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Contrasted effects of suppressing live yeast from food on longevity, aging and resistance to several stresses in Drosophila melanogaster
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It is often accepted that dietary restriction (DR) increases longevity in Drosophila melanogaster, but this is still a controversial issue. In the present study, adult flies were fed on a rich nutritious medium to which live yeast, a source of proteins, was added or not. Suppressing live yeast did not always increased longevity of virgin flies, but increased it in mated flies. It also decreased fecundity, delayed behavioral aging and increased resistance to heat of young females only. However, flies without live yeast suffered from a reduced resistance to cold, starvation and infection. This study thus reports some positive effects of suppressing live yeast on longevity, contrarily to previous studies of the same laboratory using other DR methods, but also shows that the absence of live yeast increases frailty. The effects of live yeast in flies are thus contrasted, and it is probable that flies without a high amount of proteins in the diet would not survive for a long time in the wild, due to their inability to resist stress and their low fecundity.

Introduction

Dietary restriction (DR) increases longevity in many vertebrate or invertebrate species (see, e.g., the issue 9, volume 126 of Mechanisms of Ageing and Development, 2005). However, DR does not increase longevity in DBA/2 mice [START_REF] Forster | Genotype and age influence the effect of caloric intake on mortality in mice[END_REF] and in all tested species, particularly in the flies Musca domestica [START_REF] Cooper | Effect of caloric restriction of the housefly, Musca domestica[END_REF] and Ceratitis capitata [START_REF] Carey | Life history response of Mediterranean fruit flies to dietary restriction[END_REF]. There is a debate regarding the effect of DR in Drosophila melanogaster (Le [START_REF] Bourg | Does dietary restriction really increase longevity in Drosophila melanogaster?[END_REF] and in human beings (see the issue 3, volume 7 of Biogerontology, 2006). Besides longevity, the effects of DR on aging have also been studied, mainly in rodents. DR improves motor performance at old age [START_REF] Ingram | Dietary restriction benefits learning and motor performance of aged mice[END_REF][START_REF] Means | Mid-life onset of dietary restriction extends life and prolongs cognitive functioning[END_REF][START_REF] Fitting | Effects of chronic adult dietary restriction on spatial learning in the aged F3445BN hybrid F1 rat[END_REF], delays or decreases the incidence of age-related pathologies (e.g. [START_REF] Cheney | Survival and disease patterns in C57BL/6J mice subjected to undernutrition[END_REF][START_REF] Bronson | Reduction in rate of occurence of age related lesions in dietary restricted laboratory mice[END_REF][START_REF] Blackwell | Longevity, body weight, and neoplasia in ad libitum-fed and diet-restricted C57BL6 mice fed NIH-31 open formula diet[END_REF], and improves resistance to heat [START_REF] Hall | Caloric restriction improves thermotolerance and reduces hyperthemia-induced cellular damage in old rats[END_REF]. Either positive effects of DR on learning at old age, absence of effects, and even deleterious effects have been reported (compare, respectively, Ingram et al., 1987[START_REF] Markowska | Life-long diet restriction failed to retard cognitive aging in Fischer-344 rats[END_REF][START_REF] Yanai | Long-term dietary restriction causes negative effects on cognitive function in rats[END_REF]. In contrast, DR decreases resistance to cold [START_REF] Campbell | Effect of chronic undernutrition on susceptibility to cold stress in young adult and aged rats[END_REF], to influenza [START_REF] Gardner | Caloric restriction decreases survival of aged mice in response to primary influenza infection[END_REF], and to parasite infection [START_REF] Kristan | Chronic calorie restriction increases susceptibility of laboratory mice (Mus musculus) to a primary intestinal parasite infection[END_REF]. Therefore, the effect of DR on longevity of rodents is mostly positive whereas that on aging can be either positive, negative, or absent (see also [START_REF] Masoro | Overview of caloric restriction and ageing[END_REF].

Another model widely used in DR studies is D. melanogaster. Contrasted effects of DR on longevity have been reported. Feeding for a part of the day, i.e. intermittent feeding, did not increase longevity [START_REF] Kopec | On the influence of intermittent starvation on the longevity of the imaginal stage of Drosophila melanogaster[END_REF][START_REF] Bourg | Food restriction and longevity in Drosophila melanogaster[END_REF]. Dilution of a rearing medium containing dry yeast had no effect on longevity [START_REF] David | Quantitative under-feeding of Drosophila: effects on adult longevity and fecundity[END_REF][START_REF] Soh | Dietary restriction in Drosophila is dependent on mitochondrial efficiency and constrained by preexisting extended longevity[END_REF] or increased it (e.g. [START_REF] Chapman | Female fitness in Drosophila melanogaster: an interaction between the effect of nutrition and of encounter rate of males[END_REF]review in Tatar, 2007). However, fecundity and longevity can be very low on the [START_REF] Chapman | Female fitness in Drosophila melanogaster: an interaction between the effect of nutrition and of encounter rate of males[END_REF] SY medium containing sugar and yeast but no corn flour (Le [START_REF] Bourg | Does dietary restriction really increase longevity in Drosophila melanogaster?[END_REF][START_REF] Mockett | Effects of caloric restriction are species-specific[END_REF]; see also [START_REF] Partridge | Dietary restriction in Drosophila[END_REF]. [START_REF] Bass | Effects of resveratrol on lifespan in Drosophila melanogaster and Caenorhabditis elegans[END_REF] observed longevity on the SY medium and on the SY medium to which corn flour was added (MSY medium). Mated males and females had a median longevity of ca 35 and 25 days on the SY medium and of 50 and 45 days on the MSY medium, respectively (see table 2 in [START_REF] Bass | Effects of resveratrol on lifespan in Drosophila melanogaster and Caenorhabditis elegans[END_REF]. Since [START_REF] Bass | Effects of resveratrol on lifespan in Drosophila melanogaster and Caenorhabditis elegans[END_REF] showed that longevity is much lower on the SY medium than on the MSY one, it can be concluded that using the SY medium in DR studies (review in [START_REF] Partridge | Dietary restriction in Drosophila[END_REF] is not the best strategy to show that DR really increases longevity (see also [START_REF] Mockett | Effects of caloric restriction are species-specific[END_REF].

Using a medium containing corn flour, in addition to dry yeast and sugar, allowed to observe rather high longevities, even in mated flies, and increasing or decreasing the dry yeast component decreased longevity (Min and Tatar, 2006a).

Besides the dilution of the rearing medium procedure, [START_REF] Chippindale | Phenotypic plasticity and selection in Drosophila life-history evolution. I. Nutrition and the cost of reproduction[END_REF] and Le [START_REF] Bourg | Failure to confirm increased longevity in Drosophila melanogaster flies submitted to a food restriction procedure[END_REF] diluted only the live yeast added on the surface of a rearing medium. The first authors observed that decreasing live yeast increased longevity of mated males and females, whereas Le [START_REF] Bourg | Failure to confirm increased longevity in Drosophila melanogaster flies submitted to a food restriction procedure[END_REF] observed no change in virgin flies and mated males and a longevity increase in mated females. This longevity increase in mated females could be linked to the fecundity decrease which is observed when live yeast is diluted [START_REF] Chippindale | Phenotypic plasticity and selection in Drosophila life-history evolution. I. Nutrition and the cost of reproduction[END_REF][START_REF] Simmons | An analysis of resource allocation in response to dietary yeast in Drosophila melanogaster[END_REF]. However, it remains that [START_REF] Chippindale | Phenotypic plasticity and selection in Drosophila life-history evolution. I. Nutrition and the cost of reproduction[END_REF] and Le [START_REF] Bourg | Failure to confirm increased longevity in Drosophila melanogaster flies submitted to a food restriction procedure[END_REF] observed different effects of DR in mated males: the different media used in these two studies could explain this difference. [START_REF] Chippindale | Phenotypic plasticity and selection in Drosophila life-history evolution. I. Nutrition and the cost of reproduction[END_REF] used a medium containing dry yeast, agar, and sugar, whereas Le [START_REF] Bourg | Failure to confirm increased longevity in Drosophila melanogaster flies submitted to a food restriction procedure[END_REF] used the S101 medium of [START_REF] Pearl | Culture media for Drosophila. II. A new synthesis medium and its influence on fertility at different densities of populations[END_REF] made of sugar, agar, and minerals. When the S101 medium is not supplemented with live yeast, longevity is low (ca 3 weeks: [START_REF] Alpatov | Experimental studies on the duration of life. XIII. The influence of different feeding during the larval and imaginal stages of life of the imago of Drosophila melanogaster[END_REF]; Le [START_REF] Bourg | Failure to confirm increased longevity in Drosophila melanogaster flies submitted to a food restriction procedure[END_REF] and flies cannot complete development (unpublished observations of the second author). [START_REF] Good | Age-specific mortality and reproduction respond to adult dietary restriction in Drosophila melanogaster[END_REF] also showed that longevity of several wild-type strains was twice higher in both sexes on an agarsugar-corn flour-dry yeast medium supplemented with live yeast (ca 40-45 days) than on the same medium without live and dry yeast (ca 25 days).

All these results on D. melanogaster indicate that the quality of the control medium is of importance in DR studies. It can be wondered whether DR would still have positive effects on longevity if the lifespan of DR and control groups would be high, i.e. if it could be sure that a positive effect of DR is not due to a low longevity of the control group. As an attempt to reconcile the results of [START_REF] Chippindale | Phenotypic plasticity and selection in Drosophila life-history evolution. I. Nutrition and the cost of reproduction[END_REF] and of Le [START_REF] Bourg | Failure to confirm increased longevity in Drosophila melanogaster flies submitted to a food restriction procedure[END_REF], in the present study we have thus recorded longevity on the usual agar-sugar-corn flour-dry yeast medium supplemented or not with live yeast. This medium supplemented with live yeast at its surface provides a rather high longevity of ca 40-50 days in males and 50-60 days in females (e.g. Le [START_REF] Bourg | A mild stress due to hypergravity exposure at young age increases longevity in Drosophila melanogaster males[END_REF] and allows flies to complete development. Our rationale was that removing live yeast would not decrease longevity or impair development, due to malnutrition, because this medium would still contain a source of proteins (dry yeast).

Therefore, comparing longevity on the same medium with or without live yeast could show whether removing this important source of proteins can increase longevity. Observing a longevity increase when live yeast is removed would thus be a strong argument for a positive effect of DR on longevity in D. melanogaster. Obviously, it could be argued that removing only one component of the medium, as in the present study, cannot be strictly considered as a DR procedure. However, since other authors have used the generic term "dietary restriction" to describe very different procedures varying the quantity of nutrients (review in [START_REF] Tatar | Diet restriction in Drosophila melanogaster[END_REF], it seems of interest to provisionnally use this term.

Removing live yeast decreases fecundity [START_REF] Chippindale | Phenotypic plasticity and selection in Drosophila life-history evolution. I. Nutrition and the cost of reproduction[END_REF][START_REF] Simmons | An analysis of resource allocation in response to dietary yeast in Drosophila melanogaster[END_REF]. As virgin females lay less eggs and live longer than mated females [START_REF] Boulétreau-Merle | Biological factors[END_REF], using both virgin and mated females could thus provide contrasted effects of DR, because the DR effect on longevity is expected to be of a lower magnitude in virgin than in mated females if there is a trade-off between egg-laying and longevity (discussion in e.g. Le Bourg and[START_REF] Bourg | Does dietary restriction really increase longevity in Drosophila melanogaster?[END_REF][START_REF] Tatar | Diet restriction in Drosophila melanogaster[END_REF]; see also [START_REF] Lee | Lifespan and reproduction in Drosophila: new insights from nutritional geometry[END_REF].

Therefore, in the present study, longevity was recorded in mated and virgin flies of both sexes. Furthermore, we also observed viability of the eggs and, at various ages, resistance to various stresses (heat, cold, starvation, infection), climbing activity and fecundity.

Live yeast is not expected to increase viability if the standard medium allows completion of development. By contrast, observing a decreased viability when there is no live yeast would show that this medium is poorly nutritious.

Only a few authors have studied the effects of DR on aging. Observing behavioral aging allows to know whether DR has similar effects on aging and longevity or not. For instance, [START_REF] Bross | Behavioral, physical, and demographic changes in Drosophila populations through dietary restriction[END_REF], using the SY medium, observed a longevity increase in each sex when the medium was diluted, but no effect on locomotor activity at 3 weeks of age. [START_REF] Bhandari | Dietary restriction alters demographic but not behavioral aging in Drosophila[END_REF] observed a longevity increase with dilution of the SY medium, but the age-related decrease of climbing activity (the ability to climb up the vertical side of a vial) was similar in all dilution groups.

Finally, the effects of DR on resistance to stress and on longevity could be similar or not. For instance, [START_REF] Burger | The functional costs and benefits of dietary restriction in Drosophila[END_REF] observed a longevity increase when the SY medium was diluted, but DR flies were less resistant at old age to starvation, oxidative stress, or cold.

Material and methods

Flies

The experimental flies were adult males and females of the wild strain Meyzieu caught near Lyon in France at the end of the 1970s. This strain is maintained by mass-mating (several bottles containing hundreds of flies mixed every two weeks) on the standard medium (distilled water: 78.9% w/w, agar: 1.5%, sugar: 10.1%, corn meal: 7.9% and killed yeast:

1.2%) containing a mold inhibitor (para-hydroxymethyl-benzoic acid) and enriched with live yeast at the surface of the medium. Experimental flies were obtained as follows: eggs laid by 5 day-old flies during a 15 h period by 50 pairs were transferred by batches of 25 into 80-ml glass vials containing the medium described above. At emergence, virgin flies with a duration of preimaginal development of 9-10 days were transferred under ether anesthesia in groups of 15 or 16 flies into 20 ml polystyrene vials containing the standard medium with or without a drop of live yeast. Vials contained virgin males, virgin females or 8 pairs. Flies without or with live yeast at the surface of the medium are called, respectively, the Dietary Restriction (DR) and control flies. Virgin flies were transferred to new vials twice a week. Mated flies were transferred to new vials thrice a week because larvae break up the medium rapidly. Flies spent their life in an incubator; the rearing temperature was 25 ± 0.5°C; light was on from 07.00 to 19.00 h (fluorescent lamp). Relative humidity was about 60% or more into the vials.

Experimental groups

Except when indicated, experiments used mated/virgin, DR/control males and females, thus for a total of 8 groups of flies.

Longevity experiments

Two longevity series of experiments were carried out.

In a first series, the effect of DR on longevity was observed daily from emergence. No longevity record was done until these ages.

In all experiments, 5-6 vials of virgin flies or 8-10 vials of mated flies were used in each group. The longevity results of each experiment were analyzed with factorial ANOVAs testing for the effect of sex, mating and DR status, and all interactions.

Fecundity

Females were placed at emergence in laying boxes (40  55  80 mm) derived from the model designed by [START_REF] David | A new method for measuring egg production without disturbing the flies[END_REF]. Each box contained either a single virgin female or a female with a male of the same age. A dish (diameter: 40 mm, height: 15 mm) containing the rearing medium colored in black with charcoal was inserted into an opening at the bottom of the box. A drop of live yeast was put on the medium or not, depending on the group. Control and DR females were thus either virgin or mated (n = 15 females in each group).

Dishes were replaced daily and eggs were counted under binocular vision until the death of the last female (white eggs are easily seen on the black medium). Males that died or escaped were replaced by a mated male of the same age and group (control or DR), which occurred only twice during the experiment. The 5 females that were killed or escaped during the daily changes of medium were discarded from the results. The mean number of eggs laid throughout life was analyzed with a factorial ANOVA testing for the effect of mating and DR status, and their interaction.

Viability

Eggs laid by 5 day-old flies during a 15 h period by 50 pairs were transferred by batches of 25 into 20 ml polystyrene vials containing the standard medium. One half of the vials was supplemented with a large amount of live yeast at the surface of the medium, whereas the second half had no live yeast. Twenty vials were used in each condition. From the first day of emergence and during 8 days, flies were counted and sexed. The effect of rearing with or without live yeast on sex-ratio and on the percentage of live imagoes (i.e. viability) was analyzed with 2 tests. Three replicates of this experiment were done later with 10 vials in each condition.

Resistance to heat

The survival time in a water-bath set at 37°C was observed at 1 week of age and every week until the age of 5 weeks. Flies were transferred just before shock into empty polystyrene vials (diameter: 17 mm, length: 63 mm), the plug containing absorbent cotton with distilled water to prevent desiccation. Each vial contained 5 flies of the same sex. Vials were observed every 5 min and flies totally immobile were considered to be dead. Ten flies were observed in each group of sex, age, mating and DR status, except in the oldest mated control females for which n was 7. Survival time data were analyzed with a factorial ANOVA testing in each sex for the effect of age, mating and DR status, and all interactions.

Sexes were analyzed separately because most of the interactions involving the sex factor were significant.

Resistance to starvation

Resistance to starvation was observed at 13 and 27 days of age. For each age group, all flies were born the same day. Four or 5 vials containing 16 males or females were used for each group of virgin flies, whereas 9 or 10 vials containing 8 pairs were used for mated flies.

Flies of each vial were transferred without anesthesia into a vial containing a medium made of agar (Fluka 05040), a mold inhibitor (para-hydroxymethyl-benzoic acid) and distilled water, and they were kept in an incubator (25 ± 0.5°C; lights on from 07.00 h to 19.00 h).

Vials were renewed twice a week up to the death of the last fly. In this way, flies experienced starvation but not desiccation. The number of dead flies was recorded twice a day (07.00 and 19.00 h) until the death of the last fly. For each sex, the effects of age, mating and DR status, and all interactions on survival time were analyzed with a factorial ANOVA. Sexes were analyzed separately because most of the interactions involving the sex factor were significant.

Resistance to cold

Resistance to cold was observed at 12 days of age. Four to 7 vials containing 16 males or females were used for each group of virgin flies, whereas 9 or 11 vials containing 8 pairs were used for mated flies. Flies born the same day were kept at 0°C for 16 hours overnight in vials with no food and, after that, transferred back to their rearing vials at 25°C. The number of dead flies 3 days after the end of the cold shock was recorded.

The percentage of survivors was analyzed with a logistic model testing for the effect of sex, mating and DR status, and their interactions.

Climbing activity

In the climbing activity test, flies are individually placed in a vertical vial subjected to a mechanical stimulation and the highest height reached during 20 sec after cessation of the stimulation is recorded. Climbing scores decrease with age and this test is routinely used in aging research for many years (e.g. [START_REF] Miquel | Negative geotaxis and mating behavior in control and gamma-irradiated Drosophila[END_REF][START_REF] Feany | A Drosophila model of Parkinson's disease[END_REF]. The procedure has been described in detail (Le [START_REF] Bourg | A mild stress, hypergravity exposure, postpones behavioral aging in Drosophila melanogaster[END_REF]; the stimulation intensity used by Le Bourg et al. (2004, rotating speed of the vial: 130 rpm) was used in the present experiment. Climbing activity was observed at 1 week of age and every week until the age of 4 weeks. About 20 flies with intact legs were observed in each group of sex, age, mating and DR status, except in the mated DR females of the oldest age group for which n was only 7.

All flies were born the same day.

The results were analyzed with factorial ANOVAs testing in each sex for the effect of age, mating and DR status, and all interactions. Sexes were analyzed separately because most of the interactions involving the sex factor were significant.

Weight

Flies were cold-anesthetized (0°C) at 13-14 days of age and put in individual Eppendorf vials, before to be killed by ether and immediately weighed (fresh weight). They were then dried at 70°C for 24 hours and reweighed (dry weight). Flies were put afterwards in balloons containing 70 mL of petroleum spirit and heated to 53°C (the boiling point of petroleum spirit) for 24 hours to remove fat, and finally dried at 70°C overnight. Then, flies were weighed again (lean dry weight). Ten flies were observed in each sex, mating and DR status group. However, one mated control male was lost during weight measurements.

Lean dry weight, fat and water content were analyzed with factorial ANOVAs and with analyses of covariance when necessary.

Resistance to infection by the fungus Beauveria bassiana

Beauveria bassiana is a fungus that kills D. melanogaster in a few days (Lemaitre et al., 1997). The spores of the fungus kept at -80°C in 20% glycerol were incubated at 25°C in 90 mm Petri dishes containing the appropriate medium (for one liter of distilled water, the autoclaved medium contained: peptone (Sigma P463): 1 g, glucose (Fluka 49159): 20 g, malt extract (Fluka 70167): 20 g, agar: 15 g). After sporulation, which occurs ca 4 weeks after spreading spores on the medium, flies were infected.

The day of infection, flies were transferred to new vials before to be very slightly anesthetized with ether and then shaken for ca one minute in a Petri dish containing a sporulating fungal culture. After having checked under stereomicroscope that all flies were well covered with spores, flies were transferred back to their vials. The main difference between this infection procedure and that of [START_REF] Lemaître | Drosophila host defense: differential induction of antimicrobial peptide genes after infection by various classes of microorganisms[END_REF] is the fungus incubation temperature and flies rearing temperature after infection, which is 25°C here and 29°C in [START_REF] Lemaître | Drosophila host defense: differential induction of antimicrobial peptide genes after infection by various classes of microorganisms[END_REF]. We reasoned that transferring flies from 25 to 29°C would be an extrastress and that using the same temperature throughout experiment allows to observe solely the effects of infection. Preliminary experiments (data not shown) showed that, at 25°C, the fungus killed the flies in a few days; therefore, the fungus was virulent at 25°C.

Flies were infected at 13, 21, 30 or 40 days of age, all flies being born the same day, if we except the oldest group. Longevity was recorded daily from the day following infection until the death of the last fly. Day 0 is the day of infection. Longevity data were subjected to a log transformation before to be analyzed with a factorial ANOVA testing in each sex for the effect of mating and DR status, age of infection and all interactions. Sexes were analyzed separately because most of the interactions involving the sex factor were significant or nearly significant.

Results

Fecundity

The egg-laying curve (Fig. 1) shows that DR decreased egg-laying, particularly at a young age, and that mated females laid more eggs than virgin ones, as usually observed [START_REF] Chippindale | Phenotypic plasticity and selection in Drosophila life-history evolution. I. Nutrition and the cost of reproduction[END_REF][START_REF] Boulétreau-Merle | Biological factors[END_REF]. Moreover, in the control group, the egglaying peak was higher in mated females than in virgin ones and occurred earlier. In contrast, there was no real peak in the DR group in both mated and virgin females.

The ANOVA analyzing mean daily fecundity confirmed that DR decreased egg-laying (F(1, 51) = 143.81, p < 0.0001) and that mated females laid more eggs than virgin ones (F(1, 51) = 34.05, p < 0.0001). The mating by feeding medium interaction (F(1, 51) = 20.50, p < 0.0001) showed that mating status had nearly no effect in DR females (mean fecundity ± SEM of virgin and mated females, respectively: 7.12 ± 0.74 and 11.64 ± 0.95 eggs/day), whereas control mated females laid more eggs (68.77 ± 5.65 eggs/day) than virgin ones (32.93 ± 3.81 eggs/day).

Viability

In the first experiment, a slightly higher percentage of eggs reached the adult stage if the rearing medium was supplemented with live yeast (69.80 ± 4.02 % vs 64.20 ± 4.20 %), but this effect was marginally significant ( 2 = 3.55, p = 0.0597). Live yeast had no effect on the sex-ratio ( 2 = 0.37, n.s.) and the percentage of females was 49.55 ± 3.79 %.

In the second experiment, the effect of removing live yeast was more important and 

Longevity experiments

In the first series of experiments, the effect of DR was observed from emergence in virgin and mated flies.

The 2006 replicate showed that virgin flies lived longer than mated ones (Fig. 2A,F(1, 622) = 83.97, p < 0.0001), as expected (e.g. [START_REF] Boulétreau-Merle | Biological factors[END_REF], and that DR flies lived longer than control ones (F(1, 622) = 15.85, p < 0.0001). The mating by DR status interaction showed that the DR effect was only due to mated flies (F(1, 622) = 26.96, p < 0.0001).

Females lived longer than males (F(1, 622) = 20.90, p < 0.0001) and the other interactions were not significant.

The 2007 replicate provided rather similar results (Fig. 2B and Fig. 4A, mating effect:

(F(1, 619) = 60.01, p < 0.0001; DR effect: F(1, 619) = 59.81, p < 0.0001; mating by DR interaction: F(1, 619) = 45.62, p < 0.0001). However, the sex effect was not significant and all interactions were significant: the mating and DR effects were more important in females than in males (respectively, F(1, 619) = 4.83, p = 0.0283), F(1, 619) = 7.74, p = 0.0056). The second-order interaction between sex, mating and DR status showed that the DR effect was similar in virgin and mated males, whereas DR increased longevity of mated females but decreased it in virgin ones (F(1, 319) = 21.71, p < 0.0001).

The 2008 replicate confirmed that virgin and DR flies live longer, respectively, than mated and control ones (respectively: F(1, 605) = 252.35, p < 0.0001; F(1, 605) = 102.33, p < 0.0001, Fig. 2C and Fig. 4B), but the DR effect was here mainly due to virgin flies (DR by mating interaction: F(1, 605) = 25.62, p < 0.0001). The sex effect was not significant, but the sex by mating status interaction (F(1, 605) = 55.16, p < 0.0001) showed that the mating effect was more important in females than in males. The second-order interaction between sex, DR and mating status (F(1, 605) = 4.69, p = 0.0307) showed that, in females, the DR effect was more important in virgin flies than in mated ones, whereas this effect was rather similar in mated and virgin males.

To sum up, the three replicates show similar effects regarding the mating status effect:

as expected, virgin flies lived longer than mated ones. DR mated males lived longer than control ones, and DR virgin males lived longer than control ones in two replicates out of three. DR mated females lived longer than control ones, at least in two replicates out of three (compare Fig. 2A and B on the one hand and Fig. 2C on the other hand). In contrast, DR virgin females were observed to live longer than control ones only in one replicate (Fig. 2C) and slightly less in the two other replicates. Therefore, DR increases longevity of mated flies, has no effect or increases longevity in virgin males and can either increase or slightly decrease longevity of virgin females.

In the second series of experiments, the effect of DR was observed from middle age in virgin flies.

The 2006 replicate showed that removing live yeast at 26 days of age increased longevity (Fig. 3A and Fig. 4C,F(1, 325) = 70.80, p < 0.0001). Females lived longer than males (F(1, 352) = 37.74, p < 0.0001) and the interaction between sex and DR status was not significant. Very similar results were observed in the 2008 replicate for which live yeast was also removed at 26 days of age (Fig. 3B, sex effect: F(1, 347) = 20.47, p < 0.0001; DR effect: F(1, 347) = 22.58, p < 0.0001; no significant sex by DR interaction). When flies were deprived of live yeast at 33 days of age, females lived longer than males (Fig. 3C,F(1, 334) = 132.79, p < 0.0001) and the DR effect was not significant. However, the interaction between sex and DR (F(1, 334) = 37.29, p < 0.0001) showed that DR increased longevity of females and decreased that of males. Thus, removing live yeast at middle age, i.e. when egg-laying activity is very low (Fig. 1), increased longevity of virgin females. DR increased longevity of males if live yeast was suppressed at 26 days of age and decreased it if suppressed at 33 days of age.

Resistance to heat

In males, the survival time at 37°C decreased with age (Fig. 5A, F(4, 180) = 13.84, p < 0.0001), but mating and DR status had no significant effect (F < 1). The age by DR status interaction was significant (F(4, 180) = 4.42, p = 0.002), as well as the one between age and mating status (F(4, 180) = 3.58, p = 0.0077), but no clear trend emerged from these interactions (see Fig. 5A). The other interactions were not significant.

In females, survival time decreased with age (Fig. 5B, F(4, 177) = 23.83, p < 0.0001) and DR flies survived longer than control ones (F(1, 177) = 25.36, p < 0.0001). The significant DR status by age interaction (F(4, 177) = 5.11, p = 0.0006) showed that the DR effect was important only at young age. Mating status had no effect (F < 1), but the interaction between age and mating status (F(4, 177) = 4.16, p = 0.003) showed that young virgin females survived longer than mated ones, whereas the contrary pattern was observed at older ages. The other interactions were not significant.

Therefore, DR had no clear effect on survival time at 37°C in males but increased this time in young females.

Resistance to starvation

In males, DR decreased survival time (Fig. 6,F(1, 566) = 130.94, p < 0.0001). Virgin flies survived longer than mated ones and young flies survived longer than middle-aged ones (respectively, F(1, 566) = 13.31, p = 0.0003; F(1, 566) = 153.53, p < 0.0001). The age by DR interaction showed that the DR effect was more important at 4 weeks than at 2 weeks of age (F(1, 566) = 5.53, p = 0.019). The other interactions were not significant.

In females, DR and mating status had no effect on survival time (Fig. 6, F < 1), but their interaction showed that DR decreased survival time in virgin flies but increased it in mated ones (F(1, 517) = 58.84, p < 0.0001). Young females survived longer than older ones (F(1, 517) = 15.48, p < 0.0001) and the age by mating status interaction showed that mated females survived slightly longer than virgin ones at 2 weeks of age, whereas the contrary was observed at 4 weeks of age (F(1, 517) = 8.30, p = 0.0041). The second-order interaction between mating status, DR, and age showed that the DR effect observed in virgin females was less important at 2 weeks than at 4 weeks of age (F(1, 517) = 6.65, p = 0.0102). The age by DR interaction was not significant.

In conclusion, DR decreased survival time in starvation conditions, but the opposite pattern was observed in mated females.

Resistance to cold

A greater percentage of males than of females survived at least 3 days to the cold shock (Fig. 7,F(1, 651) = 184.67, p < 0.0001). DR flies had a lower resistance than control ones (F(1, 651) = 8.18, p = 0.0044). The mating status had no effect on survival (F < 1), but the sex by mating status interaction showed that mated females survived longer than virgin ones, whereas the contrary was observed in males (F(1, 651) = 5.17, p = 0.0233). The other interactions were not significant.

Therefore, DR decreased survival to a cold shock.

Climbing activity

Climbing score of males decreased with age (Fig. 8A, F(3, 303) = 54.52, p < 0.0001). DR males obtained better scores than control ones (F(1, 303) = 7.86, p = 0.0054) and mated males had lower scores than virgin ones (F(1, 303) = 11.19, p = 0.0009). The age by DR interaction (F(3, 303) = 6.28, p = 0.0004) showed that no DR effect was observed at young age. The other interactions were not significant.

Climbing scores of the females decreased with age (Fig. 8B,F(3, 288) = 27.08, p < 0.0001). DR females had better scores than control ones (F(1, 288) = 50.89, p < 0.0001) and mated flies had lower scores than virgin ones (F(1, 288) = 7.22, p = 0.0076). The age by mating status interaction (F(3, 288) = 6.13, p = 0.0005) showed that virgin flies had better scores than mated ones at 2 weeks of age, whereas similar scores were observed at the other ages. The second-order interaction between age, mating and DR status (F(3, 288) = 3.69, p = 0.0124) showed that, in the control group, there was a difference between virgin and mated flies at young age only. In the DR group, the trend was less clear: depending on the week of age, virgin flies had better or lower scores than mated ones. The other interactions were not significant.

To sum up, DR flies had higher climbing scores than control ones, particularly at older ages.

Weight

DR flies had a lower water content than control ones (F(1, 71) = 55.41, p < 0.0001, Fig. 9). Mating status had no significant effect, but its interaction with the DR status showed that the DR effect was more important in mated flies than in virgin ones (F(1, 71) = 15.74, p = 0.0002). Females had a higher water content than males (F(1, 71) = 498.63, p < 0.0001) and the interaction between sex and DR status showed that the DR effect was more important in females than in males (F(1, 71) = 34.96, p < 0.0001). The marginally significant sex by mating status interaction indicated that mating tended to increase the water content of females, whereas it slightly decreased that of males (F(1, 71) = 3.76, p = 0.0565). Finally, the second-order interaction between sex, mating and DR status showed that the DR effect was more important in mated females than in the other groups (F(1, 71) = 8.66, p = 0.0044).

Rather similar effects were observed when lean dry weight was analyzed in an ANOVA. However, since in each sex water content and lean dry weight were correlated (r = 0.82 in females and r = 0.63 in males), water content was used as a covariate in an analysis of covariance of the effects of sex, mating and DR status on lean dry weight. The only remaining significant effects were due to the mating status, mated flies having a lower lean dry weight than virgin ones (F(1, 70) = 42.24, p < 0.0001), and to its interaction with sex, the mating effect being more important in females than in males (F(1,70) = 6.41, p = 0.0136).

Finally, fat were more important in control than in DR flies (F(1, 71) = 8.40, p = 0.0050) and females had also a higher fat content than males (F(1, 71) = 205.40, p < 0.0001), particularly if they were not under DR (sex by DR status interaction: F(1,71) = 5.44, p = 0.0225). Adding lean dry weight and water content as covariates marginally modified these results, because the fat content was poorly correlated to these variables in each sex (data not shown).

To sum up, beyond the expected sex effect on weight, it can be concluded that DR decreased the components of weight, particularly in mated females.

Infection by the fungus Beauveria bassiana

In males, the survival time after infection by the fungus B. bassiana decreased with age (Fig. 10A,F(3, 603) = 64.74, p < 0.0001). Control males lived longer than DR ones (F(1, 603) = 147.54, p < 0.0001) and virgin males lived longer than mated ones (F(1, 603) = 47.33, p < 0.0001). The DR by mating status interaction (F(1, 603) = 5.45, p = 0.0199) showed that the effect of DR was more important in virgin males than in mated ones. The interaction between age and DR status (F(3, 603) = 3.87, p = 0.0093) showed that the effect of DR decreased with age. The second-order interaction between DR status, age and mating status showed that no DR effect was observed when mated males were infected at old age whereas there was still a difference in virgin males (F(3, 603) = 2.94, p = 0.0325). The other interactions were not significant.

In females, the survival time decreased with age (Fig. 10B,F(3, 638) = 9.42, p < 0.0001). Control females lived longer than DR ones (F(1, 638) = 194.02, p < 0.0001) and virgin females lived longer than mated ones (F(1, 638) = 122.49, p < 0.0001). The mating status by age interaction (F(3, 638) = 6.69, p = 0.0002) showed that the survival time decreased with age in virgin females, whereas mated females had a similar and low survival time at all ages. The DR status by age interaction (F(3, 638) = 2.76, p = 0.0413) was mainly due to the low survival time of 30 day-old DR flies. The other interactions were not significant.

This whole set of results shows that DR flies have a lower resistance to infection by the fungus B. bassiana than control flies at all ages.

Discussion

Some studies of DR in D. melanogaster have reported a longevity increase, whereas others did not show such an effect (see Introduction). Such a discrepancy could be due to the use of different DR procedures. Using the dilution of the rearing medium procedure implies that the quantity of food really eaten by the flies decreases with the dilution of the medium, because, if they eat more when the medium is diluted, they could be not under DR (for a discussion, see [START_REF] Mockett | Effects of caloric restriction are species-specific[END_REF][START_REF] Tatar | Diet restriction in Drosophila melanogaster[END_REF]. [START_REF] Carvalho | Compensatory ingestion upon dietary restriction in Drosophila melanogaster[END_REF] have reported in virgin females that more food was ingested when the concentration of the medium decreased, but that no difference was observed with high concentrations. In contrast, Min and Tatar (2006a) reported that mated females consumed more food on a more concentrated medium and a debate is rising about the need to quantify the amount of food and calories eaten by flies under DR [START_REF] Tatar | Diet restriction in Drosophila melanogaster[END_REF][START_REF] Min | Counting calories in Drosophila diet restriction[END_REF][START_REF] Piper | Dietary restriction in Drosophila: delayed aging or experimental artefact[END_REF][START_REF] O'brien | Use of stable isotopes to examine how dietary restriction extends drosophila lifespan[END_REF]. This kind of problem is not encountered when one of the components of the medium is simply suppressed. Therefore, in the present study, no live yeast was added at the surface of a medium which contained dry yeast. This absence of live yeast had no important effects, if any, on viability of the eggs, showing that the medium without live yeast was rich enough to allow flies to develop up to the adult stage. Since the medium without live yeast is rich, probably due to its content in corn flour and dry yeast, it can be argued that malnutrition is not an issue in the following results. Table 1 summarizes the whole set of results.

As expected from previous studies manipulating the yeast level [START_REF] Chippindale | Phenotypic plasticity and selection in Drosophila life-history evolution. I. Nutrition and the cost of reproduction[END_REF][START_REF] Simmons | An analysis of resource allocation in response to dietary yeast in Drosophila melanogaster[END_REF], fecundity was low if live yeast was not available (Fig. 1). Longevity of mated and virgin females was rather low in the egg-laying boxes (Fig. 1), which might be tentatively explained by a lower relative humidity level in these boxes (ca 50%) than in the usual vials (ca 60% or more). Whereas no study of longevity at various relative humidity levels has been done, it has been shown that the survival time in starvation conditions increases with the relative humidity level [START_REF] Perttunen | The responses of Drosophila melanogaster (Dipt. Drosophilidae) to the relative humidity of the air[END_REF]. The low longevity in the laying boxes could also be explained by their high volume (ca 170 ml) when compared to that of the usual vials containing food and plug (ca 15 ml). [START_REF] Sohal | Relationship between physical activity and life span in the adult housefly, Musca domestica[END_REF] have observed that the longevity of Musca domestica flies decreased when the volume of their housing containers increased and these authors argued that flies were more active in larger containers. However, it is difficult to explain why longevity was low in the laying boxes, because longevity does not appear to be correlated with the activity level in D. melanogaster [START_REF] Bourg | The rate of living theory. Spontaneous locomotor activity, aging and longevity in Drosophila melanogaster[END_REF]. Anyway, except when boxes were handled by the experimenters, flies did not seem to fly in the laying boxes.

Virgin flies lived longer than mated ones, which was expected [START_REF] Boulétreau-Merle | Biological factors[END_REF]. Virgin males with no live yeast from young age lived longer than control ones in two replicates out of three, and mated males without live yeast lived longer than control ones. [START_REF] Chippindale | Phenotypic plasticity and selection in Drosophila life-history evolution. I. Nutrition and the cost of reproduction[END_REF] also observed that a low level of live yeast increased longevity of mated males, contrarily to the absence of effect reported by Le [START_REF] Bourg | Failure to confirm increased longevity in Drosophila melanogaster flies submitted to a food restriction procedure[END_REF] in both mated and virgin males. Similar results were observed in virgin males if live yeast was suppressed at 26 days of age, but suppressing it at 33 days of age decreased longevity (Fig. 3). Flies are maybe too old at this age to withstand this suppression. These results agree with those of [START_REF] Vigne | Plasticity of the responses to chronic hypoxia and dietary restriction in an aged organism : evidence from the Drosophila model[END_REF], who observed that DR increased longevity of males if begun at young age and decreased it if begun at one month of age.

Two experiments showed that the absence of live yeast increased lifespan of mated females but decreased that of virgin ones. A third replicate showed that this absence increased longevity in virgin females, but less so in mated ones. Contrarily to males, suppressing live yeast at 26 or 33 days of age increased longevity of virgin females.

To sum up, suppressing live yeast increased longevity of mated flies, of virgin young males in two replicates out of three, and of virgin young females in one replicate out of three. Adding live yeast to the medium also increased fecundity (Fig. 1), as expected [START_REF] David | Quantitative under-feeding of Drosophila: effects on adult longevity and fecundity[END_REF][START_REF] Chippindale | Phenotypic plasticity and selection in Drosophila life-history evolution. I. Nutrition and the cost of reproduction[END_REF][START_REF] Simmons | An analysis of resource allocation in response to dietary yeast in Drosophila melanogaster[END_REF][START_REF] Burger | The functional costs and benefits of dietary restriction in Drosophila[END_REF].

These results showing, on the whole, that suppressing live yeast increases longevity are similar to the effects of DR reported by some authors (reviews in e.g. [START_REF] Partridge | Dietary restriction in Drosophila[END_REF][START_REF] Tatar | Diet restriction in Drosophila melanogaster[END_REF], whereas no effects have also been reported (review in Le [START_REF] Bourg | Does dietary restriction really increase longevity in Drosophila melanogaster?[END_REF], particularly in the authors' laboratory (Le [START_REF] Bourg | Food restriction and longevity in Drosophila melanogaster[END_REF][START_REF] Bourg | Failure to confirm increased longevity in Drosophila melanogaster flies submitted to a food restriction procedure[END_REF]. Le [START_REF] Bourg | Does dietary restriction really increase longevity in Drosophila melanogaster?[END_REF] stressed that, in many papers reporting positive effects of DR, the longevity of the control group was low (see also Introduction), which casts a doubt on these results. However, the control groups of the present experiments lived long and the positive effect of suppressing live yeast was observed in mated and, to some extent, in virgin flies, i.e. in flies with contrasted longevities, even if virgin flies without live yeast did not always live longer than control ones. Using a rich medium containing dry yeast and corn flour was necessary to observe a high longevity in control conditions, and suppressing live yeast still increased longevity. Le [START_REF] Bourg | Failure to confirm increased longevity in Drosophila melanogaster flies submitted to a food restriction procedure[END_REF], with mated and virgin flies, used the S101 medium, to which a low, high or ad libitum live yeast amount was added. Longevity was very low when no live yeast was available, which shows that the S101 medium is poor. A low yeast level had no positive effect when compared to the ad libitum-fed group, except in mated females. Mated females lived longer probably because they laid a very few eggs, if any, allowing longevity to approach the level observed in virgin females.

Therefore, our experiments allow to conclude that suppressing live yeast increased longevity of mated flies, and of virgin ones in a majority of experiments suppressing live yeast at young or middle age, contrarily to previous DR studies of the same laboratory and with the same strain. Observing a longevity increase under DR is thus highly dependent on the DR method, because intermittent feeding did not increase or decreased longevity (Le [START_REF] Bourg | Food restriction and longevity in Drosophila melanogaster[END_REF], as well as decreasing or suppressing the live yeast amount added to a poorly nutritious medium (Le [START_REF] Bourg | Failure to confirm increased longevity in Drosophila melanogaster flies submitted to a food restriction procedure[END_REF]. By contrast, suppressing live yeast normally added at the surface of a rich medium can increase longevity (the present results). However, it remains that suppressing live yeast did not always increase longevity in virgin flies and three other experiments to be reported elsewhere showed no positive effect in males and either a positive or a negative effect in females.

It can be hypothesized that mated females without live yeast live longer than control mated ones, simply because the egg-laying activity is low when live yeast is not available, which decreases the costs of reproduction (discussion in Le [START_REF] Bourg | Does dietary restriction really increase longevity in Drosophila melanogaster?[END_REF], but see however Mair et al., 2004a). In mated males, suppressing live yeast could decrease mating activity. In virgin flies, since egg-laying is less important and mating activity is absent, there is maybe a reduced possibility for a DR-linked longevity increase. In any case, this is probably not the whole story because suppressing live yeast increased longevity of middleaged virgin females, i.e. at an age when egg-laying is minimal (Fig. 1).

Other positive effects of suppressing live yeast were observed. It did not modify resistance to lethal heat in males at any age, but young females survived longer at 37°C if live yeast was not available (Fig. 5). Young virgin females also better resisted than mated ones.

The positive effects of suppressing live yeast and of virginity may be partly explained by a higher allocation of resources to maintenance functions in these less fecund females.

However, since virgin and mated females without live yeast had a similar and low fecundity but different survival times at 37°C, there are probably other causes explaining the better resistance of young virgin females (review in [START_REF] Tatar | Diet restriction in Drosophila melanogaster[END_REF]. The absence of live yeast increased climbing activity scores, particularly at old age and, in each sex, virgin flies had better scores than mated ones (Fig. 8). [START_REF] Bhandari | Dietary restriction alters demographic but not behavioral aging in Drosophila[END_REF] reported that DR had no clear positive effect on climbing activity in mated females of 7 different strains, which were either short-lived or not. However, these authors reported that DR flies of two of these strains had slightly higher climbing scores than control ones.

Nevertheless, the present results also show that suppressing live yeast had deleterious effects on other traits. Suppressing live yeast decreased the components of body weight in both sexes (Fig. 9). In contrast, [START_REF] Simmons | An analysis of resource allocation in response to dietary yeast in Drosophila melanogaster[END_REF] reported that lower live yeast amounts decreased dry weight in females but not in males, and increased fat content in both sexes. It is however difficult to compare their results to the present ones, because they weighed flies at 4 days of age, whereas in the present study they were weighed at 2 weeks of age.

Since suppressing live yeast decreased weight, it was not totally unexpected that it also decreased survival time in starvation conditions. This effect was more important in older flies. This result is not at variance with that of [START_REF] Burger | The functional costs and benefits of dietary restriction in Drosophila[END_REF] who observed that DR increased starvation resistance at young age in virgin females and decreased it at older ages.

Mated females survived longer if live yeast was not available (Fig. 6): this result is similar to that reported by [START_REF] Chippindale | Phenotypic plasticity and selection in Drosophila life-history evolution. I. Nutrition and the cost of reproduction[END_REF], who observed that DR increased starvation resistance in mated young flies, mainly in females. In our study, virgin males survived longer than mated ones, as also observed by [START_REF] Service | The effect of mating status on lifespan, egg laying, and starvation resistance in Drosophila melanogaster in relation to selection on longevity[END_REF], and virgin control females survived longer than mated ones at 2 and 4 weeks of age, contrarily to the results of [START_REF] Rush | Mating increases starvation resistance and decreases oxidative stress resistance in Drosophila melanogaster females[END_REF], whereas [START_REF] Service | The effect of mating status on lifespan, egg laying, and starvation resistance in Drosophila melanogaster in relation to selection on longevity[END_REF] did not observe in females a clear effect of the mating status.

Flies without live yeast had a lower survival to a 16-hr exposure to 0°C, a result in accordance with that of [START_REF] Burger | The functional costs and benefits of dietary restriction in Drosophila[END_REF], who showed that DR increased recovery time after a 3-hr exposure to 0°C at older ages.

Finally, flies without live yeast survived for a shorter time to fungal infection and virgin flies survived longer than mated ones (Fig. 10). In contrast, [START_REF] Libert | Realized immune response is enhanced in long-lived puc and chico mutants but is unaffected by dietary restriction[END_REF] showed that DR did not impair resistance to gram-negative bacterial infection and [START_REF] Burger | The functional costs and benefits of dietary restriction in Drosophila[END_REF] reported that DR slightly increased resistance to both gram-negative and grampositive bacterial infection.

In summary, on the one hand, suppressing live yeast increased longevity in a majority of experiments, delayed behavioral aging, and increased resistance to heat of young females.

On the other hand, it decreased weight, fecundity, and resistance to starvation, cold and infection. The net balance does not appear to be in favor of a positive effect of DR, because flies without live yeast will live longer only if they are not subjected to major stresses that are often encountered in the wild, namely, starvation, cold, and infection. Thus, one may bet that DR-flies would not be able to reproduce and survive in the wild. This conclusion is not at variance with studies (see Introduction) showing that DR rodents, even if they live longer, can less resist to cold or infection. There is thus a cost for the extra-life gain brought by DR, and it is doubtful that wild animals subjected for a long time to DR could outlive al libitumfed ones (see, for wild mice, [START_REF] Harper | Does caloric restriction extend life in wild mice?[END_REF]. Responses to DR, such as a better resistance to heat, a lower incidence of some pathologies, and a higher longevity, are probably of some use in the wild to help animals to survive a short DR, for instance due to seasonal drought (see for a discussion de Grey, 2005), but it seems less likely that DR could be of benefit if applied for life.

Live yeast contains ca 50% of proteins, 40% of carbohydrates, 6% of lipids, and vitamins [START_REF] Anonymous | Caractéristiques générales des levures de boulangerie[END_REF]. Suppressing live yeast probably means restricting the protein content of the food, since the rearing medium is mainly done of sugar, corn meal, and dry yeast. Dry yeast is a source of proteins, but they are less available to flies than those of live yeast, because dry yeast is mixed in the rearing medium and not deposited at its surface, as live yeast is. Min and Tatar (2006b) showed that, like suppressing live yeast, restricting amino acids increased lifespan and decreased fecundity of mated flies. These authors did not test whether restricting amino acids modifies resistance to stress and it is thus impossible to know whether they are essential for stress resistance, as live yeast appears to be. However, whereas increasing the methionine content of the food, when compared to the usual one, decreased longevity of mated females [START_REF] Troen | Lifespan modification by glucose and methionine in Drosophila melanogaster fed a chemically defined diet[END_REF], decreasing it marginally increased longevity, showing that the positive effect of removing live yeast on longevity is probably not linked to a methionine restriction. This result in flies is in contrast with studies in rodents reporting that restricting the methionine content increases life span in male rats [START_REF] Zimmerman | Nutritional control of aging[END_REF] and female mice [START_REF] Miller | Methionine-deficient diet extends mouse lifespan, slows immune and lens aging, alters glucose, T4, IGF-I and insulin levels, and increases hepatocyte MIF levels and stress resistance[END_REF].

Is there a protein level maximizing longevity? In accordance with this hypothesis, [START_REF] Lee | Lifespan and reproduction in Drosophila: new insights from nutritional geometry[END_REF] have reported that in D. melanogaster there was an optimal protein level for longevity in once-mated females and that DR did not increase longevity, because the caloric content was similar in diets providing different mean longevities. These authors showed that a 1:16 protein:carbohydrate ratio provided the highest longevity but, since they used only one lower level (0:1) and 5 higher ones, it seems premature to definitively accept their conclusion. Furthermore, due to the feeding method, longevities were rather low in this study. Replicating this important study with lower protein:carbohydrate ratio appears to be a top priority. On the whole, there is maybe no positive effect of protein restriction per se, but rather an optimal protein:carbohydrate ratio, as it seems to be the case in human beings [START_REF] Simpson | Obesity: the protein leverage hypothesis[END_REF], as well as in ants [START_REF] Dussutour | Communal nutrition in ants[END_REF].

The present experiments were carried out with virgin and mated flies. As virgin females lay a few eggs, using both virgin and mated flies allowed to test whether the effects of suppressing live yeast are mediated by a possible cost of egg-laying (review in [START_REF] Boulétreau-Merle | Biological factors[END_REF]). In the present experiments, suppressing live yeast increased longevity of mated flies, of virgin 4-week-old flies, of virgin young males in two experiments out of three, and, in only one experiment out of three, of virgin young females. Therefore, since the effects were more variable in virgin flies than in mated ones, it can be argued (see Le Bourg and[START_REF] Bourg | Does dietary restriction really increase longevity in Drosophila melanogaster?[END_REF]Piper andPartridge, 2007) that testing the effect of DR in virgin and mated flies of both sexes should be the rule in future experiments, in order to show that the possible positive DR effect on longevity is not simply due to reduced egg-laying or mating activities.

Previous experiments have often only used mated flies of one or both sexes (e.g. [START_REF] David | Quantitative under-feeding of Drosophila: effects on adult longevity and fecundity[END_REF][START_REF] Chippindale | Phenotypic plasticity and selection in Drosophila life-history evolution. I. Nutrition and the cost of reproduction[END_REF][START_REF] Mair | Calories do not explain extension of life span by dietary restriction in Drosophila[END_REF][START_REF] Bhandari | Dietary restriction alters demographic but not behavioral aging in Drosophila[END_REF]; see also Table 1 in [START_REF] Tatar | Diet restriction in Drosophila melanogaster[END_REF]Table S1 in Piper andPartridge, 2007): using only mated flies led to discussions among authors which could have been avoided, provided mated and virgin flies of both sexes had been used (compare [START_REF] Rauser | Dietary restriction in Drosophila[END_REF]Mair et al., 2004b).

Another reason to study both mated and virgin flies is that mated flies are not only shorter-lived than virgin ones, they are also less resistant to infection and have lower climbing scores. Mated flies are however not always impaired when compared to virgin flies, because mixed results are observed for resistance to starvation, heat and cold, and these results can be dependent on the presence of live yeast. Thus, showing that virgin flies live longer does not imply they will also better resist to stress than mated flies, particularly if they have no live yeast. Studying both mated and virgin flies appears to be the only means to know how flies cope with the consequences of DR on other traits than longevity. Table 1. Summary of the effects of suppressing live yeast at the surface of the rearing medium. The results are summarized by a single symbol and, thus, this table only provides a crude summary of the results. A plus sign indicates that suppressing live yeast increases the mean value of the trait under study: for instance, longevity of mated males increases. A minus sign indicates the opposite: for instance, suppressing live yeast decreases resistance to starvation. A 0 indicates that suppressing live yeast has no clear effect. Suppressing live yeast has also nearly no effect on viability of the eggs and on sex-ratio.

Figure captions

Figure 1 .

 1 Figure 1. Daily mean fecundity (laid eggs in 24 hr) in DR/control virgin/mated females. The latin cross indicates the death of the most longevous female in each group. Flies that escaped or were killed during experiment were discarded from the results: Virgin control group, n = 13; Virgin DR group, n = 13; Mated control group, n = 14; Mated DR group, n = 15.

Figure 2 .

 2 Figure 2. Mean longevity ± SEM in DR/control virgin/mated flies. DR flies were deprived of live yeast from emergence. A, B, and C stand for three replicates done respectively, in 2006, 2007, and 2008. Each bar is the mean of 64-84 flies.

Figure 3 .

 3 Figure 3. Mean longevity ± SEM in DR/control virgin/mated flies. DR flies were deprived of live yeast from middle age. A, B, and C stand for three replicates done respectively, in 2006, 2008, and 2007. Live yeast was removed at 26 days of age for replicates A and B, and at 33 days of age for the C replicate. Each bar is the mean of 72-90 flies.

Figure 4 .

 4 Figure 4. Longevity curves of young virgin flies (replicate of 2007), young mated flies (replicate of 2008), and of middle-aged flies (replicate of 2006). In this last experiment, no longevity record was done up to the day of live yeast removal (26 days of age).

Figure 5 .

 5 Figure 5. Mean survival time at 37°C ± SEM as a function of sex, age, DR, and mating status. A: males; B: females. Each point is the mean of 10 flies, except for the oldest mated control females for which n was 7.

Figure 6 .

 6 Figure 6. Mean survival time ± SEM in starvation conditions as a function of sex, age, DR, and mating status. A: flies starved at 13 days of age; B : flies starved at 27 days of age.Each bar is the mean of 52-78 flies.

Figure 7 .

 7 Figure 7. Percentage of survivors ± confidence interval 3 days after a 16 hours 0°C cold shock as a function of sex, DR, and mating status. Flies were subjected to the cold shock at 12 days of age. Each bar is the mean of 61-107 flies.

Figure 8 .

 8 Figure 8. Mean climbing score ± SEM as a function of sex, age, DR, and mating status. The climbing score is the height (cm) reached by a fly in 20 sec after the cessation of a mechanical stimulation. A: males; B: females. Each point is the mean of 18-20 flies, except for the oldest mated control females (n = 7).

Figure 9 .

 9 Figure9. Weight of flies as a function of sex, DR, and mating status. Black bar: fat weight, grey bar: lean dry weight, white bar: water content. The sum of these three bars is the fresh weight. The same order of groups is used for males and females and n is 10 for each group, except for mated control males for which n = 9.

Figure 10 .

 10 Figure 10. Mean longevity in days ± SEM after infection with the fungus Beauveria bassiana as a function of sex, age, DR, and mating status. Flies were infected at various ages throughout life. A: males; B: females. Each bar is the mean of 15-59 flies.