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Summary

1.

 

Offspring from older parents often have shorter adult lifespans than offspring of
younger mothers. We examine the effects of offspring genotype, maternal age and
paternal age on offspring survival, development and adult lifespan in the seed beetle,

 

Callosobruchus maculatus

 

.

 

2.

 

Females took about a quarter of a day longer to develop from an egg to an adult
and lived 

 

≈

 

7 days longer than males. Mortality patterns were best described by a logistic
mortality model, and all three model parameters differed significantly between the
sexes; females had a higher baseline mortality rate than males but the mortality rate
increased more slowly in females than in males. Females also showed a delay, relative
to males, in the age at which mortality became age-dependent.

 

3.

 

The proportion of eggs that hatched and larval survivorship both declined with
increasing maternal age, while egg-to-adult development time increased substantially.
Contrary to the pattern observed in many other organisms, offspring of older mothers
lived 

 

longer

 

 than offspring of younger mothers, even after controlling for heterogeneity
among families. There was no evidence that paternal age affected any offspring traits.

 

4.

 

The effect of maternal age on offspring lifespan was greater for male offspring than
for female offspring (consistent with the general observation that the genetic and envir-
onmental factors affecting lifespan differ between the two sexes) and varied among
sire families (indicating that offspring genotype mediated the non-genetic effect of
maternal age on lifespan).
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Introduction

 

The phenotype of an individual is influenced not only
by its genes and the environment in which it is raised,
but also by the phenotype of its parents and the en-
vironment in which its parents are raised (Mousseau
& Fox 1998). These ‘maternal effects’ (often called ‘par-
ental effects’) are often a consequence of variation in
propagule size (e.g. egg size, Fox, Thakar & Mousseau
1997) or factors other than DNA packaged inside
propagules, such as maternally derived messenger RNA
or proteins (Mousseau & Fox 1998). The relative
influence of maternal effects on offspring phenotypes
generally decline with increasing offspring age – early
development and survival tend to be highly affected by
propagule size and composition, while traits expressed
late in development or postmaturity are not (e.g. Fox
1997; Heath, Fox & Heath 1999; but see Pond & Wu
1981; Fox & Savalli 1998; Mohaghegh, De Clercq &

Tirry 1998; Jann & Ward 1999). The most common
exceptions to this are cases where females provide
maternal care or where the maternal environment trig-
gers major developmental changes in offspring, such
as morph differentiation (e.g. winged 

 

vs

 

 non-winged
morphs) or the induction of a quiescent stage (e.g. dia-
pause) (Fox & Mousseau 1998). However, the develop-
mental switches affecting these types of traits tend to
occur early in development when maternal mRNAs
and proteins are most influential inside a cell.

Contrary to the general pattern that maternal effects
are generally undetectable in adult offspring is the
common observation that offspring from older moth-
ers tend to have shorter adult lifespans. This has been
observed in a large diversity of  organisms includ-
ing yeast (Egilmez & Jawinski 1989), plants (Ashby
& Wangerman 1954), rotifers (Lansing 1954; but see
Verdone-Smith & Enesco 1982), nematodes (Klass 1977),
a variety of insects (review in Priest, Mackowiak &
Promislow 2002) and even humans (Gavrilov 

 

et al

 

.
1997) (reviews in Rose 1991; Priest 

 

et al

 

. 2002). The
explanation for this reduction in offspring lifespan
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with increasing maternal age is unknown, but it may be
due to an accumulation of genetic abnormalities in
eggs as mothers age (Crow 1997). Alternatively, it may
be an artefact of genetic heterogeneity in mortality
rates within populations – short-lived females do not
contribute offspring to ‘old female’ cohorts, resulting
in a population-level shift in the genetic composition
of offspring with increasing female age (Vaupel &
Yashin 1985). However, some studies have controlled
adequately for genetic heterogeneity (e.g. Priest 

 

et al

 

.
2002) and still detect maternal age effects on offspring
lifespan.

With the exception of organisms where fathers pro-
vide substantial paternal care, fathers generally pro-
vide little more than nuclear genes during fertilization
(although in some animals fathers provide materials in
their ejaculate that can be incorporated into eggs
(review in Vahed 1998), and occasionally paternal
mitochondria are incorporated into eggs (review in Birky
2001)). Thus, paternal age generally has little effect on
the composition of the egg or the phenotype of his off-
spring. However, sperm of older fathers may carry
more deleterious mutations than sperm of younger
males (Crow 1997). In humans, female germ cells
undergo 

 

≈

 

24 cell divisions between zygote and egg pro-
duction whereas male germ cells undergo 

 

≈

 

30 cell divi-
sions prior to puberty and 

 

≈

 

23 cell divisions per year
thereafter (Vogel & Motulsky 1997). These extra cell
divisions can translate into an increase in the risk of
spontaneous mutations (Crow 1999; review in Crow
2000) which could affect offspring longevity. Indeed,
offspring of older fathers have been demonstrated to
have more congenital problems in humans (reviews in
Risch 

 

et al

 

. 1987; UNSCEAR 2001) and shorter lifespan
in a few organisms, including 

 

Drosophila

 

 (Priest 

 

et al

 

.
2002) and humans (Gavrilov 

 

et al

 

. 1996, 2000). How-
ever, few studies have tried to disentangle the effects of
maternal and paternal age (but see Butz & Hayden
1961; Priest 

 

et al

 

. 2002) or to disentangle the effect of
paternal age from the effect of paternal mating history
(number of prior mates) on offspring lifespan.

Parental age effects on lifespan can affect the evolu-
tion of senescence by altering patterns of age-specific
mortality. In general, the magnitude of selection against
deleterious traits declines as organisms age, allowing
mutations with late-life deleterious effects to accumu-
late and favouring the evolution of traits with positive
effects early in life at the expense of survival and repro-
duction late in life (Tatar 2001). Parental age effects
change the age-specific magnitude of selection on
organisms (Kern 

 

et al

 

. 2001), and can thus change the
pattern of accumulation of deleterious alleles and the
selective balance for traits that have both early-life and
late-life fitness effects (discussed in Priest 

 

et al

 

. 2002).
They can also complicate the analysis of evolutionary
experiments that study ageing. For example, evolu-
tionary theories of ageing have been tested using arti-
ficial selection experiments in which offspring of older
mothers are cultivated for several generations to gen-

erate longer-lived strains. Changes in mean lifespan of
the selected relative to control lines are interpreted as
genetic differences between the lines. The presence of
maternal age effects complicate this interpretation by
introducing non-genetic differences between the lines
and by confounding the source of selection imposed on
lines (e.g. confounding natural selection due to increased
mortality of offspring produced by older mothers with
artificial selection; see Discussion).

We examine the effects of  offspring genotype,
maternal age, paternal age and paternal mating history
on offspring survival, development and adult lifespan
in the seed beetle, 

 

Callosobruchus maculatus

 

 (Cole-
optera: Bruchidae). Maternal effects have been shown for
a number of traits in 

 

C. maculatus

 

; eggs of older mothers
are smaller and have lower hatch rate than eggs from
younger mothers, and offspring of older mothers have
lower egg-to-adult survivorship and take longer to
develop to adult (Wasserman & Asami 1985; Fox 1993a;
Fox & Dingle 1994; Yanagi & Miyatake 2002).
However, none of these studies observed an effect of
maternal age on offspring body size at maturation,
consistent with the general observation that maternal
effects on offspring decline as offspring age and are
generally undetectable by the time that offspring mature.
We thus have no 

 

a priori

 

 reason to expect maternal age
to affect the lifespan of their offspring in 

 

C. maculatus

 

.
However, we find that maternal age does affect off-
spring lifespan; offspring of  older mothers actually
live 

 

longer

 

 than offspring of younger mothers, contrary
to the pattern observed in many other organisms.

 

Materials and methods

 

    


 

Callosobruchus maculatus

 

 is a cosmopolitan pest of
stored legumes (Fabaceae). Females cement their eggs
to the surface of host seeds (Messina 1991). Eggs hatch
4–5 days later (at 26–28 

 

°

 

C) and first instar larvae bur-
row into the seed. Larval development and pupation
are completed within a single seed; beetles emerge as
reproductively mature adults.

Having evolved to use dry seeds, and most recently
having evolved in a storage environment, 

 

C. maculatus

 

larvae develop and adults mature, mate and complete
reproduction using only metabolic water and the
resources acquired during larval development (i.e. they
are capital breeders) (Messina & Slade 1997). Access
to adult resources has a small positive effect on female
fecundity and improves adult lifespan (Fox 1993a,b;
Tatar & Carey 1995). However, adults have no access
to food or water in a storage environment (they cannot
feed externally on seeds) and there is little evidence
that they feed as adults outside a storage environment.

All beetles used in these experiments were collected
from infested pods of mung bean and the closely related
black gram (both 

 

Vigna radiata

 

 L.) in Tirunelveli,
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India (Messina & Slade 1997), and maintained in
laboratory growth chambers on mung bean at >1000
adults per generation for >100 generations, prior to
this experiment (the SI or South India population in
previous manuscripts).

 

 

 

We used a traditional half-sibling design to simultane-
ously quantify genetic variation in larval develop-
mental period and adult lifespan, the genetic correlation
between male and female developmental period and
lifespan, and the effects of maternal and paternal age
on developmental period, lifespan, proportion of eggs
that hatched, and egg-to-adult survival. To create half-
sib families, virgin male beetles (42 sires) were each
mated sequentially to up to five virgin females. Each
male, collected within 12 h of his emergence from an
isolated host seed, was isolated in a 35-mm Petri dish
and allowed to mature for 1 day (males are capable of
mating immediately upon emergence but their ejacu-
late is not fully formed; Fox 

 

et al

 

. 1995). Each male was
then confined in a 35-mm Petri dish with a virgin
female that was <12 h post-emergence and allowed to
copulate.

To create variation in male age and male mating his-
tory, the males were mated on one of two schedules.
Twenty-three of the males were mated at 24-h intervals
until they fertilized five females, or died. The remain-
ing 19 males were mated sequentially to up to five
females in one 3-h period. These two groups of males
were thus both mated sequentially to multiple females,
but differ in the age at which they mated, allowing us
to test for male age and mating order effects on off-
spring traits. Only males that successfully fertilized at
least three females are used in our analyses.

Following mating, all females were transferred to a
new 35-mm Petri dish containing 25 mung seeds (their
native host) and allowed to lay eggs. Every 12 h the
female was transferred to a new dish of seeds. This was
continued until each female died or laid eggs for
8 days.

All larvae were reared to adult on mung seeds at
densities of  one beetle per seed (excess eggs were
scraped off ), 25 

 

°

 

C, 15L : 9D. Emerging beetles were col-
lected twice daily, at 12-h intervals. All adults were
confined individually in a sterile 35-mm Petri dish, at
25 

 

°

 

C, 15L : 9D, and scored twice daily for whether
they had died. In total, 8797 offspring were reared
to adult and scored for larval developmental period.
Because some animals were lost between emergence
and death, we measured adult lifespan on 8695
individuals.

 



 

To describe the shape of the mortality curves we esti-
mated the parameter values of a logistic mortality model
of the form

where 

 

a

 

 is the intercept of the relationship 

 

u

 

(

 

T

 

) 

 

=

 

 

 

a

 

e

 

bt

 

(often referred to as the initial mortality rate, or the
‘extrinsic’ mortality rate), 

 

b

 

 is the rate of exponential
increase in mortality at young ages, and 

 

s

 

 describes the
degree of deceleration in mortality with increasing age
(Vaupel 1990; Pletcher 1999a). This is similar to a
Gompertz mortality model except that it incorporates
a term (

 

s

 

) to account for the slowing of the increase of mor-
tality rate with age (Pletcher, Khazaeli & Curtsinger
2000); when 

 

s

 

 

 

=

 

 0 the logistic model reduces to the
Gompertz model. Parameters were estimated using
the maximum likelihood estimation procedure of Win-
Modest (Pletcher 1999b). A Cox-proportional hazards
model was used to test for overall differences in

 

u

 

(

 

t

 

) (Parmar & Machin 1995; Allison 1995). We used
the log-likelihood ratio test of WinModest (Pletcher
1999b) to test whether individual parameter estimates
(

 

a

 

, 

 

b

 

 and 

 

s

 

) differed significantly between males and
females, and between offspring from different mater-
nal age classes.

Genetic variances for egg-to-adult development time,
adult lifespan and total egg-to-death lifespan were
calculated using the restricted maximum likelihood
variance component estimation procedure of SAS Proc
VARCOMP (Littell, Freund & Spector 1991), with 

 

V

 

A

 

(the additive genetic variance) 

 

=

 

 4

 

V

 

S

 

 (the among sire
variance component), and the heritability (

 

h

 

2

 

) 

 

=

 

 

 

V

 

A

 

/

 

V

 

P

 

(

 

V

 

P

 

 is the total phenotypic variance; Roff 1997). To test
for genetic variation in the parameters of the logistic
mortality function, we estimated the parameters 

 

a

 

,

 

b

 

 and 

 

s

 

 separately for each maternal family (using
WinModest; Pletcher 1999b) and then tested for evid-
ence of  variation among sires in these parameters
using SAS Proc GLM (Littell 

 

et al

 

. 1991).
Additive genetic correlations (

 

r

 

A

 

) were calculated both
between traits within sexes and between sexes. Between-
trait genetic correlations were estimated using stand-
ard varcomp procedures in S-Plus (Venables & Ripley
1997; Selvin 1998). Standard errors for 

 

r

 

A

 

 estimates
were calculated by jackknifing estimates across all sires
within each population (Knapp, Bridges & Yang 1989;
Fox 

 

et al

 

. 1999; Windig 1997). Between-sex additive
genetic correlations were calculated as 

 

r

 

A

 

 = /

 

σ

 

sire-male

 

 

 

σ

 

sire-female

 

, where  is the estimated sire
main effect variance component from the complete
mixed model analyses of variance, with progeny sex
treated as factor, and 

 

σ

 

sire-male

 

 and 

 

σ

 

sire-female

 

 are the esti-
mated sire main effect variance components from the
two reduced models (Fry 1992). Data were first stand-
ardized to Normal (0,1) to correct for differences in
mean and variance between the sexes. Only the sire
(co)variance components were used to avoid possible
bias due to dominance and maternal effects (Mousseau
& Fox 1998). Standard errors for 

 

r

 

A

 

 were estimated as

u t
a

as
b

bt

bt

( )  

    

=
+







−( )









e

e1 1

σsire-mixed
2

σsire-mixed
2
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where  is the standard error of the heritability
estimate of a trait in males and  is the standard
error of  heritability estimate of  a trait in females
(Roff 1997).

 

Results

 

- 

 

Averaged across maternal and paternal ages, 97·8 

 

±

 

(SEM) 0·7% of all eggs hatched, and 93·9 

 

±

 

 0·8% of the
larvae from hatched eggs survived to adult. Females
took on average a quarter of a day longer than males to
develop from an egg to an adult (egg-to-adult develop-
ment time pooled across all maternal ages, 27·3 

 

±

 

 0·1
days for females, 27·0 

 

±

 

 0·1 days for males). This sex-
difference was significant if  we included only offspring
produced in the first day of maternal egg-laying (sex
effect, 

 

F

 

1,41

 

 = 6·13, 

 

P

 

 = 0·018) but not in the analysis of
variance pooling all maternal ages (sex effect, 

 

F

 

1,41

 

 =
1·93, 

 

P

 

 = 0·17).
After emergence, females lived on average 22·7 

 

±

 

 0·3
days and males lived 15·7 

 

±

 

 0·2 days (averaged across
dams within sires, and then across sires; 

 



 

 sex
effect, 

 

F

 

1,41

 

 = 115·32, 

 

P

 

 < 0·001; Fig. 1a). The hazard
functions differed substantially between males and
females (Cox proportional hazards,  = 723, 

 

P

 

 <
0·001; Breslow ties handling; Fig. 1b) and the hazard func-
tions for males and females were non-proportional
(i.e. there was a significant sex 

 

×

 

 age interaction;  =
219, 

 

P

 

 < 0·001). When the data were fitted to the logistic
mortality model all three model parameters differed
significantly between the sexes; the intercept was
higher for females (suggesting a higher baseline mor-
tality rate; females, 

 

a

 

 = 0·00038; males, 

 

a

 

 = 0·00011;
log-likelihood ratio test,  = 30·6, 

 

P

 

 < 0·001) but the
mortality rate increased more slowly in females (females,

 

b

 

 = 0·279; males, 

 

b

 

 = 0·577;  = 30·6, 

 

P

 

 < 0·001),
and there was a lower rate of slowing of the increase in
the mortality rate in females (females, 

 

s

 

 = 0·797; males,

 

s

 

 = 1·990;  = 30·6, 

 

P

 

 < 0·001) (WinModest, Pletcher
1999b). In contrast to the results of Fox et al. (2003) on
this same SI population, but consistent with previous
studies of a different population of C. maculatus (Tatar
& Carey 1994) females showed a delay (≈3 days), rela-
tive to males, in the age at which mortality became age-
dependent (Fig. 1c).

     
 

After controlling for variation among sires and remov-
ing maternal age effects, there were generally no detecta-
ble effects of paternal age or paternal mating history
(mating order) on offspring phenotypes – although an
analysis of variance suggested some heterogeneity among
male age classes and across mates when these variables

were treated as fixed effects, the effects were undetect-
able when treated as covariates (which tests for direc-
tional effects) (Fig. 2). The one exception was a statistical
trend toward male offspring of later matings having
shorter adult lifespan. However, this effect was not
evident in a graphical analysis of the data (e.g. Fig. 2d),
and was not statistically significant after correcting for
multiple comparisons. We thus conclude there were no
consistent effects of either paternal age or paternal
mating history on offspring development time or adult
lifespan in C. maculatus. Paternal age effects are thus
not considered in subsequent analyses.

  

Eggs laid by older mothers were less likely to hatch
(Fig. 3; logistic repeated measures regression; 
= 49·9, P < 0·001) and offspring hatching from these
eggs had lower egg-to-adult survivorship than offspring
hatching from eggs laid by younger females (although
the effect was marginally non-significant,  = 22·1,
P = 0·07).

Of those that survived to adult, offspring of older
mothers took significantly longer to reach maturity
and emerge from their host seed than did offspring of

SE r r SE h SE h h hA A X Y X Y( )  [(   )/( ) ]{[ ( ) ( )]/( )} ,/ /= −1 22 1 2 2 2 2 2 1 2

SE hX( )2

SE hY( )2

χ1
2

χ1
2

χ1
2

χ1
2

χ1
2

Fig. 1. (a) Survivorship, (b) mortality curve [u(t)] and (c) log-
transformed mortality curve, log[u(t)], for male and female
Callosobruchus maculatus. The mortality curve was best
explained by the logistic mortality model, u(t) = aebt/[1 + (as/
b)(ebt − 1)], where a is the initial mortality rate, b is the rate of
exponential increase in mortality at young ages, and s
describes the degree of deceleration in mortality with
increasing age; females: a = 0·00038, b = 0·279, and s = 0·797;
males a = 0·00011, b = 0·577, and s = 1·990).

χ( )14
2

χ( )14
2
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younger mothers (Fig. 4a; analysis of covariance, mater-
nal age treated as a covariate nested within dams; female
offspring, F(158,3995) = 8·31, P < 0·001; male offspring,
F(160,4116) = 6·62, P < 0·001). Female development time
increased by 0·32 ± 0·05 days for each day of increas-
ing maternal age (slope for regression of development
time vs maternal age, estimated separately for each dam
family and then averaged across all families; t = 6·05,
P < 0·001), and male development time increased by
0·36 ± 0·04 days for each day of increasing maternal
age (t = 9·43, P < 0·001). These slopes did not differ
significantly between males and females (maternal
age × offspring sex interaction, F1,41 = 0·01, P = 0·95)
but did differ significantly among dam families (F117,3995

= 2·85, P < 0·001).
Contrary to results for Drosophila and many other

organisms, offspring of older mothers actually lived
slightly longer (i.e. had longer adult lifespan) than did
offspring of younger mothers (Fig. 4b; effect of mater-
nal age treated as a covariate nested with dams;
F(162,8174) = 1·21, P = 0·03). However, the slope of the
maternal age effect differed significantly between male
and female offspring (sex × maternal age interaction;
F(161,8174) = 2·50, P = 0·001; Fig. 4b). In separate ana-

lyses for each sex, this maternal age effect on adult
lifespan was statistically significant for male offspring
(F161,4058 = 1·24, P = 0·02) but not for female offspring
(F159,3959 = 1·08, P = 0·23; Fig. 3b). This effect of maternal
age on lifespan of male offspring is not an artefact of
biased sampling of offspring of older females (e.g. only
long-lived females produced offspring at old age, and
these offspring could bias upwards the observed lifespan
for old maternal ages). Instead, the effect of maternal

Fig. 2. The effect of paternal age (a, b) and paternal mating history (c, d) on larval development time and adult longevity of
male and female Callosobruchus maculatus.

Fig. 3. The effect of maternal age on the on the proportion of
her eggs that hatched and the egg-to-adult survivorship of her
offspring.

Fig. 4. The effect of maternal age on the phenotype of her
offspring; (a) development time, (b) adult (post-emergence)
lifespan and (c) total egg-to-death lifespan.
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age was significant nested within dam families. On aver-
age, male adult lifespan increased by 0·15 days for each
day of increasing maternal age. The magnitude of the
maternal age effect varied significantly among dam
families (F120,8334 = 1·25, P = 0·03).

The shape of the mortality curves varied signifi-
cantly across maternal age for male offspring (  =
14·4, P < 0·001; Breslow ties handling) but not for female
offspring (  = 1·9, P = 0·16). To examine how the
parameters of the mortality curves varied across mater-
nal ages, the data were divided into three age classes,
offspring produced by mothers <3 days old (young),
mothers 3–5 days old (middle), and mothers >5 days
old (old). Smaller age classes would substantially
reduce sample sizes for estimating parameters. We
solved for parameter values of the logistic mortality
function and tested for differences in parameter
values between each pair of the three maternal age
classes (WinModest, log-likelihood ratio test; separate
analysis for each sex; Pletcher 1999b). This analysis
suggested that both b (the rate of exponential increase
in mortality at young ages) and s (the degree of decelera-
tion in mortality with increasing age) differed between
offspring of  young and old mothers; b decreased
significantly with increasing maternal age (P < 0·05
for male offspring only), and s increased significantly
with increasing maternal age (P < 0·05 for female
offspring only).

    


As observed in previous studies for C. maculatus (e.g.
Fox 1994; Fox et al. 2003) the heritability of develop-
ment time was very low (all h2 < 0·21 after removing
the effects of maternal age, h2 = 0 if  maternal age
effects were not removed; P > 0·05 for all estimates).

The shapes of mortality curves differed significantly
among sire families, and among dam families (nested
within sires), indicating genetic variation in the shapes
of mortality curves (SAS Proc Lifereg: χ2 > 273, P <
0·001 for each). To test for variation in the specific
parameters a, b and s, we fitted the logistic mortality
curve to each full-sib family separately and then used
analysis of variance to test for variation in parameter
values among sires. Unfortunately, this analysis had
little power to detect variation in parameter values
owing to limited family sizes within each sire (gener-
ally <50 offspring per sex). Thus, we could not detect
genetic variance in the parameters (a, b and s) of the
logistic mortality function (P > 0·15 for both the sire
and dam effects for all three parameters), although a
large sex effect was evident, as in our prior analyses
(P < 0·008 for a, b and s).

The heritability estimates for adult lifespan of both
male and female offspring were significantly greater
than 0 (Table 1). These estimates differed substantially
between the sexes – h2 was higher for male lifespan
than for female lifespan (Table 1). This was due to a

substantial increase in the total environmental vari-
ance (VE) for lifespan of females relative to males; the
two sexes did not differ for the amount of additive
genetic variance (VA) in lifespan. This same pattern
was observed across all maternal age classes. Although
these three age classes represent data from the same
families, they represent independent estimates of VA,
VE and h2 for these families because no offspring are
included in more than one maternal age class. The
inflated VE of females relative to males is not an arte-
fact of scale differences between the sexes (females have
longer average lifespan); the estimates of the coeffi-
cient of environmental variation (CVE), which correct
for scale differences, were approximately twice as high
for females as for males.

To test for sire effects on the slope of the relationship
between maternal age and both offspring egg-to-adult
development time and adult lifespan we estimated the
slope of the linear relationship between maternal age
and the offspring traits separately for each dam family
and then tested for variation in the slopes among sires
using analysis of variance. The slope varied among
sires for adult lifespan of both male (R2 = 0·34, P = 0·03)
and female offspring (R2 = 0·31, P = 0·10), indicating
that contributions from males mediate the effect of
maternal age on offspring lifespan. For development
time, the slope did not vary significantly among sires
(P > 0·6 for both male and female offspring).

Adult lifespan of males was positively genetically
correlated with the adult lifespan of females; i.e. sires
that produced long-lived sons also produced long-lived
daughters, and vice versa (additive genetic correlation,
rA = 0·70 ± 0·13). Egg-to-adult development time of
offspring was not genetically correlated across the sexes,
nor was it genetically correlated with adult lifespan for
either sex.

Discussion

Consistent with other studies on C. maculatus (Wasserman
& Asami 1985; Fox 1993a; Fox & Dingle 1994) and a
variety of other animals (e.g. Mohaghegh et al. 1998;
Jann & Ward 1999; Hercus & Hoffmann 2000; Kern
et al. 2001), we found eggs laid by old mothers were
less likely to hatch, larvae hatching from these eggs
were less likely to survive to adult and took longer to
develop to adult. However, contrary to the results of
previous studies on a variety of animals (Ashby &
Wangerman 1954; Lansing 1954; Klass 1977; Egilmez
& Jawinski 1989; Gavrilov et al. 1997; review in Rose
1991; Priest et al. 2002), we did not find that offspring
of older mothers have shorter lifespans, but that they
tend to live longer than offspring of younger mothers.
This effect was very small, and statistically significant
only for male offspring (although the trend was similar
for both male and female offspring). The observed
increase in offspring lifespan is not an artefact of
genetic heterogeneity within this population (Vaupel
& Yashin 1985); we specifically tested for a change in

χ1
2

χ1
2
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offspring lifespan within families, thus removing the con-
founding effects of genetic heterogeneity among families.
The increase in offspring lifespan with increasing
maternal age is also not a consequence of a maternal
age effect on offspring body size; we have no evidence
in C. maculatus that offspring body size increases with
increasing maternal age (Wasserman & Asami 1985;
Fox 1993a; Fox & Dingle 1994), and even if  there was
a small positive effect of maternal age on offspring size,
the relationship between body size and lifespan is at
best very weak in this C. maculatus population (Fox
et al. 2003).

Few studies have tried to disentangle the effects of
maternal and paternal age (but see Butz & Hayden
1961; Priest et al. 2002) or to disentangle the effect of
paternal age from the effect of paternal mating history
(number of prior mates) on offspring growth or life his-
tory. In our study, maternal age was not confounded
with paternal age at the time of mating. We can thus
conclude that the age at which a male fertilizes a female
does not affect the lifespan of her offspring. However,
females were mated only once and the sperm used to
fertilize later-produced offspring were stored in the
spermatheca and aged as the female aged. We thus
cannot disentangle effects of female age from sperm
age. Sperm mobility and the ability of sperm to fertil-

ize ova decrease with sperm age (e.g. Powell, Tyler &
Peck 2001) and the genotypes of sperm that fertilize
eggs differ across time (Sapp & Martindeleon 1992),
with less functional sperm (which often carry genetic
disorders) more likely to fertilize ova later (Aranha &
Martindeleon 1995). Also, DNA may deteriorate and
thus sperm may accumulate genetic damage as they age
(Siva-Jothy 2000). Thus, ageing of sperm may explain
why egg hatch and offspring egg-to-adult survivorship
both decrease with increasing maternal age. However,
these mechanisms would predict a decline in offspring
lifespan with increasing maternal /sperm age, contrary
to the result of our study.

As females age, they may shift which mRNAs and
proteins are packaged into eggs by nurse cells, affect-
ing the development and life history of their offspring
(including lifespan). Alternatively, the observed increase
in offspring adult lifespan with increasing maternal
age may be due to differential mortality of genotypes
within families. It is clear from Fig. 3 that egg hatch
and offspring egg-to-adult survivorship begin declin-
ing after mothers pass age 5 or 5·5 days. This is the
same maternal age after which an increase in offspring
adult lifespan becomes observable (Fig. 4b). We sug-
gest that these may in part reflect a cause–effect rela-
tionship. Eggs laid by older mothers are substantially

Table 1. Phenotypic, genetic and environmental variances in adult lifespan (lifespan post-emergence from the host seed) and
total egg-to-adult lifespan†
 

 

Variance component 

Additive genetic 
variance (VA)

Environmental 
variance (VE)

Total phenotypic 
variance (VP)

Narrow-sense 
heritability (h2)

Adult lifespan
Female offspring

Combined offspring, all maternal ages 7·39 ± 0·85 27·46 34·85 0·212 ± 0·095
Maternal age 0–3 days 8·34 ± 1·00 25·67 34·02 0·245 ± 0·113
Maternal age 3·5–5 days 8·15 ± 1·14 28·04 36·20 0·225 ± 0·123
Maternal age >5 days 0* 33·81 33·81 0*

Male offspring
Combined offspring, all maternal ages 6·72 ± 0·54 10·85 17·57 0·382 ± 0·114
Maternal age 0–3 days 7·38 ± 0·60 9·70 17·08 0·432 ± 0·127
Maternal age 3·5–5 days 8·02 ± 0·68 9·44 17·46 0·459 ± 0·142
Maternal age >5 days 7·02 ± 1·65 16·21 23·24 0·302 ± 0·277

Total egg-to-death lifespan
Female offspring

Combined offspring, all maternal ages 2·79 ± 0·93 49·74 52·53 0·053 ± 0·070
Maternal age 0–3 days 7·55 ± 0·94 28·99 36·53 0·207 ± 0·100
Maternal age 3·5–5 days 7·04 ± 1·11 31·79 38·84 0·181 ± 0·112
Maternal age >5 days 0* 37·62 37·62 0*

Male offspring
Combined offspring, all maternal ages 4·57 ± 0·74 33·31 37·88 0·121 ± 0·077
Maternal age 0–3 days 8·17 ± 0·65 13·20 21·37 0·382 ± 0·112
Maternal age 3·5–5 days 6·57 ± 0·67 15·85 22·41 0·293 ± 0·114
Maternal age >5 days 12·27 ± 2·08 16·36 28·63 0·428 ± 0·276

Genetic variances were calculated using the restricted maximum likelihood variance component estimation procedure of SAS 
Proc VARCOMP (Littell et al. 1991). Standard errors for h2 calculated following Becker (1992). See Fox (1994), Fox (1998) and 
Fox et al. (1999) for other examples of these procedures.
*Estimated among-sire variance component was 0, resulting in a 0 VA and 0 h2.
†Data are not presented for egg-to-adult development time because no VA or h2 estimates different significantly from 0.
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smaller than eggs laid by younger mothers (Wasserman
& Asami 1985; Fox 1993a; Yanagi & Miyatake 2002)
and are at greater risk of mortality. If  mortality dif-
ferentially affects offspring according to their
general vigour, then the increased mortality at older
maternal ages could remove lower-quality individuals
from the sample of offspring produced by older mothers.
Offspring successfully developing to adult from eggs
laid by older mothers would thus be a non-random
sample of all the offspring produced by those mothers
(only the most vigorous offspring are left) which,
if  larval vigour is correlated with adult vigour, would
live longer as adults than would a sample of offspring
that had not been subjected to selection as larvae.
Thus, although the observed pattern is not a result
of genetic heterogeneity among families, it may be the
result of genetic heterogeneity within families and nat-
ural selection on offspring vigour during development,
the effects of which carry over to affect adult lifespan.

The effect of maternal age on offspring lifespan dif-
fered between male and female offspring; although the
trend of longer adult lifespan for offspring of older
mothers was similar in both sexes (Fig. 4b), the mater-
nal age effect was statistically significant only for male
offspring and the average slope of the maternal age
effect differed significantly between male and female
offspring. Previous studies have likewise found that the
effect of maternal age on offspring lifespan differs
between male and female offspring (e.g. Gavrilov et al.
1997), although which sex shows the greater effect varies
among studies and even among populations within
studies (Priest et al. 2002). This sex difference may
result from sex differences in the expression of genes
that affect lifespan. Sex differences in gene expression
are common (Rice & Chippindale 2001; Nuzhdin et al.
1997; Nuzhdin & Reiwitch 2002) and consistent with
the generally low genetic correlation observed between
male and female lifespan in C. maculatus (rA = 0·70 in
this study; rA = 0·78 and 0·84 in two other studies; Fox
et al. 2003; these estimates of rA are substantially lower
than the between-gender genetic correlations for body
size and many other traits; Czesak & Fox 2003a,b).
Some genes affecting longevity may be on the sex chro-
mosomes, although there are few demonstrations of
this (Woodruff 1992).

In this study, the magnitude of the maternal age
effect on offspring lifespan varied among sire families.
Assuming there are no effects on lifespan inherited non-
genetically through fathers (an assumption consistent
with our results), this result suggests that the degree to
which offspring are sensitive to maternal effects depends
on offspring genotype. Numerous studies have demon-
strated genetic variation in the degree to which mothers
influence the phenotype of their offspring (demon-
strating genetic variation in the maternal effect; e.g.
Byers, Platenkamp & Shaw 1997; Fox et al. 1999), and
some studies have shown that the degree to which off-
spring respond to a maternal effect depends on off-
spring genotype (e.g. Byers et al. 1997; Wolf 2000;

Evans & Kermicle 2001). However, we know of no pre-
vious studies demonstrating that the magnitude of the
maternal age effect experienced by offspring depends
on offspring genotype. Alternatively, this result may
reflect a complex interaction between female genotype
and the genotype of the sperm that fertilize her eggs.
For example, in Drosophila melanogaster, the genotype
of sperm that can successfully fertilize a female’s eggs
depends on the genotype of the female producing the
eggs (Clark, Begun & Prout 1999), creating a male
genotype × female genotype interaction effect on off-
spring phenotype. If  this interaction between sperm
changes as female’s age, it could produce a maternal
age × sire interaction, as observed. These hypotheses
cannot be distinguished with our data.

We have examined only one population of C. macu-
latus and thus cannot generalize from our study to
other populations of C. maculatus. It is likely that the
relative influence of maternal age on offspring survival
varies among populations, as has been demonstrated
for Drosophila. Priest et al. (2002) found that lifespan
increased with maternal age in one outbred population
of D. melanogaster but decreased with maternal age in
other populations. Populations of C. maculatus have
diverged substantially in a whole suite of morpholo-
gical and life-history traits, including egg size, body
size, paternal investment, oviposition preference, egg
dispersion and patterns of adult mortality (Fox et al.
2003; Messina & Slade 1997; Savalli et al. 2000). We
are currently examining the degree to which maternal
effects on a variety of these traits vary within and
among populations.

Acknowledgements

We thank K. Allen, A. Amarillo-S., M. E. Czesak, J.
Moya-Laraño, D. Promislow, R. C. Stillwell and two
anonymous referees for helpful comments on this
manuscript and/or help with analyses. This work was
funded in part by NSF DEB-01-10754.

References

Allison, P.D. (1995) Survival Analysis Using the SAS System.
SAS Institute Inc., Cary, NC.

Aranha, I.P. & Martindeleon, P.A. (1995) Mouse chromosome-
6 in RB translocations – consequences in singly and doubly
heterozygous males. Cytogenetics and Cell Genetics 69,
253–259.

Ashby, E. & Wangerman, E. (1954) The effects of meristem
aging on the morphology and behavior of  fronds in
Lemmna minor. Annals of the New York Academy of Sciences
57, 476–483.

Becker, W.A. (1992) Manual of  Quantitative Genetics.
Academic Enterprises, Pullman, WA.

Birky, C.W. (2001) The inheritance of genes in mitochondria
and chloroplasts: laws, mechanisms, and models. Annual
Review of Genetics 35, 125–148.

Butz, A. & Hayden, P. (1961) Effects of age of male and
female parents on the life cycle of Drosophila melanogaster.
Annals of the Entomological Society of America 55, 617–
618.



819
Maternal effects on 
lifespan

© 2003 British 
Ecological Society, 
Functional Ecology, 
17, 811–820

Byers, D.L., Platenkamp, G.A.J. & Shaw, R.G. (1997) Variation
in seed characters in Nemophila menziesii: evidence of a
genetic basis for maternal effect. Evolution 51, 1445–1456.

Clark, A.G., Begun, D.J. & Prout, T. (1999) Female–male
interactions in Drosophila sperm competition. Science 283,
217–220.

Crow, J.F. (1997) The high spontaneous mutation rate: is it a
health risk? Proceedings of  the National Academy of
Sciences of the USA 94, 8380–8386.

Crow, J.F. (1999) Spontaneous mutations in man. Mutation
Research 437, 5–9.

Crow, J.F. (2000) The origins, patterns and implications of
human spontaneous mutation. Nature Reviews Genetics 1,
40–47.

Czesak, M.E. & Fox, C.W. (2003a) Evolutionary ecology of
size and number in a seed beetle. Genetic trade-offs differ
between environments. Evolution 57, 1121–1132.

Czesak, M.E. & Fox, C.W. (2003b) Genetic variation in male
effects on female reproduction and the genetic covariance
between the sexes. Evolution 57, 1359–1366.

Egilmez, N.K. & Jawinski, S.M. (1989) Evidence for the
involvement of a cytoplasmic factor in the aging of the
yeast Saccharomyces cerevisiae. Journal of Bacteriology
171, 37–42.

Evans, M.M.S. & Kermicle. J.L. (2001) Interaction between
maternal effect and zygotic effect mutations during maize
seed development. Genetics 159, 303–315.

Fox, C.W. (1993a) The influence of maternal age and mating
frequency on egg size and offspring performance in Callos-
obruchus maculatus (Coleoptera: Bruchidae). Oecologia
96, 139–146.

Fox, C.W. (1993b) Multiple mating, lifetime fecundity and
female mortality of  the bruchid beetle Callosobruchus
maculatus (Coleoptera: Bruchidae). Functional Ecology 7,
203–208.

Fox, C.W. (1994) Maternal and genetic influences on egg size
and larval performance in a seed beetle: multigenerational
transmission of a maternal effect? Heredity 73, 509–517.

Fox, C.W. (1997) The ecology of body size in a seed beetle,
Stator limbatus: persistence of environmental variation
across generations? Evolution 51, 1005–1010.

Fox, C.W. (1998) Genetic and maternal influences on body
size and development time in the seed beetle, Stator limbatus
(Coleoptera: Bruchidae). Annals of the Entomological Society
of America 91, 128–134.

Fox, C.W. & Dingle, H. (1994) Dietary mediation of maternal
age effects on offspring performance in a seed beetle
(Coleoptera: Bruchidae). Functional Ecology 8, 600–606.

Fox, C.W., Hickman, D.L., Raleigh, E.L. & Mousseau, T.A.
(1995) Paternal investment in a seed beetle (Coleoptera:
Bruchidae): influence of male size, age, and mating history.
Annals of the Entomological Society of America 88, 100–
103.

Fox, C.W. & Mousseau, T.A. (1998) Maternal effects as
adaptations for transgenerational phenotypic plasticity in
insects, Maternal Effects as Adaptations (eds T.A. Mousseau
& C.W. Fox), pp. 159–177. Oxford University Press, New York.

Fox, C.W. & Savalli, U.M. (1998) Inheritance of environ-
mental variation in body size: superparasitism of seeds affects
progeny and grandprogeny body size via a non-genetic
maternal effect. Evolution 52, 172–182.

Fox, C.W., Thakar, M.S. & Mousseau, T.A. (1997) Egg size
plasticity in a seed beetle: an adaptive maternal effect.
American Naturalist 149, 149–163.

Fox, C.W., Czesak, M.E., Mousseau, T.A. & Roff, D.A. (1999)
The evolutionary genetics of an adaptive maternal effect:
egg size plasticity in a seed beetle. Evolution 53, 552–560.

Fox, C.W., Bush, M.L. & Roff, D.A. (2003) The evolutionary
genetics of lifespan and mortality rates in two populations
of the seed beetles, Callosobruchus maculatus. Heredity in
press.

Fry, J.D. (1992) The mixed-model analysis of variance
applied to quantitative genetics: biological meaning of the
parameters. Evolution 46, 540–550.

Gavrilov, L.A., Gavrilova, N.S., Evdokushkina, G.N.,
Semyonova, V.G., Gavrilova, A.L., Evdokushkina, N.N. &
Lapshin, E.V. (1996) Determinants of human longevity:
parental age at reproduction and offspring longevity. Lon-
gevity Report 10, 7–15.

Gavrilov, L.A., Gavrilova, N.S., Semenova, V.G., Evdokushkina,
G.N., Krut’ko, V.N., Gavrilova, A.L., Evdokushkina, N.N.
& Lapshin, E.V. (1997) Maternal age and lifespan of the
offspring. Doklady Akademii Nauk 354, 569–572.

Gavrilov, L.A., Gavrilova, N.S., Evdokushkina, G.N. &
Semyonova, V.G. (2000) Mutations, parental age, and off-
spring longevity: new ideas and findings. American Journal
of Physical Anthropology Supplement 30, 156.

Heath, D.D., Fox, C.W. & Heath, J.W. (1999) Maternal effects
on offspring size: variation through early development of
chinook salmon. Evolution 53, 1605–1611.

Hercus, M.J. & Hoffmann, A.A. (2000) Maternal and grand-
maternal age influence offspring fitness in Drosophila.
Proceedings of the Royal Society of London B 267, 2105–
2110.

Jann, P. & Ward, I. (1999) Maternal effects and their con-
sequences for offspring fitness in the Yellow Dung Fly.
Functional Ecology 13, 51–58.

Kern, S., Ackermann, M., Stearns, S.C. & Kawecki, T.J. (2001)
Decline in offspring viability as a manifestation of aging in
Drosophila melanogaster. Evolution 55, 1822–1831.

Klass, M.R. (1977) Aging in the nematode Caenorhabditis
elegans: major biological and environmental factors
influencing lifespan. Mechanisms of Ageing and Development 6,
413–429.

Knapp, S.J., Bridges, W.C. & Yang, M. (1989) Nonparametric
confidence estimators for heritability and expected selection
response. Genetics 121, 891–898.

Lansing, A.I. (1954) A nongenetic factor in the longevity of
rotifers. Annals of the New York Academy of Sciences 57,
455–464.

Littell, R.C., Freund, R.J. & Spector, P.C. (1991) SAS System
for Linear Models, 3rd edn. SAS Institute Inc., Cary, NC.

Messina, F.J. (1991) Life-history variation in a seed beetle:
adult egg-laying vs. larval competitive ability. Oecologia
85, 623–629.

Messina, F.J. & Slade, A.F. (1997) Inheritance of host-plant
choice in the seed beetle, Callosobruchus maculatus (Cole-
optera: Bruchidae). Annals of the Entomological Society of
America 90, 848–855.

Messina, F.J. & Slade, A.F. (1999) Expression of a life-history
trade-off in a seed beetle depends on environmental con-
text. Physiological Entomology 24, 358–363.

Mohaghegh, J., De Clercq, P. & Tirry, L. (1998) Effects of
maternal age and egg weight on developmental time and
body weight of offspring of Podisus maculiventris (Heter-
optera: Pentatomidae). Annals of the Entomological Society
of America 91, 315–322.

Mousseau, T.A. & Fox, C.W., eds (1998) Maternal Effects as
Adaptations. Oxford University Press, New York.

Nuzhdin, S.V. & Reiwitch, S.G. (2002) Heterosis of quantita-
tive trait loci affecting lifespan in Drosophila melanogaster.
Russian Journal of Genetics 38, 766–770.

Nuzhdin, S.V., Pasyukova, E.G., Dilda, C.L., Zeng, Z.B. &
Mackay, T.F.C. (1997) Sex-specific quantitative trait loci
affecting longevity in Drosophila melanogaster. Proceed-
ings of the National Academy of Sciences of the USA 94,
9734–9739.

Parmar, M.K.B. & Machin, D. (1995) Survival Analysis: A
Practical Approach. John Wiley & Sons, Chichester.

Pletcher, S.D. (1999a) Model fitting and hypothesis testing
for age-specific mortality data. Journal of Evolutionary
Biology 12, 430–439.



820
C. W. Fox et al.

© 2003 British 
Ecological Society, 
Functional Ecology, 
17, 811–820

Pletcher, S.D. (1999b) WinModest, Version 1.0.2. Max Planck
Institute for Demographic Research, Rostock, Germany.

Pletcher, S.D., Khazaeli, A.A. & Curtsinger, J.W. (2000) Why
do lifespans differ? Partitioning mean longevity differences
in terms of age-specific mortality parameters. Journals of
Gerontology Series A – Biological Sciences and Medical
Sciences 55, B381–B389.

Pond, W.G. & Wu, J.F. (1981) Mature body weight and
lifespan of male and female progeny of primiparous rats
fed a low protein or adequate diet throughout pregnancy.
Journal of Nutrition 111, 1949–1954.

Powell, D.K., Tyler, P.A. & Peck, L.S. (2001) Effect of sperm
concentration and aging on fertilization success in the
Antarctic soft-shelled clam Laternula elliptica and the
Antarctic limpet Nacella concinna. Marine Ecology Progress
Series 215, 191–200.

Priest, N.K., Mackowiak, B. & Promislow, D.E.L. (2002) The
role of  parental age effects on the evolution of  aging.
Evolution 56, 927–935.

Rice, W.R. & Chippindale, A.K. (2001) Intersexual ontoge-
netic conflict. Journal of Evolutionary Biology 14, 685–693.

Risch, N., Reich, E.W., Wishnick, W.W. & McCarthy, J.G.
(1987) Spontaneous mutations and parental age in humans.
American Journal of Human Genetics 41, 218–248.

Roff, D.A. (1997) Evolutionary Quantitative Genetics.
Chapman & Hall, New York.

Rose, M.R. (1991) Evolutionary Biology of Aging. Oxford
University Press, New York.

Sapp, M.C. & Martindeleon, P.A. (1992) Sperm age, sex ratio,
hyperhaploidy frequency in mice. Cytogenetics and Cell
Genetics 61, 61–66.

Savalli, U.M., Czesak, M.E. & Fox, C.W. (2000) Paternal
investment in the seed beetle, Callosobruchus maculatus
(Coleoptera: Bruchidae): variation among populations.
Annals of the Entomological Society of America 93, 1173–
1178.

Selvin, S. (1998) Modern Applied Biostatistical Analysis Using
S-Plus. Oxford University Press, New York.

Siva-Jothy, M.T. (2000) The young sperm gambit. Ecology
Letters 3, 172–174.

Tatar, M. (2001) Senescence. Evolutionary Ecology: Concepts
and Case Studies (eds C.W. Fox, D.A. Roff & D.J. Fairbairn),
pp. 128–141.Oxford University Press, New York.

Tatar, M. & Carey, J.R. (1994) Sex mortality differentials in
the bean beetle: reframing the question. American Natural-
ist 144, 165–175.

Tatar, M. & Carey, J.R. (1995) Nutrition mediates reproductive
trade-offs with age-specific mortality in the beetle Calloso-
bruchus maculatus. Ecology 7, 2066–2073.

UNSCEAR (2001) Hereditary Effects of Radiation: United
Nations Scientific Committee on the Effects of Atomic
Radiation. United Nations, New York.

Vahed, K. (1998) The function of nuptial feeding in insects:
review of empirical studies. Biological Reviews of the Cam-
bridge Philosophical Society 73, 43–78.

Vaupel, J.W. (1990) Relative risks: frailty models of  life
history data. Theoretical Population Biology 37, 220–234.

Vaupel, J.W. & Yashin, A.I. (1985) Heterogeneity’s ruses:
some surprising effects of selection on population dynam-
ics. American Statistician 39, 176–195.

Venables, W.N. & Ripley, B.D. (1997) Modern Applied Statistics
with S-Plus, 2nd edn. Springer-Verlag, New York.

Verdone-Smith, C. & Enesco, H.E. (1982) Maternal age and
lifespan do not influence longevity in the rotifer Asplanchna
brightwelli. Experimental Gerontology 17, 263–266.

Vogel, F. & Motulsky, A.G. (1997) Human Genetics: Problems
and Approaches. Springer, Berlin.

Wasserman, S.S. & Asami, T. (1985) The effect of maternal
age upon fitness of progeny in the southern cowpea weevil,
Callosobruchus maculatus. Oikos 45, 191–196.

Windig, J.J. (1997) The calculation and significance testing of
genetic correlations across environments. Journal of Evolu-
tionary Biology 10, 853–874.

Wolf, J.B. (2000) Gene interactions from maternal effects.
Evolution 54, 1882–1898.

Woodruff, R.C. (1992) Transposable DNA elements and life-
history traits. 1. Transposition of P-DNA elements in
somatic-cells reduces the life-span of Drosophila mela-
nogaster. Genetica 86, 143–154.

Yanagi, S.I. & Miyatake, T. (2002) Effects of maternal age on
reproductive traits and fitness components of the offspring
in the bruchid beetle, Callosobruchus chinensis (Coleoptera:
Bruchidae). Physiological Entomology 27, 261–266.

Received 13 February 2003; revised 1 August 2003; accepted 5
August 2003


