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ABSTRACT

An intensive study of longevity, female fecundity, and male
reproductive behavior in Drosophila melanogaster was under-
taken in order to establish whether late-life fitness characters
in short-lived populations might be affected by the increase in
deleterious alleles due to random genetic drift. We also sought
to determine whether selection for late-life fertility could elim-
inate alleles that produce a decline in later fitness components
in short-lived populations, as predicted by the mutation ac-
cumulation hypothesis for the evolution of aging. These ex-
periments employed long-lived (O) populations, short-lived
(B) populations, and hybrids made from crosses of independent
lines from within the O and B populations. No detectable lon-
gevity differences were seen between hybrid B males and females
and purebred B males and females. Reproduction in aged B
purebred females was significantly less than in hybrid females
at 3 wk of age only. A full diallel cross of the five replicate B
lines showed a steady increase in hybrid male reproductive
performance after the first week of adult life, relative to the
parental lines. A full diallel cross of the five replicate O lines
revealed no significant increase in hybrid O age-specific male
reproductive success compared with the purebred O lines when
assayed over the first 5 wk of adult life. The results on male
reproductive behavior are consistent with the idea that relaxed
age-specific selection in the B populations has been accom-
panied by an increase in deleterious, recessive traits that exhibit
age-specific expression. Consequently, we conclude that a mu-

tation accumulation process has been at least partly responsible
for the age-specific decline in male B virility relative to that of
the O populations.

Introduction

The term “senescence” refers to a sustained age-specific decline
in an organism’s fitness-related characteristics beginning after
the onset of reproduction. This decline in fitness-related traits
is the result of the decreasing intensity of natural selection after
the onset of reproduction (Hamilton 1966; Charlesworth 1980;
Rose 1991). Consequently, the rate of senescence is predicted
to depend on patterns of natural selection. In particular, if the
start of reproduction is postponed, evolutionary theory predicts
a postponement of senescence. This prediction has been em-
pirically confirmed in populations of Drosophila melanogaster
(e.g., Rose and Charlesworth 1980; Luckinbill et al. 1984; Rose
1984; Partridge and Fowler 1992; Leroi et al. 1994). For ex-
ample, in all these studies, the mean longevity of populations
selected for later-life fertility increased for both males and fe-
males relative to the control populations, which continued to
be cultured using early reproduction.

Two genetic mechanisms have been proposed for the evo-
lution of aging: antagonistic pleiotropy and mutation accu-
mulation. With respect to the first of these, Medawar (1952)
and Williams (1957) proposed that alleles benefiting early-life
characters at the expense of later fitness will hold a selective
advantage, as the force of selection declines with advancing age
(see also Charlesworth 1980; Rose 1985). Several studies have
suggested that antagonistic pleiotropy is an important factor
affecting postponed senescence (e.g., Luckinbill et al. 1984; Rose
1984; Partridge and Fowler 1992).

Under the mutation accumulation hypothesis, senescence is
a result of mutation-selection balance. Mutations with dele-
terious age-specific effects are hypothesized to be constantly
generated, and selection becomes less effective at removing
them as the age of onset of such allelic effects increases (Med-
awar 1952; Edney and Gill 1968; Graves and Rose 1989). Prom-
islow and Tatar (1998) reviewed four possible experimental tests
of the mutation accumulation theory of senescence. (1) The
variance in fitness-related traits should increase with age. (2)
Populations that have been selected for late-life fitness should
show little response to traits affected by mutation accumulation
when reverse selected for high early fitness. (3) Controlled mu-
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Figure 1. Diallel cross of the five replicate B populations. Each shaded cell with a P indicates a purebred or parental population
( ). Each unshaded cell with an H indicates a hybrid of two of the parental populations ( , ). EachB female # B male B female # B male i ( ji i i j

F1 set of populations was initiated by at least 400 individuals of each gender comprising the parents of the crossed populations. The diallel
cross of the O populations was performed in the same manner.

tation, such as mutation accumulation lines or P-element mu-
tation, should produce recognizable patterns of senescence. (4)
Inbreeding depression should increase with age. We agree that
methods 1, 2, and 4 are reasonable approaches to studying
mutation accumulation. The third method will be contingent
on the nature of the mutation and its patterns of pleiotropy.
Since these are typically beyond the control of the experimental
scientist, this method may have limited utility.

The first test has been applied to age-specific fecundity in
Drosophila (Rose and Charlesworth 1980, 1981; Engström et
al. 1989; Tatar et al. 1996), age-specific mortality (Hughes and
Charlesworth 1994; Promislow et al. 1996), and male virility
(Kosuda 1985; Hughes 1995). While increased genetic variance
with age is a commonly reported finding, it is not universally
seen in these studies. Moreover, Promislow and Tatar (1998)
suggest that certain experimental and statistical techniques used
in this research might have biased the results toward inferring
increases in variance (Shaw et al. 1999).

The second test of mutation accumulation—reverse selec-
tion—to our knowledge has been used twice before (Service et
al. 1988; Graves et al. 1992; Teotónio and Rose 2000). These
studies provided evidence for both antagonistic pleiotropy and
mutation accumulation. Method 4 has been used with Dro-
sophila female fecundity (Mueller 1987) and age-specific sur-
vival (Charlesworth and Hughes 1996). Both of these studies
found evidence of inbreeding depression at later ages and thus
mutation accumulation. In this study, we will also examine
inbreeding depression as a function of age.

A corollary of the mutation accumulation hypothesis is that
in populations where the force of selection is reduced to 0 early
in life, senescence should be accelerated. In such cases, alleles
with effects confined to late ages, after the cessation of repro-
duction, would be free to drift to higher frequency unimpeded
by natural selection at earlier ages. We propose testing this idea
with a collection of five independent populations, called B’s,
that had been maintained in the laboratory for 416 generations
at the start of these experiments (Rose 1984; Rose et al. 2004).
The B’s are cultured on a discrete 2-wk generation cycle. Ef-
fectively, any fitness-related trait expressed after about day 5 of
adult life is neutral except to the extent that these traits depend
on alleles having pleiotropic effects on early-life fitness. Con-
sequently, we expect some deleterious late-acting alleles already
present in the B populations to have increased in frequency
over this period due to drift. However, it is unlikely that the
identical deleterious alleles will have increased in all five rep-
licate populations, due to the random nature of genetic drift.
While it is possible that new mutations may have been created
and raised to high frequency over this period, we think that
possibility unlikely due to the large size of the populations
( ) and the relatively short period of time.N ∼ 1,000e

The critical test of inbreeding depression, and thus mutation
accumulation, is to compare late-life fitness in the five replicate
B populations with the late-life fitness of hybrids between rep-
licate B populations. We expect the hybrids to show restored
fitness because they should be heterozygous at many of the
fitness-depressing loci, with directional dominance in favor of
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Figure 2. Design of the male virility assays. Virgin females from one of the B replicates were mated to males from the same replicate (purebred)
and to males from another replicate (hybrid). The F1 progeny from these matings were then assayed every week; one of the F1 males was placed
with eight virgin IV females for 8 h to mate. After those 8 h passed, the male was discarded, and each IV female was placed in her own vial,
where she could lay eggs for 3–4 d. The presence of even a single larvae indicated that the male successfully inseminated that female. Assays
of the O populations were carried out in the same manner.

more fit alleles (Wright 1977, pp. 26–27; Rose 1985). We also
expect that the relative difference between hybrid and parental
populations will increase with age. There are two reasons for
this expectation. (i) Late-acting deleterious alleles may not in-
crease in the B populations if they have pleiotropic effects on
early-life fitness components. It seems reasonable that the
chance of such pleiotropic effects would decrease with age. (ii)
The equilibrium frequency of later-acting deleterious alleles in
the source population is expected to be greater at later ages
because the strength of selection against these alleles decreases
with age (Charlesworth and Hughes 1996). A second important
control will be the examination of inbreeding depression in
populations selected for late reproduction. The O populations
are cultured on discrete 10-wk generations. Hence, there con-
tinues to be strong selection for high fitness in late life. This
should keep late-acting deleterious alleles at low frequencies,
unlike the B populations.

Important fitness characteristics, such as (i) longevity, (ii)
male virility, and (iii) female fecundity have been shown to
display a general decline in Drosophila populations as they age
(Rose 1984; Kosuda 1985; Service 1993). The differentiation of
some Drosophila laboratory populations for longevity and fe-
cundity make them a critical system with which to investigate
whether mutation accumulation has had an effect on senes-
cence (Rose et al. 2004). Here, we extend the study of such
populations to the use of hybrid populations assayed for male
virility.

Material and Methods

In 1980, five early-cultured replicate populations (B1–5) and five
late-cultured replicate populations (O1–5) were derived from a
long-established laboratory population called IV (Rose 1984).
The B populations have been maintained on discrete 2-wk
generation cycles in the same manner as the IV populations:
at low larval densities and with 14 d to develop and reproduce.
The O populations were maintained in an identical manner to
the B populations for the first 2 wk following egg collection;
afterward, they were provided with fresh food three times a
week for up to eight additional weeks. Before egg collection,
they were placed in Plexiglas cages and provided with banana
food plates with live yeast in order to stimulate oviposition.
The O populations eventually had their adult phase extended
to a 10-wk life cycle. At the start of these experiments, the B
populations had undergone over 400 generations of selection,
and the O populations had undergone over 100 generations of
selection (Rose et al. 2004).

Experimental Design

All Experiments. Before crosses, virgin males and females were
collected from each population required for that particular as-
say. Eggs from the stock populations were collected at normal
density (60–90 eggs/8-dram vial) and allowed to proceed
through their development. At the first sign of pupal darkening,
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Figure 3. Expected results from hybrid crosses under two theories of late-life fitness. The expected results, if mutation accumulation was the
most important determinant of late-life fitness, are shown on the top. Five independent populations are maintained on a 2-wk generation
cycle for 416 generations at an effective population size of about 1,000. This culture regime removes the action of selection on traits expressed
after about day 5 of adult life. We assume that at the start of the experiment, the populations were polymorphic for deleterious late-acting
recessive alleles at multiple loci. In this case, we have shown five such alleles—m1, m2, m3, m4, and m5—at five different loci. One of these
deleterious alleles becomes fixed by genetic drift in each of the five populations. When late-life fitness is examined in the five B populations
at the end of the experiment, they show a depression. When the hybrids are made from any two B populations, they show elevated late-life
fitness because they are now heterozygous for the dominant wild-type allele at the relevant loci. If antagonistic pleiotropy is the major mechanism
of evolution, then we expect most replicate populations to have fixed the same set of alleles due to the early beneficial effects on fitness (see
bottom of figure). When hybrids are created, the decline in late-life fitness is usually unaffected because the genotype of the hybrids is the
same as each parent.
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Figure 4. Ax as a function of allele frequency. This curve was computed
assuming that the frequency of the two deleterious alleles at the major
polymorphism, m1 and m2, were equal to p in each population. The
alternative mutant allele at the minor polymorphism in each popu-
lation was kept at a constant low frequency of 0.001. Fitness was
computed as described in the text with and 0.5. The value ofs p 0.1
Ax was standardized at each allele frequency by the mean of the parental
and hybrid populations.

checks for eclosing adults began. At 7-h intervals, emerging
adults were removed from vials using CO2 anesthesia, with
females and males collected and sequestered separately. Single-
sex vials were checked for contamination, and any “females
only” vials containing one or more males were discarded. Once
we had at least 400 flies of each gender, for each separate cross
population, the flies were placed in their appropriate cages to
mate and supplied banana food plates with liberal amounts of
live yeast to stimulate female oviposition.

Female Fecundity and Adult Longevity Assays. A complete diallel
cross using all 25 possible combinations of the B populations
was performed with a minimum of 400 of each sex contributing
to the progeny (F1). Twenty hybrid and five purebred populations
were created (Fig. 1). The F1 eggs that resulted from these matings
were collected and reared at 60–80 eggs/vial for 14 d.

Longevity assays on the 20 hybrid populations and five pure-
bred populations employed four pairs of approximately 4–5-d-
old adults placed into vials using CO2 anesthesia. Twenty replicate
vials were set up for each of the 20 hybrid B populations and
five purebred B populations. Vials were checked daily for mor-
tality, with transfers to fresh food occurring every other day. Dead
flies were removed during these transfers. No longevity assays
were performed on the O populations (see “Discussion”).

Fecundity was measured on adults approximately 4–5 d old
by placing one pair per vial on a yeasted charcoal-sucrose me-
dium for 24 h, after which they were transferred back to banana
food vials and the eggs were counted. This age is the typical
reproductive age for the B populations and was designated “week
0.” During the time between each assay, each pair was housed
together in vials, with transfers to fresh banana food occurring
every other day. At weekly intervals, up until what would have
been 4 wk past the normal reproduction period for the B pop-
ulations, the pair was again placed on charcoal medium and left
to lay eggs for 24 h. During this experiment, dead females were
removed and dead males were replaced with backup stock males
that were the same age as the female in the vial. Each tested
population began with 20 females. By the fourth week there were,
on average, nine females left alive. No fecundity assays were
performed on the O populations (see “Discussion”).

Male Mating Success Assays. The complete diallel cross ( )5 # 5
was sectioned into separately executed blocks due to the size of
the experiments (Fig. 1). For any block, the complete diallel
crosses from the populations examined were assayed together
(i.e., , ,B female # B male B female# B male B female# Bi j j i i i

, and ). All crosses were termedmale B female# B male i p jj j

“purebred crosses” and were, in effect, the normal mating con-
ditions for the respective B or O populations. All crosses where

were termed “hybrid crosses.” We did not attempt anyi ( j
between-treatment population crosses ( ) for these exper-B # O
iments (but see Hutchinson and Rose 1991).

The F1 generation was collected and housed in incubators

(24L : 0D, 25�C) for 2 wk before being placed in cages as adults.
The adults were maintained in these cages throughout the ex-
periment and were given fresh food plates three times per week.
Assays were performed once per week, with flies being directly
sampled from those cages but not returned to the cages
afterward.

Approximately 3–4 d before the onset of the experiment, a
large cohort of virgin IV females was collected to be used as
the female mating partners to measure male mating ability.
These virgin females were also housed in vials and checked for
male contamination at least three times after being housed in
vials. A vial that had even one male, or displayed the presence
of a single larva, was discarded before the experiment.

Approximately 20–25 males from each of the experimental
populations cages were obtained, and from this each male was
placed into a vial with eight virgin IV females and allowed to
mate for 8 h. Eight hours was determined to be an adequate
length of time to assay the males, as male fertility returns, for
Drosophila melanogaster, after 2 to 3 h since the last mating,
and males may often mate with two to three females before
exhausting their supply of sperm and accessory fluid (Lefevre
and Jonsson 1962; Service 1993). After the 8 h of mating, the
vial was emptied onto a gas plate (using CO2 anesthesia), the
male was discarded, and each female was placed into a fresh
vial to lay eggs (Fig. 2). If a vial was found to have a dead male
or more than one male, that vial was discarded, and a replace-
ment vial of one male from the same population and eight
virgin IV females was substituted. At least 20 replicate mating
vials for each population were used each of the 5 wk of the
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Table 1: B-fecundity ANOVA

Source
Sum of
Squares df

Mean
Square F p

Between females:
Population 77.8 24 3.24 2.40 .001
Error 269 199 1.35

Within females:
Age 377 4 94.3 115 !.001
Age # population 187 96 1.95 2.37 !.001
Error 796 .822

Note. Repeated-measures ANOVA was used to test the effects of age and

source population on fecundity. Only females with complete sets of measure-

ments were used.

Figure 5. Age-specific decline in female fecundity for both hybrid and
purebred B females reveals that until 3 wk after the normal repro-
ductive period for the B populations, there is no indication of mutation
accumulation affecting these populations. After 3 wk, the hybrids dis-
play greater fecundity than the purebred B populations. This difference
disappears by the fourth week due to small sample size, but it indicates
that the hybrid collapse in female fecundity occurs later than the pure-
bred collapse. The inset graph denotes the increase in B purebred
female sterility by week 3, with the B hybrids reaching the same level
of female sterility by week 4.

assay. The females were left to lay eggs for at least 4 d, then
the females were removed, and the vials were carefully observed
for the presence of larvae. The presence of even one larva in
a vial served to indicate that the female had been inseminated
by the male. Each male’s mating ability was determined by the
number of females he successfully inseminated over the 8-h
mating period.

This procedure was employed once a week for 5 wk, which
included the normal egg laying period for the B populations,
in order to ascertain the age-specific decline in male mating
ability. The experiments involving the B populations were per-
formed from fall 1995 until summer 1996. The O populations
were assayed in an identical manner but were assayed from
spring 1997 until spring 1998. At the time of the experiments,
the B populations had undergone approximately 500 genera-
tions of selection for early-life fertility, while the O populations
had undergone approximately 100 generations of selection for
delayed reproduction. In the course of these experiments 3,636
B males and 3,296 O males were assayed for virility.

Quantifying Mutation Accumulation

In this study we have created conditions in the B populations
for mutation accumulation. Such an accumulation will depend
on several factors: (1) the elimination of selection in late life,
(2) the finite population size, and (3) the existence of late-
acting deleterious alleles for the life-history characters we ex-
amine. The first two factors are part of the experimental design;
the third factor constitutes the biological hypothesis of mu-
tation accumulation. The dynamic aspects of the process of
mutation accumulation in the B populations are shown in Fig-
ure 3. This process presumes multiple loci affecting the trait
of interest. It further assumes that some existing deleterious
alleles will rise to high frequency in each population and others
will not. The particular alleles that rise to high frequency in
one population are also likely to be different from one pop-
ulation to the next.

We assume that most deleterious alleles that rise to high
frequency by drift will be recessive or partially recessive. This

conclusion follows from the simple population genetic consid-
erations that suggest that in the ancestral population, recessive
deleterious alleles will be at a much higher equilibrium fre-
quency than dominant alleles. Consequently, in the simplest
case, which involves fixation of the deleterious alleles, the pa-
rental populations will show a depression in these late-life char-
acters that will be elevated in the F1 hybrids (Fig. 3). If, on the
other hand, fitness characters early and late in life are deter-
mined wholly by alleles with antagonistic effects (Fig. 3), we
expect to see little difference between the hybrids and parents
for their late-life fitness characters.

However, there is nothing about the design of this experi-
ment that guarantees or assumes that these deleterious alleles
will be fixed after the 416 generations of drift. For neutral alleles
at an initial frequency of p and with an effective population
size of N, it will take on average gen-�4N(1 � p) ln (1 � p)/p
erations to fix the allele (assuming it is fixed, which will occur
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Figure 6. Ax statistic for female fecundity in the B populations and their
hybrids. Significant departures from additivity, as determined from the
ANOVA, are indicated by asterisks ( ).two asterisks p p ! 0.01

Figure 7. Mean longevity of all five purebred populations and all 20
hybrid populations for both sexes are shown with the standard errors
around the means. Standard errors were computed by treating each
population mean as a single observation. While males lived significantly
longer than females, hybrid superiority within the same gender adult
was not detected.

with probability p; Ewens 1979, p. 77). In the B populations,
, and if , the average time to fixation wouldN � 1,000 p p 0.05e

be 3,898 generations.
While 416 generations is not sufficiently long for most ini-

tially rare neutral alleles to be fixed, there may be some that
have risen to sufficiently high frequencies that late-life fitness
will begin to suffer. For instance, using the stationary distri-
bution of neutral alleles, we can calculate the chance of finding
neutral alleles in certain frequency ranges (Crow and Kimura
1970, p. 383). In the B populations, 4%–9% of the neutral
alleles are expected to be at a frequency of 0.4 or greater (as-
suming and the initial frequencies are between 0.01N p 1,000e

and 0.1). At frequencies above 0.4, there will be sufficient num-
bers of deleterious homozygotes so that late-life fitness char-
acters will begin to be affected. So we need to address the
problem of what experimental results to expect if deleterious
alleles have risen to high frequency but are still polymorphic
at the time these experiments were conducted.

Our basic indicator of mutation accumulation (Fig. 3) is
some degree of hybrid vigor in the F1 population. Suppose at
age x we measure a phenotype (e.g., either fecundity or virility)
in the ith and jth parental population to get and , re-x xP Pi j

spectively. In the hybrid of these two populations, the phe-
notype measure is (and in the reciprocal cross). Thex xP Pij ji

mean parental phenotype minus the mean hybrid is just

1 1
x x x x xa p (P � P ) � (P � P ). (1)ij i j ij ji2 2

If there is some degree of heterosis, then this statistic will be
negative. If the alleles are completely additive, then equation
(1) will be 0. For the measurements of fecundity, the same set

of parental phenotypes was used with all hybrid measurements.
If we then sum up the statistic over all parental and hybridxaij

populations in our experimental design (Fig. 1), we have a
measure of mutation accumulation

5 5 5
1

x x xA p 4 P � P . (2)� � �i ij( )2 ip1 ip1 jp1, i(j

The variance of this statistic is

1
x x xVar (A ) p 16 Var (P ) � Var (P ) . (3)� ��i ij[ ]4 i i i(j

For the virility experiment, the parental phenotypes are mea-
sured multiple times. In these cases, the statistic Ax is still the
sum of the for each reciprocal cross, but the variancexaij

calculations differ. For female fecundity, and are esti-∗ ∗P Pi ij

mated from the mean of nine to 20 females. The variance of
these means is calculated in the standard way. For male virility,

and are the fraction of 160 females successfully mated.∗ ∗P Pi ij

We use binomial variance estimates for virility, that is,
.∗ ∗P (1 � P )/160i i

An important component of this study is to compare the
relative levels of dominance at different ages using the statistic
in equation (2). A problem encountered in such comparisons

This content downloaded from 128.200.102.034 on October 16, 2018 13:25:32 PM
All use subject to University of Chicago Press Terms and Conditions (http://www.journals.uchicago.edu/t-and-c).
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Table 2: B-virility ANOVA

Source
Sum of
Squares df

Mean
Square F p

Block .680 4 .170 2.15 .072
Age 93.6 4 23.4 296 !.001
Population 15.0 24 .624 7.89 !.001
Population # age 8.60 96 .090 1.13 .18
Error 277 3,507 .079

Note. Population refers to all 25 hybrid and parental populations.

Figure 8. Hybrid vigor as revealed through the Ax value. For each week,
the summed means of both purebred population had subtracted from
it the weighted averaged parental population’s mean male mating suc-
cess. The parental populations were the two replicate populations com-
prising the reciprocal cross to create the hybrids. While the O pop-
ulations showed no heterosis, the B populations show a high degree
of heterosis starting with their normal reproductive period (week 0),
which decreases for week 1, and begins a steady rise throughout the
remainder of the experiment. Significant departures from additivity,
as determined from the ANOVA, are indicated by asterisks (one

, ).asterisk p p ! 0.05 three asterisks p p ! 0.001

is that the mean of the phenotype measure may decrease sub-
stantially with increasing age even as the relative levels of het-
erosis increase. Because the phenotypes we are measuring are
fitness components, the important contrast between hybrid and
parental populations is simply the relative differences in fe-
cundity and virility, not their absolute values. Accordingly, we
have standardized each Ax statistic by dividing it by the mean
of all 25 parental and hybrid populations. Because this mean
is based on a very large number of observations, we treat it as
a constant for the purposes of computing the variance.

Dynamics of the Ax Statistic. Consider two loci with two alleles.
At the first locus, the fitnesses of the three genotypes AA, Am1,
and m1m1 are 1, 1, and , respectively. At the second locus,1 � s
the fitnesses of the three genotypes BB, Bm2, and m2m2 are 1,
1, and , respectively. We can further assume that there are1 � s
two populations. In the first population there is a polymor-
phism at the A locus with a substantial number of m1 alleles.
This is called the major polymorphism. The second locus is
referred to as a minor polymorphism because the m2 allele is
present only at very low frequencies. In the second population,
the first locus is the minor polymorphism, and the second locus
is the major polymorphism. We assume that if the A statistic
is calculated for these two populations, then the sample of flies
from each parental population will contain all three genotypes
at each locus. Similarly, the hybrids formed by crossing these
two populations will not all be heterozygotes at both loci. If
the genotypes are assumed to be in Hardy-Weinberg and linkage
equilibrium, we can compute the value of Ax as a function of
the frequency of the m1 and m2 alleles (Fig. 4). The value of
the Ax statistic shows a steady decline with increasing frequency
of the recessive deleterious alleles at the major polymorphic
locus. The ability to detect significant departures from 0 will
clearly depend on the frequency of the deleterious allele and
the magnitude of their effects. Because Ax decreases only slowly
at low allele frequencies, it is probable that this technique will
be unable to detect mutation accumulation unless there has
been some substantial allele frequency differentiation.

Statistical Analysis. A t-test was performed on the longevity
assay, using male and female data separately. The effects of age
and population on fecundity and virility were evaluated with

an ANOVA. Because the mean and variance of female fecundity
decline with age, the fecundity data were transformed with the
natural logarithm of . Fecundity was measured1 � fecundity
on the same females multiple times. Thus, a repeated-measures
ANOVA design was used with the fecundity data. The virility
data used independent samples of males, and this does not
require a repeated-measures design. However, there were block
effects, because groups of populations were measured at dif-
ferent time periods. The raw data from the virility experiment
were expressed as a fraction the eight females fertilized. These
data were subject to an arcsin-square root transformation.

The ANOVA on fecundity and virility can also be used to
statistically test for departures from additivity. For each age,
we examined the null hypothesis that four times the sum of
the five parental phenotypes (either fecundity or virility) equals
the sum of all 20 hybrid phenotypes. This hypothesis is related
to our estimates of Ax, because with complete additivityxA p 0
and Ax will be less than 0 with heterosis. Twice the standard
error of the Ax statistic can be used as an approximate 95%
confidence interval.

Results

Female Fecundity

ANOVA revealed significant effects of age and source popu-
lation on female fecundity (Table 1). As expected, female fe-
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Table 3: O-virility ANOVA

Source
Sum of
Squares df

Mean
Square F p

Block 10.5 4 2.63 36.5 !.001
Age 3.225 4 .806 11.2 !.001
Population .400 24 .017 .231 1.00
Population # age 7.22 96 .075 1.04 .368
Error 228 3,167 .072

Note. Population refers to all 25 hybrid and parental populations.

Figure 9. B and O male mating success in depictions of the age-specific
decline in males for the B and O hybrid and purebred populations.
Week 0 shows hybrid superiority in the B populations, which disap-
pears during the first and second weeks of the assays (1 and 2 wk
postnormal reproduction time for the B populations). At weeks 3 and
4, the hybrid superiority for male mating success reappears.

cundity declines with age (Fig. 5). However, the ANOVA and
our parametric estimates of Ax suggest no significant differences
between purebred B female fecundity and hybrid B female fe-
cundity at 0, 1, 2, and 4 wk (Fig. 6). Hybrid B females showed
a significantly higher fecundity than purebred B females at week
3 (Fig. 6). The only Ax statistic that is significantly less than 0
is also at 3 wk (Fig. 6). While this may have be indicative of
some hybrid vigor, the small sample sizes and high variance
during the fourth week preclude any solid conclusions.

Longevity

Overall, males lived significantly longer than females, regardless
of whether they were from hybrid or purebred populations.
The t-test revealed no statistical differences between hybrid B
males ( ) and purebred B males ( ) for30.3 � 0.68 29.74 � 1.14
adult longevity. Purebred B females ( ) were not25.15 � 0.98
significantly shorter lived than the hybrid B females (25.31 �

; Fig. 7).0.53

Male Mating Success

The ANOVA of B-male virility shows significant effects of age
and population (Table 2). In general, males show declining
virility with age (Fig. 9). There are significant departures from
additivity at all ages in the B populations (Fig. 8). However,
the magnitude of this effect increases dramatically with age. A
regression of the Ax values from ages 1–4 wk produces a sig-
nificant negative slope in the B populations ( ).p p 0.001

While the ANOVA detected a significant effect of age on O-
male virility (Table 3), there is no obvious decline in virility
with increasing age (Fig. 9). None of the tests of deviation from
additivity were significant in the O populations, and the value
of Ax typically was very close to 0 (Fig. 8). The significant block
effect indicates that the relative magnitude of virility changes
in different temporal experiments. However, by running the
parental populations of all hybrids in each block, we have not
artificially inflated the virility of parental or hybrid lines over
the whole experiment.

Discussion

Experimental Evidence

Hybrids showed no detectable superiority over their pure-
bred counterparts, of either sex, when their longevities were
assayed. The deleterious alleles that affect late-life survival,
in the B populations, may have effects that are too small to
be detected by the methods employed by this experiment,
or the directional dominance assumption might not be cor-
rect for all survival characteristics. A recent study of much
larger cohorts also found no difference in late-life mortality
between uncrossed and hybrid B populations (Rose et al.
2002).

Only the week 3 fecundity value of Ax is significantly less
than 0. Under our hypothesis of mutation accumulation we
would have expected the week 4 value to be less than 0 also.
Experimental design limitations made it difficult to estimate
the value of Ax in week 4. The sample size dwindles as females
die. The experiment began with 500 females, and by week 4
only 227 remained alive. The B3 population had only a single
surviving female in week 4.

Male mating behavior is not an arbitrarily chosen character.
Markow and colleagues have studied multiple mating in males
extensively in both wild and laboratory populations of several
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Drosophila species (Markow et al. 1978; Gromko and Markow
1993; Pitnick and Markow 1994). Others have found that the
trait is influenced by male age and competitive access to females
(Service 1993). After week 1, Ax clearly declines with age in the
B flies. In direct contrast to this pattern are the O males, which
show no evidence of hybrid vigor over the 5-wk period. In fact
the O males show no decline in the fraction of females mated
over the first 5 wk of adult life. This is expected since repro-
duction in the O populations requires that males mate at least
until the fourth week of adult life (A. Joshi and L. D. Mueller,
unpublished data).

The surprising result from these data is the hybrid vigor
expressed at time 0, the normal age of reproduction in the
B populations. We think this is unlikely to be due to in-
breeding depression. If these populations have suffered in-
creased homozygosity due to inbreeding, other traits should
have been affected, and that was not observed. The likeli-
hood of a bottleneck or extended period of small population
size giving rise to inbreeding depression would also be re-
lated to the effective population size. We have made an
extensive examination of the effective population size in
both the B and the O populations including 3 yr of complete
census counts of all 10 populations. The effective size in
these populations is generally around 950–1,000 (L. D.
Mueller, unpublished data). If anything, the effective size in
the O populations has been less than in the B’s. Because
there is no evidence of any type of inbreeding depression
in the O virility, we think it unlikely that demographic fac-
tors have caused the reduction in early B-male virility, com-
pared with their hybrids.

The action of natural selection, however, may account for
these patterns. Joshi et al. (1999) demonstrated that under con-
ditions similar to the normal B-culture regime, few males mate
more than once. Thus, in this environment, the virility phe-
notype measured here may be only weakly related to fitness.
This would mean that deleterious alleles at all ages might rise
in frequency. However, the pattern of age specificity in hybrid
vigor in the B populations is consistent with the prediction of
the mutation accumulation theory of higher levels of delete-
rious genetic variation at older ages (Charlesworth and Hughes
1996). In fact, it is probably a relatively weak correlation to
fitness that has made virility the most likely phenotype to show
hybrid vigor in these experiments, compared with longevity
and female fecundity.

Mutation Accumulation in the B’s or Mutation Elimination in
the O’s?

The B and O populations used here have been used extensively
in the past to study the genetic and physiological properties of
aging (Rose et al. 2004). Some of the most important observa-
tions made in the past are that in response to culturing only
long-lived adults, the O populations show increased longevity,

reduced early fecundity, and an increase in a number of correlated
physiological traits relative to the B populations. Some of these
observations have been used as evidence in support of the an-
tagonistic pleiotropy theory of aging. Promislow and Tatar (1998)
have suggested that these conclusions may be erroneous. Their
argument is that before the start of selection in the B and O
populations, the base stock had undergone about 120 generations
of selection in a B-type laboratory environment. Promislow and
Tatar suggest that this was sufficient time for mutations to ac-
cumulate and thus cause up to a 50% decline in late-life fitness.
This effect, they reason, is sufficiently powerful that it is well
known that wild-caught flies are more “robust” than lab stocks.
This last conclusion was supported with a citation of Dobzhansky
et al. (1964), who in fact demonstrated that over time, laboratory
populations exhibit an increase in the demographic fitness mea-
sure rm.

Nevertheless, perhaps the B hybrids simply show a decline in
virility similar to their feeble ancestors, and the O populations
are just like wild-type flies having had the opportunity to elim-
inate the deleterious alleles that accumulated in the base pop-
ulations. Without having samples of frozen flies from the original
wild population, it is somewhat difficult to determine this un-
ambiguously. However, other data exist that do shed light on the
problem suggested by Promislow and Tatar.

Kosuda (1985) measured male virility in chromosome ex-
traction lines and in heterozygous lines that were wild-type flies
from his initial collection in Katsunuma, Yamanashi, Japan. The
essential features of Kosuda’s study were (i) he examined females
for presence of sperm in his virility assays, (ii) single males were
allowed to mate for 24 h, (iii) males were measured at 3 d of
age and 28 d of age, and (iv) males had access to 12 virgin
females.

Our study differed from Kosuda’s in several ways. We mea-
sured virility at 4–5 and 25–26 d of age (week 3). However, we
looked for the presence of viable progeny that would reduce our
estimates of virility compared with Kosuda’s. Kosuda presented
males with 50% more females than we did, which might lower
his estimate of virility. Compensating for this was the fact that
Kosuda’s males had three times longer to complete mating. So
while our experiments are not exactly comparable, there is no
striking difference that would cause one to think the virility
measures would differ systematically between our two studies.
In Kosuda’s study, his wild-caught young males inseminated 77%
of the females, while our young B-hybrid males fertilized 64%
of the females. Kosuda’s old males inseminated only 38% of all
females, while our old B hybrids fertilized 33%.

Overall, these numbers are very similar. However, the most
important aspect of these numbers is the relative reduction from
young to old ages. In Kosuda’s study, average virility of the wild
males declined by 49%, while in our study, the B-hybrid males
showed a decline of 52%. These results suggest that the declining
performance of B-hybrid males is not unlike that of wild-type
males. By contrast, the O males show no decline in virility over
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a similar time period. In fact, both hybrid and purebred O males
show an increase in virility over this period of time. Thus, we
think that the virility of B hybrids is probably close to the level
of virility in natural populations of Drosophila melanogaster, the
virility of the purebred B populations reflecting the consequence
of deleterious alleles accumulating over that last 400 generations,
while O virility shows the beneficial effects of experimental evo-
lution in the laboratory purging naturally occurring deleterious
alleles and possibly increasing the frequency of beneficial alleles
present in the ancestral populations at low frequency. These re-
sults do not support Promislow and Tatar’s idea that O flies are
similar to wild Drosophila.

Heterogeneity of Trait Results

The results of this study vary quite widely between each fitness
trait studied. This is not unexpected. While it is true that the
level of drift is the same for genetic variation at each trait, other
factors are likely to vary. For instance, late traits may not be
strictly neutral, even under the conditions of this experiment,
if there are any correlated negative effects on early fitness. This
type of pleiotropy would have two consequences. (i) The equi-
librium frequency of mutants with deleterious effects at early
ages would be expected to be smaller due to their early effects
on fitness, all other things being equal. (ii) Drift would be less
effective at increasing these types of variants because they would
still retain some negative fitness effects even in the demographic
regime of the B populations. Both of these effects would reduce
the chance of increasing frequencies for late-acting deleterious
alleles in this experiment. There may also be a large difference
in these types of correlations between different traits.

In the B-culture regime, it appears that most males only
mate a single time before egg laying; very few males mate more
than once (Joshi et al. 1999). Thus, even if there are correlations
between early- and late-life male virility, their effects on fitness
may be small. This suggests that male virility should respond
more rapidly to drift. The strong decay in value of the Ax

statistic for virility at late age and the lack of any hybrid vigor
in the O populations suggests that the B-culture regime has
undergone mutation accumulation for age-specific virility.
These results support the notion that at least in Drosophila,
mutation accumulation may be an important cause of aging.
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