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Abstract.  
 

Lines of Drosophila melanogaster homozygous for AdhS or AdhF were selected 
to increase alcohol resistance in a specific life stage. Direct responses (adult survival 
and egg-to-adult survival on ethanol medium) and indirect responses (ADH activity, 
body weight, protein content and developmental time) were investigated in larvae and 
adults of all selected and control lines. A significant increase in adult survival was 
observed in the lines selected for increased adult resistance (ADU) for both Adh 
genotypes. In the lines selected for increased juvenile resistance (LAR), no significant 
increase was observed in adult survival. For the lines selected for increased ethanol 
resistance during the whole life (WHO) the increase in adult resistance was significant 
only in AdhFF males. Egg-to-adult survival increased significantly in LAR and WHO 
selection lines for both Adh genotypes, but not in the ADU lines. Increase in alcohol 
resistance was specific to the adult life stage in ADU selected lines and specific to the 
juvenile life stages in LAR selected lines. The role of different traits potentially related 
to alcohol tolerance was investigated and discussed according to the life stage and the 
Adh genotype. An increase in adult ADH activity seems to be related with the increase 
in adult resistance to ethanol in the ADU lines, while larval ADH activity was similar in 
the LAR lines and the control lines (CON). An increase in body weight, linked to an 
increase in development time, was observed in the AdhFF selected lines, and seems ti 
have a role in the increase in both adult and juvenile resistance. 
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INTRODUCTION 
 

Environmental heterogeneity and the occurrence of environmental stresses play an 

important role in evolutionary processes (Hoffmann and Parsons, 1991; Bijlsma and 

Loeschcke, 1997a, b), and specially in the maintenance of genetic variation for fitness 

traits (Haldane and Jayakar, 1963 ; Gillespie and Turelli, 1989). This implies that 

populations well adapted to a particular environment experience often a reduction in 

fitness in another environment (Partridge et al., 1994 ; Fellowes et al., 1998, 1999). 

However, this phenomenon can also be the result of the accumulation of deleterious 

alleles due to hitch-hiking with advantageous alleles in the adapted environment (Peck, 

1994), or due to genetic drift during selection (Frankham et al., 1988). Nevertheless, 

selection for increased resistance to a specific stress may also lead to an increase in the 

resistance to other stresses. Hoffmann and Parsons (1989a, 1989b) found an increase in 

the resistance to starvation and to toxic ethanol level in lines of Drosophila 

melanogaster selected for increased desiccation resistance. Such an increase in 

resistance to several environmental stresses may be correlated because of a lower 

metabolic rate (Hoffmann and Parsons, 1989a, 1989b) and then may be linked to an 

increase in developmental time.Selection to increase the resistance to an environmental 

stress leads generally to various direct and correlated responses (Hoffmann and Parsons, 

1993). Service (1987) found that D. melanogaster lines with high lipid content were 

more resistant to environmental stress. This indicates a central role for lipid metabolism 

(e.g. in membrane composition) in the establishment of resistance to environmental 

stresses.  

 

Holometabolous insects have a complex life cycle with several juvenile stages followed 

by a complete metamorphosis before becoming an adult. The way of life before and 

after metamorphosis is generally totally different. Larvae and adults have different 

shapes, live in different environments and often have different alimentary regimes. 

Similar environmental stresses affect each life stage differently, and the resistance to a 

particular stress will be specific to a particular life stage (Loeschke and Krebs, 1996). 

 

Resistance to ethanol in D. melanogaster provides an excellent model system to study 

the effects of an environmental stress on the different life stages of a holometabolous 

insect. The feeding substrate in the wild of this species is formed by decaying fruits 
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which can contain various concentrations of ethanol due to fermentation (McKenzie and 

McKechnie, 1979 ; Gibson et al., 1981). Females lay their eggs and larvae grow and 

feed on this medium. Both juvenile and adult stages may be in contact with potentially 

toxic concentrations of ethanol. However, adult feeding behaviour and oviposition of 

females do not involve a long stay on the medium, and 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. 

 

Many experiments of selection for increased ethanol resistance have been realised (van 

Delden et al., 1975 ; David and Bocquet, 1977 ; Vigue et al., 1982 ; Barbancho et al., 

1987 ; Pecsenye et al., 1997 ; Fry, 2001) showing a rapid response. The major gene 

involved in alcohol resistance is alcohol dehydrogenase (Adh). Natural populations 

generally are polymorphic for two common electrophoretic alleles, Adh-fast (AdhF) and 

Adh-slow (AdhS).  The flies homozygous for the fast allele show a higher in vitro ADH 

activity than flies homozygous for the slow allele, and generally have a higher 

resistance to ethanol, while the heterozygous flies show an intermediate ADH activity 

and an intermediate resistance (see van Delden, 1982 ; Geer et al., 1990, van Delden 

and Kamping, 1997). 

 

This chapter reports the results of another approach to selection for increased ethanol 

tolerance in D. melanogaster. Selection is applied here in different life stages. Flies 

were selected using three different procedures according to the life stage : the adult 

selection procedure in which only the adults were in contact with ethanol, the larval 

selection procedure, in which only the juvenile stages (egg-to-adult) were in contact 

with ethanol, and the whole life selection procedure where all life stages were 

continuously exposed to ethanol. The underlying hypothesis is that selection in different 

life stages will lead to life stage specific adaptations, originating from different genetic 

mechanisms. 

 

The three ways of selection have been applied on two different populations, one 

homozygous for AdhS and the other homozygous for AdhF. We measured adult and egg-

to-adult survival on ethanol medium after 25 (adult selection procedure) or 20 (larval 

and whole life selection procedures) generations of selection, to determine if 
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environmental stress in a particular life stage can affect the various life stages 

differently, and if the mechanism for increased resistance can be specific to a life stage. 

Larval and adult ADH activity have been measured, together with other traits 

potentially involved in stress tolerance, either directly or indirectly, or previously 

described to be modified after selection. These traits are: body weight (van Delden and 

Kamping, 1983; Oppentocht, 2001) both for adults and larvae and developmental time, 

a complex trait (Prasad et al., 2001) which may be linked to metabolic rate (Hoffmann 

and Parsons, 1989a, 1989b). Further traits are protein content in adults and larvae which 

can be an indication of a modification of lipid content and eventually of the membrane 

composition (Service, 1987), as well as the viability on a medium without ethanol to 

determine an eventual reduction in fitness of the selected lines. 
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MATERIAL AND METHODS 

 

Experimental stocks 
 

Five sublines homozygous for AdhS and five sublines 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 present experiments, 

one homozygous for AdhS and the other for AdhF, were obtained from all possible 

intercrosses of the five sublines with the proper Adh genotype in order to increase the 

genetic variability. All lines were homozygous for the α-glycerophosphate 

dehydrogenase fast allele (αGpdhF), 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; Oudman et al., 1992).  

 

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

100mg ampiciline per 1000ml water), with a new generation every two weeks, and 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 replicates of five 

bottles (30 ml of food per bottle) with about 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 independent lines. 

 

Selection procedures  

 

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 

crowding. Larvae were grown in medium without alcohol, and the emerging adults were 

transferred and kept on normal food for one week. To avoid egg retention in females 

and to keep the flies in good 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 into bottles with standard 

medium for an egg-laying period of 24 hours to start a new generation.  
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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 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 during a period of four hours, thereafter 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 

with ethanol-supplemented food to allow the females to lay eggs (about 300 eggs per 

bottle) to initiate a new generation.  

 

 

Tests for ethanol tolerance and measurement of associated characters 
 

To avoid phenotypic effects, flies were placed for one generation on standard medium 

without ethanol before the experiments. The tests were performed after 20 generations 

of selection for LAR and WHO, and after 25 generations for ADU. 
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1. Adult survival: 

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

9 ml of food without ethanol (control medium) or supplemented with 30 per cent v/v 

ethanol (test medium). Virgin flies were collected and sexed just after they emerged 

from pupae. Females and males were kept separately in vials with standard medium in 

groups of ten individuals for one week. Then, the flies were transferred to the test vials 

containing control or ethanol medium. The number of dead flies was recorded during 

one week, after 2, 4, 6, 8, 12, 16, 24, 28, 36, 48, 60, 72, 96, 144 and 168 hours of 

experimentation. The number of replicate vials was five per set, selection regime, Adh 

genotype, sex and ethanol concentration. 

 
2. Egg-to-adult survival: 

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 normal food to avoid 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, and then the eggs were transferred to vials with food supplemented with 0 

(control medium) or 21 per cent v/v ethanol (test medium) within eight hours after egg 

laying. The number of eggs was 50 per vial, and five replicates per set, selection regime, 

Adh genotype and ethanol concentration were effectuated. The number of emerging 

adults (males and females) was recorded for each vial. 

 

 

3. Developmental time: 

Six-day-old flies were allowed to lay eggs on fresh food for 24 hours to avoid egg 

retention, and then transferred to the egg-laying vials. Females were allowed to lay eggs 

for four hours and the eggs were transferred in plastic vials containing 9 ml of standard 

medium (50 eggs per vial, and 5 replicates per set). The number of emerged individuals 

was recorded at 4-hour intervals, and sexes were kept separately in plastic vials (10 flies 

per vial) for a later weight determination and for biochemical essays. Developmental 

time was calculated as the time between average laying time and the midpoint of the 4-

hour interval in which the adult emerged. 
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4. Adult and larval weight: 

Groups of 10 one-week-old males or females (5 replicates per set) were etherised and 

weighed. Immediately after weighing, each group was stored at –20°C for later assay of 

protein content and ADH activity. Third instar larvae grown on standard medium at 

25°C were collected when they started to climb up the wall of the vials. They were 

immediately weighed per group of 10 larvae (5 replicates per set) and then stored at -

20°C for later assay of protein content and ADH activity. 

 

5. ADH activity assays: 

Samples of ten one-week-old non-mated adults (males or females) or ten third instar 

larvae were frozen at –20oC. The samples were homogenised 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) half of the supernate was kept on ice for immediate 

assay, and the rest was stored at –20oC for the assay of protein. ADH enzyme activity 

was measured following a modification of the procedure described by Oudman et al. 

(1991). Shortly, 170 µl glycine-NaOH 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 by following the extinction, 

during 90 sec at 30oC at 340 nm (extinction of NAD) using a multi samples 

spectrophotometer Spectra Max Plus. For each set, selection regime, Adh genotype and 

sex (for the adults), five replicates were measured twice. ADH enzyme activity was 

expressed as nmol NADH.min-1.µg prot-1. 

 

6. Protein content: 

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

Assay kit. The assay of protein was done using the homogenate stored at –20°C after 

the ADH activity assay. 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. 

 

6. 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 
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adults) on developmental time, body weight and protein content. Tukey’s tests for 

multiple comparisons of means were performed for comparison of the main factors of 

the ANOVAS. For the egg-to-adult survival, an arcsin transformation was realized 

before performing the ANOVAS and the Tukey’s tests for multiple comparisons of 

means. Pearson correlations were performed to study the relationships between the 

traits. 
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RESULTS 

 

Analysis of variance showed that there were no significant differences among the 

replicated lines, so for further analysis all replicate lines were combined for the control 

and the individual selection lines for both Adh genotypes. 

 

RESPONSES TO SELECTION ON ALCOHOL TOLERANCE 

 

- Adult alcohol tolerance 

 

On standard medium, whithout ethanol, survival of adults was very high for all the lines 

(mean survival: 0.98) during the observation period of the experiment, and the 

differences between the lines were not significant (P=0.98). Preliminary results about 

long term survival (longevity) also did not show differences between the lines. 

 

Table 1 shows that Adh genotype, sex and selection procedure had significant effects on 

the adult survival on ethanol medium. Interactions between genotype and sex and 

between genotype and selection procedure were also significant, while interactions 

between sex and selection procedure and between these three factors had no significant 

effect on adult survival. Table 2 shows that AdhFF adults were significantly more 

tolerant than AdhSS adults and that the males exhibited a general higher ethanol 

tolerance compared to the females. The three selection procedures showed an overall 

significant increase compared to the controls. The adults of the adult selected lines 

(ADU) were significantly more tolerant  to ethanol than the adults of the two other 

selection procedures (LAR and WHO). 

 

Figure 1 shows the adult survival on 30% ethanol medium. The flies selected at the 

adult stage (ADU-SS and ADU-FF) showed a significant increase in survival on ethanol 

for both sexes and both Adh genotypes compared to the correspondent control lines 

(CON-SS and CON-FF). For the adults from the lines selected for an increase in 

juvenile resistance (LAR-SS and LAR-FF), no significant increase in survival was 

observed for both Adh genotypes and both sexes. In the lines selected during their whole 

life, WHO-FF males presented a significant increase in adult survival compared to 
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CON-FF males, but for WHO-FF females and WHO-SS males and females no 

significant increase was observed. 

 

- Juvenile alcohol tolerance 

 

On standard medium, without ethanol, egg-to-adult survival varied between 0.85 and 

0.92 and the differences between the lines were not significant (P=0.47). 

 

Adh genotype and selection procedure both had a significant effect on egg-to-adult 

survival on ethanol medium (Table 3). The interaction between these two factors was 

not significant. Higher egg-to-adult survival was observed for AdhFF compared to AdhSS 

(Table 4). When both Adh genotypes were combined, the three selection procedures 

provided a significant increase in egg-to-adult survival compared to controls, while 

LAR and WHO were both significantly more resistant than ADU. 

 

Figure 6 details the results for both Adh genotypes and shows that for both ADU-SS and 

ADU-FF the increase in egg-to-adult survival was not significant, while for the two 

other selection procedures the increase was significant for both Adh genotypes. 

 

CORRELATED RESPONSES TO SELECTION 

 

- Responses in adults 

 

Adult ADH activity: The three main factors (i.e. Adh genotype, sex and selection 

procedure) had significant effects on ADH activity of flies derived from regular food. 

Interactions between genotype and sex and between genotype and selection procedure 

had also significant effects on enzyme activity (Table 1). Interactions between sex and 

selection procedure and between the three factors had no effects. ADH activity was four 

times higher for AdhFF compared to AdhSS. Mean ADH activity was significantly higher 

in males than in females. For the selection procedures, a significant overall increase was 

observed for ADU and WHO, but not for LAR (Table 2). 

 

Within the AdhSS males, adult ADH activity was significantly higher for the three 

selection procedures (Figure 2). For the females the increase was significant only for 
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ADU-SS and not for LAR-SS and WHO-SS. In the AdhFF lines, ADH activity of the 

three selection procedures was not significantly different from that measured in the 

control line, except in ADU-FF females. 

 

Adult body weight: Genotype, sex and selection procedure and all interactions between 

these three factors had significant effects on adult body weight (Table 1). Females were 

always heavier than males, and AdhFF flies were slightly but significantly heavier than 

AdhSS flies (Table 2). All selected lines showed an increase in adult body weight 

compared to the control lines. This increase was significant in all AdhFF selected lines 

for both sexes, except for WHO-FF males (Figure 3). For the AdhSS lines, the females of 

selected lines did not shown a significant higher body weight compared to controls 

while the increase was significant in males for ADU-SS and WHO-SS. 

 

Adult protein content: ANOVA for adult protein content (Table 1) showed significant 

effects for all three main factors and interactions between these factors. Table 2 shows 

higher protein content per mg of fly in males than in females, and higher in AdhFF than 

AdhSS flies. ADU and WHO selection procedures did not show significant effects (Table 

2) while LAR exhibited a significant decrease in adult protein content. 

 

Figure 4 shows the protein content for each Adh genotype and each sex. The flies 

selected at the adult stage (ADU) did not show any modification in protein content, 

except for ADU-SS males for which a significant decrease was observed. For the LAR 

selected lines the decrease was significant for the AdhFF flies of both sexes, and not 

significant for LAR-SS adults. For the WHO selection procedure, a significant decrease 

was observed for WHO-SS males, but not for WHO-SS females and for WHO-FF 

males and females. 

 

Developmental time on standard medium: ANOVA for developmental time (Table 1) 

shows a significant effect of the three main factors (genotype, sex and selection 

procedure) and for the interaction between genotype and selection procedure,  but not 

for the interactions between genotype and sex, sex and selection procedure, and 

between these three factors. Table 2 shows shorter developmental time for females 

compared to males. We observed also a faster development for AdhFF flies compared to 

AdhSS. All the three selection procedures showed a significantly slower developmental 
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time compared to control, while ADU had a significantly slower development compared 

to the two other selection procedures. The details given in Figure 5 show a clear 

difference between the two Adh genotypes. For the AdhFF lines, developmental time was 

slower for the three selection procedures compared to control for both males and 

females, while no significant difference was observed for the three AdhSS selected lines. 

Developmental time for WHO-SS, not significantly different from CON-SS, presented 

large standard errors due to a deviating value. 

 

 

- Responses in third instar larvae 

 

Larval ADH activity: Significant effects on larval ADH activity were observed for Adh 

genotype and selection procedure, but not for the interaction between them (Table 3). 

AdhFF larvae exhibited ADH activities three times higher than AdhSS (Table 4). ADU 

and LAR selection procedures did not show significant modification on larval ADH 

activity, while the WHO selection procedure exhibited a significant increase (Table 4). 

Figure 7 shows that this significant increase was only due to the increase in WHO-FF 

larvae. 

 

Larval body weight: ANOVA for larval body weight (Table 3) shows a highly 

significant effect of the selection porcedure, while Adh genotype and the interaction 

between the two factors did not show a significant effect on larval weight. Larvae of the 

two genotypes had similar body weights and ADU and WHO exhibited a significant 

increase in larval weight compared to control (Table 4). Figure 8 shows significant 

increase in body weight for the AdhFF larvae (ADU-FF and WHO-FF) but no significant 

increase in AdhSS larvae. The difference between the two control lines CON-SS and 

CON-FF, 18.8 mg and 19.7 mg respectively, was not significant. 

 

Larval protein content: Adh genotype, selection procedure and interaction between these 

two factors had significant effects on larval protein content (Table 3). As for the adults, 

protein content in AdhFF larvae was significantly higher than in AdhSS larvae. A 

significant decrease was observed in ADU and WHO, but not in LAR (Table 4). Figure 

9 shows that the general decrease observed in the selected lines was significant in ADU-

FF and WHO-FF only. 
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DISCUSSION 
 

Following 20 (ADU) and 25 generations (LAR and WHO) of selection for increased 

resistance to ethanol, significant direct responses are found for both adult and juvenile 

stages (Tables 2 and 4). According to the type of selection procedure, survival on 

ethanol medium increases preferentially at the corresponding life stage. Table 5 shows a 

summary of direct and indirect responses to selection for adults and larvae. Clearly the 

two lines selected at the adult life stage (ADU-SS and ADU-FF) present a significant 

higher adult survival on ethanol medium than the two correspondent control lines 

(CON-SS and CON-FF), while the lines selected at the larval stage (LAR-SS and LAR-

FF) do not differ significantly from the two control lines (Table 5). Furthermore, egg-to-

adult survival on ethanol medium for LAR-SS and LAR-FF is significantly higher 

compared to CON-SS and CON-FF respectively, while egg-to-adult survival in ADU-

SS and ADU-FF is not significantly different from the correspondent control lines. 

Some genes are apparently specifically involved in alcohol resistance in either the adult 

or the juvenile stages. The results in the WHO selection procedure obtained for both 

adult survival and egg-to-adult survival are in the majority of cases similar to those 

observed in the LAR selection procedure (Table 5). 

 

- Adult resistance to ethanol and ADH activity in the selected lines 

Alcohol dehydrogenase is involved in the alcohol metabolism and plays an important 

role in alcohol tolerance. The higher enzyme activity of the AdhFF genotype explains the 

higher average survival compared to AdhSS observed for both juvenile and adult stages 

(Table 1 and 4). Several studies showed a positive correlation between alcohol 

resistance and ADH activity (David et al., 1976; Kamping and van Delden, 1978) while 

Adh-null mutants are extremely sensitive to ethanol (David et al., 1976; Kerver and 

Rotman, 1987; Bijlsma and Bijlsma-Meeles, 1991). However, it is interesting to notice 

the virtually similar adult survival of males of CON-SS and CON-FF lines, while the 

ADH activity is four times higher for CON-FF flies.This result is different from the 

results of most studies but is in accordance with Mercot et al. (1994) who found that 

populations with similar ethanol tolerances can exhibit considerable differences in ADH 

activity. Furthermore, several other studies (van Delden and Kamping, 1983; Barbancho 

et al., 1987; Pecsenye et al., 1997; Oppentocht, 2001) show  the absence of correlation 

between alcohol resistance and ADH activity between different lines. 
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Nevertheless, the significantly higher adult survival for the ADU flies is generally 

accompanied with a similar higher ADH activity (Table 5 and Figure 1 and 2). For LAR 

and WHO, the increase in adult survival is much more limited compared to CON 

(Figure 1) but is still significant when the results of both Adh genotypes and both sexes 

are put together (Table 2). For the WHO selection procedure, this slight increase in 

survival was accompanied by a significant increase in ADH activity while for the LAR 

selection procedure adult ADH activity is still similar to the CON lines. In the ADU and 

the WHO selection procedures, the adults are exposed to ethanol, while this is never the 

case in the LAR selection procedure. Apparently, the presence of ethanol in the feeding 

medium selects for adults with higher ADH activity. However, the slight overall 

increase in adult alcohol tolerance in LAR without an increase in adult ADH activity 

(Table 2) demonstrates that other factors are involved in that resistance. 

 

- Juvenile resistance to ethanol and ADH activity in the selected lines 

For the juvenile stages, a significant increase in egg-to-adult survival is observed only 

in LAR and WHO selection procedures, where the eggs are laid on ethanol medium and 

where the larvae grew up in this medium. In the ADU selection procedure, where eggs, 

larvae and pupae are only in contact with standard medium without ethanol, egg-to-

adult survival is not significantly different from the CON lines for both Adh genotypes 

(Figure 6). The overall figures, including AdhSS and AdhFF genotypes, show however a 

slight but significant increase for ADU (Table 4). ADH activities of third instar larvae 

in the selected lines do not differ from the control lines (Table 5) with one exception for 

WHO-FF which exhibit an activity more than doubled compared to CON-FF larvae. 

ADH does not seem to be involved in the specific increase in egg-to-adult survival 

observed in LAR-SS and LAR-FF, and other factors are probably involved. 

 

According to the life stage, a difference appears in the adaptation to the same 

environmental stress: the ADH metabolic pathway seems to play an important role in 

the increase in adult alcohol tolerance, while it seems to have a limited role in the 

increase in juvenile tolerance. In both cases, our results provide evidence that other 

factors are involved in ethanol tolerance, factors which are specific to the life stage. An 

increase in the resistance to a particular environmental stress is generally correlated to 

modifications of various traits such as body weight (van Delden and Kamping, 1983), 
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developmental time (Oudman et al., 1991, Loeschcke and Krebs, 1996; Fry, 2001) or 

the resistance to other environmental stresses (Hoffmann and Parsons, 1989a,). Is the 

selection for alcohol resistance at different life stages associated with such 

modifications in other traits which could explain the specific increase in alcohol 

tolerance? 

 

- Body weight and alcohol tolerance 

Several authors have studied the relation between the selection for an increase in 

alcohol tolerance and adult body weight, using a procedure of selection similar to the 

WHO selection procedure. The results are not consistent among the different studies. In 

1983, van Delden and Kamping found a higher adult weight for the flies after selection 

for alcohol tolerance. Bokor and Pecsenye (1997) didn’t observe any consistent change 

in adult weight for the flies from the exposure lines (EL) compared to the normal lines 

(NL). Oppentocht (2001) even found a significant decrease in body weight for the AdhSS 

strains selected for alcohol tolerance, but a significant increase for one of the two AdhFF 

selected strains. The result obtained in our selection experiment shows an overall 

increase in adult body weight for all three selection procedures, most pronounced in the 

AdhFF lines. 

 

The increase in adult body weight in ADU-FF may be linked to the increase in adult 

survival on ethanol medium in this line. A positive correlation between body weight and 

resistance has been reported in Drosophila for several other environmental stresses 

(Parsons, 1973; Hallas et al., 2002). AdhFF flies have a quite high ADH activity 

compared to the AdhSS flies, and it may be possible that selection for increased alcohol 

tolerance acts first on body size and body weight. But for the AdhSS flies, which have a 

lower ADH activity, it is possible that selection acts first for an increase in ADH 

activity. Van Dijk (1981) found an allometric effect between body weight and ADH 

activity, which gives an extra advantage for the larger flies in the presence of ethanol in 

the environment. 

 

It is remarkable that LAR-FF flies show also a significant increase in adult body weight 

which is not associated with an increase in adult survival (Table 5). The Pearson’s 

correlation coefficient between adult weight and developmental time showed a highly 

significant positive correlation for both Adh genotypes and both sexes (r=0.54 and 
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r=0.71 for AdhSS males and females respectively, and r=0.56 and  r=0.52 for AdhFF 

males and females respectively; P<0.001 in all cases). The increase in adult body weight 

then may be due to the selection for increased alcohol tolerance, the bigger flies 

surviving better on ethanol medium, but it can also be the result of a longer 

developmental time. In LAR-FF, the increase in adult body weight is not linked with an 

increase in adult survival but with an increase in develpomental time, and seems to be a 

secondary result of the increase in egg-to-adult survival. 

 

Body weight of third instar larvae does not seem necessarily to be involved in egg-to-

adult survival on ethanol medium. A significant increase in larval body weight 

correlated with juvenile survival is found only in WHO-FF (Table 5). 

 

- Developmental time and alcohol tolerance 

An increase in developmental time on standard medium, without alcohol, was 

previously reported for strains of D. melanogaster selected for alcohol tolerance which 

correspond with the way the present WHO selection procedure (Kerver and van Delden, 

1985; Oppentocht, 2001). However, Fry (2001) showed, after selection for ethanol 

resistance with the same procedure, an increase in developmental rate on ethanol-

supplemented food, but not on regular food. 

 

AdhFF flies from the control strain develop faster than the control AdhSS flies, for both 

males and females. This is in accordance with Oakeshott (1976), van Delden and 

Kamping (1979), Kerver and van Delden (1985) and Oudman et al. (1991). However, 

van’t Land (1997) and Oppentocht (2001) found that AdhSS lines developed faster than 

AdhFF lines. After selection for alcohol tolerance, developmental time for the three 

procedures of selection of the AdhFF lines increases to reach the same level as the AdhSS 

lines. In our work, this trait responds to selection for increased alcohol tolerance in two 

different ways according to Adh genotype. Developmental times in the AdhFF are 

considerably prolonged for both males and females in the three selection procedures, 

while in the AdhSS no significant differences are found between the three selection 

procedures and the control (Table 5 and Figure 5). 

 

Developmental time does not seem to play a role in the increase in juvenile tolerance in 

LAR-SS and WHO-SS, and in the increase in adult tolerance in ADU-SS. On the 
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contrary, the longer developmental time in AdhFF selected lines is linked with both 

juvenile and adult alcohol tolerance. The mechanisms resulting in this increase in 

developmental time may be different according to the life stage in which increased 

alcohol tolerance is observed. The increase in adult tolerance may be linked to adult 

body weight, the larger flies exhibiting the best survival on ethanol medium, and then 

consequently to the developmental time. A longer developmental time may indicate a 

higher critical pupation weight and consequently a bigger adult fly. On the contrary, the 

increase in juvenile alcohol tolerance may be directly linked to the  longer 

developmental time, which is probably the result of a lower metabolic rate as an 

adaptation to an environmental stress, as seen in lines selected for increased dessication 

resistance (see Hoffmann and Parsons, 1991; Jenkins et al., 1997) and in lines selected 

for increased starvation resistance (Chippindale et al., 1996). Furthermore, in the case 

of alcoholic stress, an extra advantage for a longer developmental time is that ethanol 

rapidly evaporates and is eliminated from the medium (van’t Land, 1997), allowing the 

larvae to develop in a medium with less ethanol. However, the complexity of the 

metabolic response to a stress and the fact that a trait like developmental time is only 

partly under genetic control makes  the interpretation of these results difficult (see also 

Parsons, 1997; Clark and Fucito, 1998). 

 

- Modifications of protein content 

Between the lines showing an increase in adult survival on ethanol medium, no 

modification is found in adult protein content, except for a decrease in ADU-SS males. 

Parallely, between the lines showing an increase in juvenile survival, a significant 

modification of larval protein content was found only in one case, WHO-FF. These 

results tend to indicate that protein content does not play a major role in the increase in 

alcohol tolerance level in both adult and juvenile stages. 

 

A significant negative correlation appears between body weight and protein content for 

both life stages and for both Adh genotypes. Effectively, Table 5 shows a clear 

relationship between the increase in adult or larval body weight in several selected lines 

and the correspondent decrease of protein content. This point allows us to assume that 

the increase in weight was probably essentially due to an increase in fat content, which 

means a decrease in the proportion of protein (protein content was calculated per mg of 

fly or larva). Service (1987) found that D. melanogaster lines with high lipid content 
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were more resistant to environmental stresses. Additional experiments are needed to 

determine the lipid content in both larvae and adults of the selected lines and their link 

with ethanol tolerance. Particularly the membrane composition which may have an 

important effect in the resistance to alcohol needs further study (Geer et al., 1986; 

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

2002). 

 

The selected lines are now well adapted to an environment containing ethanol during a 

particular life stage. Such adaptation to a particular environment is often paralleled to a 

reduction in fitness in an other environment (Partridge et al., 1994 ; Fellowes et al., 

1998, 1999). Egg-to-adult survival and adult survival on regular medium, without 

ethanol, did not show any difference between selected and control lines. If a negative 

effect in fitness exists for the selected lines, it is not linked with short-term survival 

under optimal conditions. Other fitness effects like survival under crowded conditions, 

mating success, egg production or long-term survival on standard medium were not 

examined. Furthermore, it is possible that under other stress conditions lower fitness 

will be observed in the selected lines. 

 

To conclude, two factors were involved in our study in adult ethanol tolerance: adult 

ADH activity and adult body weight, both increased significantly in the lines selected at 

the adult stage (Table 5). For juvenile tolerance, ADH certainly plays an important role 

(Adh null mutant cannot survive on ethanol medium), but ADH activity on medium 

without ethanol was not modified by the selection regime (Table 5). However, as the 

Adh gene has a complex regulatory system with two different promoters, 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). It is possible that this pattern of regulation plays a role in the 

tolerance to ethanol, especially during the juvenile development. Furthermore, the 

measurement of ADH activities in larvae concerned third instar larvae, and differences 

during early stages may play a role (see chapter 3). Finally, Adh is highly inducible by 

ethanol in larvae (Geer et al., 1988) and selection for increased juvenile resistance may 

act on this point (see chapter 4).  
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Two other factors seem to have a role in juvenile resistance: a lower developmental rate 

for the AdhFF selected lines, and an eventual modification in lipid content, not tested 

here. These two traits are not specific to ethanol resistance, and must be correlated with 

increased tolerance to other toxic compounds. Other traits not tested in this chapter like 

oviposition behavior may also have been selected differently according to the life stage 

and the selection procedure (Kamping and van Delden, 1990; Cadieu et al., 1997; 

Siegal and Hartl, 1999). 
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Table 1: Summary of ANOVAS for adult survival on 30% ethanol food, adult ADH 
activity, adult body weight, adult protein content and developmental time. Genotype 
(AdhSS or AdhFF), sex and selection procedure are the main factors. 
 
 

ns: not significant; *: P<0.05; **: P<0.01; ***: P<0.001 

 
Adult 

survival 
(LT50) 

Adult 
ADH 

activity 

Adult 
body 

weight 

Adult 
protein 
content 

Developmental 
time 

Genotype (A) *** *** *** *** * 
Sex (B) *** *** *** *** *** 
Selection procedure (C) *** *** *** ** *** 
A x B *** *** ** *** ns 
A x C ** *** *** *** *** 
B x C ns ns ** * ns 
A x B x C ns ns ** ** ns 
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Table 2: Tukey tests for comparison of means for the main factors after the ANOVAS 
presented in Table 1. Adult survival is expressed as the lethal time 50 (LT50) in hours 
on 30% ethanol medium. ADH activity is expressed in ηmol NADH.min-1.µg prot-1, 
body weight in mg for 10 flies, protein content in µg of protein per mg of fly, 
developmental time in hours. Standard errors are indicated between brackets. 
 
 

  
Adult 

survival 
(LT50) 

Adult 
ADH 

activity 

Adult 
body weight 

Adult 
protein 
content 

Developmental 
time 

Genotype AdhSS 20.29a (2.11) 0.17a (0.01) 10.96a (0.29) 92.51a (2.59) 237.34a (1.08) 
 AdhFF 42.91b (2.99) 0.69b (0.02) 11.47b (0.32) 100.73b (2.04) 235.22a (1.00) 
       
Sex Males 37.67b (2.59) 0.53b (0.05) 8.56a (0.05) 113.70b (1.10) 239.33b (0.96) 
 Females 25.53a (3.00) 0.32a (0.02) 13.87b (0.09) 79.53a (0.96) 233.23a (0.94) 
       
Selection proced. CON 17.04a (1.80) 0.39a (0.05) 10.73a (0.40) 98.65a (3.55) 231.76a (1.20) 
 ADU 48.85c (5.31) 0.48b (0.06) 11.39b (0.44) 97.33a (3.33) 240.92c (0.91) 
 LAR 27.85b (3.23) 0.40a (0.04) 11.43b (0.44) 94.54a (3.39) 236.76b,c (1.21) 
 WHO 32.65b (3.48) 0.48b (0.05) 11.30b (0.45) 95.94a (3.30) 235.69a,b (1.86) 

Means with a different superscript letter within each main factor are significantly different at the 5% 
level. 
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Table 3 : Summary of ANOVAS for egg-to-adult survival on 21% ethanol medium, 
larval ADH activity, larval body weight and larval protein content. Genotype (AdhSS or 
AdhFF) and selection procedure are the main factors. 
 

 Egg-to-adult 
survival 

Larval 
ADH activity 

Larval 
body weight 

Larval 
protein content 

Genotype (A) *** *** ns *** 
Selection procedure (B) *** *** *** *** 
A x B ns ns ns *** 
ns: not significant; ***: P<0.001 
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Table 4: Tukey tests for comparison of means for the main factors after the ANOVAS 
presented in Table 3. Egg-to-adult survival is expressed as the proportion of adults 
emerging from eggs transferred on 21% ethanol medium. ADH activity is expressed in 
nmol NADH.min-1.µg prot-1, body weight in mg for 10 flies, protein content in µg of 
protein per mg of larva. Standard errors are indicated between brackets. 
 

  Egg-to-adult 
survival 

Larval 
ADH activity 

Larval 
body weight 

Larval 
protein 
content 

Genotype AdhSS 0.52a (0.03) 0.24a (0.01) 20.20a (0.18) 41.26a (0.40) 
 AdhFF 0.60b (0.02) 0.68b (0.05) 20.00a (0.21) 48.45b (0.65) 
      
Selection procedure CON 0.43a (0.03) 0.35a (0.04) 19.20a (0.26) 47.09c (1.29) 
 ADU 0.53b (0.04) 0.45a (0.06) 20.90c (0.25) 44.07a,b (1.06) 
 LAR 0.65c (0.01) 0.37a (0.04) 19.90a,b (0.18) 45.30b,c (1.34) 
 WHO 0.64c (0.02) 0.65b (0.11) 20.30b,c (0.30) 42.95a (0.79) 
Means with a different superscript letter within each main factor are significantly different at the 5% 
level. 
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Table 5 : Summary of direct and indirect responses 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 ns +  + ns + 
ADH activity + + ns  ns + ns  + ns ns  ns ns ns  + ns ns  ns ns + 
Body weight + ns ns  + + +  ns ns ns  + + ns  + ns ns  ns + + 
Prot. content - ns ns  ns ns -  ns ns ns  - - ns  - ns ns  ns ns - 
Develop. time ns ns nd  + + nd  ns ns nd  + + nd  ns ns nd  + + nd
ns: not significant effect; +: positive effect; -: negative effect; nd: not determined 
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Adult survival
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Figure 1 : Adult survival on 30% ethanol medium of control and selected lines of both 
Adh genotypes and both sexes. Vertical bars indicate standard errors of the mean and * 
indicates a significant difference between the selected and the correspondent control 
line. 
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Adult ADH activity
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Figure 2 : Adult ADH activity of control and selected lines of both Adh genotypes and 
both sexes. Vertical bars indicate standard errors of the mean and * indicates a 
significant difference between the selected and the correspondent control line. 
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Adult body weight
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Figure 3 : Adult body weight of ten flies of control and selected lines of both Adh 
genotypes and both sexes. Vertical bars indicate standard errors of the mean and * 
indicates a significant difference between the selected and the correspondent control 
line. 
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Adult protein content
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Figure 4 : Adult protein content of control and selected lines of both Adh genotypes and 
both sexes. Vertical bars indicate standard errors of the mean and * indicates a 
significant difference between the selected and the correspondent control line. 
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Developmental time
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Figure 5 : Developmental time of control and selected lines of both Adh genotypes and 
both sexes. Vertical bars indicate standard errors of the mean and * indicates a 
significant difference between the selected and the correspondent control line. 
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Egg-to-adult survival
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Figure 6 : Egg-to-adult survival on 21% ethanol medium of control and selected lines 
of both Adh genotypes. Vertical bars indicate standard error of the mean and * indicates 
a significant difference between the selected and the correspondent control line. 
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Larval ADH activity
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Figure 7 : Larval ADH activity of control and selected lines of both Adh genotypes. 
Vertical bars indicate standard error of the mean and * indicates a significant difference 
between the selected and the correspondent control line. 



Selection in different life stages. Direct and indirect responses 

 61

Larval weight
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Figure 8 : Larval body weight (per ten larvae) of control and selected lines of both Adh 
genotypes. Vertical bars indicate standard error of the mean and * indicates a significant 
difference between the selected and the correspondent control line. 
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Larval protein content
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Figure 9 : Protein content in third instar larvae of control and selected lines of both Adh 
genotypes. Vertical bars indicate standard error of the mean and * indicates a significant 
difference between the selected and the correspondent control line. 
 




