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Abstract An extremely high (about 100 %) increase

in longevity is reported for a subset of recombinant

inbred lines (RILs) of Drosophila melanogaster sub-

jected to a cyclic heat stress throughout the adult life.

Previous work showed that both longevity and heat

sensitivity highly differed among RILs. The novel heat

stress treatment used in this study consisted of 5 min at

38 �C applicated approximately every 125 min

throughout the adult life starting at the age of 2 days.

In spite of the exceptionally high increase in longevity

in a set of RILs, the same heat stress treatment reduced

rather than increased longevity in other RILs, suggest-

ing that heat-induced hormesis is dependent on the

genotype and/or the genetic background. Further, one

quantitative trait locus (QTL) was identified for heat-

induced hormesis on chromosome 2 (bands 28A1-

34D2) in one RIL panel (RIL-D48) but it was not

significant in its reciprocal panel (RIL-SH2). The level

of heat-induced hormesis showed a sexual dimor-

phism, with a higher number of lines exhibiting higher

hormesis effects inmales than in females. The newheat

stress treatment in this study suggests that longevity

can be further extended than previously suggested by

applying a cyclic and mild stress throughout the life,

depending on the genotype.

Keywords Hormesis � Lifespan � Heat-shock stress �
Quantitative trait locus (QTL)

Introduction

Stress treatments for extended longevity and slowed

senescence have received special attention in model

animals, especially because of their implications in

human gerontology (Rattan 2008; Calabrese et al.

2015). Hormesis is a beneficial effect of mild stress

involving the induction of mechanisms that protect

against stress itself. Hormesis in longevity is the

increase in life span of an organism resulting from its

previous exposure to one moderate environmental

stress. For instance, a mild heat stress early in life can

increase longevity in about 25 % in Drosophila

(Lithgow et al. 1995; Khazaeli et al. 1997; Hercus

et al. 2003; Le Bourg 2011; Scannapieco et al. 2007).

The expressionof heat-shockproteins (Hsps) is almost

certainly one system that upon activation can increase

both longevity and resistance to several types of stresses

(e.g.,Olsen et al. 2006).However, the positive correlation

between life span and stress resistance is not always
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apparent (Phelan et al. 2003; Norry and Loeschcke 2003;

Bubliy and Loeschcke 2005). Mild heat-stress pre-

treatments had a beneficial effect (hormesis) more often

in shorter-lived than in longer-lived inbred lines in

Drosophila melanogaster (Defays et al. 2011). The

genetic architecture of longevity is complex and the Hsp

system is probably one among several systems thatmight

lead to an extended life (Tower 2009, 2011).

The genetic background was found to dramatically

influence the position of the hormetic zone in Droso-

phila, both between artificial selection regimes and

among the lineswithin selection regime, suggesting that

in genetically variable populations a life enhancing

treatment in one individual could have no effect or even

be detrimental in other individuals (Gomez et al.

2009, 2013; Sarup and Loeschcke 2011). However, it

is still not sufficiently clear how heat-induced hormesis

in longevity is dependent on genotype.

In model systems like recombinant inbred lines

(RILs) in Drosophila melanogaster, heat-induced

hormesis in longevity can be tested for a set of

recombinant genotypes to identify genetic differences

in the hormetic response to heat-stress treatments. Here

we used a set of RILs that greatly segregated genetic

variation in heat-stress resistance. We used such a RIL

set because the two base lines used to construct it

dramatically differed in thermal sensitivity (Norry et al.

2008), and because the lines also substantially differed

in longevity (Defays et al. 2011; Sambucetti et al. 2015).

This RIL set allowed us to test for between-RILs

differences in heat-induced hormesis using a novel

treatment of regularly repeated exposure to mild-heat

stress along the full time of life in adult flies.

Materials and methods

RIL stocks

Lines in this study were described in Norry et al.

(2008), and basic information follows. Two highly-

inbred stocks were denoted D48 and SH2, extremely

heat-sensitive and heat-resistant, respectively. D48

stock was derived from a wild population in Denmark

and artificially selected for reduced resistance to high

temperature knockdown in adults (i.e., an ecologically

relevant trait of heat-sensitivity) before inbreeding

(Norry et al. 2004). SH2 stock was derived from a wild

population in Melbourne (Australia) and artificially

selected for elevated resistance to heat knockdown in

adults (i.e., the heat-resistant line) before inbreeding

(McColl et al. 1996; Norry et al. 2004). F1-females

obtained from crossing the two stocks were back-

crossed to either D48 or SH2 males. The progenies

were randomly mated for two more generations,

individual pairs were set up, and the offspring of each

pair was subsequently inbred by full-sib mating for

fifteen consecutive generations to obtain the nearly

homozygous RIL stocks. RILs are maintained using a

population size of N[ 500. Both the D48- and SH2-

backcross derived lines (RIL-D48 and RIL-SH2 sets,

respectively) were used. In total 51 RILs were used, 31

RIL-D48 lines plus 20 RIL-SH2 lines. All RIL were

expanded for one generation from our stocks in

125-mL glass bottles containing 40-mL of dehydrated

potato-based culture medium with water, nipagin and

yeast. Two bottles were set up per RIL, with 20 males

plus 20 females. After 48 h all flies were removed

from the bottles. Experimental individuals were adult

flies that emerged from standard culture bottles at

25 ± 1�C under a 12:12 h light–dark cycle.

Per RIL, two standard culture vials each one

containing 15 males plus 15 females were set up and

kept at 25 ± 1 �C, and 48 h later all vials were taken

to a thermal treatment box for longevity measurement

(30 flies of each line were measured per sex, control

and heat-treatment).

Heat-stress treatment for hormesis induction

Experimental flies were placed into standard culture

shell vials at 23 ± 1 �C for 48 h. All vials were then

transferred to a water bath with a cooling system

within a Lovibond thermal incubator (Germany) at

23 ± 1 �C. The water bath containing all experimen-

tal vials was connected to a Din Rail digital pro-

grammable timer switch and the system was regulated

to increase the within-vial temperature from 23 ± 1 to

38 ± 1 �C in a time of 7 ± 1 min. The water bath was

automatically switched off after 5 min at 38 ± 1 �C,

bFig. 1 a Mean longevity of each recombinant inbred line of

Drosophila melanogaster assayed within the RIL-SH2 and RIL-

D48 sets. b Mean longevity of the two sets of recombinant

inbred lines, RIL-SH2 and RIL-D48. Mean survival of females

(F) and males (M) (in days) was scored for all lines and then

averaged within each RIL set (i.e. the average of 31 lines for

RIL-D48 and 20 lines for RIL-SH2). Error bars correspond to

the standard error of the mean
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and it was again switched on after 125 min from the

last 5-min interval at 38 �C. The time to return to

23 ± 1 �C was 100 ± 5 min within each vial in the

water bath, with the cooling system switched on until

achieving 25 �C within the first 20 min. This cyclic

treatment of 5 min at 38 ± 1 �C followed by a

100 ± 5 min cooling period until return to

23 ± 1 �C for 25 min was applied throughout the

experiment until the death of each fly. In short, the

cyclic regime to which 2 days-old flies were subjected

throughout the rest of their life was a repetition of the

following: 5 min at 38 ± 1 �C followed by a longer

cooling period of 100 ± 5 min until return to

23 ± 1 �C followed by 25 min at 23 ± 1 �C (i.e.,

flies received the 5-min heat treatment at 38 �C 11

times per day, every 125 min, until the death of each

fly). Control flies received no heat-stress treatment but

they were otherwise subjected to similar conditions as

heat-stressed flies, kept in the same Lovibond incuba-

tor at 23 ± 1 �C without a cycling water bath.

RILs mean lifespan and hormesis induction

Hormesis in longevity was explored in a three-way

ANOVA for longevity (in days) with [1] RIL panel

(RIL-D48 vs RIL-SH2), [2] treatment (control vs heat-

Fig. 2 The ratio of mean longevity in heat-stressed to control

flies (i.e., an index of hormesis) is shown for females and males

of each RIL-SH2 and RIL-D48 line. Significance was assessed

by using the non-parametric Mann–Whitney test (control vs

heat-treated flies). P-values were corrected for multiple

comparisons by using a Bonferroni test. Significant values are

indicated by an asterisk (*P\ 0.05)
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stressed flies) and [3] sex (male vs female) as fixed

factors. In this ANOVA we used mean longevity of

each RIL as dependent variable, which was normally

distributed by averaging longevity over 30 individuals

scored per RIL, sex and treatment. Hormesis was

further tested for each line by using the non-paramet-

ric, two-tailed Mann–Whitney U test, which allowed

us to test for longevity differences between control and

heat-treated flies without making the assumption that

longevity is normally distributed within each line.

Both ANOVA and Mann–Whitney test were run using

the Statistica package (StatSoft 1999). All P-values for

hormesis tests were corrected for multiple compar-

isons by using a Bonferroni test (i.e., dividingP-values

by the number of comparisons, e.g., 0.05/

31 = 0.001613 for RIL-D48; 0.05/20 = 0.0025 for

RIL-SH2). Additionally, we also performed a Log-

rank test for differences in survival curves between

control and heat-treated flies in each RIL (see

supplementary Table S2), using online statistics

calculators by Miller (2013). However, in several

cases Log-rank test was significant not because mean

longevity differed between control and heat-treated

flies but because of variation in the survival curve

only.

QTL analysis

The genetic map associated to the RIL-D48 and RIL-

SH2 is based on 36 microsatellite markers (supple-

mentary Fig. S2), as described in Norry et al. (2008).

Marker genotypes were the number of SH2-alleles (0

or 2), as in Norry et al. (2008). QTL analysis for

hormesis was performed on a ratio trait: the ratio

between longevity in heat-stressed flies to longevity in

control flies (i.e., the fold change in longevity induced

by heat stress). Additionally, we also tested QTL for

longevity (in days) in both control and heat-stressed

flies (see supplementary Fig. S1). To test the hypoth-

esis that an interval flanked by two microsatellite

markers contains a QTL, a composite interval map-

ping procedure was implemented (Zeng 1994). The

test was performed using the sib-mated RIL design

(Ri2 design) under model 6 in the QTL-Cartographer

Version 2.5 software for Windows (Wang et al. 2010),

with 10 cM as window size and 5 control markers.

Mildly altering the initial combination of mapping

parameters yielded no difference, with significant

QTL showing consistency across a range of parameter

combinations. Significance thresholds were deter-

mined by 1000 random permutations (P\ 0.05).

Pairwise epistatic interactions were tested by using

a linear model of y = mx ? my ? mxmy ? e, where

mx and my are the genotypes of markers x and y

(Morgan and Mackay 2006).

Results

Mean longevity is shown for both heat-treated and

control flies in Fig. 1. There was high variation among

RIL lines in their longevity responses to our heat

treatment, with an exceptionally elevated extension of

longevity in some lines, a reduction of lifespan in other

lines, and one QTL on chromosome 2 (Figs. 1, 2, 3).

This effect was highly significant when tested by

ANOVA interaction terms involving heat treatment

(three-way ANOVA with [1] RIL panel, RIL-D48 vs

Fig. 3 Likelihood ratio (LR) as a function of the chromosome

location (in cM). Composite interval mapping was performed on

the ratio of mean longevity in heat-stressed to control flies (i.e.,

an index of hormesis, as in Fig. 2) in RIL-D48 and RIL-SH2

lines. A significant quantitative trail loci (QTL) peak was

detected on chromosome 2. Significance thresholds were

determined by 1000 random permutations (P\ 0.05).

Microsatellite marker positions are represented by solid black

triangles on the horizontal axis. F females,Mmales,DRIL-D48

panel, SH RIL-SH2 panel
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RIL-SH2; [2] treatment, control vs heat-stressed; and

[3] sex, male vs female, as fixed factors, with the

following ANOVA results, [1]: F1, 196 = 39.9***;

[2]: F1, 196 = 4.04*; [3]: F1, 196 = 3.38; [1] x [2]:

F1, 196 = 7.30**; [1] x [3]: F1, 196 = 0.214; [2] x [3]:

F1, 196 = 10.5**; [1] x [2] x [3]: F1, 196 = 0.008.

*P\ 0.05, **P\ 0.01, ***P\ 0.001). A two-way

ANOVA for the RIL-D48 set, confirmed that heat-

induced hormesis was highly significant in RIL-D48

flies, with [1] heat treatment (control vs heat-stressed)

and [2] sex (male vs female) as fixed factors ([1]:

F1, 120 = 11.45***, [2]: F1, 120 = 2.83, [1] x [2]:

F1, 120 = 5.33*; *P\ 0.05, ***P\ 0.001). A similar

two-way ANOVA was performed for the RIL-SH2 set

revealing a significant sex-by-treatment interaction

([1]: F1, 76 = 0.28, [2]: F1, 76 = 1.13, [1] x [2]:

F1, 76 = 6.61*; *P\ 0.05).

As all three above-mentioned ANOVAs revealed

significant interactions, hormesis was further tested

for each individual RIL, as some specific genetic

recombinations might allow an elevated hormetic

response and others do not. This analysis is shown in

Fig. 2, where either hormetic or detrimental responses

to our heat-stress treatment were significant in 20 out

of 31 RIL-D48 lines as well as in 11 out of 20 RIL-SH2

lines (Figs. 1, 2). These responses were often sex-

specific, consistent with a significant sex-by-treatment

interaction in the above mentioned two-way ANO-

VAs. The level of heat-induced hormesis showed

some sexual dimorphism, with a higher number of

lines exhibiting higher hormesis effects in males

(Fig. 2, see supplementary Table S1 for further

information on mean longevities).

The number of lines exhibiting significant hormesis

was 8 in females RIL-D48, 14 in males RIL-D48, 1 in

females RIL-SH2, and 6 in males RIL-SH2 (after

correcting P-values for multiple comparisons; Fig. 2).

The number of lines exhibiting a negative effect of our

heat treatment was 6 in females RIL-D48, 1 in males

RIL-D48, 6 in females RIL-SH2, and 1 in males RIL-

SH2 (Fig. 2). The rest of the lines showed no heat-

induced significant change in longevity (17 lines in

females RIL-D48, 14 lines in males RIL-D48, 12 lines

in females RIL-SH2, and 13 lines in males RIL-SH2).

There was a negative across-RIL correlation

between mean longevity in control flies and hormesis

in RIL-SH2 but not in RIL-D48 (as in Fig. 2, hormesis

was indexed as the ratio of mean longevity in heat-

stressed to control flies. Pearson correlation,

r = -0.33 in females RIL-D48, r = -0.28 in males

RIL-D48, r = -0.74** in females RIL-SH2,

r = -0.65* in males RIL-SH2. *P\ 0.05;

**P\ 0.01), indicating that hormesis was higher in

shorter-lived lines from the RIL-SH2 panel than in

longer-lived lines from the RIL-SH2 panel.

The QTL mapping results for the three major

chromosomes are shown in Fig. 3 and Table 1. The

phenotypic trait used for QTL mapping of hormesis

was the ratio between longevity in heat-stressed flies

to longevity in control flies (i.e., the fold change in

longevity induced by heat stress). A significant QTL

was detected on chromosome 2 in both females and

males in RIL-D48 only, indicating that hormesis

induction is a variable trait under genetic control

(Fig. 3). Furthermore, this QTL was also consistently

significant for longevity in heat-stressed RIL-D48 flies

and not for longevity in control flies, as expected if the

QTL for longevity was the result of our heat-stress

treatment (supplementary Fig. S1). Additionally, other

QTL were significant only for longevity in control

Table 1 Candidate genes mapping within the QTL region

QTL Range Some candidate genes within the QTL region

28A1–34D2 aPvr, CG14277, Tsp29Fb, CG18511, CG18619, CG17124, Ast2, CG16826, Nckx30C, bru-2, Rh5, Pen, CG5384,

CG6579, Acer,
bGlt, Uro, CG7953, CG7916, CG13095, CG9466, CG9468, CG17633, CG5390, CG17108, CG 16743, hgo, CG14935,

CG9928, CG5945, Cyp4d21, CG7300, CG17124
chsp60D, CG13133

Candidate genes are genes that changed their expression levels in previous studies, either by heat stressing flies (aSørensen et al.

2005) or by artificially selecting for both longevity and heat-stress resistance in lines sharing the same genetic background as in one

of the parental lines (D48) of the RILs used in this study (bSørensen et al. 2007). In addition, candidates hsp60D and CG13133 are

genes with known or inferred Hsp function (cAttrill et al.; the 23 Flybase Consortium). The proportion of the phenotypic variance

explained by the QTL ranged from 14 to 20 %
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flies, which co-localized with previously found long-

evity QTL in Defays et al. (2011; Supplementary

Fig. S1).

Possible epistatic interactions were tested between

all pairwise combinations of markers (see supplemen-

tary Fig. S2). Before correcting for multiple compar-

isons, epistatic effects were significant between

AC005889 (band 30A3-30A6) and AC009392 (band

23A-23-E) in females (P = 0.009) and males

(P = 0.02), between AC005889 and 3L-5235154gt

(band 64D) in females (P = 0.02), between

AC005889 and AC008198 (66D10-66E2) in females

(P = 0.02), as well as between DRONINAC (28A1-

28A3) and SU(Z)2 (49C) in females (P = 0.01). All

these interactions involved always either marker

within the QTL range (AC005889 or DRONINAC),

although these apparent interactions were non-signif-

icant after correcting for multiple comparisons by

using a sequential Bonferroni test (Rice 1989).

Discussion

Longevity was exceptionally increased by our heat-

stress treatment in several RILs (with about 100 % of

longevity extension). Hormesis induction was strongly

dependent on the genotype and the genetic back-

ground because the hormesis-QTL was significant in

RIL-D48 only and because the results show an

exceptionally strong effect of hormesis in several

RIL-D48 lines, but also a negative effect in the form of

strongly reduced longevity in some other RILs

(Fig. 2).

Previous work showed that several forms of mild

stress extend longevity. The process is currently not

fully understood, but it is hypothesized that more than

one mechanism play a role in the extension of

longevity by hormesis (Tower 2009; Moskalev et al.

2011; Le Bourg et al. 2012). In this study we report a

novel heat-stress treatment which was successful in

extremely increasing longevity in several fly lines. In

fact, the heat-shock induced increase in longevity was

about a 100 %, which is an increase much higher than

in previous studies where the heat treatment was

limited to rather one or a few exposures to a heat stress

(e.g., Lithgow et al. 1995; Khazaeli et al. 1997; Hercus

et al. 2003; Gomez et al. 2009; Le Bourg 2011;

Scannapieco et al. 2007; Defays et al. 2011). In the

same RILs as in the present study, a negative

correlation was found between longevity at 25 �C
and hormesis induced by a single heat shock in young

flies (Defays et al. 2011). This negative association

was also significant in RIL-SH2 in the present study,

where a very different thermal treatment was applied.

However, only 30 % of the lines that exhibited

hormesis in Defays et al. (2011) were found to also

exhibit hormesis in the current study, suggesting that

the hormetic response to very different forms of mild-

heat stress differs genetically. In addition, none of the

homesis-QTL in Defays et al. (2011) co-localized with

the hormesis-QTL in the present study, even though

both studies used the same sets of RILs and widely

differed only in the heat-induction treatment. The

heat-sensitive genetic background in this study (RIL-

D48) responded to our chronically cyclical heat-stress

treatment to a considerably higher degree than did the

heat-resistant RIL-SH2 panel (Fig. 2). Presumably,

the genetic background of SH2 flies could ‘‘buffer’’

them from the impact of being exposed to high

temperature several times every day whereas the

converse might be the case for RIL-D48, derived from

a heat-sensitive line. Another possible evidence for an

effect of the genetic background are possible epistatic

interactions (see Results), though these interactions

were non-significant after correcting for multiple

comparisons. In addition, the proportion of the phe-

notypic variance in hormesis explained by the only

significant QTL was not more than 14–20 %, sug-

gesting that epistatic effects in addition to environ-

mental variance could be involved in the hormesis

response level.

The genetic architecture of longevity is complex

and more work is needed in order to increase our

understanding of the mechanisms contributing to

lifespan extension. The two RIL panels in this study

differentially responded to our heat-stress treatment,

with heat-induced hormesis being higher in RIL-D48

(Figs. 1, 2). Further, one hormesis-QTL was identified

on chromosome 2, which was significant in RIL-D48

but not in RIL-SH2 (Fig. 3). A number of studies

suggest that the housekeeping function of some Hsps

plays a significant role in prolonging life and reducing

the disruption of cell homeostasis and the deleterious

effects of ageing, but other systems could also be

implicated (e.g., Olsen et al. 2006; reviewed in Tower

2009, 2011). The parental lines used to construct RILs

significantly differed in the heat-induced Hsp70 levels

(Norry et al. 2004), but no hormesis-QTL was found in
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the genome region of this Hsp gene (Fig. 3). However,

although important to the genetic architecture of

longevity, the Hsp system is only one among several

others that might lead to an extended life (Tower

2009, 2011).

In Sørensen et al. (2007), one SH2-inbred line

(from the same base population as one of the parental

of all RILs in this study) was crossed to other fly stocks

to set up a base population on which several selection

regimes were applied to obtain five replicated lines of

selection (Bubliy and Loeschcke 2005). Many genes

within our QTL region (Table 1) changed their

expression levels by artificial selection on either

longevity or heat-stress resistance in Sørensen et al.

(2007), and other genes were either up- or down-

regulated by heat stress in Sørensen et al. (2005).

Many candidates have still unknown functions,

whereas inferred functions of other candidate genes

include cellular response to insulin stimulus (Pvr, Tran

et al. 2013), regulation of heart rate (Ast2, Merte and

Nichols 2002), sodium ion transport (Nckx30C, Haug-

Collet et al. 1999), circadian clock (Rh5, Acer, Szular

et al. 2012; Carhan et al. 2011), mating (Hgo, Fujii

et al. 2008), and determination of adult lifespan (tam,

Mandavilli et al. 2002).

In Drosophila, heat-induced hormesis has been

extensively supported by previous results on mild heat

stress applied at young ages (e.g., Khazaeli et al. 1997;

Hercus et al. 2003; Scannapieco et al. 2007; Gomez

et al. 2009; Le Bourg 2011), where either single or

periodic exposure to mild stress improved the organ-

ism’s longevity. The body of evidence in favor of

hormetic effects leading to longevity extension sug-

gests that a mild-heat stress is often beneficial (Cypser

and Johnson 2002). The results here discussed present

newfound evidence for hormesis in longevity follow-

ing a treatment consisting of repeated and very short-

time exposures to mild-heat stress every day through-

out the full life, starting the exposures after 2-days of

age of the adult fly. This treatment is different from

previous studies in that, generally, in order to induce

hormesis, individuals in previous studies were

exposed to one or two hours of mild stress either a

single or repeated times in early ages and no more than

one time per treatment day. It is interesting that the

hormesis effect can be extended using recurring peaks

of a mild heat stress throughout almost each day of the

life of adult flies. The results strongly suggest that the

level of induced hormesis is determined by the

genotype, since not all the assessed lines benefited

from increased lifespan. In fact, rather the opposite

was observed in some lines, mainly those from the

RIL-SH2 set, where lifespan was often decreased in

comparison to controls. Thus, the level of heat-

induced longevity was much higher in heat-sensitive

lines than in heat-resistant lines of D. melanogaster

flies. Interestingly, hormesis induction was stronger in

males than in females (Fig. 2), with hormesis being

significant for 20 RIL in males and 9 RIL in females,

suggesting that hormesis is a trait that can present a

sexual dimorphism. Perhaps, cyclic treatments of heat

stress could bemore successful in inducing hormesis if

applied at young ages only (Le Bourg et al. 2000;

Olsen et al. 2006).

The observation that the chronic, yet moderate, heat

stress regime could markedly increase longevity in

some lines and severely decrease longevity in other

lines is the most interesting finding in this study.

Hormesis was especially pronounced in the RILs that

predominantly had a D48 genetic composition. It is

possible that lines selected for heat-sensitivity are

more responsive to heat stress, as the lines selected for

heat resistance may be ‘‘buffered’’ against reacting to

thermal stress (Norry and Loeschcke 2003). In addi-

tion, the genetic background was found to dramati-

cally influence hormesis in previous studies, both

between artificial selection regimes and among the

lines within selection regime, suggesting that in

genetically variable populations a life enhancing

treatment in one individual could have no effect or

even be detrimental in other individuals (Gomez et al.

2009; Sarup and Loeschcke 2011). However, it is still

not fully clear how heat-induced hormesis in longevity

is dependent on genotype. In model systems like

recombinant inbred lines (RILs) of Drosophila

melanogaster, heat-induced hormesis can be tested

for a set of recombinant genotypes to identify genetic

differences in the hormetic response to heat-stress

treatments. Here we used RILs that greatly segregated

genetic variation in heat-stress sensitivity. This RIL

set allowed us to indentify large between-RILs

differences and a QTL for heat-induced hormesis

using a novel treatment of short but cyclic exposures to

a moderate heat stress throughout the adult life. To

delineate the possible limits of hormesis induction by

cyclic treatments of heat stress, it would be interesting

to test their hormetic effects at diverse ages using

strains recently derived from natural populations.
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