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ABSTRACT

The nature of genetic variation for Drosophila longevity in a population of recombinant inbred lines
was investigated by estimating quantitative genetic parameters and mapping quantitative trait loci (QTL)
for adult life span in five environments: standard culture conditions, high and low temperature, and heat-
shock and starvation stress. There was highly significant genetic variation for life span within each sex
and environment. In the analysis of variance of life span pooled over sexes and environments, however,
the significant genetic variation appeared in the genotype X sex and genotype X environment interaction
terms. The genetic correlation of longevity across the sexes and environments was not significantly different
from zero in these lines. We estimated map positions and effects of QTL affecting life span by linkage to
highly polymorphic roo transposable element markers, using a multiple-trait composite interval mapping
procedure. A minimum of 17 QTL were detected; all were sex and/or environment-specific. Ten of the
QTL had sexually antagonistic or antagonistic pleiotropic effects in different environments. These data
provide support for the pleiotropy theory of senescence and the hypothesis that variation for longevity
might be maintained by opposing selection pressures in males and females and variable environments.
Further work is necessary to assess the generality of these results, using different strains, to determine

heterozygous effects and to map the life span QTL to the level of genetic loci.

I_IMITED life span and senescence, the progressive
decline in survivorship and fertility with advancing
age, are near-universal characteristics of eukaryotic or-
ganisms. However, there is great variation in total life
span and rate of aging between and within species
(Finch 1990). Variation in life span within natural pop-
ulations is partly attributable to both genetic and envi-
ronmental effects (Tower 1996; McClearn etal. 1997).
Determining the nature of, and interactions between,
the genetic and environmental factors affecting aging
is important from two rather different perspectives: hu-
man health and evolutionary theory. As the human pop-
ulation rapidly grows older (Martin and Preston
1994), population aging is becoming one of the most
important social and health problems facing the next
half century (Rowe 1997). The evolutionary enigma is
why organisms age at all, and why genetic variation for
life span segregates within populations.

The classical evolutionary explanations for aging are
based on the reduction of the strength of natural selec-
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tion as organisms grow older (Medawar 1952; Wil-
liams 1957; Charlesworth 1980). The mutation-accu-
mulation hypothesis (Medawar 1952) assumes that
mutations that are neutral early in life but that have
variable late-age-specific deleterious effects on viability
will escape the vigilance of natural selection and cause
both aging and variation in aging. The antagonistic plei-
otropy hypothesis proposes that mutations with benefi-
cial effects on survival and/or fertility early in life have
deleterious effects later on, and vice versa, leading to
an equilibrium situation in which both classes of alleles
remain segregating (Williams 1957; Rose and Char les-
worth 1980; Kirkwood and Rose 1991). Additionally,
hypotheses for the maintenance of genetic variation for
quantitative traits in general apply to longevity. These
include unconditionally deleterious mutation-selection
balance (Houle et al. 1996) and genotype X environ-
ment interaction (GEI). GEI can maintain quantitative
genetic variation if heterozygotes are less sensitive to
environmental variation than homozygotes (Gil lespie
and Turelli 1989) and if there are reversals in effects
of alleles affecting the life history trait in different envi-
ronments (Levene 1953). None of these hypotheses are
mutually exclusive.

Attempts to discriminate among the various evolution-
ary hypotheses using Drosophila melanogaster as a model
system, by testing whether genetic variation in fitness
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components increases with age, as predicted by the mu-
tation-accumulation hypothesis (Rose and Charles-
worth 1980; Engstrom et al. 1989; Hughes and
Charlesworth 1994; Hughes 1995; Promislow et al.
1996; Tataretal. 1996), and testing for negative genetic
correlations between longevity and other life history
traits, as predicted by the antagonistic pleiotropy hy-
pothesis (Rose and Charlesworth 198la,b; Rose
1984; Luckinbill et al. 1984; Engstrom et al. 1992;
Partridge and Fowler 1992; Roper et al. 1993; Ser-
vice 1993; Stearns and Kaiser 1993; Force et al. 1995;
Zwaan et al. 1995), have produced mixed results. Given
that the various studies did not have the same power to
detect differences in variance, the potential for real
genetic heterogeneity among the base populations
used, and different population sizes and environments,
such inconsistency is perhaps not surprising. Further,
estimates of genetic correlation are only informative
with respect to the net effects of all segregating loci and
can conceal considerable heterogeneity in effects across
loci. The evolutionary question is not whether each of
the potential mechanisms operates, but rather at what
quantitative trait loci (QTL) do alleles affecting varia-
tion in life span segregate, and at what fraction of the
QTL is variation attributable to the segregation of rare,
unconditionally deleterious alleles, alleles with late-age
effects, alleles with opposing pleiotropic effects on early
fitness components, and alleles that exhibit GEL.

What genes are likely to affect senescence and life
span? Traditional screens for mutations altering longev-
ity have not been considered feasible for a variety of
reasons:

1. Mutations in almost any gene will have a deleterious
pleiotropic effect on life span, but this does not imply
the genes so identified directly affect life span.

2. Screens for mutations increasing life span are logisti-
cally difficult, because each potential mutation must
be preserved prior to scoring the phenotype (date
of death).

3. Chemical mutagenesis induces multiple mutations
simultaneously; therefore, long-lived mutations will
be difficult to discern given the background noise
of mutations decreasing life span.

4. Single P-element mutagenesis in Drosophila is not a
solution to the problem of deleterious background
mutations, since the transgenic P element carries a
dominant wild-type selectable marker gene and the
host strain is homozygous for a mutant allele for the
marker. The host strain thus has reduced fitness (and
longevity) that can be “rescued” by many P-element
insertions, which do not affect loci with direct effects
on life span (Lyman et al. 1996; but see Lin et al.
1998).

In Caenorhabditis elegans, however, mutations in genes
affecting dauer-larva formation, fertility, and biological
rhythm have been found to have extended longevity phe-

notypes (Lithgow 1996). Several of these genes have
been cloned and encode phosphatidyl inositol 3-kinase
(age-1/daf-23; Morris et al. 1996), an insulin-like recep-
tor (daf-2; Kimura et al. 1997), a member of the HNK-
3/forkhead transcription factor family (daf-16; Lin et al.
1997), and a short protein with an 82-amino-acid tan-
dem repeat that is homologous to yeast CAT5/COQ7
(clk-1; Hekimi et al. 1998). These genes strongly impli-
cate the glucose metabolism pathway in organismal
aging. These observations are consistent with observa-
tions of increased glycogen and lipid content of Dro-
sophila lines selected for postponed senescence relative
to the unselected controls (Service 1987; Graves et
al. 1992); an increase in frequency of the most active
electromorph of the glycolytic enzyme phosphogluco-
mutase in the same long-lived Drosophila strains com-
pared to the base population controls (Deckert-Cruz
et al. 1997); and the effect of severe caloric restriction
on extended life span in mice (Harrison and Archer
1987).

Long-lived strains of flies and worms also exhibit in-
creased resistance to starvation, desiccation (Service et
al. 1988; Gravesetal. 1992; Linet al. 1998), and thermal
and UV-irradiation stress (Lithgow 1996; Lin et al.
1998), implicating oxidative stress and heat-shock re-
sponse genes as candidates. Numerous observations sup-
port this hypothesis. The more active superoxide dismu-
tase (Sod) electromorph allele is at a higher frequency
in the long- than in the short-lived replicates of one
set of Drosophila selection lines (Deckert-Cruz et al.
1997), while in an independent set of lines, Sod, catalase
(Cat), and xanthine dehydrogenase (Xdh) have higher
MRNA and enzyme activity levels in the long-lived strains
(Force et al. 1995). Long-lived mutant strains of C. ele-
gans have elevated Sod and Cat enzyme activities (Lith-
gow 1996). Transgenic Drosophila strains that jointly
overexpress both Sod and Cat have extended life spans
(Orr and Sohal 1994). Heat-shock proteins (Hsps) are
produced in response to thermal and other stress factors
(Burton et al. 1988). Not only is the ability to induce
Hsps reduced in senescent animals (Niedzwiecki et al.
1991), but a brief, sublethal heat shock to young animals
has been reported to extend life span (Lithgow et al.
1995; Khazaeli et al. 1997). Additional candidate genes
affecting longevity are those associated with DNA repair
and replication (Woodhead et al. 1985; Harrison 1990;
Yuetal. 1996) and telomere length (Bodnar et al. 1998).

Analysis of effects of mutations at candidate genes
and their expression patterns in young and old animals
does not, however, directly address the question of
whether allelic variation at these loci in natural popula-
tions causes quantitative variation in longevity. For this,
allelic association studies are necessary, in which poly-
morphism(s) at the candidate gene(s) are identified,
and the association between the allelic state of the poly-
morphism and longevity in a natural population is
evaluated statistically (Finch and Tanzi 1997; see also
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Mackay and Langley 1990; Lai et al. 1994; Long et al.
1998). This approach is potentially exceedingly power-
ful but is limited by the sheer number of putative candi-
date genes to be tested, our restricted knowledge of all
relevant candidates, and the difficulty in assessing effects
of the candidate gene alleles in a range of environments
if individuals are sampled from nature.

QTL analysis of naturally occurring modifiers of life
span directly addresses the issue of what genetic regions
are associated with variation in longevity between the
two parental strains used to generate the mapping popu-
lation and what are their effects. This approach comple-
ments association studies at candidate loci, because it
can refine the list of candidate genes to be investigated
to those that map to the same location as the QTL and
can point to genomic regions containing no known
candidate genes as worthy of further study. Previously,
we mapped five autosomal QTL affecting D. melanogaster
life span that segregated between two inbred strains that
had not been selected for life span, using a panel of 98
recombinant inbred (RI) lines derived from the paren-
tal strains and a dense cytogenetic marker map (Nuzh-
din et al. 1997). The effects of longevity QTL, estimated
in a single environment, were highly sex-specific. Here,
we have reared the same set of RI lines under standard
and stressful environmental conditions to determine
whether longevity QTL exhibit GEI. The stressful condi-
tions—high and low temperature, a brief, sublethal heat
shock early in adult life, and starvation—were chosen
on the basis of reports in the literature of direct and
correlated effects of these treatments on life span. Sur-
prisingly, all significant genetic variation among these
RI lines is associated with GEI: longevity QTL exhibit
sex- and environment-specific effects, as well as reversal
in the signs of effects across sexes and environments.

MATERIALS AND METHODS

Drosophila stocks: The parental lines used were isogenic
derivatives of two unrelated strains, Oregon-R (Lindsley and
Zimm 1992) and 2b (Pasyukova and Nuzhdin 1993). These
strains were not selected for life span. F, progeny were back-
crossed to 2b, and the backcross progeny randomly mated for
four generations. A total of 98 RI lines were constructed by
25 generations of full-sib mating (Nuzhdin et al. 1997; Gurga-
nus et al. 1998).

Life span phenotypes: Adult longevity was measured for all
98 Rl and the two parental lines in five environments. All flies
were reared from egg to adult on 10 ml standard cornmeal-
agar-molasses medium at 25° in shell vials. The density of the
stocks was controlled for three generations prior to the start
of the longevity assays by restricting egg laying to 3 days and
initiating the cultures with 10 pairs of flies. For each assay
performed, 20 virgin males and females per line were collected
ina24-hr period. Assays were begun with 2-day-old flies housed
in replicate vials with 10 same-sex individuals per vial. The
five environments were as follows: control (C), 5 ml cornmeal-
agar-molasses medium at 25°% high temperature (HT), 5 ml
cornmeal-agar-molasses medium at 29° low temperature
(LT), 5 ml cornmeal-agar-molasses medium at 14°; heat shock

(HS), 37° heat shock for 30 min followed by maintenance in
the C environment; and starvation (S), 5 ml of 1.5% agar
medium at 25°. To provide nutrition and humidity during the
30-min HS treatment, flies were held in vials containing a
layer of filter paper soaked in a 25% sucrose solution. Numbers
of dead flies were scored daily for the first four treatments,
until all animals were dead, and vials were replaced weekly.
The numbers of dead flies were scored every 8 hr for the
starvation treatment. The five assays were conducted sequen-
tially over a 2-mo period.

Phenotypic analyses: Variation in male and female life span
in each of the five environments was partitioned into sources
attributable to line (L), replicate (R) within line, and error
by random effects analysis of variance (ANOVA), according
to the model y = w + L + R(L) + error. w is the overall
mean and nested effects are in parentheses. Variation in life
span for the full data set was partitioned into sources attribut-
able to environment (E), sex (S), and L according to the
mixed-model ANOVA:y = w + E+ S+ L+ E XS+ EX
L+SXL+EXSXL+R(EXSXL)+ Error.E,S,andE X
S are fixed effects; the rest are random. Tests of significance of
F-ratios and estimates of variance components of the random
effects were obtained using SAS procedures GLM and VAR-
COMP, respectively (SAS Institute 1988). Type Il sums of
squares were used in these analyses, because the design was not
completely balanced at the lowest level. Genetic correlations
between the sexes (rgs) and across pairs of environments for
each sex (reg) were computed as cov;,/ o101, Where covy, is
the covariance among line means between males and females
or pairs of environments, and o; and o, are the square roots
of the respective variance components among lines from the
reduced-model analyses by sex and environment (Robertson
1959). All phenotypic analyses were performed on untrans-
formed life span records as well as on In-transformed data.

Molecular marker map: Highly polymorphic cytological in-
sertion sites of high copy number roo transposable elements
were used as molecular markers. roo element insertion sites
in the RI lines were determined as described by Nuzhdin
et al. (1997). There were a total of 76 informative markers,
including the recessive mutation spa™, which also segregated
among the RI lines. The average spacing between the markers
on the standard Drosophila map (Lindsley and Zimm 1992)
was 3.2 cM (Nuzhdin et al. 1997), but the additional genera-
tions of recombination during the construction of the RI lines
resulted in an expanded genetic map. The map positions of
the markers (d cM) on the expanded map were estimated
from the observed recombination frequencies (r) using the
Kosambi mapping function: 100d = 0.25 In[(1 + 2r)/(1 —
2r)]. The insertion sites of the informative markers and their
estimated map positions were as follows: 1B(1-0.00), 3E (1-
14.85), 4F (1-33.16), 5D (1-39.36), 6E (1-42.43), 7D (1-57.28),
7E (1-58.30), 9A (1-76.81), 10D (1-96.29), 11C (1-99.36), 11D
(1-102.43), 12E (1-106.52), 14C (1-126.01), 15A (1-127.03),
17C (1-131.16), 19A (1-134.27), 21E (2-0.00), 22F (2-8.59),
27B (2-61.19), 29F (2-85.53), 30AB (2-87.65), 30D (2-89.77),
33E (2-126.77), 34EF (2-135.75), 35B (2-140.15), 38A (2-
146.00), 38E (2-148.49), 43A (2-152.16), 43E (2-153.38), 46C
(2-154.52), 48D (2-163.49), 49D (2-169.92), 50B (2-172.04),
50D (2-175.15), 50F (2-178.47), 57C (3-0.00), 57F (3-7.65),
60E (3-39.23), 61A (4-0.00), 63A (4-16.72), 65A (4-43.80), 65D
(4-67.70), 67D (4-83.06), 68B (4-103.00), 68C (4-114.92), 69D
(4-124.71), 70C (4-142.04), 71E (4-146.59), 72A (4-148.85),
73D (4-153.26), 76A (4-156.76), 76B (4-160.18), 77A (4-
162.34), 82D (4-164.65), 85F (4-169.26), 87B (4-177.28), 87E
(4-180.67), 87F (4-181.81), 88E (4-192.05), 89B (4-196.56),
91A (4-207.31), 91D (4-215.33), 92A (4-218.65), 93A (4-
230.09), 93B (4-231.15), 94D (4-243.34), 96A (4-260.05), 96F
(4-273.56), 97D (4-284.86), 97E (4-287.06), 98A (4-295.83),
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99A (4-313.98), 99B (4-326.17), 99E (4-337.22), 100A (4-
338.28), spa (5-0.00). Cytological divisions 1-20, 21-60, and
61-100 correspond to Drosophila chromosomes 1, 2, and 3,
respectively, on the standard map (Lindsley and Zimm 1992).
Note that chromosome 2 was formally split into two linkage
groups due to free recombination between markers 50F and
57C. All markers were scored as homozygous Oregon, homozy-
gous 2b, or heterozygous (Nuzhdin et al. 1997).

QTL mapping: Multiple-trait composite interval mapping
(Jiang and Zeng 1995) was used to test the hypotheses that
an interval flanked by two adjacent markers contains QTL
affecting the trait, and that it accounts for a QTL X trait
interaction, while statistically accounting for the effects of
additional segregating QTL by multiple regression on markers
outside the tested interval. The analysis of one trait in multiple
environments and the cross-environment genetic correlation
is formally equivalent to the analysis of multiple genetically
correlated traits in a single environment (Falconer 1952).
The likelihood-ratio test statistic, LR, is —2 In (L,/L,), where
L, is the maximum likelihood under the null hypothesis that
a, =a, =...=a = 0, where g is the additive effect of the
QTL in environment i; and L; is the maximum likelihood
under the alternative hypothesis that at least one a # 0. In
other words, this is a test for the presence of QTL in one or
more environments. The test statistic at a genomic location
isasymptotically distributed as x?with i + 1 d.f. (The additional
degree of freedom is because one tests for a location parame-
ter in addition to the i QTL effects.) The likelihood-ratio test
for QTL X environment interaction evaluates the ratio of
the maximum likelihood under the null hypothesis that a; =
a, = ... = @, to that under the alternative hypothesis of a; #
a, # ... # a. If this test is performed only in the regions
where QTL were detected in the joint mapping analysis, the
test statistic is asympotically distributed as x? with i — 1 d.f.
under the null hypothesis. If a genome-wide scan for interac-
tion effects is performed, the asymptotic distribution is x? with
idf

The appropriate threshold for significance of each test must
be adjusted for the number of independent tests in the ge-
nome-wide scan. Although there are 76 markers, there are
not 76 independent tests, because the markers on the same
chromosome are correlated. Under composite interval map-
ping (Zeng 1994), the effective number of independent tests
in the search for QTL is determined by the size of the genome
region to either side of the test interval in which marker
cofactors are not fitted (the “window size™). In these analyses,
we used a window size of 30 cM and thus conservatively esti-
mate that adjacent regions of 50 cM may be regarded as inde-
pendent. We estimate the number of independent tests as X;
[(T.//50) + 1], where T; is the total estimated map length in
centimorgans of the ith linkage group. For these data, there
are 3.7, 4.6, 1.8, and 7.8 independent tests for each of the
four linkage groups, respectively; or ~20 independent tests
in total. Consequently, a type | error rate of « = 0.0025 was
used in the joint mapping analyses and genome-wide screens
for interaction. For tests of QTL X environment interaction
that were conditional on the presence of significant QTL,
a conventional 5% significance level is appropriate. To be
conservative, we used a type | error rate of « = 0.01 in condi-
tional tests for interaction. Seven joint composite interval map-
ping analyses were performed: one for each of the five environ-
ments, estimating male and female QTL effects separately,
joint QTL, and QTL X sex effects; and one for each sex,
estimating joint QTL and QTL X environment effects. All
analyses used a window size of 30 cM and 15 background
markers, selected by stepwise multiple regression. Heterozy-
gous genotypes were treated as missing data. Analyses were
performed on life span and on In(life span).

RESULTS

Life span phenotypes: Mean life spans of the two
parental lines, Oregon and 2b, and of the 98 RI lines
derived from them, are given for each of the five envi-
ronments in Table 1. The results of tests of significance
of differences in life span between environments and
sexes are presented in Table 2. Mean life spans of the
RI lines ranged from a low of 2.3 days in the starvation
treatment to a high of 80 days at low temperature. Rela-
tive to the control environment, the heat-shock treat-
ment prolonged average life span by 6 days in males
only, and the high temperature environment reduced
average life span by 3.6 days in males and females. These
treatment effects are consistent with previous reports
documenting an inverse relationship between life span
and temperature (e.g., Zwaan et al. 1995) and demon-
strating protective effects of early, sublethal heat shock
on Drosophilalongevity (Lithgowetal. 1995; Khazaeli
et al. 1997). Mean differences in life span between all
pairs of treatments were highly significant as was the
overall effect of environment (Table 2). Females had
significantly longer mean life spans than males in the
control, high temperature, and starvation environ-
ments, but not under heat-shock and high temperature
conditions; over all environments, sexual dimorphism
for life span was only significant at P < 0.05 (Table 2).
Differences in the magnitude of sexual dimorphism for
life span across environments are reflected in highly
significant (P < 0.0001) sex X environment interaction
terms between the heat-shock and control, heat-shock
and high temperature, and heat-shock and starvation
environments, as well as between the high temperature
and starvation environments (data not shown). Conse-
quently, the sex X environment interaction term ap-
proached formal significance in the analysis over all five
environments (Table 2).

Genetic variance in life span: The among-line and
residual variance components estimated from ANOVA
for each sex in each of the five environments are given
in Table 1. In all but one case, there is highly significant
variation among the RI lines. (The exception is for
female longevity at low temperature, for which the
among-line variance component is not quite formally
significant.) All among-line variance components were
significant for the In-transformed data (not shown). If
one assumes that gene frequencies at all segregating
loci affecting the trait are 0.5, then the variance among
the RI lines is an estimate of the genetic variance, Vg,
between the parental inbred lines (Falconer and
Mackay 1996). Because the mean life span (X) of the
RI lines varies across treatments, the coefficient of ge-
netic variation CVg = 100 (V5)Y2/X is an appropriate
statistic to compare relative magnitudes of genetic vari-
ance in the different environments (Houle 1992). Esti-
mates of CV; ranged from 14-28% in males and 13-
20% in females.
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TABLE 1

Summary statistics of life span in different environments

Mean® = SE

E Sex P1 P2 RI Ve Vi P (GSI)® fes' (L,Ly)°

C 3 33.6 = 3.09 375 £ 3.22 34.1 = 1.06 36.5**** 262 Fkx 0.23 (0.03, 0.41)
Q 39.5 + 3.43 28.9 = 4.28 38.8 = 1.09 61.5**** 308

HS 3 49.0 = 3.81 49.4 + 3.29 40.5 = 0.87 48 5**** 187 Fkkk 0.23 (0.03, 0.41)
Q 33.9 +5.19 39.0 £ 2.92 39.7 = 1.04 66.3**** 307

HT 3 36.3 = 1.05 23.2 + 2.69 31.1 = 0.53 19.0%*** 77.7 Fkxk 0.45 (0.27, 0.59)
Q 33.9 £ 2.33 28.6 = 1.99 34.6 = 0.79 37.2%*** 185

LT 3 775 += 10.9 45.8 = 0.27 78.7 = 2.98 48Q**** 1649 NS 1.23 (Undefined)
Q 48.3 = 10.3 77.0 = 10.5 82.2 = 2.93 216* 3337

S 3 2.65 = 0.09 1.52 = 0.07 2.29 = 0.04 0.129**** 0.138 ** 0.94 (0.72, 0.96)
Q 2.64 = 0.18 2.88 + 0.10 2.60 = 0.04 0.116%*** 0.258

NS, P > 0.05; *0.05 < P < 0.10; **0.01 < P < 0.05; ***0.0001 < P < 0.001; ****P < 0.0001.

2 E, environments; C, control; HS, heat shock; HT, high temperature; LT, low temperature; S, starvation.

®P1, Oregon, P2, 2b; RI, recombinant inbred lines. Units are days.

¢ Among-line variance component from analyses of variance (ANOVA) of life span in the RI lines for each sex separately.
P values are from F-ratio tests of significance of the line term in these analyses.

¢ The sum of the between-replicate and within-replicate (error) variance components from the ANOVAs.

¢P (GSI) values are from F-ratio tests of significance of the sex X line interaction term from combined-sex ANOVAs and
indicate whether the genetic correlations are significantly different from unity.

"The genetic correlation between the sexes.
¥ Lower and upper confidence limits for rg;.

The ratio of Vi to (Vs + V), where Vg is the sum of
the variance between and within replicates, indicates
the extent to which variation in phenotypes in the popu-
lation of RI lines is due to variation in genotypes. This
ratio is 0.17, averaged over males and females in all but
the starvation environment. The relatively large effect
of uncontrolled environmental factors on individual
phenotype is expected for life history traits such as life
span. However, Vs/ (Vs + Vg) was much higher for the
starvation treatment: ~0.40 averaged over the sexes.
Ratios of V; to Vg + Vi were reduced on average by 70%
in the analyses of In(life span) (not shown).

Genotype X environment interaction for life span:

We assessed the extent to which alleles at loci affecting
variation in life span among the RI lines cumulatively
exhibited genotype X sex (GSI) and GEI interaction by
determining the significance of these interaction effects
in mixed model ANOVAs of life span among the RI
lines within each environment, pooled across sexes, as
well as pooled across environments. Highly significant
GSI was observed for the control, heat-shock, and high
temperature treatments; GSI was nominally significant
in the starvation environment but not the low tempera-
ture environment (Table 1). The genotype X sex inter-
action effect was also significant in the analysis consider-
ing all five environments (Table 2). There was highly

TABLE 2

ANOVA of life span for the RI lines, pooled over environments and sexes

Variance
Source d.f. Mean square F P component
Environment (E) 4 2.960 x 10° 554 Fkxk Fixed
Sex (S) 1 2.313 x 10¢ 6.69 *x Fixed
EXS 4 5004 2.14 * Fixed
Line (L) 97 8379 1.30 * 9.787
LXE 388 5351 2.29 il 75.23
LXS 97 3459 1.48 kk 10.47
LXEXS 388 2338 0.99 NS —0.2680
Replicate (L X E X S) 979 2359 5.55 Fkkx 195.1
Error 17,236 424.9 429.1

NS, P > 0.05; *0.05 < P < 0.10; **0.01 < P < 0.05; ***0.001 < P < 0.01; ****P < 0.0001.
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significant GEI for life span among the five environ-
ments considered here (Table 2). Although the three-
way genotype X sex X environment term was not sig-
nificantly different from zero in the overall analysis,
this term was highly significant in the pairwise control-
starvation, heat shock-starvation and high temperature-
starvation analysis (data not shown). Thus, the genetic
variation in sexual dimorphism for life span is itself
sensitive to environmental conditions. The significant
genotype X sex and genotype X environment interac-
tion variances observed on the natural scale are also
significant in the analyses on In(life span) and are thus
not an artifact of scale (data not shown).

Measures of the importance of GSI and GEI are rg
and rge: the cross-sex and cross-environment genetic
correlations, respectively. These correlations indicate
the extent to which the same genes affect male and
female life span within each environment, or the life
span of males or females in different environments.
Correlations approaching 0 indicate different constella-
tions of genes affect the trait in the sexes or environ-
ments, and correlations approaching |1| indicate the
same genes are responsible for variation in the trait
(Falconer 1952) in males and females or treatments.
The correlation in mean life span of RI lines with the
same genotype across both sexes and all environments
is rese = Vo/ (Vo + Ve + Verr), Where Vg is estimated by
the among-line variance component and Vgg and Vg
are, respectively, the GSI and GEI variance components
from the mixed-model ANOVA pooled over environ-
ments and sexes (Bulmer 1985). For the untransformed
data, rgse = 0.10 (Table 2) and for the In-transformed
data, rgse = 0.13 (data not shown). All of the significant
genetic variation in life span among these RI lines is
tied up in the interaction terms!

We computed cross-sex genetic correlations and
cross-environment genetic correlations for pairs of envi-
ronments from variance components using the method
of Robertson (1959). Approximate confidence limits
for these correlations were estimated using Fisher’s z
transformation (Sokal and Rohlf 1981), which can be
used to infer whether a given correlation is significantly
different from zero or unity. The ANOVA results can
also be used in this regard: cross-sex or cross-environ-
ment genetic correlations are significantly different
from 1 if the GSI or GEI interaction terms from the
pooled analysis are significant, and are significantly dif-
ferent from 0 if the among-line variance from the same
analysis is significant. Estimates of rgs within each envi-
ronment are presented in Table 1. The cross-sex genetic
correlations in the control and heat-shock environments
are not significantly different from 0 and are highly
significantly different from 1, indicating that different
QTL affect the life span of the two sexes in these environ-
ments. In the low temperature environment, the cross-
sex genetic correlation is not significantly different from
unity, suggesting that the same genes affect variation in

life span in this environment. Intermediate situations
are represented by the high temperature and starvation
treatments, where the genetic correlations of life span
between the sexes are significantly different from both
0 and 1. Cross-sex genetic correlations can depart from
unity if there are changes in the rank order of line mean
longevities in males and females (crossing of reaction
norms) and if there are changes in the among-line vari-
ance of life span in the two sexes. In all cases for which
the sex X line interaction is significantly different from
0, >90% of the interaction variance is attributable to
changes in rank order of life span between males and
females. Consistent with this analysis, estimates of cross-
sex genetic correlations of In-transformed data are very
similar to the estimates obtained on the natural scale
(not shown).

Estimates of ree between pairs of environments and
confidence limits of the estimates are given in Table 3.
Cross-environment genetic correlations fall into four
categories. The first group are high and positive; these
are highly significantly different from zero and either
not significantly different from unity or only nominally
so. In this group are the control-high temperature and
control-heat-shock environment pairs. Largely the same
genes affect variation in life span in these environments.
The second group has a single representative: the cross-
environment genetic correlation between the high tem-
perature and heat-shock environments is intermediate,
and significantly different from both zero and one.
Some common as well as different loci affect variation
in life span in these environments. Most of the correla-
tions fall into the third category: highly significantly
different from one and not significantly different from
zero. This group includes all correlations with the starva-
tion environment and all male correlations with the low
temperature environment. Completely different sets of
loci affect longevity in these environment pairs. The
fourth group is somewhat anomalous and includes the
correlations of low temperature with the control, high
temperature and heat-shock environments in females.
These correlations are not significantly different from
one or from zero. We regard these correlations as poor
estimates; not unexpected given that the among-line
variance component for females in the low temperature
treatment was not formally significantly different from
zero. The differences between cross-environment ge-
netic correlations of In-transformed compared to un-
transformed data are quantitative, not qualitative. Con-
trol, heat-shock, and high temperature treatments are
more highly correlated with each other than with the
low temperature treatment (particularly for males), and
the correlation between starvation and the other treat-
ments remains low (data not shown). Scale effects
(changes in variance) are not the main cause of the
observed departures of cross-environment genetic cor-
relations from unity.

Life span QTL: Cross-sex and cross-environment ge-
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TABLE 3

Cross-environment genetic correlations (confidence limits) of life span in RI lines

c HS HT LT s
c 1.04 0.72 0.01 -0.21
(UN) (0.61, 0.81) (—0.19, 0.20) (—0.39, —0.01)
NS * *kkk *kk
HS 0.72 0.77 —0.08 0.09
(0.61, 0.81) (0.67, 0.84) (—0.28, 0.12) (—0.11, 0.28)
** **kk *kkk *khkkk
HT 0.82 0.64 ~0.08 0.35
(0.75, 0.88) (051, 0.75) (-0.27, 0.11) (0.16, 0.51)
* *kkk *kkk *kkk
LT 0.01 0.81 031 -0.28
(0.84, 0.94) (0.73, 0.87) (0.12, 0.48) (—0.45, —0.08)
NS NS * *khkkk
S 0.05 0.08 0.15 -0.23
(—0.15, 0.25) (—0.12, 0.28) (—0.05, 0.34) (—0.41, —0.03)
*kkk *khkk *kkk **

Abbreviations for the five environments are given in the Table 1 footnote. Entries above the diagonal are
for males and below the diagonal are for females. P values are from F-ratio tests of significance of the line X
environment interaction term from ANOVA:s for pairs of environments and indicate whether the cross-environ-
ment genetic correlations are significantly different from unity. UN, undefined; NS, P > 0.05; *0.05 < P <
0.10; **0.01 < P < 0.05; ***0.0001 < P < 0.001; ****P < 0.0001.

netic correlations that are significantly less than one
could arise if some loci are conditionally expressed in
different sex or treatment environments, or if the effects
change sign across environments (a kind of antagonistic
pleiotropy). To determine the extent to which loci con-
tributing to GSI and GEI exhibit these properties, we
mapped the QTL affecting adult longevity and GSI and
GEI for adult longevity in this set of RI lines, using
multiple trait composite interval mapping (Jiang and
Zeng 1995). Several analyses were done. First, we
mapped QTL affecting life span and GSI for life span
within each treatment environment. The LOD thresh-
olds for significance of the main QTL effect, the condi-
tional test for GSI, and the genome-wide scan for GSI
were 3.11, 1.44, and 2.60, respectively. Second, we
mapped QTL affecting life span and GEI for life span
within each sex across treatment environments. It was
necessary to exclude the starvation treatment from these
analyses: there were convergence problems, most likely
because this trait was not correlated with the others.
The LOD thresholds for significance of the main QTL
effect, the conditional test for GEI, and the genome-
wide scan for GEl were 3.99, 2.46, and 3.56, respectively.
A third analysis was performed for females, including
only the control, heatshock, and high temperature
treatments, because the genetic variance among lines
in the low temperature treatment was not significant in
females. The LOD score threshold for the main QTL
effect in this analysis was 3.56 and for the genome-wide
scan for GEI was 3.11.

All composite interval mapping analyses were done
on life span and on In(life span). The results of these

analyses on the untransformed scale are summarized in
Table 4 and are depicted graphically in Figures 1-6. We
have presented the results of the analyses on the natural
scale for several reasons: (1) the In-transformation did
not improve the fit of the line means to a normal distri-
bution; (2) the genetic variance was greater, relative to
the total variance, for the untransformed data, thus
giving greater power to detect QTL; and (3) there were
few differences between the two sets of analyses. These
differences are also summarized below.

We mapped 29 QTL affecting life span in the separate
analyses; however, several QTL map to the same loca-
tion. Conservatively, we estimate that a total of 17 QTL
affect variation in life span in these lines, and have
named them Ls1-Ls17 for the purposes of discussion
and future reference. QTL detected in different analy-
ses were considered to be the same if the map positions
were the same or the interval in which the LOD score
exceeded the threshold value overlapped, and the esti-
mated effects were similar. Two QTL were not clearly
the same or different based on these criteria. To be
conservative, they were classified as being the same as
others detected in the gene region, but with the suffix
“a” to indicate the ambiguity. A brief description of each
QTL follows.

Lsl has a female-specific main effect, and female-
specific GEI considering the control, heat-shock, and
high temperature environments. The GEI is partly at-
tributable to conditional expression (there is a highly
significant positive effect in the control environment)
and antagonistic pleiotropy ( the effect in the high tem-
perature environment is negative).
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Figure 1.—Plot of LOD scores against estimated map position from multiple-trait composite interval mapping of life span in
the control environment. The marker positions are indicated by triangles along the abscissa. Results are shown for the joint
analysis pooled across sexes and the QTL X sex interaction.

Ls2 is specific to the high temperature environment. Ls4 is significant in both the control environment
The significant GSI effect is caused by antagonistic plei- and in females over the four treatments. There is highly
otropy. significant GSI and GEI due to conditional expression

Ls3 is a starvation-specific QTL that is expressed in only in females in the control environment.
both sexes. Ls5 is significant in the control environment and in
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Figure 2.—Plot of LOD scores against estimated map position from multiple-trait composite interval mapping of life span in
the heat-shock environment.
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Figure 3.—Plot of LOD scores against estimated map position from multiple-trait composite interval mapping of life span in

the high temperature environment.

males over the four treatments. The significant GSI ef-
fect is attributable to antagonistic pleiotropy, and the
GEI effect is due to conditional expression in males of
the control environment.

Ls6 is a female-specific QTL with antagonistic pleio-

Chromosome 1 Chromosome 11

tropic effects in the control and heat-shock environ-
ments.

Ls7 has opposite effects in males and females in the
heat-shock environment. The GSI effect is significant at
the level of a genome wide-scan, but the main QTL
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Figure 4.—Plot of LOD scores against estimated map position from multiple-trait composite interval mapping of life span in

the low temperature environment.
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Figure 5.—Plot of LOD scores against estimated map position from multiple-trait composite interval mapping of life span in

the starvation environment.

effect is not significant. Ls7a, which may be the same
QTL, is significant in the starvation environment and
has a significant GSI effect attributable to conditional
expression in males. The effects in the heat-shock and
starvation environments are of opposite sign.

Ls8 is significant in males in the four environment

Chromosome I Chromosome [

Joint anlaysis on male
—— QTL x E on male

Joint analysis on female

v YA |

—— QTL x E on female

40 0

analyses, and in the control environment alone. The
significant GEI effect is due to the large conditional
effect in the control (and to some extent, the heat-
shock) environment. The significant GSI effect is be-
cause the effects change sign in males and females. Ls8a
maps to the same region and may be the same QTL. It
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Figure 6.—Plot of LOD scores against estimated map position from multiple-trait composite interval mapping of male and
female life span. The joint analysis considers the control, heat shock, high temperature, and low temperature environments.
Total QTL and QTL X environment interaction LOD scores are shown.
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is specific to the starvation environment; this effect is
in the opposite direction to the control and heat-shock
effects in males.

Ls9 is a QTL with a very large effect in the starvation
treatment only, expressed in both sexes.

Ls10 has a main and a GSI effect in the high tempera-
ture environment. This QTL has opposite effects in
males and females.

Ls11isexpressed in both sexes in the low temperature
environment. This large-effect QTL contributes to the
main and GEI effect in the female four-treatment analy-
sis, and a GEI effect in the male four-treatment analysis.
The GEI effects are attributable to the conditional ex-
pression in a single environment.

Ls12 has a large female-specific effect in the control
environment, contributing to conditional GSI and con-
ditional GEI in the four-treatment analysis. It also has
asignificant GSI effect in the high temperature environ-
ment, also due to conditional expression in females.

Ls13 is a female-specific QTL with GEI in the four-
treatment analysis. The effects of this QTL change sign
between the control and high temperature environ-
ments.

Ls14 isa male-specific QTL in the four-treatment anal-
ysis, with significant GEI due to conditional expression
in the control and heat-shock environments. The heat-
shock effect is also significant pooled over both sexes.
This QTL also has a male-specific effect in the starvation
treatment.

Ls15 is significant in the female four-treatment analy-
sisand in the control. It contributes to GEI by antagonis-
tic pleiotropic effects in the control and high tempera-
ture environments, and to GSI through sexually
antagonistic effects in the control environment.

Ls16 is a female-specific QTL with GEI due to condi-
tional expression in the control and heat-shock environ-
ments.

Ls17 is a heat-shock-specific QTL with GSI due to
conditional expression in females.

We detected 27 QTL mapping to 18 locations in the
analyses of In(life span). Twenty-one QTL mapping to
14 separate locations were the same in the two analyses.
Of the 21 QTL common to both analyses, 17 exhibited
the same QTL X environment interactions on both
scales. The major differences between the two analyses
were as follows:

1. Three highly significant QTL were detected in the
analysis of the untransformed data that were not
detected in the analysis of In-transformed data: Ls6,
Ls10, and Ls13.

2. The QTL detected between markers 38E-43A in the
analysis of the untransformed control data appear
between markers 34EF-35B in the analysis of the In-
transformed data. Such shifts in inferred QTL loca-
tion are common using composite interval mapping

analysis because the inferred locations are sensitive
to the marker cofactors used.

3. Although QTL mapping to the locations of Ls12 and
Ls15 were detected in both sets of analyses, the exact
analyses in which the QTL were significant were not
the same. The Ls12 QTL detected in the C and fe-
male four-treatment (F, 4T) analyses of untrans-
formed data were not detected in the In-transformed
data, and the Ls15 QTL detected in the F, 4T analysis
of untransformed data was not detected in the In-
transformed data. All remaining differences between
the two analyses were attributable to appearance and
disappearance in one or the other analysis of QTL
significant for the interaction effect only; these could
be false-positive results.

DISCUSSION

We have examined the genetic architecture of Dro-
sophila life span by estimating quantitative genetic pa-
rameters and mapping QTL for adult life span in a
population of RI lines reared in five environments—
standard culture conditions, high and low temperature,
and heat-shock and starvation stress. Although there
was highly significant genetic variation for life span
among the RI lines within each sex and environment
(with the exception of the female, low temperature anal-
ysis on the natural scale), the only significant genetic
variation in the analysis pooled over all environments
and the two sexes appeared in the GSI and GEI interac-
tion terms. The genetic correlation of life span across
sexes and environments was not significantly different
from zero.

The expression of QTL affecting longevity in Dro-
sophila is thus highly sensitive to environmental condi-
tions. No QTL were expressed in all environments. Two
QTL, Ls4 and Ls17, were conditionally expressed in only
one sex and environment. Four sex-specific QTL (Ls1,
Ls6, Ls13, and Ls16) were expressed in two environ-
ments, and one sex-specific QTL (Ls14) was expressed
in three environments. Lsl, Ls6, and Ls13 exhibited
antagonistic pleiotropic effects in the different environ-
ments, whereas the effects of Ls14 and Ls16 were in the
same direction in the different treatments. Five QTL
affected both sexes in only one environment: Ls2 and
Ls10 had sexually antagonistic effects, and Ls3, Ls9, and
Ls11 had similar effects in both sexes and did not con-
tribute to GSI. The remaining five QTL, Ls5, Ls7, Ls8,
Ls12, and Ls15, had more complicated patterns of ex-
pression in both sexes and two or more environments.
Each of these QTL had sexually antagonistic effects in
one environment. In addition, Ls5 and Ls12 had sex-
specific effects in the same direction in a second envi-
ronment; and Ls7, Ls8, and Ls15 had antagonistic pleio-
tropic effects in two or more environments that were
expressed in only one sex.
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Nuzhdin et al. (1997) mapped QTL for adult longev-
ity using the same set of RI lines. In this experiment,
animals were housed individually in small tubes rather
than in groups of 10 in standard culture vials; otherwise
the environment was equivalent to the control condi-
tions reported here. Five sex-specific QTL were de-
tected, four of which correspond in location to Ls7, Ls8,
Ls11, and Ls15.

The use of RI lines is the best experimental design
for investigating the genetic basis of variation for traits
whose phenotypic expression is highly sensitive to un-
controllable environmental variation, such as life history
traits (Soller and Beckmann 1990), and is also the
optimal method for evaluating QTL X environment
interactions. However, like all QTL mapping methods,
these analyses are of necessity restricted to assessing the
nature of the genetic variation that segregates between
the two parental strains, and results from a single experi-
ment beg the question of generality. Will the same QTL
be found to segregate between different parental
strains? To what extent are sex- and environment-spe-
cific effects of longevity QTL a peculiarity of the genetic
constitution of the two parental lines used to establish
the RI line mapping population studied here? These
questions can only be addressed by extensive replication
of the experimental design using different starting mate-
rial or by introgressing gene regions containing the life
span QTL from a large natural sample of chromosomes
into a common genetic background (Lyman and
Mackay 1998). If the same QTL are found in many
parental lines, one would infer that alleles at these loci
are at intermediate frequency in the natural population
from which the strains were sampled; if not, a rare alleles
model (Barton and Turelli 1989) of segregating varia-
tion is supported. There is some evidence that extensive
GSI and GEI are general properties of longevity QTL.
Maynard Smith (1958) undertook a quantitative ge-
netic analysis of longevity in D. subobscura, and found
that genes with sex-limited effects were responsible for
variation in life span within and between populations
of this species, and that the sex differences were temper-
ature-dependent. Highly environment-specific effects of
QTL affecting longevity pose a practical problem for
the genetic dissection of this trait, for it is clearly critical
to evaluate life span in a wide range of environments
to obtain a complete picture of the factors affecting
variation in this trait.

The common occurrence of QTL with opposite ef-
fects in males and females, and between environments,
immediately suggests that genetic variation for life span
could be maintained by the balancing selection mecha-
nism proposed by Levene (1953), whereby the fithess
effects of two alleles at a single locus change rank in
alternate environments. Although the original formula-
tion of the antagonistic pleiotropy hypothesis for aging
was in terms of negative genetic correlations between
fitness effects of genes expressed early and late in life

(i.e., negative correlations between alleles affecting life
span and other life history traits), this hypothesis can
be readily extended to opposite effects of alleles affect-
ing life span in males and females or in different envi-
ronments. These observations thus provide support for
Williams’ (1957) pleiotropy theory of senescence. An
important caveat regarding the generality of inferences
drawn from analyses of life history traits in RI lines is
that these are nearly totally homozygous genotypes, a
contrived genetic situation that does not exist in natural
populations of outbreeding species like Drosophila. It
is critical in the future to determine homozygous and
heterozygous effects of QTL affecting life span, and
QTL X environment interaction effects, in a largely
heterozygous background genotype. However, if homo-
zygous genotypes exhibit more GSI and GEI than het-
erozygotes, genetic variation would still be maintained
at these loci via the mechanism proposed by Gil lespie
and Turelli (1989).

It is interesting to note that opposing QTL effects in
males and females and across environments did not lead
to significantly negative estimates of genetic correlations
between the sexes or environments, although many of
the correlations were not significantly different from
zero. The genetic correlations represent the summation
of effects over all contributing loci and can conceal
considerable heterogeneity of individual QTL proper-
ties. Such heterogeneity can confound efforts to dissect
physiological and genetic mechanisms responsible for
variation in longevity based on correlated responses to
selection for postponed senescence and may provide a
partial explanation for the variable results obtained in
different experiments (in addition to real genetic differ-
ences among the starting base populations). The long-
lived lines of Rose (1984) had decreased early fertility
and increased resistance to starvation and desiccation
stress relative to the controls (Service et al. 1988). How-
ever, lines selected for postponed senescence by Par-
tridge and Fowler (1992) did not differ in early fe-
male fertility from the control lines, and the long-lived
line of Luckinbill et al. (1984) exhibited decreased
early fertility and no difference in resistance to starva-
tion and desiccation relative to the unselected line (Ark-
ing 1987; Force et al. 1995). These conflicting results
can only be resolved by analyses at the level of individual
QTL. For example, the genetic correlation between star-
vation resistance and life span in the other environ-
ments in the population of RI lines studied here was
not significantly different from zero, and most QTL
affecting variation in starvation resistance were corre-
spondingly specific to this treatment. However, one
QTL, Ls14, exhibited a positive correlation between star-
vation resistance and life span in the control and heat-
shock environments.

Based on the results reported here, different environ-
mental conditions might be expected to yield variable
correlated responses to selection, given that the effects
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of the same genotype on life span will vary according
to the environment. Indeed, Buck et al. (1993) report
that their long-lived phenotype is conditional on high
larval density, and LeRoi et al. (1994) note that the
genetic correlation between life span and early fecun-
dity in Rose’s long-lived and control lines can vary ac-
cording to the conditions under which the phenotypes
are assessed.

Many candidate genes affecting life span have been
postulated: genes involved in resistance to heat shock
and oxidative stress, DNA repair, cellular aging, meta-
bolic energy storage, and loci with sex-specific effects
on fertility and reproduction. With so many candidate
genes and such a large fraction of the genome covered
by QTL affecting life span, it is expected that many
candidate gene and QTL map positions will overlap by
chance. While fine-scale mapping is necessary before
positional candidates can be proposed for further analy-
sis, it is nevertheless interesting to note that life span
QTL map to the same locations as genes encoding en-
zymes of carbohydrate metabolism (Phosphogluconate de-
hydrogenase, Ls1; Phosphoglucose isomerase, Ls8a); oxidative
and heat-shock stress (Sod and the small heat shock pro-
teins, Ls11; Heat shock protein 70A; Ls16); sex determina-
tion (Sex-lethal, Ls4; sisterless-a, Ls5); and sex-specific pep-
tides (accessory gland proteins B (AcpB), Ls7; AcpK, Ls8).
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