. Twenty-four hours before the 

beginning of the test, six-day-old flies were transferred into new bottles with standard 

medium. Females were then allowed to lay eggs for 24 hours on fresh food to avoid any 

egg retention. Then, the one-week-old females were transferred to the egg-laying vials 

with a lid containing a thin layer of normal food and a drop of live yeast. Females were 

allowed to lay eggs during a period of four hours. The eggs were transferred to the test 

vials, containing standard medium or food supplemented with 21 per cent v/v ethanol, 

within eight hours after egg laying. The number of eggs was 50 per vial, and five 

replicates per selection regime, Adh genotype and ethanol concentration were 

effectuated. The number of emerging adults (males and females) was recorded in each 

vial. 
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3. ADH activity assays and protein content 

Samples of ten one-week-old non-mated adults (males or females) or ten three-day-old 

larvae were frozen at –20oC. The samples were homogenized in 0.5 ml (adults) or in 0.3 

ml (larvae) of cold buffer (50 mM glycine-NaOH, 1-mM EDTA, pH 9.5). After 

centrifugation (5 min at 11000 g) the supernate was kept on ice for immediate assay. 

ADH enzyme activity was measured following a modification of the procedure 

described by Oudman et al. (1991). Shortly, 170 µl buffer at 30oC, 10 µl homogenate 

and 20 µl reagent buffer (glycine-NaOH buffer containing 5 mM NAD+ and 200 mM 2-

propanol) were mixed. The reaction rate was measured after 30 sec, during 90 sec at 

30oC and 340 nm (extinction of NAD) using a multi samples spectrophotometer Spectra 

Max Plus. For each selection regime, Adh genotype and sex, five replicates were 

measured twice. ADH enzyme activity was expressed as nmol NADH.min-1.µg prot-1. 

 

Protein content was measured according to Bradford (1976), using the Biorad Protein 

Assay kit. To 0.1 ml defrosted homogenate, 5 ml reagent was added. After 15 minutes, 

the absorbance was measured at 595 nm. Total protein content was calculated in 

micrograms using bovine serum albumin (BSA) as a standard.  

 

4. RNA extraction and Northern hybridization 

Total RNA was isolated from 3-day-old larvae and one week-old adult flies using the 

RNeasy kit from Qiagen. Northern hybridization was effectued following the procedure 

described in Oppentocht et al. (2002). Approximately 10 µg RNA (as determined by 

spectrophotometry) was vacuum-dried and dissolved in 20 µl sample buffer (50% v/v 

formamide, 2.2 M formaldehyde in 1xMOPS buffer (200 mM 3-(N-morpholino) 

propanesulfonic, 80 mM sodiumacetate, 10 mM EDTA; pH 7.0). From each sample 5 µl 

was loaded onto a 1% agarose gel (electrophoresis buffer 1xTBE) containing 0.2 mM  

guanidine thiocyanate and 25 µg/100 ml ethidium bromide, run for 2 hrs at 10V/cm and 

photographed, to visualise the amount of RNA loaded on the northern gel. Then 15 µl 

(7.5 µg) was loaded onto a 1% agarose gel (electrophoresis buffer 1xMOPS) containing 

2.2 M formaldehyde, run for 4 hrs at 10 V/cm and transferred onto a nylon membrane 

(Hybond-N, Amersham) in 20xSSC. RNA was bound to the membrane by baking at 80 

°C and hybridized to a 32P labeled (random primed DNA labeling kit, Roche) Adh 
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probe. This probe was obtained as the PCR product using primers 1 and 2 from D. 

melanogaster DNA (Oppentocht, 2001). Hybridization was carried out in 50% (v/v) 

dextran sulfate, 10% (v/v) formamide, 1% SDS, 1M NaCl at 42°C. The filters were 

washed twice  for 15 min in 2xSSC at room temperature and once for 15 min at 60°C in 

2xSSC, 1% SDS. Autoradiography was carried out for 48 hrs at -80°C using 

intensifying screens. Filters were striped by pouring a boiling solution of 0.1% (w/v) 

SDS onto the blot and allowing it to cool to room temperature. In order to calibrate for 

the amount of applied RNA on the gel, hybridization was repeated with a tubuline 

probe, tubuline is supposed to be expressed in the same way in all the samples and then 

proportionally to the total amount of RNA (Abel et al., 1992). For the experiment, the 

flies were previously cultured for one generation on normal food.  

 

 

Statistical analysis 
 
A probit transformation was used to calculate the lethal time 50 (LT50). ANOVAs were 

performed to test the effects of Adh genotype, selection procedure and sex (for the 

adults) on survival and ADH activity. Tukey’s tests for multiple comparisons of mean 

were performed for comparison of the main factors of the ANOVAS. For the egg-to-

adult survival, an arcsin transformation was realized before the ANOVAS and the 

Tukey’s tests for multiple comparisons of mean were performed. 
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RESULTS 

 

Analysis of variance showed that there were no significant effects of the two replicated 

sets, so for further analysis they were combined. 

 

1. Adults 

 

Resistance to ethanol 

On control medium, without ethanol, survival at the end of the experiment was close to 

100% for all the lines. The differences observed between the lines were not significant. 

Figure 2 shows the percentage of dead flies on 30 per cent ethanol for both Adh 

genotypes and both sexes during the experiment. A clear difference in survival appeared 

between the two genotypes. Almost all AdhSS flies were dead after 48 hours on ethanol 

food, while the majority of the AdhFF  flies was still alive. A higher mortality for the 

control line compared to the three selected lines was observed in all cases.   

 

ANOVA for adult survival on ethanol (LT50) for both control and selected lines (Table 

1) showed significant effects for three main factors, i.e. genotype, sex and selection 

procedure. In addition, interactions between these three factors had also significant 

effects on adult resistance. Table 2 gives the results of Tukey tests for comparison of 

means, for each of the three main factors. AdhFF flies showed a significantly higher 

resistance to alcohol, compared to AdhSS flies, and females were significantly more 

resistant than males. For all three selection procedures, a significant increase in adult 

resistance was observed compared to the control lines (CON). Among the selection 

procedures, the adult (ADU) and the whole life (WHO) selection procedures showed a 

significantly higher resistance than the larval (LAR) selection procedure. 

 

Because of the significant interaction between the three main factors, a detailed analysis 

of comparison of means (Tukey tests) per sex and genotype is shown in table 3. With 

the exception of ADU-SS males, the flies selected at the adult stage presented a 

significant increase in adult resistance compared to the control. On the contrary, the 

flies selected at the larval stage did not show a significant increase in adult survival, 

males LAR-SS excepted. For the flies selected during the whole life, a significant 
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increase for WHO-FF flies for both males and females, and also for WHO-SS males. 

For WHO-SS females, the increase was not significant. 

 

ADH activity 

ANOVA for adult ADH activity on normal food (Table 1) showed significant effects for 

the three main factors, genotype, sex and selection procedure. Interactions between 

these three factors were also significant. Tukey tests for comparison of means for each 

of the three main factors are presented in Table 2. ADH activity was on average 3.6 

times higher in AdhFF than in AdhSS flies. ADH activity in males was significantly 

higher than in females. A significant increase in ADH activity was observed in the three 

selection procedures compared to the control when the results of both genotypes and 

both sexes were combined.  

 

Table 4 details the results for each genotype and sex. We observed a significant increase 

in ADH activity for ADU compared to CON in all cases. For the two other selection 

procedures the increase was significant only for the males. 

 

Figure 3 summarises in parallel the evolution of alcohol resistance and ADH activity for 

adult males and females for the three selection procedures, relatively to the 

corresponding control line. The figure shows that a significant increase in alcohol 

resistance is generally accompanied by a significant increase in ADH activity, but not in 

all cases. The figure indicates also a more pronounced response in alcohol tolerance 

after selection in the females, but a higher response in ADH activity for the males. 

 
Adh mRNA expression 

Figure 5A shows results of northern hybridizations with Adh and tubuline probes for 

adults of control and selected lines. The number of replicates (only two replicates per 

line and sex) and several missing values do not allow to perform quantitative tests. The 

amount of Adh mRNA on normal food was not different between conntrol and selected 

lines for both Adh genotypes and both sexes.  
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2. Larvae 

 

Egg-to-adult survival rate on ethanol food 

ANOVA for egg-to-adult resistance (Table 5) revealed significant effects for the two 

main factors, genotype and selection procedure, while the effects of interaction between 

these two factors were not significant.  

 

Similar to the findings for adult resistance, AdhFF larvae showed a higher juvenile 

resistance than AdhSS larvae (Table 6). A significant increase in egg-to-adult survival 

compared to control was found for LAR and WHO selection procedures, while the 

slight increase observed in ADU selection procedure was not significant. Table 7 shows 

that within each genotype, increase in juvenile survival was significant for LAR and 

WHO selection procedures, but not for the ADU. 

 

 

ADH activity 

ANOVA for larval ADH activity on normal food showed significant effects for 

genotype, selection procedure, and also for the interaction of these two main factors 

(Table 5). ADH activity in AdhFF larvae was about 6 times higher than in AdhSS larvae 

(Table 6). Table 7 shows no significant difference for the four selection procedures in 

the AdhSS lines for larval ADH activity, while in the AdhFF lines a significant increase 

was found only for the WHO selection procedure. In this last case, the increase was 

considerable since the larvae from the WHO selected line showed about twice the 

activity observed in the control. 

 

Figure 4 summarises the results for egg-to-adult survival and larval ADH activity. For 

both AdhSS and AdhFF larvae, LAR and WHO selection procedures showed a higher 

increase in survival rate than the ADU selected lines. The increase in egg-to-adult 

survival was only in one case (WHO-FF) accompanied by an significant increase in 

ADH activity. 

 

 



Chapter 3 

 74

Adh mRNA expression 

Figure 5B shows results of the northern hybridization for larvae of both Adh genotypes 

for all control and selected lines. As for the adults (Figure 5A), the number of replicates 

does not allow to perform quantitative tests. However,  the amount of Adh mRNA 

seems to be higher for the AdhFF than the AdhSS larvae. Results for the three selection 

procedures do not seem to be different with the correspondent control line for both Adh 

genotypes. 

 



Selection in different life stages. The role of ADH 

 75

DISCUSSION 
 

ADH is an enzyme with an important role in alcohol tolerance in D. melanogaster. The 

difference in activity between flies homozygous for the AdhF allele and flies 

homozygous for the AdhS allele is almost always associated with a correspondent 

difference in alcohol tolerance for both adult and juvenile life stages. In our selection 

experiments, within a genotype, an increase of adult survival or egg-to-adult survival on 

ethanol medium is observed for all selection procedures and both Adh genotypes.  Some 

genes, other than Adh, are involved in alcohol tolerance and can be selected. These 

genes can be regulatory genes of Adh leading to an increase in ADH activity, or genes 

involving other mechanisms of resistance. One of the main goals of this work is to 

verify if the increase in survival can be linked with a correspondent increase in ADH 

activity. This eventual increase can be due to an increase in Adh expression or due to an 

increase in the amount of ADH enzyme in the organism. Furthermore, response may 

vary with life stage and consequently with selection procedure. 

 

Alcohol tolerance and selection procedure 

Differences are observed for the increase in alcohol tolerance according to the 

procedure of selection. Flies selected during the whole life (WHO) showed a higher 

alcohol resistance for both adult and juvenile stages. When the flies were selected 

during the adult life stage (ADU), a higher adult resistance is observed, except for the 

ADU-SS males for which the increase (25%) is not significant. But egg-to-adult 

survival is not significantly different from control for both genotypes. Finally, in the 

lines selected only during the juvenile stages (LAR), increased egg-to-adult survival on 

ethanol is always observed while the increase in tolerance at the adult stage is limited 

and not always significantly different from control. Apparently, one or several loci are 

specifically involved in adult alcohol tolerance and have no or a minor effect on egg-to-

adult survival, and the loci more specifically involved in juvenile tolerance have also an 

effect on adult tolerance.  

 

These results are in agreement with the previous measurements after 20 and 25 

generations of selection (see Chapter 2). They confirm the assumption made by 

Boulétreau and David (1981) that the selective influence of ethanol acts differently 

according to the life stage, and explain the non-systematic correlation found by David 
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and van Herrewege (1983) between adult tolerance and larval habitat. In nature, the 

adults do not stay for long time on the substrate and can always move to an other patch 

if the alcoholic concentration is too high. Except for some specific environments like 

wine-cellars where the whole environment can potentially contain toxic concentrations 

of ethanol, the selective pressure occurs mainly during the juvenile stage. 

 

ADH activity and selection procedure in adults 

Is the ADH enzyme involved in the life stage specific tolerance? The Adh gene has a 

complex pattern of regulation with two different promoters, each involved in a different 

life stage (Benyajati et al., 1983), and the higher tolerance generally observed for the 

AdhFF lines in our experiments confirms the important role of this enzyme in the process 

of alcohol detoxification found in previous studies (review in van Delden and Kamping, 

1997).  

 

The increase in constitutive adult alcohol tolerance in the ADU selected lines was 

related to an increase in ADH activity. However, a difference in magnitude appears 

between the increase in tolerance and ADH activity, with a large augmentation of the 

LT50s on ethanol medium for the selected lines (210% on average for both Adh 

genotypes and both sexes) compared to the more limited rise in ADH activity (30%). 

Furthermore, no clear difference is observed in the increase in ADH activity between 

the two Adh genotypes, while a higher increase for AdhSS flies, the genotype with the 

lower activity, should have been expected. Also, after 40 generations of selection, LAR-

SS males reach a level of ethanol tolerance close to the level of CON-FF males (29 hrs 

vs. 38 hrs for the LT50s respectively), but the difference in ADH activity was still very 

large (2.5 times higher for CON-FF males compared to LAR-SS males). On the 

contrary, the AdhFF females presented an ADH activity about three times higher than the 

AdhSS females, while the LT50 was about 20 times higher for the AdhFF females. 

Furthermore, flies with a similar ADH activity presented significant differences in 

ethanol tolerance (LAR-FF and WHO-FF females). All these observations suggest that, 

if the role of ADH in alcohol detoxification in adult flies is important, certainly one or 

more other loci have also an important role in adult tolerance in D. melanogaster. 
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ADH activity and selection procedure in larvae 

The increase in egg-to-adult survival was already significant after 20 generations of 

selection (Table 5 of Chapter 2) for the two selection procedures including the juvenile 

stage, LAR and WHO, for both Adh genotypes. It is interesting to notice that when the 

flies are selected during the whole life (WHO-SS and WHO-FF), the increase in egg-to-

adult resistance is already significant after 20 generations (Table 5 of Chapter 2), while 

the increase in adult resistance become significant only after 40 generations (Table 8), 

exept for WHO-FF males. This is also true for LAR-SS males. It confirms the 

assumption that the selective pressure occurs mainly during the juvenile stage. 

 

For the AdhSS larvae, no modification in ADH activity was observed for the three 

selection procedures compared to the control, even for LAR-SS and WHO-SS for which 

a significant increase in egg-to-adult survival was observed. These two lines approach a 

survival rate on ethanol medium similar to the egg-to-adult survival observed in the 

CON-FF line with a four times higher ADH activity. This result confirms the evidence 

that ADH enzyme is not the only factor involved in the resistance to this toxic 

compound. For the AdhFF larvae, a significant increase in survival for LAR-FF was not 

accompanied with a significant increase in ADH activity. However, a significant 

increase in ADH activity parallel to a significant increase in egg-to-adult survival was 

found for WHO-FF.  

 

Life stage and ethanol tolerance 

There are many traits involved in alcohol tolerance. Some of them seem to be more or 

less specific to the adult life stage, while others are effective for both juvenile and adult 

life stages. The first factor depends of the metabolic pathway of ethanol and involves 

the ADH system to produce fatty acids. This way of ethanol degradation is essential, 

Adh null mutant flies are not able to survive on a medium with even a very low 

concentration of alcohol (David et al., 1976; Kamping and van Delden, 1978; van 

Delden and Kamping, 1988, Geer et al., 1990; Bijlsma and Bijlsma-Meeles, 1991). 

Larvae seem to have other ways to increase their survival. This point confirms the 

results of Oppentocht (2001) who found a positive correlation between adult alcohol 

tolerance and adult ADH activity, but not between larval tolerance and larval ADH 

activity. Differences between larvae and adults with respect to ADH activity and 

ethanol-to-lipid flux were also found by Freriksen et al. (1994). 
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Adult and larval D. melanogaster apparently use different strategies to eliminate 

ethanol, probably related to their different ways of life which implies differences in the 

selective process. The larvae are linked to a single feeding site and must be able to react 

to the toxic effects of alcohol on a short term. The induction of the proximal transcript 

(predominant in the young larvae) of Adh by ethanol is clearly higher than the distal 

transcript (Geer et al., 1988; Kapoun et al., 1990; chapter 4) and allows the larvae short-

term adaptation, increasing their ability to degrade ethanol. In a long-term adaptation, 

over several generations, other loci are involved in the increase in ethanol tolerance. 

The epistatic interaction of Adh and αGpdh plays certainly a role (Cavener and Clegg, 

1978, 1981; McKechnie and Geer, 1988; van Delden and Kamping, 1997). Gpo was 

also described (McKechnie and Geer, 1986; Ross et al., 1994) to have an effect on 

ethanol tolerance. Like Adh and αGpdh (Geer et al., 1983), Gpo (McKechnie and Geer, 

1986) is inducible by ethanol. Modifications in the lipid composition in larvae suggest 

also that the membrane composition has an important role in alcohol resistance (Geer et 

al., 1986; Miller et al., 1993; Swan and Watson, 1997, 1999; Heipieper et al., 2000; 

Burdette et al., 2002). 

 

For the adults, the situation is different. They are mobile and can move to a site with 

lower alcohol concentration. Furthermore, they do not have to stay a long time on the 

medium, and the negative effects of ethanol are probably limited. The distal transcript 

of Adh, predominant in adults, is induced by ethanol to a much lower level than the 

proximal transcript (Geer et al., 1988), and the short-term adaptation of the flies to 

ethanol is lower. Adults can adapt their behavior to their environment. But for long term 

adaptation, when adults have to cope with ethanol in their environment generation after 

generation, a situation probably rare in their natural habitat but found for example in 

wineries, flies with a higher ADH activity have a selective advantage. In our 

experimental population where the flies were selected only at the adult stage, the 

increase in adult alcohol tolerance was accompanied by a significant increase in adult 

ADH activity. The amount of Adh mRNA in the selected lines compared to the control 

lines does not show an increase while ezyme activity increased. The increase in ADH 

activity of adults placed on normal food, without ethanol, is then not linked with a 

modification of regulation of Adh expression. The total amount of ADH enzyme may be 

higher in the selected lines, due to a lower elimination.  
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In adults it is found, like in larvae, that different lines show similar alcohol tolerance but 

exhibit large differences in ADH activity, while on the contrary different lines with 

similar constitutive ADH activity present large differences in survival. Apparently ADH 

is not the only factor involved in the increase in adult alcohol tolerance. Other loci like 

αGpdh, Odh and Aldox (Pecsenye et al., 1997), Pgm and Est (Ochando and Ayala, 

1999) may be involved in alcohol tolerance. Furthermore, other traits like membrane 

composition and the relative amounts of long chain and unsaturated fatty acids in lipid 

composition as described in larvae (Geer et al, 1986; Miller et al., 1993). Behavioral 

traits may also be involved in alcohol tolerance, as described for the oviposition 

behavior (Kamping and van Delden, 1990; van Delden and Kamping, 1990). 

Development time and body weight may also be involved in the resistance to a toxic 

compound like ethanol (Hoffmann and Parsons, 1991; Jenkins et al., 1997). Because of 

the difference in alcohol tolerance between the two Adh genotypes, the concentrations 

of ethanol used in the feeding medium during the various selection procedures were 

different between AdhSS lines and AdhFF lines. The response to selection is more 

pronounced in AdhFF selected lines than AdhSS selected lines, which is probably due to 

these differences in selection pressures. However, the responses observed after 20 and 

25 generations of selection are comfirmed after 40 and 45 generations. AdhSS females 

are still very sensible to ethanol compared to the males, but the reason for this 

difference is still unknown. 
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Table 1: Summary of ANOVAS for adult survival on ethanol medium and adult ADH 
activity on normal food. Adult survival is the LT50 on 30% ethanol medium, and ADH 
activity is expressed in nmol/min/µg protein. Genotype (AdhSS or AdhFF), Sex and 
Selection procedure are the main factors. 
 

  
 Adult survival ADH activity 
  
  

Genotype (A) *** *** 
Sex (B) *** *** 
Selection procedure (C) *** *** 
   
A x B *** *** 
A x C *** *** 
B x C *** *** 
A x B x C *** * 

  
* P<0.05; *** P<0.001  
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Table 2: Tukey tests for comparison of means for the three main factors, genotype, sex 
and selection procedure, after the ANOVAS presented in Table 1. Mean values and 
standard errors are shown, and significant differences at the 5% level are indicated by a 
letter. 
 
 
 

 

 
Main Factor Adult survival ADH activity 

 (LT50 in hours) (nmol/min/µg protein) 
  
 Mean (SE) Mean (SE) 
  

Genotype AdhSS 14.66a (1.25) 0.158a (0.005) 
 AdhFF 89.69b (7.02) 0.572b (0.024) 
     

Sex Males 45.14a (3.62) 0.468b (0.034) 
 Females 59.22b (8.49) 0.262a (0.017) 
     

Selection procedure CON 24.86a (2.99) 0.298a (0.031) 
 ADU 77.60c (13.09) 0.399b (0.042) 
 LAR 40.86b (4.66) 0.370b (0.041) 
 WHO 65.40c (10.23) 0.392b (0.047) 
  

Means with a different superscript letter within each main factor are significantly different 
at the 5% level. 
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Table 3 : Effects of selection for adult resistance to ethanol for AdhSS and AdhFF 
genotypes. Adult survival on ethanol medium (30% by volume) is expressed as the 
mean time (hrs) needed for 50% lethality (LT50). Standard errors are shown in brackets, 
and significant differences at the 5% level between the selection procedures and within 
genotype and sex are indicated by a different letter. 
 

    
  Males  Females 

       
  LT50 (SE)  LT50 (SE) 
       

AdhSS CON 16.58a (1.80)  2.61a (0.17) 
 ADU 22.66a,b (1.67)  8.54b (1.20) 
 LAR 29.17b (2.89)  5.89a,b (1.52) 
 WHO 26.17b (2.79)  5.61a,b (0.61) 
    

AdhFF CON 38.39a (3.61)  41.79a (4.89) 
 ADU 90.73b (14.78)  189.04b (22.03) 
 LAR 64.53a,b (8.61)  63.83a (4.48) 
 WHO 73.37b (4.30)  156.43b (17.06) 
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Table 4 : Effects of selection on adult ADH enzyme activity for AdhSS and AdhFF 
genotypes. Adult ADH activity is expressed in nmol/min/ug protein. Standard errors are 
shown in brackets, and significant differences at the 5% level between the selection 
procedures and within genotype and sex are indicated by a different letter. 
 

   
  Males  Females 
       
       
  ADH activity (SE)  ADH activity (SE) 
       

AdhSS CON 0.156a (0.004)  0.111a (0.002) 
 ADU 0.198b (0.010)  0.152b (0.016) 
 LAR 0.194b (0.009)  0.129a,b (0.006) 
 WHO 0.203b (0.010)  0.120a,b (0.004) 
       
    

AdhFF CON 0.587a (0.022)  0.3398a (0.023) 
 ADU 0.788b (0.029)  0.457b (0.031) 
 LAR 0.760b (0.041)  0.398a,b (0.021) 
 WHO 0.855b (0.037)  0.389a,b (0.020) 
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Table 5: Summary of ANOVAS for egg-to-adult survival on 21% ethanol medium and 
larval ADH activity. ADH activity is expressed in nmol/min/µg protein. Genotype 
(AdhSS or AdhFF) and Selection procedure are the two main factors. 
 

  

 Egg-to-adult survival ADH activity 
  
  

Genotype (A) *** *** 
Selection procedure (B) *** *** 
A x B ns *** 

  
ns: not significant; *** P<0.001  
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Table 6: Tukey tests for comparison of means for the two main factors, genotype and 
selection procedure, after the ANOVAS presented in Table 5. Mean values and standard 
errors are shown, and significant differences at the 5% level are indicated by a letter. 
 
 

  
Main Factor Egg-to-adult  ADH activity 

 survival (nmol/min/µg protein) 
  
 Mean (SE) Mean (SE) 
  

Genotype AdhSS 0.266a (0.026) 0.162a (0.006) 
 AdhFF 0.489b (0.034) 0.978b (0.046) 
     

Selection procedure CON 0.244a (0.032) 0.439a (0.067) 
 ADU 0.296a (0.048) 0.537a (0.093) 
 LAR 0.484b (0.039) 0.541a (0.092) 
 WHO 0.486b (0.058) 0.763b (0.139) 
  

Means with a different superscript letter within each main factor are significantly different at the 
5% level. 
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Table 7 : Effects of selection for egg-to-adult survival rate on 21% ethanol medium and 
for larval ADH activity for AdhSS and AdhFF genotypes. Standard errors are shown in 
brackets, and significant differences at the 5% level between the selection procedures 
and within a genotype are indicated by a letter. 
 

   
  Egg-to-adult survival  ADH activity 

       
  Mean (SE)  Mean (SE) 
       

AdhSS CON 0.176a (0.035)  0.154a (0.014) 
 ADU 0.168a (0.010)  0.151a (0.006) 
 LAR 0.392b (0.030)  0.168a (0.012) 
 WHO 0.328b (0.039)  0.175a (0.012) 
    

AdhFF CON 0.312a (0.030)  0.725a (0.021) 
 ADU 0.424a (0.045)  0.923a (0.060) 
 LAR 0.576b (0.041)  0.915a (0.069) 
 WHO 0.644b (0.031)  1.350b (0.071) 
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Table 8 : Summary of responses in ethanol resistance and ADH activity in males (♂), 
females (♀) and larvae (lar) for the three selection procedures compared to controls, for 
both Adh genotypes. 
 
 

 ADU  LAR  WHO 

 AdhSS  AdhFF  AdhSS AdhFF  AdhSS  AdhFF 

 ♂ ♀ lar  ♂ ♀ lar  ♂ ♀ lar ♂ ♀ lar  ♂ ♀ lar  ♂ ♀ lar

Alcohol resist. ns + ns  + + ns  + ns + ns ns +  + ns +  + + + 

ADH activity + + ns  + + ns  + ns ns + ns ns  + ns ns  + ns + 

ns: no significant effect; +: positive effect 
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Figure 1: Schematic view of the Adh gene of Drosophila melanogaster and the position 
of the different enhancers and transcription factor binding sites. Non-protein coding 
exon regions are indicated in dark grey and protein coding exon regions in black. PL, 
proximal (larval) promoter; PA, distal (adult) promoter. ∇1 and ∇2 indicate positions of 
insertion/deletion polymorphisms. S/F is the position of the slow/fast polymorphism. 
Protein factor binding sites: ADF-1, horizontal striped box; ADF-2, double hatched box. 
Binding sites in the adult enhancer: BBF-2, white triangle; AEF-1, white box; C/EBP, 
white oval; FTZ-F1, white rhombus. →1 and ←2 indicate the positions of the primers 
used. After Oppentocht (2001). 
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Hours 
 
 
 
Figure 2: Adult mortality on 30% ethanol food for the three selection procedures and 
the control. 
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Figure 3: Adult resistance to ethanol and adult ADH activity for the three selection 
procedures compared to control. The data are standardized to the correspondent control 
line which is set at the value of one. Significant differences at the 5% level are indicated 
by *. 
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Figure 4: Egg-to-adult survival on ethanol and larval ADH activity for the three 
selection procedures compared to control. The data are standardized to the 
correspondent control line which is set at the value of one. Significant differences at the 
5% level are indicated by a *. 
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Figure 5:  Adh expression. A: adults; B: larvae 
Autoradiography of northern hybridations with Adh and tubuline (tub) probes for the 
control (CON) and the selected lines (ADU, LAR and WHO) for both Adh genotypes, 
and, for the adults, for both sexes. For each sample, two replicates were performed (1 
and 2). 
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