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Demography of Genotypes: Failure of the Limited
Life-Span Paradigm in Drosophila melanogaster

James W. Curtsinger,*

Hidenori H. Fukui, David R. Townsend,

James W. Vaupel

Experimental systems that are amenable to genetic manipulation can be used 1o address
fundamental questions about genetic and nengenetic determinants of longevity. Analysis
of large cohorts of ten genctypes of Drosophila melanogaster raised under conditions that
favared extended survival has revealed variation between genotypes in hoth the slope and
location of age-specific mortality curves. Mare detailed examination of a single genotype
showed that the mortality trajectory was best fit by a two-stage Gompertz model, with no
age-specific increase in mortality rates beyond 30 days after emergence. These results are
confrary to the limited life-span paradigm, which pastulates well-defined, genotype-specific
limits on life-span and brief periods of intense and rapidly accelerating mortality rates at

the cldest ages.

A limited life-span paradigm underlies
much gerontological thinking (1}, Indi-
viduals are assumed to he born with a
maximum life-span potential that is “ge-
netically fixed" (2, p. 5). If an individual
survives the various hazards that might
result in premature death, life will be
“terminated by a sharp decline mandated
by senescence" (2), ending in “narural
death” (2). Environmental improve-
ment—including better health care and
mare salubrious behavior in the case of
humans—can reduce premature death but
cannot delay senescent death (2). Fries
{3) provides the most specific hypothesis
for humans: Each individual is genetically
endowed with a maximum life-span paten-
tial thac is approximately normally discrib-
uted among individuals with a mean of 85
years and a standard deviation of 7 years.

The limited life-span paradigm as well
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as Fries's specific hypothesis have come
under increasing scrutiny (4). We have
now performed experiments that directly
test the predictions of the limited life-span
paradigm in a model system. QOur findings
are based on a new approach that might be
called the experimental demography of
genotypes: We have applied methods of
demographic analysis to survival data from
large cahorts of genetically identical Dro-
sophila melanogaster reared under con-
trolled laboratory conditions. The combi-
nation of demography and genetics in an
experimental setting creates a hybrid per-
spective that may provide insights beyond
those attainable by eicher field in isolation
(3}.

If there were well-defined limits on life-
spart, they should produce rapid accelera-
tion in morcality rates and corresponding
sharp declines in survivorship at advanced
ages in large, single-genotype cohorts
raised under conditions that favor surviv-
al. The absence of brief periods of intense
mortality at advanced ages would consti-
tute evidence against the limjted life-span
paradigm. Previous experimental studies
provide little information on this issue
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16),
“surwivorship curves are often based on
small samples, the curves may not be
smaoth, and the resulting mortality esti-

because, as noted by Finch (6, p.

mates are not very precise.” ¢ is custamary
in experimental gerontology to use 100 ot
fewer individuals per strain or treatment,
yielding ten or fewer individuals in the
oldest 10% of cohorts. Qur experiments
were designed to provide estimates hased
on hundreds of individuals in the tail of
the survivorship curve.

We used genetically homogeneous lines
hecause age-specific and genotype-specific
morcality rates are estimable in cohorts but
nat in individuals. By studying highly
inbred lines, we were able to estimate
maortality rates for single genotypes—a feat
that cannot be accomplished by studies of
heterogeneous populations. We also stud-
ied crosses between inhred lines, which
are genetically homogeneous in the F
generation but lacking in the depression of
vigor and life span often associated with
complete hamozygosity (7).

Four highly inbred lines (8} of D. mela-
nogaster were cultured under standard con-
ditions (9) for three generations and then
crossed within and hetween lines to pro-
duce ten genotypes: four inbred and six F,.
Genotype “i X j" was produced hy crossing
females from line { with males from line j.
Males of all ten genotypes were collected
within 12 hours of emergence, lightly anes-
thetized wicth CO,, and placed in groups of
five in 4-dram shell vials with medium.
Vials were assigned random locations in a
single incubator and were examined daily;
the numbers of both live and dead flies were
recorded. Flies were transferred ta fresh
medium once (blocks [, II, and [V) or twice
(block III} per week. Four experimental
blocks were set up: three with all ten
genotypes and one with a large sample of a
single genatype.

Average life-spans {days after emer-
gence) for ten genotypes studied in three
nonoverlapping experiments are shown in
Table 1. Sample sizes varied from block to
block because of genatypic variations in
fertility. There is statistically significant
variation in mean life-span  between
blocks and between genotypes, as well as
block X genotype interaction (10). The
significant genotypic effect demonstrates
genecic variation between lines chat influ-
ences average life-span and is consistent
with previous demonstrations of genetic
vartiation for this character in Drosophila
(6, 11). The significant interaction, large-
ly due to line 3 % 2 in block [II where the
estimated longevity was roughly 20 days
lower than expected, indicates that geno-
types responded differently to nlicroenvi-
ronmental variations from block to block.
Inbred lines tended to have lower longev-
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Table 1. Mean longevities (days after emer-
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Fig. 1. Age-specific daily
prababilities of death for
ten male genotypes of D.
melanogaster pooled over
three experimental blocks

{ten final deaths for each
genotype not shown). Gen-
otypes are (A)1 x 1, (B) 2
¥ 1, (C) 2 x 2, (D) 2 % 4;
(E)3x 1, (F}3x2 (G)3
*x 3 (H3 x4 ()4 x1,;
and (J) 4 » 4.

0.5 0.5
gence) and sample sizes () for ten genotypes a4t A a4t F
of D. melanogaster studied in three experimen- gg 0.3f
tal blocks. SE = standard error. o g?
Mean longevity () 2;:._1 30 46 60 80 100_312@ 24 80 B0 100
Line g-g' B O.g G
Block | Block Il Block Il s o3l
1x1 364 (629) 352 (701} 46.1 (235) BT ool
) . ) 8 o :
2x1 47.0 (574) 27.2 (139) 595 (180) & go 20 40 60 80 100 ‘0 20 60 80 100
2x2 315 (496) 183 (293) 339 (155) 20.4 c o4 H
2x4 360 (484) 258 (362) 563 (59) & 08 0.
dx1 504 (559} 351 (202) 59.7 (221} 2 g? 3-1 m
3x2 468 (604) 296 (143) 348 (225) B 0 Oheme . . o A ,
Ix3 206 (623) 196 (662) 353 (248) & o4 20 40 60 80 100 9 20 60 80 100
3x4 413 (597) 41.7 (548) 585 (185} & o4 D oat |
4x1 454 (489) 406 (165) 556 (266) 9 0. 043
4x4 309 (566) 28.6 (176) 525 (236) o2 M’M gf
Inbred  34.4 (2314) 254 (1832) 42.0 (874) 0.0k ; MY
mean 0f) 20 40 60 @0 100 030 60 80 100
SE 47 8.0 8.9 o4t E aaf ¥
F, mean 44.6 (3307) 33.3 (1559} 54.1 (1136) 03 03
SE 48 6.9 96 92 gf
Total  40.5{5621} 30.2 (3391} 40.2 (2010) 00 ek ook ;
mean [4] 2Q a0 1400 20 60 80 100
SE 6.9 8.0 10.8 Age(days}

ity than their F| crosses (Table 1).

Gompertz mortality rate parameters
(12) for the ten genotypes are shown in
Table 2. Differences between genotypes in
both a and b parameters are generally
much greater than the standard errors of
the estimates, indicating that genotypes
differed in bath the location (g) and the
slope (b) of mottality rate functions. Mor-
tality rate doubling time (MRDT), ex-
ptessed in terms of years to facilitate com-
patison with other studies (13), varied
twofold between lines. Thus, Drosaphila
genotypes differ not only in average life-
span, which is well documented, but also
in the shape and location of the age-
specific mortality curves when approxi-
mated by the Gompertz madel.

Estimates of age-specific daily probabil-
ities of death for each genotype are shown
in Fig. 1. Although there is some sugges-
tion of sharply increasing mortality rates
for two genotypes (Fig. 1, A and C), the
data show no general pattern of dramatic
acceleration of mortality rates at the most
advanced apes as would be expected if
there were a well-defined cap for each
genotype. It is possible that caps beyond
ohserved life-spans exist that could only be
detected with even larger experiments.
This objection could be raised for any
experiment, no mattet how large, that
failed to detect caps. Qur conclusion
therefore applies only to the range of life-
spans actually observed. We have failed to
detect a general pattern of caps in large
experiments in which the oldest flies sur-
vived more than 100 days after emer-
gence. Considering the life-span of the
founding population for the preceding 160
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Table 2. Level parameter a and slope parameter b far Gampertz mortality functions estimated for
tan genotypes of 0. melanogasterin three experimental blocks. Standard errors for all estimates are
less than 0.00009. MRDT is the arithmetic average aver three blacks.

e Black | Block Il Block 1l MROT

a fa) a b a b (years)
1= .0007 0.1225 Q.0021 0.0920 0.0001 0.1644 0.0150
2x1 0.0008 .0882 0.0081 0.0683 00012 .0547 0.0190
2x2 0.002¢ 1.0993 0.0175 00786 0.0053 0.0646 0.0235
224 0.0026 0.0813 0.0127 (0.0538 0.0014 0.0558 0.0298
ax1 0.0005 0.0931 0.0072 0.0449 0.0008 0.0641 0.0282
3x2 0.0010 0.0833 0.0124 0.0406 0.0042 0.0718 0.0291
3Ix3 0.0027 0.1082 0.0130 0.0855 0.0019 0.0966 0.01488
Ax4 0.0030 0.0636 0.0048 0.0479 Q.0010 0.0588 0.0333
4x1 0.0019 0.0660 0.0057 0.0433 0.0023 0.0451 0.0369
4x4 Q.0019 (0.0803 0.0110 0.0481 0.0016 0.0605 .03

generations (2 weeks in laboratory cul-
ture), the likely life expectancy of Dro-
sophila in the wild {1 to 2 weeks), and the
ohservation that most males are sterile by
40 days after emergence (14), we conclude
that, if there are limits to life-span in
Drasaphila, they occur at several times the
life-spans experienced by the populations
in their recent eveolutionary history.

To cbtain mote detailed information
about mortality rates at advanced ages, we
petformed an additional experiment with
5751 males from line 3 x 3 (Fig. 2, A and
B). This line was chosen for further exam-
ination because it appeared to have the
most nearly rectangular survivorship in
preliminary expetiments, as judged by low
variance of the life-span distribution. The
ape-specific mortality rate (I5) increased
lineatly on the log scale until day 30, and
then remained constant at ~30% at later
ages (16). A two-stage mortality model,
with Gompettz-type acceleration of mar-
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tality until day 30 and then constant
mortality rate, fit the data better than
either a single-stage Gompertz model or a
Weibull madel (14). Thus, for flies of this
genotype older than 30 days, estimated
mortality rate was approximately constant
and independent of age {Fig. 1B).
QOccasional experimental studies have
described mortality rate reduction at ad-
vanced ages (17). Carey et al. (I8) docu-
ment a dramatic leveling off of mortality
rates in a heterageneous population of 1.2
millicn medflies (Ceratitis capitata). As
noted by these investigators, there are
several possible explanations for the level-
ing off of mortality rate with age. One
explanation depends on genetic heteroge-
neity; if genetically frailer individuals die
at earlier ages, then the population at the
oldest ages may be genetically “robust”
and have a reduced mortality ‘rate (19).
However, because our experiments were
petformed with highly inbred lines and
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Fig. 2. (A Semilogarithmic plot of mortality
ratez observed in block |V for 5751 male 0.
melanogaster from inbred line 3 x 3. (B) Detall
of mortality rate (arithmetic scale) of last 1906
deaths in block IV. Dotted line: Observed daily
probabiliies of death {five final deaths not
shown}. Salid line: Mortality rates estimated by
smaathing (14). Dashed line: Maximum likeli-
haod estimate of mortality rates fram two-stage
Gampertz model {16).

their F| crosses, the genetic heterogeneity
hypothesis cannot explain our Drosophila
data. A similar objection applies to an
explanation based an sexual heterogene-
ity, given that we studied only male flies.
It is conceivable that mortality rates de-
cline with density in experimental vials,
hut changes in density cannaot explain our
resules (20). Two hypotheses remain.
First, there could be environmental hetet-
ogeneity—in larval feeding rate or quality
of pupation site or adult wvial, for in-
stance—that leads te heterogeneity of
frailty in adults {21). Second, the chance
of death for individuals may level off at
older ages. In either case, if senescence is
measuted by the increase in age-specific
mortality rates in a cohort (22), one is led
to the unexpected conclusion that the
oldest Drasophila of at least one genatype
do not senesce.

We conclude that the limited life-span
paradigm is not supported by observations
on genetically homogeneous populations
of Drosaphila. There is little evidence of
brief periods of intense mortality at the

most advanced ages in large single-geno-
type cohorts. Indeed, the most detailed
observations suggest cthar age-specific mor-
tality rates level off at advanced ages.
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