
Copyright 0 1991 by the Genetics Society of America 

Quantitative  Genetics of Postponed  Aging in Drosophila  melanogaster. 
I. Analysis of Outbred  Populations 

Edward W. Hutchinson'  and  Michael R. Rose' 
Department of Biology, Dalhousie  University, Halfax,  Nova Scotia, Canada  B3H 451, and  Department of Ecology and  Evolutionary 

Biology, School of Biological Sciences, University of Calfornia,  Imine,  Calfornia 9271 7 
Manuscript received May 15, 1989 

Accepted for publication December 13, 1990 

ABSTRACT 
Selection has been used to create replicated outbred stocks of Drosophila  melanogaster with increased 

longevity, increased later fecundity, and increased levels of physiological performance at later ages. 
The present study analyzed the quantitative transmission patterns of such stocks, employing extensive 
replication in numbers of stocks, individuals, and assayed characters. The populations used derived 
from five lines with postponed aging  and five control lines, all created in 1980 from the same founding 
base population. The following characters were studied: early 24-hr fecundity, early ovary weight, 
early female starvation resistance, early male starvation resistance, female longevity and male longev- 
ity. Numerous crosses were performed to test for non-Mendelian inheritance, average dominance, 
maternal effects, sex-linkage and between-line heterogeneity. There was only slight evidence  for any 
of these phenomena arising reproducibly in the characters studied. These findings suggest the value 
of this set of stocks for studies of the physiological basis of postponed aging. 

D ROSOPHILA  melanogaster is one of  only  two  spe- 
cies for which  stocks  having  genetically  post- 

poned aging are available (ROSE 1984; LUCKINBILL et 
al. 1984), the  other being Caenorhabditis elegans 
(JOHNSON and WOOD 1982;JOHNSON 1987; FRIEDMAN 
and JOHNSON 1988). These D. melanogaster stocks 
were not created by mutagenesis, but by selection on 
quantitative genetic variability. It has not proven prac- 
tical to use mutagenesis to produce Drosophila stocks 
with  postponed aging (e.g. ROBERTS and IREDALE 
1985), with one possible exception (LEFFELAAR and 
GRICLIATTI 1984). This limitation on genetic analysis 
arises  because Drosophila spp. are subject to inbreed- 
ing depression for fitness-related characters, like  lon- 
gevity (CLARKE and MAYNARD SMITH 1955), making 
the isolation  of mutant strains with postponed aging 
very  difficult. 

The use  of  selection is feasible for two  reasons. 
First, there is abundant quantitative genetic variability 
for life-historical characters in outbred stocks  of D. 
melanogaster (ROSE and CHARLESWORTH 198  la,b). 
Secondly, an indirect selection procedure can  be  used, 
in  which natural selection is directed to act at later 
ages by the use  of  eggs  laid by older females  exclu- 
sively.  When  applied repeatedly over a  number of 
generations, this  type  of  selective screen leads to the 
evolution  of postponed aging (WATTIAUX 1968a,b; 
ROSE and CHARLESWORTH 198 I b; ROSE 1984; LUCK- 
INBILL et al. 1984). This procedure also  involves  pop- 
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ulation  sizes large enough (300-3000) that population 
size alone should not radically  limit the gains  made by 
selection (4 Yo0 1980; WEBER 1990; WEBER and 
DIGGINS 1990). 

The D. melanogaster populations that have  been 
created using  these methods have  been  analyzed  in 
two different ways. First, these populations have  been 
compared with control populations, of identical origin 
but lacking postponed aging, with regard to morphol- 
ogy (ROSE et al. 1984; LUCKINBILL et al. 1988a) and 
physiology (SERVICE et al. 1985; SERVICE 1987; LUCK- 
INBILL et al. 1988a; GRAVES, LUCKINBILL and NI- 
CHOLLS 1988). This research has endeavored to find 
mechanisms that could  causally account for the post- 
poned aging of the selected  lines. Second, one of  these 
populations has  been examined genetically by means 
of  biometrical  analysis (CLARE and LUCKINBILL 1985; 
LUCKINBILL et al. 1987) and chromosomal substitution 
(LUCKINBILL et al. 1988b). The present article com- 
bines both of these avenues of research in an attempt 
to ascertain the quantitative genetic basis  of postponed 
aging in D. melanogaster. 

Of particular concern for the present work is the 
degree of replication in the studies  of CLARE and 
LUCKINBILL (1 985) and LUCKINBILL et al. (1987). 
Those studies used a single  pair  of  long-lived and 
control populations, measuring longevity and fecund- 
ity alone among the characters that have responded 
to selection for postponed aging (4 SERVICE et al. 
1985; LUCKINBILL et al. 1988a). The present study 
analyzes  five different stocks  having postponed senes- 
cence, comparing them with  five different control 
stocks. In addition, these  stocks  were not derived from 



720 

TABLE 1 

B diallel experiments 
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TABLE 3 

B and 0 crossing  experiments 

Mean No. 
Populations assayed Total 
assayed  per per No. 

Experiment  Character  assayed  character population assayed 

DB1 Ovary weight 5 X 5 = 25  29.6  740 
Female starvation 5 X 5 = 25 54.7 1368 

OB2 Ovary weight 3 X 3 = 9 26.1 235 

Total 59 2343 

TABLE 2 

0 diallel experiments 

Populations 
assayed per 

Experiment  Character  assayed  character 

DO1 Ovary weight 5 X 5 = 25 
Female starvation 5 X 5 = 25 

DO2 Female starvation 5 X 5 = 25 

DO3 Ovary weight 3 X 3 = 9 

DO4 Female starvation 5 X 5 = 25 
Male starvation 5 X 5 = 25 

Total 134 

Mean No. 
assayed 

populatlon per.  

28.0 
55.4 

52.8 

26.0 

25.6 
25.4 

Total 
No. 

assayed 

700 
1384 

1321 

234 

639 
636 

4914 

the stocks  analyzed by CLARE and LUCKINBILL (1985) 
and LUCKINBILL et al. (1987). Results  which are gen- 
eral to all  these  lines  might therefore be general to 
the species  as a whole. 

The basic techniques used  in the present analysis 
involve  crosses  of populations, both within the selected 
and control groups of lines and between the selected 
and control groups of  lines.  With  some exceptions, we 
find that our results tend to indicate additive inherit- 
ance among populations and little differentiation be- 
tween  lines  within a given  type, postponed aging or 
control. 

MATERIALS AND METHODS 

Stocks: The postponed-aging stocks,  called “O”s, that 
were used  in the present study were derived by culture 
selection from the Ives population studied by  ROSE and 
CHARLE~WORTH (1 98  la,b). The date of founding for these 
stocks, and  their controls, was February, 1980. The culture 
selection procedure involved  stock maintenance using  dis- 
crete generations and females  of  progressively greater age. 
Eventually, the females  used were 70 days  of age from the 
egg. For more details, consult ROSE (1984) or SERVICE et al. 
(1985). These stocks exhibit increased male and female 
longevities, decreased early fecundity, decreased early  ovary 
weight, increased resistance to certain stresses, decreased 
early metabolic rate, increased lipid content, decreased early 
locomotor activity, and increased later locomotor activity 
(ROSE 1984; ROSE et al. 1984; SERVICE et al. 1985; SERVICE 
1987), relative to  the control stocks. The control stocks, 
called “ B s ,  were maintained using the same  media and 
procedures as the 0 stocks, except that females  of 14 days 

~ ~ ~ ~ ~~~~ 

Populations assayed Total 
assayed  per per No. 

Mean No. 

Experiment Character  assayed  character population assayed 

BO I 

BO2 

BO3 

BO4 

BO5 

BO6 

BO7 

BO8 

Total 

Ovary weight 3 X 5 = 1 5  
Female starvation 4 X 5 = 20 
Male starvation 4 X 5 = 2 0  

Ovary weight 4 X 5 = 2 0  
Fecundity 4 X 5 = 2 0  
Conditional fecundity 4 X 5 = 20 
Female starvation 4 X 5 = 20 
Female longevity 4 X 5 = 20 

Ovary weight 4 x 3 = 1 2  
Female starvation 4 X 3 = 12 
Female longevity 4 X 3 = 12 

Female starvation 4 X 3 = 12 

Fecundity 4 x 3 = 1 2  
Conditional fecundity 4 X 3 = 12 
Female starvation 4 X 3 = 12 
Male starvation 4 x 3 = 1 2  

Fecundity 4 x 3 = 1 2  
Conditional fecundity 4 X 3 = 12 
Female starvation 4 X 3 = 12 
Male starvation 4 x 3 = 1 2  
Female longevity 3 X 3 = 9 
Male longevity 3 x 3 =  9 

Fecundity 4 x 3 = 1 2  
Conditional fecundity 4 X 3 = 12 
Female starvation 4 X 3 = 12 
Male starvation 4 x 3 = 1 2  
Female longevity 4 X 3 = 12 
Male  longevity 4 x 3 = 1 2  

Fecundity 4 x 1 =  4 
Conditional fecundity 4 X 1 = 4 
Female starvation 4 X 1 = 4 
Male starvation 4 x 1 =  4 
Female longevity 4 X 1 = 4 
Male longevity 4 x 1 =  4 

413 

29.5 
31.2 
31.2 

30.0 
58.9 
58.9 
54.0 
57.0 

45.2 
40.0 
49.9 

33.7 

76.5 
75.3 
78.3 
78.3 

77.4 
75.9 
78.8 
78.8 
98.9 
98.9 

70.1 
69.3 
71.8 
71.8 
58.5 
57.8 

59.0 
58.0 
60.0 
60.0 
58.2 
57.3 

443 
624 
624 

600 
1,177 
1,177 
1,080 
1,140 

542 
480 
599 

404 

918 
903 
940 
940 

929 
91 1 
945 
945 
890 
886 

84 1 
83  1 
863 
86 1 
702 
694 

236 
232 
240 
240 
233 
229 

24,299 

of age were used to  start each generation. Population sizes 
for all  stocks were of the  order of 10’. 

Culture media: The medium used for  culture mainte- 
nance and serial transfer of adults, when fecundity was not 
measured, was banana-molasses,  as  in  ROSE (1984). Charcoal 
high-agar medium with  yeast  paste on  the surface was used 
for fecundity counts, as in ROSE and CHARLESWORTH 
(198 la).  The flies were kept in shell vials  when  they were 
cultured  and  handled, except for maintenance of the 0 
culture adults, which were kept in  cages  with the medium 
replenished every 2-3 days. 

Assays: With the exceptions indicated below,  all  assayed 
flies were reared  at  a density of 30 larvae per vial. Longevity 
was measured in groups of four to five mated pairs, trans- 
ferred every four  to five  days. Fecundity was measured as 
the total number of eggs  laid in 24 hr by one female, aged 
three  to five days from pupal eclosion, kept with a single 
male. The term “conditional fecundity” (ROSE and  CHAR- 
LESWORTH 1981a) refers to fecundity data in  which zero 
fecundity is treated as a missing data point. Ovaries were 
obtained from females  also aged 3-5 days, dried  for 24 hr, 



Genetics of Aging. I 

TABLE 4 

B and 0 diallel heterosis effects 

72 I 

Character Mean f SEM t-test 
and ANOVA 

experiment  Parentals Crosses Separate  t Pooled t F 

Ovary weight (mg) 
DB 1 0.136 f 0.011 0.142 f 0.002 0.54  0.78 0.62 
DB2 0.1 72 f 0.008 0.163 f 0.010 0.75 0.61  0.33 
DO 1 0.068 f 0.014 0.083 f 0.005 0.98 1.18 1.40 
DO3 0.136 f 0.021 0.136 f 0.007 0.03  0.03 0.001 

DB 1 37.9 f 2.2 38.1 f 0.7 0.09 0.12 0.01 
DO 1 36.1 f 1.7 37.0 f 0.9 0.47 0.46 0.21 
DO2 65.3 f 4.0 59.9 f 1.5 1.27 1.53 2.28 
DO4 35.5 f 1.5 34.5 f 0.7 0.58  0.61 0.52 

DO4 27.4 f 1.0 28.4 2 0.4  0.97 1.02 1.52 

Female starvation (hr) 

Male  starvation (hr) 

TABLE 5 

B and 0 diallel line differentiation 

TABLE 6 

B and 0 diallel maternal effects 

Character ANOVA 

experiment  Mother F Father F Combined F 

Ovary weight 

and 

DB 1 0.28 1.15 0.71 
DB2 0.75 0.57 0.67 
DO 1 4.72* 1.06 2.89* 
DO3 34.03** 0.06 17.10** 

DB 1 1.38 2.63 2.04 
DO 1 1.86 I .60 1.74 
DO2 2.44 5.27* 3.91** 
DO4 0.98 1.45 1.25 

DO4 1.03 2.74 1.92 

Female starvation 

Male starvation 

- ~~~~~~~~ 

Character ANOVA 

exDeriment 
and 

Method 1 F Method 2 F 

Ovary weight 
DB 1 0.24 
DB2 1.32 
DO 1 4.46 
DO3  576.84** 

DB 1 0.53 
DO 1 1.17 
DO2 0.46 
DO4  0.67 

DO4 0.38 

Female starvation 

Male.starvation 

0.98 
2.45 

14.78* 
40.98* 

0.67 
0.96 
0.4 1 
0.54 

0.57 

* P C  0.05, ** P < 0.01. 

and then weighed separately in the pairs that came from 
single females  using a Cahn electronic microbalance, as  in 
ROSE et al. (1984). Except as noted, starvation resistance 
was measured as the number of hours that  a fly aged 3-5 
days  would respond to provocation in a vial prepared with- 
out  medium, but provided with rayon saturated with water 
to sustain humidity, sealed  with Parafilm, as  in SERVICE et 
al. (1  985). 

Diallel analysis: A series of diallel  analyses (MATHER and 
JINKS 1982) were performed to test for heterogeneity among 
lines of a given  type. In  a diallel design, all  possible  crosses 
are performed between a set of populations, including the 
distinct reciprocal crosses. The coding for these experiments 
involves three character positions: in the first position, D 
indicates a diallel experiment; in the second position, B or 
0 indicates whether the populations used were B or 0 stocks; 
and  the character in the  third position is a numeral indicat- 
ing which experiment it was,  in chronological order.  Thus 
the first experiment performed was DBI. Tables I and 2 
give the experiment codes, the characters assayed, the pop- 
ulations assayed (e.g, 5 X 5 indicating all  possible  crosses  of 
the five replicate populations of a type; 3 x 3 indicating all 
possible  crosses  of the first three populations), and  the 

* P < 0.05, ** P < 0.01. 
~ ~~ 

number of  individuals  assayed. In experiment D02, starva- 
tion was assayed  in  individuals of 17-20 days  of age from 
pupal  eclosion. Each indicated experiment is entirely inde- 
pendent from any other;  the same data  are not incorporated 
in more than one experiment. 

Transmission pattern experiments: The series of exper- 
iments on transmission of postponed aging characters is 
outlined in Table 3. These experiments are coded with 
“BO” in the first two  positions, indicating crosses  of B and 
0 populations. The numerals then refer to the specific 
experiments. In all these experiments, but one (BOl), B and 
0 parental populations were assayed together with  both 
their reciprocal crosses. (This gives  rise to  the “4X” terms.) 
In most experiments, either all  five replicates of each  type 
were used or three replicates of each type  were  used.  Cross- 
ings  used the correspondingly subscripted populations 
(which  has no significance), so that B1 was  always crossed to 
0, and so on for stocks two to five  of  each  stock-type. In 
this way, each cross was independent of every other cross of 
the same type. In experiment B04, starvation was assayed 
at 17-20 days  of  age. In experiment B07, the flies for assay 
were reared  at  a density of 90 per vial. In experiment B08, 
the parental B and 0 lines were obtained by a synthetic 
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TABLE 7 

B and 0 line differentiation-1-way ANOVA 

Character ANOVA 

experiment 
and 

B lines 0 lines 

Ovary weight 
BO 1  3.03* 
BO2 5.06** 
BO3 0.30 

BO2 29.45** 
BO5 12.32** 
BO6 2.09 
BO7 74.54** 

BO2 29.45** 
BO5 11.63** 
BO6 7.13** 
BO7 115.67** 

BO 1 3.90** 
BO2 7.20** 
BO3 3.12* 
BO4 1.65 
BO5 8.66** 
BO6 8.78** 
BO7 4.08* 

BO 1 2.86* 
BO5 3.72* 
BO6 41.35** 
BO7 4.47* 

BO2 12.34** 
BO3 8.07** 
BO6 11.33** 
BO7 2.03 

BO6 0.24 
BO7 3.12* 

Fecundity 

Conditional fecundity 

Female starvation 

Male starvation 

Female  longevity 

Male  longevity 

5.98** 
23.18** 

49.13** 
2.65 
2.79 

27.98** 

49.13** 
5.81** 
1.20 

43.95** 

1.02 
27.35** 

1.58 
1.58 
4.71** 

14.34** 
5.95** 

2.95* 
0.55 

18.76** 
0.90 

8.06** 
8.27** 
5.45** 
0.74 

2.77 
0.1 1 

* P < 0.05, ** P < 0.01. 

cross of three B and  three 0 stocks, respectively. 
General  statistical  procedures: All data analysis was per- 

formed using SAS (SAS Institute 1988) and SYSTAT 
(WILKINSON 1988)  software  packages,  which treat data 
analysis with  unbalanced  designs,  but  do  not  interpolate 
data. Data  were  analyzed without transformation and with 
both WRIGHT’S (1968)  and  Taylor power law (DOWNING 
1979)  transformations.  Neither  transformation  changed  the 
results of any hypothesis test, so only the data analysis with 
untransformed data is reported. Throughout the tables, a 
single asterisk (*) is used to indicate a result with P < 0.05, 
while a double asterisk (**) is used to indicate a result with 
P c 0.01. 

RESULTS 

Diallel analysis: There  are  three  separate questions 
which we will address in the diallel analysis. First, is 
there any evidence for  heterosis, or conversely in- 
breeding  depression, in crosses between lines within 

TABLE 8 

B and 0 line differentiation-2-way ANOVA 

ANOVA 

Character B lines F 0 lines F 

Ovary weight 0.56 0.35 
Fecundity 0.66 1.86 
Conditional fecundity 0.59 1.77 
Female starvation 0.99  2.61 
Male starvation 0.77  0.49 
Female longevity 2.44  1.81 
Male longevity 1.28 2.88 

either B or 0 stocks? The data  were analyzed using 
both t-tests and a  nested analysis  of variance, the null 
hypothesis under test being no difference between the 
average of the two parental lines and  the average of 
the two reciprocal crosses. The results are shown in 
Table 4. The two types of t-test in this table  differ 
with respect to  both  the  pooling of the sample vari- 
ances in the calculation of the t-statistic and  the num- 
ber of degrees of freedom. The null hypothesis is not 
rejected,  indicating  an absence of heterosis, whatever 
way the  data  are analyzed. 

Second,  to what extent  are  the lines within a stock- 
type differentiated  from each other?  This was ana- 
lyzed using a mixed analysis of variance model in 
which the  maternal  and paternal lines used in each 
cross appear as factorial design components. In this 
design, the F-statistic determines  whether  the  ratio of 
the line-component variance to  the within-line com- 
ponent is significantly greater  than expected by 
chance. The results are shown in Table 5 .  In some 
cases, there were significant differences  between lines, 
but these  were not  reproducible between experi- 
ments. This statistical design confounds the effects of 
a line with the choice of parents  from  that line. This 
can lead to  the  erroneous inference of a line effect 
when none is present.  Therefore,  the absence of re- 
producible line effects suggests that  the results are 
ambiguous in significance. More light is shed on this 
question in the analysis  of the B X 0 experiments 
discussed below. 

Third,  to what extent do maternal effects outweigh 
paternal effects, within stock-types? This question is 
addressed with greater experimental power in the 
transmission pattern experiments, but  there is the 
possibility that it arises in the diallel designs. This 
question was examined using the F-statistic produced 
by the  ratio of female  parent to male parent variance 
components in the diallels. ANOVA methods 1 and 2 
differ with respect to inclusion (method 1) or exclu- 
sion (method 2) of the uncrossed parental lines in the 
data analysis. The results from  the two methods  dif- 
fered only in the analysis  of experiment D o l .  AS 
shown in Table 6, significant maternal  effects arise 
only in the cases  in  which there were significant line 
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TABLE 9 

B and 0 differences 

Character  Mean f SEM t-test 

experiment B 0 Indep. t Paired t F 
and ANOVA 

Ovary weight (mg) 
BO2 0.109 f 0.009 
BO3 0.177 f 0.003 

BO2 102.1 f 3.8 
BO5 80.7 f 4.3 
BO6 94.2 f 1.9 
BO7 81.9 f 9.7 
BO8 95.2 f 4.0 

Conditional fecundity (eggs/24 hr) 
BO2 102.1 f 3.8 
BO5  82.2 f 3.6 
BO6 96.3 f 2.9 
BO7 83.2 f 10.1 
BO8 98.9 f 3.5 

BO 1 28.7 f 0.9 
BO2 47.3 f 2.7 
BO3 44.8 f 1.6 
BO4 39.6 f 2.5 
BO5  27.9 f 1.3 
BO6 27.3 f 1.0 
BO7 34.3 f 1.0 
BO8 27.2 f 0.8 

BO 1 19.9 f 0.8 
BO5 17.8 f 0.6 
BO6 20.0 f 1.8 
BO7 24.3 f 0.8 
BO8 21.3 f 0.8 

BO2 50.1 f 2.7 
BO3  25.2 f 2.9 
BO6 40.4 f 2.3 
BO7 36.6 f 1.1 
BO8 34.9 rt 1.5 

BO6 31.9 f 0.3 
BO7 31.8 -t 1.3 
BO8  31.1 f 1.2 

Fecundity (eggs/24 hours) 

Female starvation (hr) 

Male starvation (hr) 

Female longevity (days) 

Male longevity (days) 

0.057 f 0.006 
0.1 12 f 0.022 

92.3 f 6.0 
85.0 f 2.0 
93.3 f 2.5 
87.3 f 6.3 
98.6 f 2.2 

92.3 f 6.0 
86.2 f 2.6 
95.6 f 1.4 
88.9 f 6.6 
98.6 f 2.2 

32.7 f 0.6 
68.2 f 6.3 
55.5 f 1.3 
47.2 rt 2.0 
35.8 f 1.2 
33.8 f 2.0 
48.1 f 1.8 
35.4 f 0.9 

25.6 f 0.9 
26.7 f 0.4 
31 .O f 2.6 
36.4 f 0.5 
26.1 f 0.6 

62.5 f 2.7 
48.3 f 2.7 
51.4 f 2.2 
48.6 f 0.9 
44.9 f 2.0 

52.0 f 1.4 
48.0 f 0.4 
45.0 f 1.6 

4.61** 
2.94* 

1.38 
0.92 
0.26 
0.47 

1.38 
0.90 
0.22 
0.47 

3.74** 
3.05* 
5.19** 
2.38 
4.42* 
2.89* 
6.54* 

5.04** 
12.96** 
3.48* 

12.45** 

3.26* 
5.86** 
3.48* 
8.33** 

13.83** 
11.87** 

3.75* 
3.14 

3.86* 
1.91 
0.42 
0.82 

3.86* 
3.16 
0.26 
0.80 

2.88* 
4.10* 
7. IO* 

10.99* 
7.47* 
6.41* 
6.62* 

10.45** 
53.07** 
13.86** 
11.62** 

9.15** 
5.86* 
2.48 
8.41 * 

11.92** 
9.90** 

14.09* 
9.65 

14.74* 
3.70 
0.18 
0.68 
0.57 

14.74* 
10.42 
0.06 
0.64 
0.01 

8.25* 
16.65* 
50.40* 

116.65** 
56.19* 
40.92* 
43.78* 
45.51** 

109.94** 
2799.13** 

191.88** 
135.08** 
25.02** 

76.07** 
34.32* 
6.15 

71.22* 
16.46** 

142.15** 
98.67** 
50.77** 

* P < 0.05, ** P < 0.01. 

effects (from Table 5 ) ,  and those were not  reproduc- 
ible in any case. It would seem dubious  to  draw any 
firm conclusions from  these  maternal-effect results 
alone,  without the maternal-effect tests using the 
transmission pattern results, below. 

Transmission  pattern  experiments: Four features 
of  the transmission data are of  importance: (i) differ- 
ences between B and 0 lines, within treatments; (ii) 
differences between B and 0 treatments; (iii) average 
dominance,  as  measured by the deviation  of the 
crosses from  the  mid-parent value; and (iv) maternal 
effects, as  measured by differences  between the two 
reciprocal cross means. 

Tables 7 and 8 summarize the analysis of  the be- 
tween-line, within-treatment, variance components. 
Two types of analysis were performed, one-way model 

I1 analysis of variance for each experiment  and  an 
overall two-way analysis that  combined  data  over  ex- 
periments. In  the  latter case, the relevant F-statistics 
are obtained  from  the  ratio of the variance between 
replicate lines divided by the variance component  for 
the replicates in interaction with experiments. That 
is, the first analysis of variance, shown in Table 7, 
tests for a significant deviation of particular lines of a 
type within each experiment, while the second analysis 
of variance, shown in Table 8, tests for  a significant 
deviation of particular lines that is sustained over all 
experiments. Evidently, 'the results of  these two anal- 
yses suggest that specific lines can be significantly 
deviant within particular  experiments,  but  these  de- 
viations are not sustained over  repeated  experiments. 
This also makes some sense of the diallel results for 
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TABLE 10 

B and 0 maternal effects 

Character 
and 

experiment 

Ovary weight (mg) 

Mean k SEM t-test 

B female X 0 
male 

0 female X B 
male Indep. t Paired t 

ANOVA 
F 

BO 1 0.122 f 0.008  0.124 f 0.006 0.28 0.27 0.07 
BO2 0.098 f 0.009 0.090 f 0.009 0.47 0.86 
BO3 

0.75 
0.143 f 0.014 0.161 f 0.009 1.04  0.81  0.67 

BO2 97.9 f 4.8  97.0 f 3.6 0.15 0.47 
BO5 

0.22 
88.0 f 3.7 85.3 -+ 5.6 0.41  1.41 

BO6 
2.15 

91.1 f 3.2 88.2 -t 3.0  1.67 0.160 
BO7 

2.60 
87.7 f 4.3 84.5 f 3.3 0.54 10.64**  114.70** 

BO8 98.0 f 5.2  102.9 f 3.7 0.28 

BO2 97.9 f 4.8 97.3 f 3.6 0.10  0.33 
BO5 

0.1  1 
89.0 f 3.3  86.7 f 4.9 0.39 1.18 1.46 

BO6 91.9 f 3.0  90.3 f 3.8 0.31 1.43 
BO7 

1.98 
87.7 f 4.3 85.1 k 4.9 0.40 3.77 14.04 

BO8 99.7 f 5.0 102.9 f 3.7 0.13 

BO 1 31.8 f 1.1 30.5 f 1.2 0.81 0.66 0.44 
BO2 58.6 f 4.8 50.5 f 3.8 1.34 3.06 7.70 
BO3  50.8 f 1.8 52.2 f 2.9 0.41  0.48 0.23 
BO4 47.0 f 3.6 42.8 -+ 5.9 0.60  0.53 0.28 
BO5 29.2 f 1.4 32.1 f 2.6 0.98 1.99 3.89 
BO6 27.7 f 0.9 28.7 f 2.0 0.44 0.76 0.58 
BO7 38.3 f 0.7 40.7 k 0.7 2.34  2.46 6.05 
BO8 29.6 f 1.0 29.7 f 1.3 0.00 

BO 1 22.0 f 0.6 22.3 f 0.8 0.30 0.50  0.25 
BO5 20.9 f 0.8 25.3 f 0.7 4.05 17.51** 300.16** 
BO6 25.1 f 0.7 27.1 f 2.0 0.94  1.30 1.71 
BO7 31.0 f 0.7 32.0 f 0.1 1.52 1.40 1.97 
BO8 23.6 f 0.6 22.9 k 1.0 0.32 

BO2 57.7 f 2.5 55.9 f 2.3 0.53 0.59 0.32 
BO3 36.3 f 1.7 37.9 f 1.5 0.73 0.68 0.47 
BO7 41.5 f 2.7 41.4 f 2.1 0.03  0.04 0.00 
BO8 41.4 f 2.0 40.6 f 2.2 0.07 

BO7 35.6 f 2.3 39.4 f 2.3 1.17 1.66 2.75 
BO8 37.1 f 1.7 38.4 & 1.6 0.30 

Fecundity (eggs/24 hr) 

Conditional fecundity (eggs/24 hr) 

Female starvation (hr) 

Male starvation (hr) 

Female longevity (days) 

Male longevity (days) 

* P < 0.05. ** P < 0.01. 

line  effects,  which  were not consistent  over experi- 
ments (Tables 5 and 6). Such  effects  evidently  can 
arise, but do not seem to reflect a durable differentia- 
tion of  lines  within treatments. 

Table 9 gives the results of the analysis  of  between- 
treatment differences. The t-tests compare the means 
of the assayed groups either using the conventional 
test for differences of  two group means (“Indep.”)  or 
using a test for a mean paired difference (B; - Oi) 
greater than zero (“Paired”). The ANOVA model is 
mixed,  with treatments taken as fixed effects and 
populations within treatments taken as random ef- 
fects.  In  this model, treatment effects are tested using 
the F-statistic defined by the ratio of the  treatment 
mean-square  divided by the mean-square for the in- 
teraction of treatments and populations. Most  of the 

known character differences have apparently been 
preserved, except for early fecundity. This last result 
is discussed further below.  For  longevity and starva- 
tion resistance, at least, there is consistent  duplication 
of earlier findings. 

Tables 10 and 1 1 give the results for dominance 
and maternal effects. There  are only a few  cases  of 
statistical  significance,  some of  which  can  be expected 
to arise by chance with repeated statistical  tests. 

As with the line-effects  analysis  of Table 8, the data 
were  also  analyzed  using a three-way  analysis  of  vari- 
ance, with treatment differences (DIF), maternal ef- 
fects (MAT), and average dominance (DOM) all mod- 
eled as  fixed  effects. The mean square for each  of 
these effects (“eff) was divided by 

MSEXP x eff + MSREP X eff - MSEXP~REP X eff 
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TABLE 11 

B and 0 average dominance effects 

Character 
and 

Mean & SEM t-test 
ANOVA 

experiment Parentals Crosses Indep. t Paired I F 

Ovary  weight  (mg) 
BO2 0.083 f 0.004 
BO3  0.142 f 0.010 

BO2 97.2 f 4.9 
BO5 82.7 f 3.2 
BO6 93.7 f 0.9 
BO7 84.7 f 8.0 
BO8 96.9 k 2.3 

Conditional  fecundity  (eggs/24  hr) 
BO2 97.2 f 4.9 
BO5 84.1 f 3.1 
BO6 95.9 f 1.8 
BO7 86.1 f 7.8 
BO8 98.7 f 2.0 

BO 1 30.4 f 0.3 
BO2  59.0 f 4.4 
BO3 50.1 f 1.2 
BO4 44.3 f 2.4 
BO5 31.9 f 1.1 
BO6 30.5 f 1.5 
BO7 41.2 f 1.1 
BO8 31.3 f 0.7 

BO 1 22.3 f 0.8 
BO5 22.2 f 0.5 
BO6 25.5 f 2.2 
BO7 30.3 f 0.4 
BO8  23.7 f 0.5 

BO2 55.9 f 2.8 
BO3 36.7 f 2.0 
BO6 45.9 f 0.3 
BO7 42.6 f 0.8 
BO8  40.0 f 1.3 

BO6 42.0 f 0.7 
BO7 40.2 f 0.3 
BO8  37.8 f 1.1 

Fecundity (eggs/24 hr) 

Female  starvation  (hr) 

Male  starvation  (hr) 

Female  longevity  (days) 

Male  longevity  (days) 

0.094 f 0.008 
0.152 f 0.004 

97.4 f 4.1 
86.7 f 4.6 
89.7 f 3.1 
86.1 f 4.3 
99.2 f 4.0 

97.6 f 4.2 
87.9 f 4.1 
91.1 f 3.4 
86.4 f 4.6 

100.5 f 3.8 

31.1 f 0.6 
53.9 f 4.1 
51.5 f 1.9 
45.1 f 3.1 
30.7 f 2.0 
28.3 f 0.6 
39.5 f 0.5 
29.6 f 0.8 

22.1 f 0.6 
23.1 f 0.7 
26.3 f 1.2 
31.5 f 0.3 
23.4 f 0.5 

56.9 f 1.9 
37.1 f 1.0 
47.2 f 0.9 
41.4 f 1.9 
41.0 f 1.5 

39.1 f 0.9 
37.5 f 2.0 
37.8 f 1.2 

1.27 
0.92 

0.04 
0.71 
1.08 
0.16 

0.07 
0.73 
1.25 
0.04 

0.94 
0.84 
0.59 
0.21 
0.51 
1.03 
1.41 

0.22 
0.99 
0.31 
2.28 

0.30 
0.16 
1.28 
0.57 

2.64 
1.33 

1 .89 
1.91 

0.18 
1.64 
0.82 
0.29 

0.28 
1.73 
1.02 
0.07 

1.40 
3.36* 
1.92 
0.89 
0.84 

14.33** 
2.50 

0.38 
4.28 
0.70 
3.21 

0.42 
0.24 
1.84 
0.60 

3.03 
1.53 

3.58 
3.66 

0.03 
2.62 
0.67 
0.08 
0.30 

0.08 
2.91 
1.03 
0.01 
0.19 

2.05 
11.21* 
3.67 
0.80 
0.7 1 

202.54** 
6.23 
2.22 

0.14 
18.12 
0.50 

10.29 
0.13 

0.19 
0.06 
3.39 
0.36 
0.25 

9.16 
2.35 
0.00 

* P < 0.05. ** P < 0.01. 

TABLE 12 

B and 0 differences, maternal effects, and average dominance 
effects-3-way ANOVA 

ANOVA 

Character DIF F MAT F DOM F 

Ovary  weight 51.65** 0.32 0.33 
Fecundity 0.27 1.01 0.12 
Conditional  fecundity 0.33 0.67 0.02 
Female  starvation 9.34* 0.44 1.74 
Male  starvation 100.78* 3.29 1.39 
Female  longevity 45.77* 0.01 0.03 
Male  longevity 57.68* 4.77 

* P < 0.05, ** P 0.01. 

to obtain the F-statistics  shown in Table 12. As may 
be seen, the only  effects that are significant are the 
treatment effect differences. Of these treatment effect 
differences, only the two fecundity characters do not 
give  significant results. It is not immediately  clear why 
this  should occur, particularly given that ovary  weight, 
which  essentially  reflects egg content, remains  signif- 
icantly differentiated between B and 0 treatments. 
Our interpretation is that potential fecundity is differ- 
ent between B and 0 treatments, but a difference in 
actual fecundity is not always  elicited  in particular 
experiments. With respect to  the general transmission 
pattern, we conclude that  the data indicate additive 
inheritance among populations averaged over loci 
without maternal effects. This does not indicate an 
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absence of dominance in the transmission patterns of 
the individual  loci  involved  in postponed senescence. 

DISCUSSION 

Overall, the present results  suggest the absence of 
consistent directional dominance or maternal effects 
in the inheritance of postponed aging in the D. mela- 
nogaster stocks studied. Maternal or line  effects,  when 
present, are not  consistent over experiments. It cannot 
be said that any  of the postponed-aging  stocks is 
consistently superior to any other.  On average, hy- 
brids of postponed-aging and control stocks appear to 
be intermediate; there is no reproducible heterosis, 
inbreeding depression, or directional dominance. 

Like CLARE and LUCKINBILL (1985), who studied 
fewer characters, fewer  lines, and  far fewer  individ- 
uals, we find  essentially additive inheritance in popu- 
lation  crosses.  Since the stocks  involved are independ- 
ent, the conclusions  of CLARE and LUCKINBILL (1 985) 
seem to be  strongly supported. 

But  these  conclusions may be  weakened by the 
possibility that the populations that have been ana- 
lyzed are still  highly  polymorphic for  the alleles  in- 
volved  in  postponed  aging. In particular, crosses  of 
highly  polymorphic populations will not give  clean 
tests of average dominance of differentiated alleles. 
In addition, parental lines that  aren’t extremely dif- 
ferentiated will not  be  as  distinguishable from their 
Fl’s, as indeed fecundity was not so differentiated in 
these experiments. For these reasons, we set about 
creating selected  lines that would  be more differen- 
tiated with  respect to at least  some  of the characters 
involved  in postponed aging, in the hope of then 
performing a more refined genetic analysis. The re- 
sults  of that study are reported in a companion paper 
by HUTCHINSON,  SHAW and ROSE (1 99 1) (in  this  issue). 

However,  some features of the present results are 
of importance as  they stand. One of the outstanding 
problems affecting research on aging has been the 
persistence of  disbelief that aging is made up of nor- 
mal phenotypes amenable to genetic analysis and se- 
lection (e.g. LINTS 1978; LINTS and HOSTE 1974, 
1977; LINTS et al. 1979). The present results together 
with  those of  Luckinbill and his colleagues (CLARE 
and LUCKINBILL 1985; LUCKINBILL and CLARE 1985) 
indicate that aging phenotypes are typical quantitative 
characters. 

While a number of Drosophila  stocks exhibit differ- 
ent aging patterns, upon crossing there is often exten- 
sive heterosis (CLARKE and MAYNARD  SMITH 1955; 
GOWEN and JOHNSON 1946), indicating inbreeding 
depression. This made the study of C.  elegans aging 
particularly attractive, because frequent self-fertiliza- 
tion in that species appears to prevent inbreeding 
depression for aging (JOHNSON and WOOD 1982). The 
lack  of hybrid  vigor in the extensive  crosses performed 

in the present study  indicates that stocks  with  post- 
poned aging created using the methods of ROSE 
(1984) will not suffer from  the problem. Thus they 
can  be  used  as material for  the investigation of phys- 
iological  hypotheses concerning mechanisms for the 
postponement of normal aging (ROSE et al. 1984; 
SERVICE et al. 1985; SERVICE 1987; LUCKINBILL et al. 
1988a). 
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