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ABSTRACT
Composite interval mapping was used to identify life-span QTL in F2 progeny of three crosses between

different pairs of inbred lines. Each inbred line was derived from a different outbred population that had
undergone long-term selection for either long or short life span. Microsatellite loci were used as genetic
markers, and confidence intervals for QTL location were estimated by bootstrapping. A minimum of 10
QTL were detected, nine of which were located on the two major autosomes. Five QTL were present in
at least two crosses and five were present in both sexes. Observation of the same QTL in more than one
cross was consistent with the hypothesis that genetic variation for life span is maintained by balancing
selection. For all QTL except one, allelic effects were in the direction predicted on the basis of outbred
source population. Alleles that conferred longer life were always at least partially dominant.

DROSOPHILA melanogaster has been a model or- undertake such studies. Identification of life-span genes
ganism for study of the genetics and evolution of will provide an understanding of the biochemical basis

life span for over 80 years (Pearl 1922). Its life span of heritable life-span variation and, therefore, test vari-
shows moderate heritability (e.g., Service 2000), and ous physiological/biochemical theories of aging (e.g.,
average life span can be modified quite easily by labora- theories based on oxidative damage; Sohal and Wein-
tory selection experiments (Luckinbill et al. 1984; Rose druch 1996). We will also gain insight into the mecha-
1984; Partridge and Fowler 1992; Zwaan et al. 1995). nisms that help to maintain heritable variation for life
In particular, it has been used extensively to address span, a significant unsolved problem. For example, we
questions about evolutionary genetic mechanisms of se- might obtain evidence for or against various forms of
nescence, about the physiological correlates of increased balancing selection (overdominance, antagonistic pleio-
life span, and about cellular and biochemical mechanisms tropy, sexual antagonism, etc.). Finally, we expect that
of aging (e.g., Service et al. 1985, 1988; Mueller 1987; identification of life-span genes can give us evidence
Graves et al. 1992; Stearns et al. 1993; Chippindale regarding evolutionary genetic theories of senescence
et al. 1994; Hughes and Charlesworth 1994; Leroi (antagonistic pleiotropy and mutation accumulation;
et al. 1994; Orr and Sohal 1994; Charlesworth and Rose 1991). Ultimately, answers to these sorts of ques-
Hughes 1996; Promislow et al. 1996; Tatar et al. 1996; tions will require that we have the actual genes responsi-
Deckert-Cruz et al. 1997; Vossbrink 1997; Pletcher ble for life-span variation “in hand.” That is generally
et al. 1998; Resler et al. 1998; Harshman et al. 1999; not possible with QTL studies based on some variation
Arking et al. 2000). of interval mapping, a very common design. At best,

Given its extensive use as a model organism for investi- we hope to identify chromosomal regions that contain
gation of aging, it is natural that the techniques of quan- loci that influence life span. That information can then
titative trait locus (QTL) mapping should be applied provide a basis for more detailed, fine-scale mapping
to the analysis of life span in D. melanogaster (Nuzhdin studies, perhaps using other types of experimental de-
et al. 1997; Curtsinger et al. 1998; Resler et al. 1998; signs such as deficiency mapping (Pasyukova et al.
Leips and Mackay 2000; Pasyukova et al. 2000; Vieira 2000; De Luca et al. 2003).
et al. 2000; Curtsinger and Khazaeli 2002; Luckin- In this article, we report the results of a replicated
bill and Golenberg 2002; Reiwitch and Nuzhdin mapping experiment designed to locate life-span QTL
2002; De Luca et al. 2003). There are several reasons to regions in D. melanogaster. We used an experimental de-

sign based on analysis of F2 progeny produced by crosses
between homozygous (inbred) parental lines that were

1Present address: Alaska Department of Fish and Game, P.O. Box derived from outbred populations that had been se-
200, Wrangell, AK 99929. lected to have divergent mean life spans. Three different

2Corresponding author: Department of Biological Sciences, Box 5640, mapping crosses, each based on a different pair of pa-Northern Arizona University, Flagstaff, AZ 86011-5640.
E-mail: philip.service@nau.edu rental lines, were analyzed. This is the first study to re-
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(see below), we reasoned that maximizing AFLP genetic dis-port the results of such multiple crosses. One advantage
tance would increase the likelihood of between-line polymor-of replicated mapping crosses is that they may provide
phisms at microsatellite loci. Cross 1 used a B4 and an O5some evidence regarding the mechanisms underlying inbred line, cross 2 used a B2 and an O3 inbred line, and cross

genetic variation. For example, if some form of balanc- 3 used a B5 and an O4 inbred line. The three mapping crosses
were done consecutively during an 11-month period.ing selection, such as antagonistic pleiotropy, is respon-

We used an F2 mapping design. Each mapping experimentsible for much of the natural genetic variance in life span,
was initiated by a reciprocal cross between parental inbredthen we might expect that relatively few loci are involved
lines. After 2 weeks, the F1 adults from the reciprocal crosses

and that segregating QTL alleles would be at interme- were mixed and distributed to fresh medium in 20 or 30 vials
diate frequencies in outbred populations. If that is so, (95 � 25 mm). F2 larval density was not tightly controlled.

However, each cross produced �1500–2500 F2 adults. Forthen our replicated crosses should identify similar QTL.
crosses 2 and 3, only a portion of the F2 adults were usedOn the other hand, if much of the natural genetic vari-
for the life-span assay (Table 1). To reduce mortality fromance for life span is due to a large number of loci that
overcrowding, we elected to assay fewer adults. In the case of

are segregating for relatively rare deleterious muta- crosses 2 and 3, we established F2 adult densities at �200/cage.
tions—the mutation accumulation hypothesis (Meda- For each cross, F2 adults were maintained in six mixed-sex

cages that were constructed from 1-liter plastic wide-mouthwar 1946)—then multiple crosses are likely to reveal
food storage jars following the design of Fukui and Kirscherdifferent QTL. We identified a minimum of 10 life-span
(1993). Temperature (25�) and food medium were the sameQTL. Three of our QTL regions were common to all
as for the B and O source populations and the parental inbred

three crosses, and two more were shared by two crosses. lines. The cages were checked twice a day, roughly every 12 hr,
We also present the first extensive analysis of the domi- for dead flies. Those flies that had died were collected, sexed,

phenotyped (day of death), and stored at �80� for later geno-nance relations of alleles at life-span QTL, informa-
typing. The durations of the cage experiments were 79, 81,tion that is not available from analysis of recombinant
and 83 days for crosses 1, 2, and 3, respectively.inbred lines (e.g., Nuzhdin et al. 1997; Curtsinger and

Microsatellite markers: To obtain a set of polymorphic mi-
Khazaeli 2002). Our results also bear on other issues, crosatellite markers that spanned the three major D. melano-
such as the sex specificity of life-span QTL (Nuzhdin gaster chromosomes, we screened 118 candidate microsatellite
et al. 1997; Leips and Mackay 2000; Vieira et al. 2000; loci. Initially, we screened loci listed in two data bases (Schug

et al. 1998; Goldstein 2001). Markers for testing were chosenCurtsinger 2002; Mackay 2002; Reiwitch and Nuzh-
at �10-cM intervals along the length of each chromosome.din 2002).
The X chromosome is �66 cM while the two major autosomes
are each slightly �100 cM. Markers were screened for polymor-
phisms in the pairs of inbred lines used for our crosses, andMATERIALS AND METHODS those that were polymorphic in at least one pair were retained
for QTL mapping. The published microsatellite data bases didMapping crosses: The inbred lines used for the mapping
not provide enough polymorphic markers for a sufficientlycrosses were derived from laboratory populations of D. melano-
dense marker map. We found additional, “new” microsatellitegaster that have been under long-term selection in the labora-
loci by screening the on-line D. melanogaster genomic sequencetory for either short or long life span. Five replicate popula-
(National Center for Biotechnology Information 2000)tions with relatively short mean life span are designated B1–B5
in regions where there were gaps in our marker maps. Microsa-and five replicate populations with relatively long life span
tellites were found by analyzing sequences with SSRfinderare designated O1–O5. All 10 populations were derived from
(Gur-Arie et al. 2000), and primers for the “new” microsatellitesa common ancestral population. Details concerning the ances-
were constructed using PrimerSelec v5.0 software (DNASTAR,tral population, the selection procedure, and maintenance of
Madison, WI). To increase our chances of finding scoreablethe populations can be found elsewhere (Rose 1984; Charles-
differences among alleles, we focused mainly on tri- and tetra-worth and Charlesworth 1985; Service 1993; Service and
nucleotide motifs with a minimum of eight repeats. In all,Vossbrink 1996). Average adult life spans for the B and O
there were 22, 26, and 23 markers for crosses 1, 2, and 3, re-populations are �25 and 61 days, respectively (Service et al.
spectively. (Information about the microsatellite loci is in sup-1998). In 1993, 20 inbred lines were started from each of the
plemental Table A at http://www.genetics.org/supplemental.)B and O populations. Inbred lines were propagated by a single
Many individual markers were polymorphic for more thanmated female in each generation for the first 34 generations,
one cross. The average distance between markers was �11.4 cMafter which lines were maintained by using several males and
on the standard D. melanogaster genetic map (FlyBase 1999).females as parents for each generation. At the time of the
Marker alleles that were present in the B and O inbred paren-present experiments, the inbred lines had been through �100
tal lines will be referred to as B alleles and O alleles, respec-generations. Therefore, each line should have been completely
tively.homozygous, which was subsequently confirmed by marker

DNA extraction and visualization of microsatellites: Individ-genotyping. Life spans of the inbred lines were not assayed
ual flies were sexed for a second time before the extractionbecause of probable inbreeding depression. Instead, we pro-
procedure began to ensure proper identification. Genomicceeded on the assumption that each inbred line would proba-
DNA was isolated from individual flies using a Puregene DNAbly be fixed for alleles at life-span QTL that were segregating
isolation kit (Gentra Systems) and processed using conven-at high frequency in that line’s parental (B or O) outbred
tional methods. The PCRs were run in 96-well plates with 2population. We chose to use inbred lines from three different
wells reserved for parental controls. The PCR products werepairs of B and O outbred populations to encompass as much
separated by electrophoresis in 3% MetaPhor agarose gelsvariation as possible within our experiments. The choice of
(Cambrex). Gels were digitally photographed after separationpairings was based on maximizing genetic distances that were
of PCR products had occurred and were scored on a UV lightcalculated from AFLP polymorphisms (Vossbrink 1997). Al-

though the present experiments used microsatellite markers table to provide further accuracy.
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TABLE 1

Sample sizes and likelihood-ratio test thresholds

Likelihood-ratio test thresholda

Sex Total no. Sample size (%) Overall Additive Dominance

Cross 1
Female 1114 141 (12.7) 15.25 12.10 29.60
Male 1058 138 (13.0) 15.19 13.00 35.15

Cross 2
Female 604 149 (24.7) 15.50 12.56 35.35
Male 481 133 (27.7) 15.92 13.72 40.00

Cross 3
Female 564 142 (25.2) 14.97 12.26 137.24
Male 453 140 (30.9) 14.92 12.23 30.06

a See text for an explanation of the overall, additive, and dominance tests and for the method of determining
significance thresholds.

Selective genotyping: Selective genotyping was used in each QTL on the standard map was then calculated as 38.3 [� 30 �
([(27 � 22)/(28 � 22)] � [40 � 30])].of the crosses to reduce the number of individuals that had

to be processed. This powerful method requires sampling only QTL analyses and hypothesis tests: QTL mapping analyses
were done with QTL Cartographer software (Basten et al.the extreme phenotypes that will most likely contain the vast

majority of linkage information. Table 1 shows the percentage 1994, 2001). We used composite interval mapping (model 6
in the Zmapqtl program module) to control for effects of bothof each cross that was sampled. Selective genotyping increases

the power to detect QTL, but it can also overestimate the linked and unlinked QTL (Zeng 1994). Conditioning markers
were chosen by the forward-backward stepwise regressionQTL effects (Lynch and Walsh 1998). In all three crosses,

�140 individuals were sampled from each of the two tails of method (SRmapqtl module), with P(Fin) and P(Fout) being
adjusted for each analysis so that at least five markers werethe phenotypic distribution. Many markers contained a small

fraction of individual failures and these were simply treated selected. We restricted the analyses so that only five condition-
ing markers were used. After some experimentation, we settledas missing data. The sex ratio of the sampled flies was kept close

to 1:1 to assure adequate sample sizes for each sex separately. on a 5-cM window size for all analyses. Variation in results due
to window size has been found in other studies (NuzhdinInspection of daily mortality indicated a few days that had an

unusually high number of deaths at early ages. The large num- et al. 1997; Leips and Mackay 2000; Reiwitch and Nuzhdin
2002). The 5-cM window size was selected because there wasber of deaths was most likely due to environmental causes such

as degradation of medium between food changes or fouling little variation between the likelihood peaks that were identi-
fied with 5-, 10-, and 15-cM window sizes, and the 5-cM windowof cages between cleanings. Individuals on these anomalous

days were not included in the genotyped samples. generally produced the narrowest and most well-defined QTL
peaks. The Eqtl program module was used to identify theMarker linkage maps: Because previous studies have indi-

cated sex-specific effects of life-span QTL (Nuzhdin et al. 1997; peaks in the likelihood maps that exceeded the threshold
levels for statistical significance (see below). All analyses ofLeips and Mackay 2000; Pasyukova et al. 2000; Vieira et al.

2000), we did separate mapping analyses for each sex as well the actual data (i.e., excluding permutations and bootstraps)
were run on untransformed and log-transformed phenotypeas each cross (six analyses in all). Mapmaker/Exp 3.0 (Lander

et al. 1987; Lincoln et al. 1992, 1993) was used to determine data (age of death). Results did not differ substantially, and
all results are therefore presented for untransformed data.a marker linkage map using the Haldane mapping function.

The linkage map generated by Mapmaker was generally With an F2 design, it is possible to test for dominance as well
as additive effects of alleles. In our analyses the following ge-shorter (average marker spacing �8.2 cM) than the standard

map due to lack of recombination in F1 males and to underrep- notypic values were assigned: BB � 0, BO � a � d, and
OO � 2a. At each test position on a chromosome, the nullresentation of recombinants in the tails of the F2 phenotypic

distributions that were used for mapping. The QTL mapping hypothesis is no QTL, for which the likelihood of the data is
evaluated with a � 0 and d � 0. Three alternative hypothesessoftware used the linkage maps that were produced by Map-

maker and estimated QTL positions were placed on those may be tested that correspond to a � 0 and d � 0, a � 0 and
d � 0, and a � 0 and d � 0. We analyzed all three tests, whichmaps, all six of which were unique. To compare results of

different crosses, we present all results with marker and QTL we refer to as the overall, additive, and dominance tests.
Permutation tests and bootstrapping: Permutation testspositions converted to the standard D. melanogaster recombina-

tion map. The adjustment procedure for QTL locations used (Churchill and Doerge 1994) were run within the QTL
Cartographer package to determine significance thresholdsa linear function that related the positions for flanking mark-

ers that were reported by Mapmaker to their approximate for likelihood-ratio test statistics. For each of 1000 permuta-
tions in a given data set, the largest experiment-wise test statis-positions on the standard map. For example, suppose the

standard map positions of a pair of neighboring markers were tic for each of the three hypothesis tests was found. The 95th
percentile value of these 1000 largest test statistics was used30 and 40, that the positions estimated by Mapmaker were 22

and 28, and that a likelihood peak for QTL location was found to set the threshold for a 5% experiment-wise type I error
rate for each hypothesis (Table 1). We used bootstrapping toat 27 on the Mapmaker map. The estimated position of this
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estimate confidence intervals for QTL locations. Each of the supplemental). Likelihood map peaks that exceeded the
six data sets (two sexes from three crosses) was bootstrapped significance thresholds for the overall, additive, and domi-
200 times (Visscher et al. 1996; Bennewitz et al. 2002). Each

nance tests are listed in Table 2, along with confidencebootstrap sample was analyzed with the Zmapqtl program mod-
intervals for peak locations and estimates of additiveule, and the Eqtl module was used to identify likelihood-ratio

peaks that exceeded the previously established significance and dominance parameters and the proportion of phe-
thresholds (Table 1). All three hypotheses were bootstrapped notypic variance explained. In a few cases, peaks were
using the same samples. Background markers were the same too poorly supported by bootstrapping to yield useful
as those used for the actual data. The bootstrap frequency

confidence intervals. Considering just the overall hy-distributions of the likelihood-ratio maxima were often asym-
pothesis test, there were 26 significant maxima, whichmetrical. We determined noncentral 95% confidence intervals

by finding the shortest region that contained the point esti- were evenly divided among the three crosses and be-
mate for QTL location (from the actual experiment) and that tween the two sexes. Only two peaks were on the X
also included �190 significant likelihood-ratio peaks (190/ chromosome (both in cross 3 males). The additive test
200 � 0.95). In a few cases, likelihood peaks in the actual data

yielded 17 significant maxima, and the dominance testwere too poorly supported by bootstrapping to yield useful
7 maxima. All of the significant dominance test maximaconfidence intervals. That is, it was not possible to specify a

reasonable map region around a point estimate that included were in cross 1, and 6 of the 7 were observed in females.
�190 bootstrap maxima. We did not consider those cases any Three of the additive test peaks (point estimates 3-50.9
further. in cross 1 females, 3-0.5 in cross 2 males, and 2-59.4 in

Our procedures included some strategies that appear to
cross 3 males) and two of the dominance test peaksimprove bootstrap confidence intervals in some circum-
(point estimates 2-45.1 and 3-73.2 in cross 1 females)stances. By retaining only those likelihood-ratio peaks in our

bootstrap samples that exceeded significance thresholds, we either were undetected or did not give useful confi-
incorporated one aspect of selective bootstrapping (Lebreton dence intervals by the overall hypothesis tests. Four max-
and Visscher 1998). Our method for determining the upper ima by the overall hypothesis tests did not produce use-
and lower bounds of confidence intervals is similar to the

ful confidence intervals. Thus, we have 27 supportedmethod suggested for noncentral intervals by Bennewitz et al.
likelihood map peaks: 22 by overall hypothesis tests (and(2002). We show the complete results of our bootstrap analyses

(Figure 1). These empirical posterior bootstrap distributions possibly by additive and/or dominance tests as well),
may provide information about QTL location beyond that plus 3 by additive and 2 by dominance tests. We com-
given just by the confidence interval (Visscher et al. 1996) bined these 27 maxima into 10 putative life-span QTL,
and may suggest the presence of QTL that were not detected which were designated qtl1–qtl10 (Table 3). Combiningin the actual data.

was done when point estimates for QTL location were
similar and/or there was substantial overlap of the con-
fidence intervals for location. In some cases, such as forRESULTS
qtl8 and qtl10, point estimates were very close. In other

Single-marker ANOVA tests: One-way analysis of vari- cases, such as for qtl9, there was considerable range in
ance was used to test for differences in mean life span the point estimates. However, for qtl9, confidence inter-
among the genotypes at each marker locus. These tests vals for three of the point estimates were completely
must be evaluated cautiously because there are many of contained within the confidence interval for the fourth
them (142) and because of nonindependence of linked estimate (Table 2). Our procedure was conservative in
markers and probably nonindependence of unlinked the sense that it might underestimate the actual number
markers due to similar phenotypic effects and selective of QTL, and we consider our estimate of 10 life-span QTL
genotyping. Most autosomal marker loci showed highly to be a minimum.
significant genotypic effects (detailed results are given QTL effects: For autosomal QTL, the estimated addi-
in supplemental Table B at http://www.genetics.org/ tive effects (a) ranged from 8.5 to 17.5 days, and domi-
supplemental). Genotypic effects for X-linked markers, nance effects (d) ranged from 2.3 to 15.1 days (Table 3).
however, were present only in cross 1 females and cross Because we used selective genotyping and because ef-
3 males. In almost every case in which there was a sig- fects are likely to be overestimated for those QTL that are
nificant genotypic effect, O homozygotes had a longer actually detected (Beavis 1995), these numbers should
life span than B homozygotes. Thus, alleles at segregat- not be taken at face value but may be useful for compari-
ing QTL in each cross had the effect on life span that son of the relative magnitudes of the effects of the QTL.
would be predicted from their populations of origin. The average additive effect was 12.1 days, and the aver-
Furthermore, whenever there were significant geno- age dominance effect was 9.5 days. Qualitatively, these
typic effects, there was a pervasive pattern of at least results are consistent with the ANOVA tests: there was
partial dominance of O alleles. There was only slight a general pattern of support for the idea that alleles
evidence for overdominance. that confer longer life are at least partially dominant to

QTL mapping: There were six separate QTL mapping those that confer shorter life. For example, 24 of 24
analyses (three crosses by two sexes). Likelihood maps dominance parameter estimates in Table 2A are posi-
for each of the three major chromosomes are provided tive. However, in only a few cases was it possible to re-

ject the null hypothesis of no dominance (d � 0) byin the supplemental material (http://www.genetics.org/
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TABLE 2

Significant likelihood-ratio test statistic peaks, confidence intervals for peak locations,
and estimates of QTL effects

Bootstrap peaks in
Cross Sex Locationa same intervalb 95% C.I. (N)c R 2d a e d f

A. Overall testg

1 F 2-28.8 81 (19) 0.09 8.0 14.7
1 F 2-61.0 195 (105) 58.9–65.6 (191) 0.21 10.9 19.3
1 F 3-14.6 141 (27) 11.3–21.9 (204) 0.14 9.4 17.5
1 F 3-20.6 131 (29) 15.2–29.7 (187) 0.13 16.2 16.8
1 F 3-41.8 182 (21) 37.4–48.5 (199) 0.24 12.8 23.3
1 M 2-2.3 170 (142) 2.3–30.2 (188) 0.07 9.6 6.9
1 M 2-48.1 139 (139) 47.4–55.2 (215) 0.10 10.3 5.5
1 M 2-53.9 117 (33) 47.4–55.2 (215) 0.10 13.5 4.7
1 M 2-68.4 168 (32) 55.2–69.1 (209) 0.09 12.4 3.1
2 F 3-28.0 176 (36) 20.3–30.7 (176) 0.36 19.5 2.2
2 F 3-41.4 199 (39) 36.8–45.9 (189) 0.46 22.1 6.9
2 F 3-51.9 151 (39) 43.3–58.8 (191) 0.12 15.7 7.2
2 M 2-64.3 171 (24) 60.7–71.9 (196) 0.21 14.2 4.3
2 M 3-3.6 117 (9) 0.13 12.2 2.6
2 M 3-46.3 91 (6) 0.21 15.2 4.1
2 M 3-51.0 163 (29) 42.1–54.4 (203) 0.23 16.1 4.7
2 M 3-70.7 184 (94) 68.0–77.4 (191) 0.25 13.5 9.5
3 F 2-64.3 182 (45) 58.8–68.2 (191) 0.14 1.5 19.5
3 F 2-72.5 142 (15) 64.9–78.1 (186) 0.10 10.7 14.2
3 F 2-96.8 145 (138) 78.1–96.8 (187) 0.09 12.8 6.3
3 F 3-27.9 204 (26) 25.8–47.7 (193) 0.20 4.2 22.7
3 F 3-61.4 30 (10) 29.2–62.7 (190) 0.06 8.3 11.5
3 M 1-1.4 92 (81) 1.4–20.8 (190) 0.08 �6.7
3 M 1-11.0 51 (37) 1.4–20.8 (190) 0.08 �6.6
3 M 2-59.4 84 (19) 0.10 14.9 4.2
3 M 3-18.6 191 (4) 15.0–35.4 (190) 0.14 11.9 6.6

B. Additive testg

1 F 2-48.5 140 (74) 0.16 11.8 14.9
1 F 2-61.0 189 (85) 49.7–65.6 (187) 0.21 10.9 19.3
1 F 3-50.9 84 (61) 38.3–55.2 (191) 0.19 13.9 19.3
1 M 2-48.1 131 (131) 47.4–55.2 (186) 0.10 10.3 5.5
1 M 2-56.6 119 (36) 47.4–57.9 (222) 0.10 13.3 4.7
1 M 2-69.8 167 (76) 57.9–73.6 (206) 0.09 12.1 3.2
2 F 3-28.0 173 (33) 18.0–30.7 (173) 0.36 19.5 2.2
2 F 3-40.1 199 (57) 35.5–44.6 (189) 0.46 22.1 6.7
2 F 3-50.6 128 (41) 0.12 16.2 7.1
2 M 2-66.0 171 (29) 60.7–71.9 (196) 0.21 14.4 4.1
2 M 3-0.5 145 (95) 0.5–25.3 (197) 0.12 12.1 2.3
2 M 3-48.4 164 (35) 42.1–53.1 (191) 0.22 15.7 4.4
2 M 3-73.7 188 (36) 70.2–79.8 (193) 0.26 13.8 9.4
3 F 2-96.8 138 (125) 82.6–96.8 (177) 0.09 12.8 6.3
3 M 1-1.4 87 (67) 1.4–29.6 (165) 0.08 �6.7
3 M 2-59.4 98 (28) 53.6–67.5 (174) 0.10 14.9 4.2
3 M 3-15.0 188 (87) 15.0–49.9 (188) 0.12 11.0 6.1

(continued)

likelihood-ratio tests (Table 2C). Evidence for overdom- intervals for peak locations are given in Table 2. If a
particular QTL was detected in more than one analysis,inance was very limited. R 2 for the 10 QTL ranged from

7 to 35% (Table 3). Again, these numbers are likely to then a composite confidence interval was calculated
by pooling bootstrap results across analyses (Table 3).be overestimates (Beavis 1995).

Confidence intervals for QTL location: Bootstrap dis- Confidence intervals for QTL detected in only one anal-
ysis were quite long. On the other hand, the averagetributions of likelihood-ratio test peaks for the overall

hypothesis tests are shown in Figure 1, and confidence length of confidence intervals for QTL that were de-
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TABLE 2

(Continued)

Bootstrap peaks in
Cross Sex Locationa same intervalb 95% C.I. (N)c R 2d a e d f

C. Dominance testg

1 F 2-45.1 189 (57) 30.9–48.5 (189) 0.10 12.8 15.4
1 F 2-61.0 184 (131) 54.3–66.4 (190) 0.21 10.9 19.3
1 F 3-14.6 93 (25) 12.6–21.9 (199) 0.14 9.4 17.5
1 F 3-23.2 191 (44) 17.6–31.5 (195) 0.13 15.6 17.0
1 F 3-38.8 313 (23) 35.4–42.3 (186) 0.25 12.6 23.6
1 F 3-73.2 231 (42) 70.0–76.2 (189) 0.08 3.4 14.2
1 M 2-15.7 179 (33) 11.6–30.2 (204) 0.03 �4.2 6.7

a Point estimates for the map positions of all likelihood-ratio test maxima that exceeded threshold values
for statistical significance (i.e., possible QTL).

b The number of statistically significant likelihood-ratio test maxima in 200 bootstrap samples that occurred
in the same marker interval as for the actual data. The number in parentheses is the number of bootstrap
peaks at exactly the same location as for the actual data.

c The approximate 95% confidence interval for QTL location as described in the text. The number in
parentheses is the actual number of bootstrap peaks used to form the confidence interval. The number of
bootstrap peaks should be 190 for a 95% confidence. A number �190 is used when justified by inspection of
the posterior bootstrap peak distributions (Figure 1). A number �190 may occur due to the discontinuous
nature of the bootstrap distribution. In a few cases, no confidence interval is given because the location was
poorly supported by the bootstrapping and the number of significant bootstrap peaks within a reasonable
distance from the point estimate was much �190.

dR 2 is the proportion of phenotypic variance in life span explained by a QTL at the test position, conditioned
on background markers (Basten et al. 2001, p. 56).

e The estimated additive effect (days) of a QTL at the test position. Positive values indicate that the O allele
(derived from a long-lived population) confers greater longevity. Estimates for X-linked QTL in males are not
adjusted for hemizygosity.

f The estimated dominance effect (days) associated with a QTL at the test position. Estimates are not shown
for X-linked QTL in males. Positive values indicate that the O allele (derived from a long-lived population) is
dominant.

g See text for an explanation of the overall, additive, and dominance tests.

tected in more than one analysis was 14 cM. The shortest consistent relationship would not be expected if the
life-span QTL that we detected were due to the vagariesconfidence intervals (7–9 cM) were for QTL for which

there was close agreement among point estimates for of inbreeding. On the other hand, it is exactly the result
that would be expected if the inbred lines were fixinglocation (qtl8 and qtl10).
genetic variation responsible for life-span variation in
outbred populations.

DISCUSSION Sex-specific QTL: Half of the life-span QTL identified
in this study were sex limited. Other studies have re-We have identified a minimum of 10 life-span QTL in
ported similar sex specificity (e.g., Nuzhdin et al. 1997;D. melanogaster from three different pairs of populations.
Leips and Mackay 2000; Vieira et al. 2000). If manyOne concern with using inbred lines to study the genetic
life-span QTL are sex specific, then sexual dimorphismbasis of phenotypes that show inbreeding depression,
in the molecular and cellular mechanisms of aging is im-such as life span, is that the results will not apply to out-
plied—an interesting possibility. However, Curtsingerbred populations. Specifically, the genetic variation re-
(2002) has argued that sex specificity of life-span QTLvealed in crosses between inbred lines can be the result
may be a consequence of the relatively low power ofof mutations that arise during inbreeding or of chance
most mapping experiments. Most of our sex-specificfixation of rare deleterious alleles that were present in
QTL were detected in only one analysis, and an argu-the source populations from which the inbred lines were
ment could be made that our sex-limited QTL are thederived. Our results indicate that the use of inbred lines
ones that we had lower power to detect. The bootstrapwas not problematic. With one exception (qtl1), allelic
results may be helpful in assessing sex specificity. Foreffects were consistent with expectation based on popu-
example, qtl8 was detected in females of crosses 1 andlation of origin. That is, QTL alleles derived from popu-
2 at about position 3-41. Cross 1 males also show a largelations with evolutionarily increased life span (O popula-
spike in the frequency of significant bootstrap maximations) conferred greater longevity than did alleles from

populations with shorter life span (B populations). That at very nearly the same position (Figure 1D). This sug-
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TABLE 3

Minimal set of life-span QTL

95% C.I.b

QTL Point estimate(s) Analysesa Geneticc Cytogenetic R 2d a d d d

X chromosome
qtl1 1.4, 11.0 3M 1–21 (190) 3A-7C 0.08 �6.6 —

Chromosome 2
qtl2 2.3 1M 2–30 (188) 21F-28E 0.07 9.6 6.9
qtl3 45.1e, 48.1, 53.9 1F, 1M 45–59 (381) 33A-44E 0.10 12.2 8.5
qtl4 61.0, 68.4, 64.3, 64.3, 72.5, 59.4f 1F, 1M, 2M, 3F, 3M 59–73 (976) 44E-51D 0.14 10.8 10.8
qtl5 96.8 3F 78–97 (187) 52E-58A 0.09 12.8 6.3

Chromosome 3
qtl6 0.5f 2M 0.5–25 (197) 61D-66D 0.12 12.1 2.3
qtl7 14.6, 20.6, 28.0, 27.9, 18.6 1F, 2F, 3F, 3M 13–31 (763) 64C-67C 0.19 12.2 13.1
qtl8 41.8, 41.4 1F, 2F 38–47 (384) 68F-77A 0.35 17.5 15.1
qtl9 50.9f, 51.9, 51.0, 61.4 1F, 2F, 2M, 3F 40–62 (780) 70A-90E 0.15 13.5 10.7
qtl10 73.2e, 70.7 1F, 2M 71–78 (389) 93C-94E 0.16 8.5 11.8

Except where noted, all point estimates for QTL location are based on likelihood-ratio test maxima using the overall hypothesis
test (i.e., the combined test for additive and dominance effects).

a The analyses in which a given QTL was detected. 1F refers to cross 1 females, etc.
b The approximate 95% bootstrap confidence interval for QTL location. A composite confidence interval is given if a QTL

was detected in more than one analysis. For a QTL detected in n analyses, the confidence interval is the shortest region that
contains (200 � 0.95)n significant peaks using the n combined bootstrap distributions. For example, qtl8 appears in two analyses
and an exact 95% confidence interval would be the region that contains 380 bootstrap maxima. Confidence intervals on the
cytogenetic map were estimated by approximating cytogenetic locations to recombination map locations.

c The number in parentheses is the number of bootstrap maxima used to construct the confidence interval (see footnote b).
d See Table 2 for explanations of R 2, a, and d. Where more than one point estimate is given for QTL location, mean values

are given for R 2, a, and d. No estimate of d is given for qtl1 because that QTL is X linked and was detected in males only. Also,
estimates of a for qtl1 are not adjusted for hemizygosity.

e A significant likelihood-ratio peak by dominance test.
f A significant likelihood-ratio peak by additive test.

gests that qtl8 would not be sex limited in a more power- pairs of B and O populations and that those loci would
be detected in replicated crosses. On the other hand,ful study (or that there may be two tightly linked sex-

specific QTL). Similar but weaker cases can be made for condensing our results into 10 QTL may have led us
incorrectly to identify the same QTL in more than oneqtl5 in cross 3 (Figure 1, C and F) and for qtl6 in cross

2 (Figure 1, B and E). Comparisons among studies may cross. For the two QTL detected in two crosses (qtl8 and
qt10), point estimates of QTL location were in closealso suggest that sex specificity is not strongly supported.

For example, our female-specific qtl8 corresponds quite agreement (Table 3). However, for the three QTL as-
signed to all three crosses (qtl4, qtl7, and qtl9), there waswell with a male-specific QTL located by Nuzhdin et al.

(1997) at position 3-44. Lastly, the mating status of the more spread in the point estimates, and the claim that
the same QTL were present in all three crosses may beflies used for life-span measurements may affect con-

clusions about the sex specificity of life-span QTL: sex- less well supported. An opposing concern is that we
might underestimate the number of crosses in whichspecific effects may be apparent only when unmated

flies are used for life-span assays (Reiwitch and Nuzh- particular QTL were actually present because of limited
power to detect QTL. For example, qtl1 was detected indin 2002).

Evolutionary genetic mechanisms for life-span varia- cross 3 males and was near the left end of the X chromo-
some (Figure 1F). There was some suggestion of a QTLtion—cross-specificity of QTL: Five of our QTL were

detected in two or three crosses (Table 3). The presence at a similar location in cross 1 males and females (Fig-
ure 1, A and D), but not in cross 2 males or femalesof the same QTL in multiple crosses is consistent with

the hypothesis that genetic variation for life span is (Figure 1, B and E). qtl8 was located at approximately
position 3-41 in females of crosses 1 and 2. Females ofassociated with some form of balancing selection, such

as antagonistic pleiotropy (Rose 1982). In such cases, cross 3 showed a clear spike in the bootstrap distribution
at the same location (Figure 1, A–C), suggesting thatwe might expect that the same loci would contribute to

the evolutionary difference in life span between several qtl8 might actually have been present in females of all
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Figure 1.—Posterior bootstrap distributions (N � 200 samples) for the overall hypothesis test. Only those bootstrap maxima
that exceeded significance thresholds are shown. (A–C) Females; D–F, males. (A and D) cross 1; (B and E) cross 2 ; (C and F) cross 3.

three crosses. However, in general, the bootstrap results planations based on antagonistic pleiotropy and muta-
tion accumulation. Antagonistic pleiotropy is most likelytended to reinforce the conclusion that qtl2, qtl3, qtl5,

and qtl6 were each limited to a single cross. Finding a to maintain genetic polymorphisms if there is recessive
deleterious gene action (Rose 1982; Curtsinger et al.QTL in only one cross does not rule out the possibility

that genetic variance for the locus is maintained by bal- 1994). If shorter life span is deleterious (all other things
being equal) and if antagonistic pleiotropy is respon-ancing selection because there is an element of chance

in which alleles become fixed during inbreeding. But sible for genetic variation in life span, then we would
expect alleles that confer shorter life span to be reces-taken at face value, limitation of QTL to a single cross is

perhaps more consistent with mutation accumulation sive. The difficulty is that evidence for the involvement
of antagonistic pleiotropy in life span in D. melanogaster isthan with balancing selection.

Evolutionary genetic mechanisms for life-span varia- equivocal. Most of the support comes from antagonistic
correlated responses to selection (Luckinbill et al.tion—dominance: We could estimate dominance for

nine QTL (Table 3), and the dominance effects were in 1984; Rose 1984; Service et al. 1988, 1998; Zwaan et al.
1995). But correlated selection responses may be duethe direction of longer life in each case. Assuming an

equal chance that alleles conferring longer or shorter to causes other than pleiotropy, and not all selection
experiments show antagonistic correlated responseslife will be dominant, the probability that all nine loci

would show dominance in the same direction is 0.004 (Partridge and Fowler 1992). Wayne et al. (2001)
and Curtsinger and Khazaeli (2002) found no evi-(two-tailed binomial test). We suggest two possible ex-
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dence that life-span QTL had antagonistic pleiotropic quencing to identify Dopa decarboxylase (Ddc) as a proba-
ble life-span gene. The recombination map location ofeffects on other fitness components. Direct estimates of

genetic covariances between life span and other life Ddc is �2-53.9 (FlyBase 1999), which corresponds ex-
actly with one of our point estimates for the locationhistory components in D. melanogaster are generally posi-

tive for fitness (Hughes 1995; Service 2000) or variable of qtl3 (Table 3).
Our results can be interpreted as support for both(Scheiner et al. 1989). Mutation accumulation might

also be expected to result in a general pattern of reces- mutation accumulation and antagonistic pleiotropy (or
balancing selection). Five of our QTL were present insiveness of alleles responsible for shorter life span, again

assuming that shorter life span is deleterious. The major- more than one cross, a result that is consistent with
balancing selection. On the other hand, the remainingity of deleterious mutations appear to be fully or partially

recessive (Wright 1977, p. 509). Furthermore, recessive five QTL were each confined to one cross, a result that is
more in accord with mutation accumulation. However,deleterious mutations will have a higher equilibrium

frequency than dominant ones under mutation selec- given both lack of precision in estimating QTL location
and limited power to detect QTL, these conclusions cantion balance (Crow and Kimura 1970; Charlesworth

1980) and are therefore more likely to be observed in only be provisional. Also, our finding that alleles that
confer greater longevity are generally at least partiallylife-span QTL mapping experiments. Thus, recessive-

ness, with regard to life span of alleles that shorten life dominant is consistent with both antagonistic pleiotropy
and mutation accumulation. Ultimately, resolution ofspan, is expected under both theories of senescence. A

similar result (dominance of long-life alleles) appears these issues will probably require the identification of
specific life-span genes, determination of their alleleto have been obtained by Leips and Mackay (2002),

but was not discussed. A chromosome substitution ex- frequencies in natural populations, and evaluation of
their pleiotropic effects, if any. One test that has so farperiment, however, yielded opposite results (Buck et al.

1993). been missing from all life-span QTL mapping studies
in D. melanogaster is a demonstration that the QTL re-Conclusions: Our primary objective in undertaking

these experiments was to identify chromosomal regions spond to selection that changes mean life span. Such
an experiment would provide independent validationthat contain genes affecting life span. We also sought

information about gene action at life-span QTL and of life-span QTL. In an accompanying article, we present
the results of such a selection experiment (Valenzuelaabout the value of replicated mapping experiments in

distinguishing between antagonistic pleiotropy and mu- et al. 2004, this issue).
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