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A mini-review of the evolutionary theories of aging.
Isit thetimeto accept them?

EricLeBourg®

Abstract

This article reviews some studies testing evolutionary theories of aging and shows that
they are not always confirmed. Nevertheless, many gerontologists consider now that
these theories provide a general explanation of the aging process. In such conditions,
we may wonder whether time has come to provisionally accept these theories in order
to redirect the research efforts of gerontologists towards other directions, such as the
search for new means to modulate the aging process.
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1. Introduction

After twenty years or so of experiments testing the evolutionary theories of aging, they
are now considered by many gerontologists as the basis of the explanation of the aging
process. These theories explain the ultimate causes of aging (why aging occurs?), while
other theories explain the proximate causes of aging (what mechanisms do explain
aging?). These two kinds of theories operate at different levels of explanation and thus
theories describing proximate causes of aging do not contradict evolutionary theories.
For some scientists, proximate causes of aging deal with the deleterious actions of free
radicals (see for instance al the articles of the Sohal’s team). Others favor the
imbalance of long-term low intensity stressors and of protective and repair processes
(Masoro 1996), or other mechanisms as those described by Medvedev (1990) in his
famous article compiling more than 300 theories of aging.

The matter of the present article is to pay some attention to the evolutionary
theories of aging. This article describes in a few words the theory of the accumulation
of mutations at old age (Medawar 1952), the theory of antagonistic pleiotropy
(Williams 1957), the disposable soma theory (Kirkwood 1999), and reviews some
results purporting to test them.

Even if these theories are very appealing, we may think that the final word about
their validation process has not still be said. Yet, in a recent past, it has become clear
that there is a risk for some gerontologists to consider these theories as definitively
validated, which seems premature. For instance, Keller and Genoud (1997) have
explained the long life span of queens of ants by relying on evolutionary theories of
aging. Le Bourg (1998) considered that Keller and Genoud (1997) showed “that
evolutionary theories of aging are consistent with the high longevities of queens, but
...only apply atheoretical explanation to what is observed in the wild”. Following this
article, a debate occurred between these authors (Keller and Genoud 1999, Le Bourg
and Beugnon 1999).

The present article proposes to provisionally accept evolutionary theories of aging
- even if the review will show that one may have some doubts about their full validity -
to redirect a part of the research efforts towards other questions. In other words, we
could accept the evolutionary theories of aging, because they currently offer the most
plausible explanation of aging and, at the same time, not accept al claims that
experiments support them. This behavior allows to consider that testing these theoriesis
no longer atop priority.
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2. Evolutionary theories of aging: a brief overview

According to these theories, aging is a by-product of natural selection. Any individual
has a probability to reproduce. It is zero at birth and reaches a peak in young adults.
Then, it decreases due to the increased probability of death linked to various external
(predators, illnesses, accidents) and internal causes (aging). In such conditions,
deleterious mutations expressed at young age are severely selected againgt, due to their
high negative impact on fitness. Conversely, the same mutations, if they are expressed
at old age only, are rather neutral to selection, because their bearers have already
transmitted their genes to the next generation. Note that these mutations can affect
fitness directly or not. For instance, a mutation increasing the risk for leg fracture, due
to a low fixation of calcium, may be as deleterious to fitness as one impairing the
nesting of the egg in the uterus. In both cases, the animal is at risk not to reproduce,
either because many precocious abortions occur or because it becomes an easy prey for
apredator.

This theory of the accumulation at old age of mutations (Medawar 1952) seems to
be in accordance with common sense. It may be easily understood that persons loaded
with a deleterious mutation at young age have less or no chance to reproduce; for
instance, progeria patients live for about 12 years (Turker 1996). By contrast, people
expressing a mutation only at older ages can reproduce before the illness occurs, asit is
the case with the Huntington’s disease. In such conditions, the autosoma dominant
genetic disease progeria stems from de novo mutations and not from the genes of
parents. As an outcome, progeria is less frequent than late diseases such as the
Huntington's disease, because the deleterious alleles are not removed from the gene
pool and can accumulate in successive generations. Obviously, the most important
conceptual problems with the theory of the accumulation of mutations at old age are
that it predicts that diseases are more common at old age than at young age, which isa
mere tautology, and that the risk of dying increases with age. However, the fact that
mortality rates can decelerate at old ages is at variance with the theory (Pletcher, Houle
and Curtsinger 1998).

In 1957, Williams added that pleiotropic genes with favorable effects on fithess at
young age and deleterious ones at old age could exist and explain the aging process.
Such genes could be selected due to their positive effect on fithess at young age, despite
their negative effects at old age: these negative effects are the aging process. For
instance, let us suppose that a gene favoring the fixation of calcium in bones does exist.
This gene could have positive effects at young age, because the risk of fracture and thus
of death is decreased, and negative effects at old age, because the risk of osteoarthritis
is increased. In the wild, such a gene has no actual negative effect because most of
animals die before its negative effects can be observed. There is then a trade-off
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between an actual positive effect at young age and a potential negative one at old age:
this negative effect may become effective if animals live in a zoo, which is free of
predators and supplied with a veterinarian and enough food.

The main difference between these two theories is that, for the former, genes with
negative effects at old age passively accumulate from one generation to the next, while
for the latter these genes are actively kept in the gene pool by selection. More
experiments have tried to experimentally test the antagonistic pleiotropy theory than the
theory of accumulation of mutations at old age, because the former theory allows more
easily such tests.

More recently, Kirkwood (1993, 1999) accepted these two theories and considered
that it is useless to invest too much energy in the soma maintenance if the chances to
live long are low. In such conditions, it is more appropriate to favor fast reproduction.
Thus, there is a balance between maintenance and reproduction for all species. When
living conditions improve, and thus the chance for alonger life, it is useful to switch the
balance more towards maintenance, because reproductive life increases, and the aging
rate will decrease. When living conditions worsen, it is time to invest more in fast
reproduction to increase fitness, which increases the aging rate since maintenance is
deserted. This theory thus implies that it is possible to alocate energy either to
maintenance or reproduction. Furthermore, this alocation does not only occur between
successive generations, i.e., it is not only an evolutionary process. Rather, this process
is also considered to explain individual variability of life histories, as it will be shown
in the following.

These three theories, which are more complementary than antagonist (see e.g.
Kirkwood and Rose 1991), shape modern thinking in gerontology. It is correct to stress
that they offer a convincing explanation of the aging process. The hot question is to
know whether they may be considered as validated or not. Indeed, in the past, other
theories were considered to readily explain the aging process, before to be eventually
given up, as for instance the Pearl’s rate of living theory (1928). As emphasized by
Kirkwood (1999, p. 58), “the theory of natural selection is one of the best tools we have
to understand the living world”. We may share that view (I share) and consider that it is
yet needed to test the predictions of evolutionary theories of aging. Such tests are of
help to refine these theories and it is well known that a deeper knowledge can be gained
from studies trying to falsify or to confirm theories than from impassioned speeches
claiming that the right theory has been discovered. To speak clearly, the review of
existing data will show that evolutionary theories have not been fully validated, which
does not mean that these theories have to be put to the trash. Indeed, for the time being,
these theories are probably the best ones we have.

In the following, the article focuses on the tests of evolutionary explanations of
aging. Firstly, it reviews the results on trade-offs between longevity and fecundity in
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humans and other primates, secondly, studies selecting directly or indirectly for an
increased longevity in flies and, thirdly, the very few experiments modulating extrinsic
mortality rates.

3. Studies of trade-offsin human beings and primates

Evolutionary theories of aging are genetic theories: they try to explain aging by relying
on the selection of genes with positive or negative effects on aging (Williams 1957) or
on the accumulation of mutations at old age (Medawar 1952). At afirst sight, it could
be considered that it is nearly impossible to test these theories in human beings and
other primates, since they are not easily amenable to genetic studies. This point is
correct.

However, since both Williams and Kirkwood's theories predict that trade-offs
between longevity and fitness, particularly early reproduction, exist, it is valuable to
look for their existence. The existence of trade-offs in humans or other primates would
not prove that the theories are valid, since it would remain impossible to know whether
trade-offs are due to genetic or environmental causes (or both). Nevertheless,
discovering such trade-offs would obviously stimulate the search of their causes.

3.1 Human beings

A difficulty with the study of life histories in human beings is that modern people
strongly limit their progeny number, which is not the best condition to study trade-offs
between reproduction and longevity. Obviously, not limiting the progeny number in
conditions where infant mortality is very low would give very large families, which is
not the wish of most people. Consequently, studying ancient populations is of interest.
It seems that only four studies have been done: Canadian women living in Quebec
during the XVII-XVI11™ centuries (Le Bourg et al. 1993), British aristocrats living in
the 740-1875 period (Westendorp and Kirkwood 1998), Germans living in the 1720-
1870 period (Lycett, Dunbar and Voland 1999), European aristocratic and Finnish rural
families living in the XVI11-XIX™ centuries (Korpelainen 2000). Table 1 summarizes
the results.

Le Bourg et a. (1993), using the parish registers of old Quebec have correlated
various life history parameters in two populations. the French immigrant women
arriving in Quebec before 1680 (range of birth dates: 1603-1666) and the first French-
Canadian women born before 1700 in Canada (range: 1620-1699). At that time,
contraception was unheard of and healthy living conditions spared people from many
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Table 1: Summary of the studies of trade-offs between fecundity and longevity
in human beings.

Authors Time Place Trade-off? Comments

Le Bourg et al. 17-18th Quebec No in immigrants | Natural fertility conditions

1993 centuries No in first native
Canadians

Westendorp and | 740-1875 United Yes in women Database strongly male-biased,

Kirkwood 1998 Kingdom and men (British | number of legitimate children
aristocrats) used in computations, rather

than the actual number (case of
fathers), low progeny number

Lycett, Dunbar 1720-1870 | Germany | Yes, but very

and Voland weak: r = —-0.07

1999

Korpelainen 1700-1899 | Europe No (European Trade-off with total number of

2000 and aristocrats and children in Finns, but not with
Finland rural Finns) number of children reaching

adulthood

diseases. Most women were married at least once and around 8% of immigrants
remained sterile, this proportion being lower in the first Canadians (Charbonneau et al.
1987). Only women having at least one child during their life were considered in the
analysis. The main difference between the two populations was that immigrants lived
for 7 years longer than Canadians did, probably because they were a highly selected
population. However, the two groups had the same mean number of children.

No clear relationship between early fecundity and longevity was observed in
immigrants, while the most longevous Canadians had a higher early fecundity.
However, this relationship was due to death at young age of some women, which
obviously ends reproduction. Considering only women reaching the age of menopause
made the relationship to disappear.

To sum up, it could be concluded that in the two groups of women, those who have
their first child at a young age have also a high fecundity peak and a high number of
children during a long reproductive life. There is thus no trade-off between fecundity,
early or late, and longevity.

Westendorp and Kirkwood (1998) have also tried to discover trade-offs using the
database of British aristocracy. They reported that, among women living at least to 60
years, the age at first child was positively correlated with longevity and the number of
progeny was negatively correlated with longevity. That relationship held either for
women living before 1700 and for those living in the 1700-1875 period, when the

6 http://www.demographic-research.org
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progeny number was lower than before 1700. Furthermore, the same negative
correlation was observed between progeny number and longevity of fathers.

This study seems thus to show that there is a trade-off between fecundity, early or
not, and longevity, both in men and women. However, the problems of that study are
huge.

Firstly, it is clear enough that British aristocrats strongly limited their progeny
number since more than one third of women remained childless and, if we take into
account only mothers, the progeny number was around 3.5. This is in sharp contrast
with the study of Canadians for whom that number was 8. Therefore, British aristocrats
are probably not the best sample to study the relationships between fecundity and
longevity, since their fecundity islow. It is of interest that Ligtenberg and Brand (1999)
showed that, when only mothers are considered in the analysis, there is no negative
correlation between fecundity and longevity.

Secondly, Westendorp and Kirkwood (1998) when correlating progeny number
with father’s longevity used the legitimate number of children, and not the actual one.
Unless to hypothesize that British aristocrats did not use their dominant social position
to obtain intercourses with maidservants, a very strong hypothesis, their legitimate
number of children is probably poorly connected to their actual number. Thus, the
negative correlation between progeny number and father’s longevity is surely spurious.
It probably reflects an environmental component, as emphasized by Promislow (1998).

Thirdly, contrarily to Rose (1989), Le Bourg et a. (1993) and Promislow (1998),
Westendorp and Kirkwood (1998) considered that the existence of trade-offs, as
deduced from phenotypic correlations, would support “the interpretation that the
decrease in progeny number in long-lived women has its basis in evolutionary
genetics’. Thisis maybe atoo liberal attitude, since phenotypic correlations mix genetic
and environmental influences, as aready noticed. It cannot be argued that Westendorp
and Kirkwood (1998) made a clumsy turn of phrase. Westendorp and Kirkwood (1999)
answered to a criticism by Ligtenberg and Brand (1999) that the weakness of a
correlation between spouse’s life span “strongly argues against environmenta factors
playing a major role in the trade-off (between longevity and reproductive success), and
supports the hypothesis that genetic factors are important”. Finally, a correspondence
between the author and Dr Westendorp confirms he thinks that “the data support the
idea that there is a genetic variation within the human population for genes that affect
life span, and genes for fertility and that there is a trade-off between the two”.

Fourthly, the quality of the database of British aristocrats has been severely
criticized (Gavrilova and Gavrilov 1999), particularly because the base is strongly
male-biased (19,380 men and 13,667 women) and women's birth dates are unknown in
much cases. Gavrilova and Gavrilov (1999) concluded, “this British database
unfortunately can not be used in the scientific analysisin its present form™.

http://www.demographic-research.org 7
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Therefore, the problems with that study are so numerous that it cannot provide
firm conclusions.

Lycett, Dunbar and Voland (1999) studied the relationships between fecundity and
longevity in the Krummhorn population (northwest Germany) during the 1720-1870
period. Contrarily to British aristocrats, only 10% of women remained childless, and the
mean number of children in the whole population was around 5. There was no negative
correlation between the number of children and mother’s longevity (only women
reaching 50 years of age were used in analysis).

The authors then controlled for the duration of marriage, which was positively
correlated with women's longevity, and claimed that, for the poorest group of the
population only (the “landless’), there was a negative correlation between the number
of children and women's longevity (r = — 0.139, p = 0.040, n = 223). However, no
correlations were observed in two richer groups (“farmers’ and “smallholders’).
Considering the whole population resulted in a significant negative correlation (r = —
0.072, p = 0.041, n = 820). The negative correlation in the poorest group was not
connected to a higher number of children in this group, since that number was similar in
the three groups.

Furthermore, when the amount of time spent in a fecund marriage was controlled
for, i.e. the time between marriage and menopause, the authors observed a similar
negative correlation in the poorest group (r = — 0.074, p = 0.005, n = 276), while
positive correlations were observed in the two richest groups. However, since these
groups were less numerous, the significance levels of these correlations were lower (r =
0.099, p = 0.043, n =73 and r = 0.068, p = 0.082, n = 119). Considering the whole
population (n = 1073) resulted in a non-significant positive correlation.

Lycett, Dunbar and Voland (1999) concluded, “at least for the poorest social
group, there is a trade-off between reproduction and longevity”. It could be opposed to
this rationale that the evidence for a trade-off between longevity and fecundity is not
clear, since it is observed only in a given group, while positive or non-significant
correlations are seen in other groups. More fundamentally, all correlations are weak and
thus only explain a tiny part of the variance. It seems then that this study is not at
variance with that of Le Bourg et al. (1993): in both studies no clear trade-off between
reproduction and longevity does exist.

Finally, Korpelainen (2000) studied Finnish rural families and European aristocrats
living in the XVI11 and XI1X™ centuries. Women living longer than 80 years had a lower
progeny number than those living for 50-79 years (respectively, 4.34 and 5.40 children).
The number of offspring surviving to the age of 18 years was however not different
(3.40 vs 3.88). No effect of longevity on progeny number was observed among fathers.

The author mixed in the analysis people experiencing very different living
conditions, which can bias the results. As aristocrats had a lower number of offspring
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and lived longer than rural families (table 1 in Korpelainen 2000), more Finns were in
the short-lived group and more aristocrats in the long-lived one. A correspondence
between the author and Dr Korpelainen indicated that the progeny number of aristocrat
women (£SEM, n) was 4.35 (+ 0.32, n = 100) for those dying in the 50-79 age range
and 3.97 (x0.56, n = 29) for those living at least for 80 years, a non-significant
difference.

Concerning Finn women, these numbers were respectively 5.92 (+0.21, n = 203)

and 4.62 (+0.53, n = 39), a significant difference, but the number of offspring reaching
adulthood did not depend on longevity (respectively for Finns living 50-79 years and
more than 80 years: 3.99+0.17 and 3.51+0.38). Since mothers living more than 80 years
had a higher proportion of surviving offspring (78.3%, table 2 in Korpelainen 2000)
than those living for 50-79 years (71.9%), this could explain why there is a contrast
between the effect of longevity on progeny number and on surviving progeny. Long-
lived mothers have less children than shorter-lived ones, which is as trade-off, but they
are more able to rear successfully their children, which is the contrary of atrade-off. In
other words, there is no trade-off between fecundity and longevity because, with a
lower total number of children, long-lived mothers had the same number of children
reaching adulthood.
Considering the previous studies it seems that there is no clear trade-off between early
and late fecundity in women, and no trade-off between fecundity, early or late, and
longevity. These results do not refute the antagonistic pleiotropy theory, because the
observed correlations are phenotypic, since they mix genetic and environmental
influences (see, for a discussion of genetic and phenotypic correlations, Cheverud 1988,
Stearns 1992, Roff 1995, 1996, Koots and Gibson 1996). However, they show that
there is no ground to aver that trade-offs between fecundity and longevity do exist in
human populations, as it could be expected from the antagonistic pleiotropy theory. It
could be that antagonist pleiotropic genes dealing with fecundity and longevity do exist,
but they do not seem to have a deep impact on life histories, since their influence does
not outmatch the effect of other genes with no such pleiotropic effects or of
environmental influences.

These four studies on human beings do not provide any clear evidence for trade-
offs. It remains to know whether results gathered from other primates point in the same
direction.

http://www.demographic-research.org 9
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3.2 Primates

Studies focusing on reproduction and longevity in primates are scarce, to say the very
least, and Table 2 summarizes them.

Table 2: Summary of the studies of trade-offs between fecundity and longevity in
primates.

Authors Species Trade-off? Comments

Bercovitch and Rhesus macaques (Macaca | No Positive correlation

Berard 1993 mulatta) between fecundity and
longevity

Rhine, Norton and Baboons (Papio No Positive correlation

Wasser 2000 cynocephalus) between fecundity and
longevity, in optimal and
bad living conditions
(population decline)

In 1993, Bercovitch and Berard showed, in female rhesus macaques (Macaca
mulatta) observed during 30 years, that macaques reproducing when 3 years-old (“rapid
reproducers’) did not live shorter than those reproducing when 5 years-old (“delayed
reproducers’, respectively: 9.0 + 4.5 years, n = 14, vs 11 + 4.5 years, n = 11). This
result speaks against the existence of a trade-off between early fecundity and longevity.
Considering only these two contrasted groups, longevity was independent of age at first
parturition (r = 0.077, n = 25), but was strongly correlated with the number of offspring
surviving to the age of sexual maturity (r = 0.812, p < 0.001, n = 21), or with the total
number of offspring (r = 0.891, p < 0.001, n = 25). When age of death was kept
constant, rapid reproducers gave birth to more offspring reaching age at maturity than
delayed reproducers.

In summary, there is no trend for any trade-off between fecundity and longevity in
female rhesus macaques, in accordance with results in humans. However, the sample
size is rather low and considering the whole population, and not only rapid and delayed
reproducers, would allow refining the picture. Furthermore, conclusions drawn from a
single study need to be confirmed.

In 2000, Rhine, Norton and Wasser reported the results of a study of reproductive
longevity and lifetime reproductive success in baboons (Papio cynocephalus). Lifetime
reproductive success was defined as the number of offspring living at least to the age of
sexual maturity. Reproductive longevity (highly correlated to longevity: r > 0.98) was
the time interval between sexual maturity and death. The troop of baboons experienced
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a severe population decline during the 24 years study, and it was possible to compare
females born before the start of the study (n = 27) and those reaching adulthood in the
years before the population decline (n = 45). The first sub-sample was less affected by
the population decline and its reproductive longevity and lifetime reproductive success
were higher than those of the second sub-sample (respectively, 13.58 vs 7.38 years and
3.13 vs 1.18 offspring). However, the correlation between lifetime reproductive success
and reproductive longevity was positive in the two sub-samples (r = 0.70, n = 27, p <
0.0001; r = 0.73, n = 45, p < 0.0001). Even if this study did not differentiate between
early and late fecundities, it clearly confirms a part of the conclusions of Bercovitch and
Berard (1993) on macaques: there is no trade-off between fecundity and longevity.

3.3 Conclusions

This review of data correlating fecundity, particularly early fecundity, and longevity
does not provide firm evidence in favor of the existence of trade-offs at the inter-
individual level in human and non-human primates. However such trade-offs between
life-history parameters do exist at the inter-specific (see, e.g., Stearns 1983) and, in
some cases, at the intra-specific level (Stearns 1992).

On the one hand, this absence of trade-offs does not disprove the Williams
antagonistic pleiotropy theory of aging, but only shows that one of its predictions is not
fulfilled. In such conditions, it is premature to wonder what part of the variation of
longevity is due to pleiotropic genes. It has to be said that Williams (1957) stated that
“most of the genes or gene combinations that favor vigor early in life probably also
favor longevity” and that “only a small proportion of the genes need be of the sort that
produce opposite effects on fitness at different ages’. In such conditions, it could be
argued that it would be always impossible to discover any trade-off between early
fecundity and longevity at the inter-individual level. The only means to confirm the
antagonistic pleiotropy theory of aging in humans could be to discover a human genetic
disease due to an allele conferring the illness at old age and a selective advantage at
young age (Albin 1993).

On the other hand, the absence of trade-offs disproves the Kirkwood's disposable
soma theory of aging, because the theory does not only apply to the evolutionary level,
but also to the inter-individual one.

In conclusion, the current evidence does not confirm evolutionary theories of aging
in primates, as far as inter-individual trade-offs are concerned. Other studies of trade-
offs between early fecundity and longevity in Drosophila melanogaster (e.g. Le Bourg
et al., 1988) or in medflies (Carey et al. 1998) gave similar results.

http://www.demographic-research.org 11
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However, selection for longevity in a species well amenable to genetic studies,
such as D. melanogaster, could provide different conclusions about the validity of
evolutionary theories of aging.

4. Direct and indirect selectionsfor longevity in Drosophila
melanogaster

Williams (1957) predicted that “successful selection for increased longevity should
result in decreased vigor in youth”, such as for instance a decreased early fecundity.
This is a testable prediction, which explains that many gerontologists have tried to
discover such a trade-off in D. melanogaster. Obviously, the goa of these studies was
not only to study the possible genetic trade-off between longevity and early fecundity,
but also, if not mainly, to create lines with contrasted longevities. Two selection
procedures have been used: direct selection for life span and indirect selection via
reproduction at old age. Studies using the first procedure are less numerous than those
using the second one are. Tables 3 and 4, respectively, summarize the results.

4.1 Direct selection for longevity

Lintset al. (1979) tried to select directly for increased longevity. When 20% of the pairs
of the line selected for increased longevity were dead, the authors kept the virgin
progeny of surviving pairs. When only 25% of these pairs were till alive, their progeny
was crossed to give the next generation and the progeny of the other pairs was
discarded. Therefore, only the progeny of long-lived flies produced the next generation
and this process was done for 8 generations.

There was no longevity increase in the selected line when compared to two control
lines and the realized heritability was only 0.034 (Baret, Beckers and Lints 1995).
However, longevity increased in the three lines during selection.

Zwaan, Bijlsma and Hoekstra (1995) also selected directly for longevity. They
started selection for increased longevity in two replicate lines and for decreased
longevity in two other lines, two control lines being used. In al lines, a part of the
virgin progeny was kept at 29°C to measure longevity and the other part was stored at
15°C to produce the next generation. When all 29°C flies were dead, brothers and
sisters of the most longevous ones were mated to produce the next generation of the
long-lived lines. A similar procedure was used to give the next short-lived generation,
and flies of the control lines were randomly paired. The whole process was done for 6
generations.

12 http://www.demographic-research.org
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Table 3: Summary of the studies selecting directly for longevity in Drosophila
melanogaster .
Authors Longevity Trade-off? Comments
Lints et al. No increase (8 generations of Not studied Longevity increased to the
1979 selection for increased longevity) same extent in selected
and control lines
Zwaan, Longevity increased, (6 Fecundity The actual longevity did
Bijslma and generations of selection for decreased at all | not really increase (0 day
Hoekstra 1995 | increased or decreased ages in long- in females, 3 days in
longevity), when compared to lived lines males)
control lines

Table 4: Summary of the studies selecting indirectly for longevity in Drosophila
melanogaster, by reproducing flies at old age.
Authors Longevity Trade-off? Comments
Lints and Hoste No increase (10 No Erratic longevity
1974, 1977 generations of reproduction variations between
at old or young age) generations
Rose and Old lines live longer Early fecundity lower and | Longevity

Charlesworth
1981, Rose, 1984

late fecundity higher in
old lines

measured only in
one generation

Bjorklund 1992

Luckinbill and Longevity increases more Early fecundity lower in Longevity

Clare 1985, Clare | in old lines than in young old lines measured

and Luckinbill lines regularly during

1985 the 21 generations

Partridge and Old lines live longer Early fecundity similar in | Longevity

Fowler 1992 young and old lines measured only in
one generation

Engstrom, Old lines live longer Early fecundity similar in | Longevity

Liljiedahl and young and old lines measured only in

one generation

Partridge, Prowse
and Pignatelli
1999

Old lines live longer, but
longevity only measured in
mated females

Early fecundity lower in
old lines

Longevity
measured only in
one generation

Buck et al. 2000

Old lines live longer, but
sex and mating status are
unknown

Developmental viability is
negatively correlated with
longevity in all lines

Longevity
measured
regularly during 50
months
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Zwaan, Bijlsma and Hoekstra (1995) concluded that longevity increased in the
long-lived lines, and that the selection was less successful in the short-lived ones.
Consequently, they reported high realized heritabilities (up to 0.517).

These conclusions were based on the comparison of selected and control lines.
However, if the actual mean longevity values are considered, longevity decreased
during selection in both short-lived and control lines (by 40% in one of the control
lines), while a dight longevity increase was observed in long-lived males (ca 3 days
when compared to the parental generation) and no increase at al in females. The
authors also measured longevity at 25°C in virgin flies. Long-lived lines derived from
the fourth generation of selection lived longer than control ones, but the pattern was less
consistent in flies coming from crosses between the two replicate lines. However, the
authors did not indicate whether the longevity has decreased or not when compared to
the parental generation. Finally, the progeny was lower in long-lived lines at al ages,
and not only at young age, while viability of eggs, development time, body weight and
starvation resistance were similar in control and long-lived lines.

On the one hand, Lints et al. (1979) failed to increase longevity in their selected
line, but longevity increased in both selected and control lines during selection. Zwaan,
Bijlsma and Hoekstra (1995) increased longevity in the long-lived lines, when
compared to the control lines, but this pattern was only due to the decreased longevity
of these latter lines during selection. It is difficult to accept that selection was successful
when mean longevity does not increase.

The whole evidence of the two experiments selecting directly for longevity is
inconclusive and we may hope that studies using indirect selection for longevity will
clarify the issue.

4.2 Indirect selection for longevity

The rationale of the indirect selection for longevity procedure is that reproduction at old
age in successive generations could increase longevity, provided this trait is partly
heritable, since only long-lived flies may reproduce.

If the antagonistic pleiotropy theory is correct, we may expect to observe a
decreased early fecundity in lines reproduced at old age and, maybe, an increased late
fecundity. Conversely, if flies are repeatedly reproduced at young age, their longevity is
expected to decrease, as well as their late fecundity, while their early fecundity
increases.

If the theory of the accumulation of mutations at old age is correct, a trade-off
between early and either late fecundity or longevity is not mandatory.
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Numerous studies have tried to confirm these expectations. The most famous
experiment is that of Luckinbill and Clare (1985) after the early work of Luckinbill et
al. (1984). They measured longevity in successive generations and, after 21 generations
of reproduction, longevity had regularly increased in lines reproduced at old age
(hereafter called the OLD lines) and, to alesser extent, in lines reproduced at young age
(YOUNG lines). Furthermore, early fecundity decreased in OLD lines (Clare and
Luckinhill 1985).

This work confirmed the results of Rose and Charlesworth (1981) and Rose
(1984). However, these last authors measured longevity and fecundity only once, in the
last generation of selection, and erratic differences between OLD and YOUNG lines
could explain their differences. As a matter of fact, Lints and Hoste (1974, 1977), who
have reproduced YOUNG and OLD lines for ten generations, observed large longevity
and fecundity variations between generations. However, there was no increased
longevity in OLD lines when compared to Y OUNG ones.

After Luckinbill and Clare (1985), Partridge and Fowler (1992) and Engstrom,
Liljedahl and Bjoérklund (1992) also reported that OLD lines live longer than YOUNG
or control ones, but longevity was measured only once during the selection process.
However, they failed to show a decreased early fecundity in OLD lines.

By contrast, a decreased early fecundity was observed in the OLD lines of
Partridge, Prowse and Pignatelli (1999), that lived longer than Y OUNG lines (longevity
measured only once during the selection process). However, since these authors
measured longevity in mated females only, a cost of reproduction could explain the low
longevity of YOUNG lines.

When all these results are considered, it seems clear that reproduction at old age
does increase longevity. However, Baret and Lints (1993) reanalysed the Clare and
Luckinbill’s results (1985). They noticed that, since YOUNG and OLD lines are
reproduced at different ages, the same generation number occurs at a different calendar
timein the two lines. If longevity differs along months, asin Lints et al. (1989), it could
bias the results. As a matter of fact, Baret and Lints (1993) showed that, when the Clare
and Luckinbill’s results (1985) are expressed as a function of calendar time, and not of
generation number, the difference between YOUNG and OLD lines is erased. In other
words, when YOUNG and OLD flies living at the same moment are compared, there is
no longevity difference between them. This article provoked considerable attention (see
the debate in Gerontology: Fukui, Pletcher and Curtsinger 1995; Arking and Buck
1995; Baret, Le Bourg and Lints 1996). Arking and Buck (1995) published new results
using the lines of Luckinbill et al. (1984) showing clear differences between OLD and
control lines reproduced at random age. However, these new results also showed that
these differences appeared very late, not before the 30" month of selection, which
confirms that no increased longevity in OLD lines was observed in the article of
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Luckinbill and Clare (1985). Reproduction of OLD lines has finally increased their
longevity, but it is hard to reconcile the late and sudden longevity increase with the
effects due to a selection of quantitative genes. However, Buck et al. (2000) reported a
new selection experiment with a different issue. They selected for increased longevity
in lines also selected for the speed of development (flies emerged during days 1-4 of
eclosion or during days 6-10 of eclosion) and measured longevity regularly during
selection. The OLD lines showed aregularly increasing longevity in the two cases, with
a clear difference from control lines 20 months after the start of selection in the fast-
developing line and after 12 months in the slow-developing line. The problem with that
study is that the authors did not specify the sex and mating status of flies used in
longevity measurements.

While it can be now safely accepted (but see below) that reproduction at old age
increases longevity, it remains that a decrease in early fecundity was not aways
observed, which casts some doubt on the antagonistic pleiotropy theory. Furthermore, it
has been shown that the trade-off between early fecundity and longevity could be lost
(Leroi, Chippindale and Rose 1994). An absence of trade-off between longevity and
other traits indirectly connected to fitness has also been reported. For instance, Service
et a. (1985) reported that OLD lines have throughout life a higher resistance to
starvation and desiccation than YOUNG lines. Arking et al. (2000) reported that OLD
lines have at young and old ages a higher superoxide dismutase activity level than
contral lines, no difference being observed at intermediate ages. Indeed, the results
seem more compatible with the accumulation of mutations at old age, since it could be
argued that reproduction at old age has purged the gene pool from deleterious alleles,
which could explain the increased longevity as well as the increased resistance to some
stresses.

However, the debate about the increased longevity of OLD lines could be soon
revitalized. Buck et al. (2000) have produced new OLD lines and showed that they have
up to twice the developmental lethality as have control lines. Using 8 OLD and control
lines, they reported that longevity increased when developmental viability decreased (r
=—0.79). This could thus explain a part of the increased longevity of OLD lines since
only the fittest, and possibly the most longevous, flies reach adulthood in OLD lines,
while most of flies do so in the control lines. In such conditions, a part of the increased
longevity could be a mere statistical artifact, due to a demographic selection process,
since the longevity of (short-lived?) flies dying during development cannot be observed.
It is of interest to note that Partridge and Fowler (1992) showed that larvae of OLD
lines were less able to compete with larvae of a mutant than were larvae of YOUNG
lines. For instance, if one third of larvae in a vial were YOUNG and two thirds were
mutant, one third of emerging imagoes were Y OUNG. This proportion was only 20% in
OLD lines. When larval crowding increased, the differences were more important. For
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the same proportion of YOUNG larvae, the proportion of YOUNG imagoes was 45%,
while it was only 15% in OLD lines. Roper, Pignatelli and Partridge (1993) confirmed
these results, but Partridge, Prowse and Pignatelli (1999) did not. Curtsinger (pers.
comm.) has indicated that the viability is currently 85% in the OLD Luckinbill’s lines
and 88% in the YOUNG ones, with respective longevities of 70-80 and 35-40 days. The
small viability difference does not appear to explain the huge longevity difference.

4.3 Conclusions

This review of studies using reproduction at old age to increase longevity in D.
melanogaster and of those attempting to directly increase longevity was not intended to
cover al results. Particularly, other studies using different species have been done (e.g.
Tucic et a. 1996 in the bean weevil Acanthoscelides obtectus). The goal of this review
was simply to show whether longevity has been increased, and how this result is in
accordance with evolutionary theories of aging.

Direct selection for longevity has failed to increase longevity. Zwaan, Bijlsma and
Hoekstra (1995) increased longevity in their long-lived lines, when compared to the
control ones, but this pattern was only due to the decreased longevity of these latter
lines. Indeed, the mean longevity of long-lived lines did not increase.

Reproduction at old age was more successful and it can be accepted that it
increased longevity. However, at least in what concerns the Luckinbill’ s lines for which
we have regular longevity measurements during the experiment, it is difficult to explain
why no increase occurred before 30 months of selection. The Buck’s et al. (2000) lines
suffer less from this problem, but a high developmental lethality could explain a part of
the longevity increase in OLD lines.

The study of early fecundity has shown that trade-offs with longevity have been
observed only in some cases. Furthermore, other traits, such as stress resistances, were
not involved in trade-offs. The whole evidence does not totally confirm the antagonistic
pleiotropy theory but shows that, at least in some cases, pleiotropic mechanisms could
be at play.

To sum up, even if one could consider that these experiments have failed to
unequivocally confirm the Williams' theory (1957), it remains that creating long-lived
lines of flies has provided the community of gerontologists with a useful research tool.
However, as emphasized by Harshman and Hoffmann (2000), inconsistent correlated
responses to selection can be observed.

Another way of testing evolutionary theories of aging is to experimentally impose
low or high extrinsic mortality rates to modify longevity.
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5. Extrinsic mortality rates and longevity

When extrinsic mortality rates increase, there is less time to reproduce and an
evolutionary response is expected to preserve the species from eventual extinction. Asa
matter of fact, a higher extrinsic mortality rate means a higher selection for a fast
reproduction and, if evolutionary theories of aging are correct, we expect an early
fecundity increase at the expense of late fecundity and lifespan. This is the rationale of
the very few studies imposing higher extrinsic mortality rates as a means to test
evolutionary theories of aging (see for a discussion Reznick 1997). These studies do not
select directly for longevity, nor they impose an age at reproduction. Simply, they use
contrasted extrinsic mortality rates.

Stearns, Ackermann and Doebeli (1998) defined two extrinsic mortality ratesin D.
melanogaster. The authors rear flies in population cages since 1993 and kill 90% of
them twice a week (probability to survive a week: 0.01, HAM condition), or 20%
(probability to survive a week: 0.64, LAM condition). In 1996, the probability to
survive under the LAM condition was risen to 0.81 (10% of flies killed twice a week).
In order not to mix the effects of mortality rates and those of density, killed flies are
replaced by flies of the same condition (HAM or LAM) and age. Flies are thus kept
under contrasted mortality rates and their life history parameters are observed regularly.
After three years of experiment (75 generations in the high mortality conditions and 40
in the low ones) the mean longevity was about 30 daysin HAM flies, and 34 daysin the
LAM condition (mean longevity computed from fig.4 in (Stearns, Ackermann and
Doebeli 1998). Furthermore, HAM flies eclosed earlier and had a higher early fecundity
than LAM ones. However, no difference was observed regarding late fecundity (Stearns
et al. 2000, Gasser et al. 2000). After five years of experiment (Stearns et a. 2000), it
was observed that the early fecundity differences had reached a plateau 30 months after
the beginning of experiment, and the same was true for development time. Oddly
enough, early fecundity decreased regularly under both HAM and LAM conditions
(from 70 eggs at days 13-15 to 20), from the very beginning of experiment, while
development time variations were more erratic. The longevity had aso strongly
increased under both conditions between 1996 and 1998, since the median longevity
was above 50 days in 1998. However, the HAM flies lived shorter than LAM flies
(mean longevities unknown, but median longevity estimated from fig.3 in Stearns et al.
2000), as it was observed earlier. Stearns et al. (2000) did not provide explanations for
the increased longevity between 1996 and 1998, nor they explained why early fecundity
decreased throughout experiment. In a correspondence with the author, Dr Stearns said
that he prefers not to draw “any quantitative conclusions from the trends over time’
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because he is “much more certain of the differences between the two treatments than...
of the changes within a treatment from, say, 1995 to 1998”.

Other experiments modifying extrinsic mortality rates have been done, for instance
in guppies. Early fitness varies according to mortality rates, in accordance with
evolutionary theories of aging, but experiments recording longevity are still in progress
(Reznick 1997).

The study on flies seems to indicate that, even if some questions remain
unanswered, contrasting extrinsic mortality rates makes longevity and early fecundity to
differ, in accordance with evolutionary theories of aging. Obviously, more results are
needed before to conclude unequivocally that these theories are confirmed. However,
there is a good chance that they will be eventually confirmed, since their expectations
concerning the effect of extrinsic mortality rates are very similar to those of life history
studies (Stearns 1992).

6. Aretheevolutionary theories of aging valid?

This review shows that, on the one hand, there is no clear trade-off at the individua
level between fecundity and longevity in human beings, but it could be rightly argued
that the absence of phenotypic correlations does not disprove the antagonistic
pleiotropy theory (Williams 1957). This is correct, but it has been shown above that
Westendorp and Kirkwood (1998) consider inter-individual trade-offs as arguments in
favor of the Kirkwood's disposable soma theory.

On the other hand, indirect selection for longevity in D. melanogaster was
eventually successful, but it remains difficult to explain the kinetics of the selection
response. A progressive longevity increase was expected, but no increase was observed
for along time in the Luckinbill’ s lines. It remains that lines differing by their longevity
and originating from the same genetic background are available. However, direct
selection for longevity appearsto fail.

Finally, experiments that modify extrinsic mortality rates seem a promising tool to
test evolutionary theories of aging.

Some conclusions about the validity of the evolutionary theories of aging may now
be drawn.

6.1 Thetheory of the accumulation of mutationsat old age

The theory of the accumulation of mutations at old age is in accordance with common
sense, since it states that mutations occurring at old age, i.e. after the reproductive age,
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are likely to be kept in the gene pool. However, Pletcher and Curtsinger (1998) are right
when stressing that “a theory involving deleterious mutation pressure alone as the cause
of senescenceis not consistent with mortality plateaus far below 100%".

If this theory is considered as the main or unique cause of aging, it may be ruled
out. By contrast, if one considers that it describes one cause of aging among others, the
theory may be valuable. Indeed, some features of aging could be due to such alleles
with a late expression while other ones could be best explained by different
mechanisms. If the mutations at old age explain only a part of the aging process,
“plateaus far below 100%" could be explained.

6.2 Thetheory of the antagonistic pleiotropy

The theory of the antagonistic pleiotropy has been submitted to many tests. Maybe the
most important result is that lines with contrasted longevities have been created when
reproducing flies at old age.

However, the crucia idea of the theory is that “successful selection for increased
longevity should result in decreased vigor in youth” (Williams 1957). This correlated
response to selection has been observed in some cases, but not in each selection
experiment. It is however not difficult to imagine that some alleles with antagonistic
pleiotropic effects on early fitness and longevity could be at play in some strains, but
not in others. If so, a decreased early fecundity, as a correlated response to selection on
longevity, can be observed or not. In the same way, positive genetic correlations
between early fecundity and longevity are not unexpected, too. For instance Clark and
Guadalupe (1995) reported such a genetic positive correlation (correlations between
line means: r = 0.286, p = 0.0398) in 52 lines of flies containing a P-element inserted at
random into a common genetic background. Therefore, it may be that genetic variation
for longevity is associated with a decreased early fecundity in some strains, an
increased early fecundity in others, or not associated. It remains that observing a
decreased early fecundity shows that the antagonistic pleiotropy mechanismisat play in
some cases.

Thus, there is no debate about the validity of the antagonistic pleiotropy
hypothesis: the hypothesis is valid. The debate concerns the importance of that
mechanism for the aging process, because it can be shown only in some cases that a
genetic trade-off exists between early fecundity and longevity (see Table 4). Thus, it
may be concluded, as it was done for the theory of the accumulation of mutations at old
age, that the antagonistic pleiotropy theory is correct but, probably, does not describe
the main cause of aging.
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6.3 The disposable soma theory

Concerning the disposable soma theory, we have to take into account the level of
explanation of the theory, because it can be applied either at the evolutionary level or at
theindividual level.

When applied at the evolutionary level, the theory is not realy different from the
antagonistic pleiotropy theory. As emphasized by Kirkwood and Rose (1991), the
disposable soma theory is a causal subset of the antagonistic pleiotropy theory, “if the
genes responsible for somatic maintenance functions are regarded as ... (to) prolong
survival and ... consume resources which might be used for reproduction”. In fact, “the
difference between the disposable soma theory and the antagonistic pleiotropy is partly
a difference between an optimality approach... and a quantitative genetics approach”,
but the two theories do not differ in their predictions regarding trade-offs between
reproduction and longevity.

The disposable soma theory is also explicitly applied at the individua level,
because trade-offs can also operate at the individual level. For instance, Kirkwood and
Rose (1991) consider the case when “reproductive activity reduces survival by
increased risk exposure’; in that case, “rescheduling fecundity to later ages will
increase survivorship”. This kind of non-metabolic trade-off operates at the individual
level. However, we may be skeptical about some “direct metabolic trade-offs ... that
can happen if reproduction and maintenance draw directly from the same supply of
resources within the organisms”. If such trade-offs were so important at the individual
level, we would observe a clear trade-off between the number of children and longevity
in women, particularly at periods when only breastfeeding, a costly metabolic activity,
was possible. It has been shown (Table 1) that it is not the case.

Finally, it has to be recalled that it is not possible to use phenotypic correlations to
directly conclude in favor of a genetic hypothesis, as Westendorp and Kirkwood (1998)
did (see 3.1). Therefore, it may be concluded that the disposable soma theory is
probably not correct when applied at the individual level.

7. Can we accept the evolutionary theories of aging?

In conclusion, the whole evidence shows that the evolutionary theories of aging explain
a part of the results but not all of them. In such conditions, we may wonder whether
time has come to accept them provisionally, even if one may have doubts about some of
their expectations, because they explain a part of the aging process. In 1989, Rose and
Graves wrote, “if other biologists could accept the sufficiency of the evolutionary
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theory as the general theory of aging, then there might be a relaxation of efforts to find
general physiological theories of aging”. Nowadays, evolutionary theories have not any
obvious challenger. In some cases, these theories well fit to the results and, in other
cases, they fail; but many gerontologists consider that they offer, more or less, a
plausible explanation of the aging process by integrating natural selection as a main
cause of aging. In such conditions, accepting the general frame of these theories would
relax effortsto test all their expectations.

Evolutionary theories of aging have faced the opposition of Sacher (1978). He
considered that “the implication that... organisms are mortal only because of the
accumulation of adventitious senescence genes, is more easily reconciled with a
cosmology of special creation than with current scientific conceptions’. Lints (1983,
1985) strongly criticized, not the evolutionary theories of aging, but rather the first
experiments claiming to confirm them, and particularly that of Rose and Charlesworth
(1980) expanded in Rose and Charlesworth (1981). The Le Bourg's et al. (1988) article
provoked a hard debate with Rose (1989). Later on, Le Bourg et a. (1993) criticized
Rose's (1991) logical flaws about theories testing. Since that time, new experiments
have been done to test the theories and many gerontologists seem to consider that
evolutionary theories are the current best candidates to explain the occurrence of the
aging process. Particularly, connecting the evolutionary theories with the life history
theory was probably a step toward this beginning of a consensus since “trade-offs have
a centra role in life history theory” (Stearns 1992). In fact, longevity and early
fecundity are life history parameters among other ones, such as number of offspring,
time to maturity, and so on. Thus, they have to be considered just like these other
parameters. In this way, it could be said that evolutionary theories of aging are just a
subset of the life history theory.

During the last twenty years, some gerontologists have tried to confirm or
invalidate evolutionary theories of aging. We may wonder whether it is useful to spend
the next twenty years to test them again, since it is clear that they explain, at least
partly, the aging process. These theories probably still need to be refined. New tests of
them are surely useful. However, testing them is probably no longer a top priority. This
priority could be to find new means to modulate the aging process in anima models
(worms, flies, rodents or primates), using genetic or environmental manipulations, to
finally improve everyday life of elderly. This is of importance because the number of
elderly is growing rapidly.

That does not mean that we must definitively accept the evolutionary theories of
aging, while we may think they are not so good, but simply that testing them could be
only a secondary goa or our research. Debates about the validity of evolutionary
theories will continue for the best of gerontology, but should not constitute the main
interest of the community. Current evolutionary theories have probably not told the
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final word about the aging process and articles favoring them, even when alternative
hypotheses are available, may be criticized (Le Bourg 1998). Therefore, it is possible to
provisionally accept these theories while not being a dogmatic supporter of them.

It is indeed possible that new studies will challenge current evolutionary theories
up to the point that they will be given up. It is also possible that, eventually, these new
studies will confirm these theories. As scientists, we have to be ready to accept any
outcome. However, even if testing evolutionary theories is no longer a top priority,
previous attempts were not wasted time and effort, because gerontologists have reached
the beginning of a consensus. To be perfectly clear, these theories give a plausible
explanation of the aging process, but in many occasions they do not fit to the results:
since better theories are not available, we could accept them provisionally and
concentrate our effortsin other directions.
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