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Abstract. The effects of inbreeding, with (IS) and with- 
out selection (IO) for reproductive fitness, on inbreed- 
ing depression and heterozygosity were evaluated in 20 
lines of each treatment inbred over seven generations 
using full-sib mating. The survival of lines was signifi- 
cantly greater in IS (20/20) than in IO (15/20). The 
competitive index measure of reproductive fitness was 
significantly lower in the inbred lines than in the 
outbred base population, but not significantly different 
in surviving IS and IO lines. There was a trend for 
higher fitness in the IS treatment as relative fitnesses 
were 19% higher in IS than IO for surviving lines and 
59% higher for all lines. Heterozygosities were lower in 
the inbred lines than in the base population, and 
significantly higher in the IS than the IO lines. Conse- 
quently, the reduction of inbreeding depression in IS 
has been achieved, at least in part, by slowing the rate 
of fixation. 
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Introduction 

Inbreeding, the mating together of individuals related 
by descent, leads to decreased heterozygosity, to diver- 
gence among lines, and to inbreeding depression in 

Communicated by J. S. F. Barker 
* Present address: Research School of Biological Sciences, 
Australian National University, Canberra, ACT 2601, Australia 
Correspondence to: R. Frankham 

lines derived from outbred populations (see Falconer 
1989). The deleterious effects of inbreeding are of major 
concern in developing inbred lines and in the mainten- 
ance of endangered species, especially those founded 
from, and maintained with, small population sizes (see 
Templeton and Read 1983). 

An important question is: can selection on repro- 
ductive performance within inbred lines be used to 
alleviate inbreeding depression? Evidence on this point 
is conflicting. Richey and Mayer (1925), Shultz (1953), 
Bell et al. (1955), Abplanalp (1974) and Templeton and 
Read (1983), reported that selection was effective in 
reducing inbreeding depression in reproductive char- 
acters in maize, poultry, Drosophila and Speke's ga- 
zelle, while Cornelius and Dudley (1974), Good and 
Hallauer (1977), MacNeil et al. (1984), Ehiobu et al. 
(1989) and Falconer (1989), made similar inferences for 
maize, Japanese quail, Drosophila and mice, based on 
less direct evidence. Conversely, Dickerson et al. (1954) 
and Bowman and Falconer (1960) reported no benefi- 
cial effect of selection on fitness during inbreeding in 
pigs and mice, 

Selection on reproductive fitness traits has a low 
predicted response since heritabilities for these traits 
are low (see Gustafsson 1986; Mousseau and Roff 1987; 
Roff and Mousseau 1987; Falconer 1989). However, 
selection in inbred lines should have greater effective- 
ness than indicated by the heritabilities for fitness 
traits. Inbreeding increases homozygosity and so ex- 
poses deleterious recessives to more effective selection. 
Lopez-Fanjul and Villaverde (1989) showed that selec- 
tion response for a fitness trait was 6.5 times greater in 
lines subjected to one generation of full-sib mating 
than in an outbred population and the realized herita- 
bility was 4.0 times greater. Further, selection within 
inbred lines will operate predominantly on large blocks 
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of genes in  l inkage  d i sequ i l ib r ium,  r a the r  t h a n  on  
i n d i v i d u a l  loci. 

If select ion o n  r ep roduc t ive  fitness in i n b r e d  lines 
is effective, it wou l d  be expected to act  by  s lowing  the 
rate of  decl ine in he terozygosi ty .  Theore t i ca l  w o r k  by  
H a y m a n  a n d  M a t h e r  (1953), Reeve (1955), a n d  Reeve 
a n d  G o w e r  (1958) has s h o w n  tha t  select ion f a vou r ing  
he te rozygotes  di rect ly  or  t h r o u g h  associat ive  over-  
d o m i n a n c e  can  re ta rd  the rate of f ixa t ion  u n d e r  in-  
breeding .  R u m b a l l  (1974) showed  tha t  the decl ine in  
a l lozyme he te rozygos i ty  in  Drosophila melanogaster 
l ines i n b r e d  by  full-sib or  d o u b l e  f i r s t -cous in  m a t i n g  
was s ignif icant ly  s lower t h a n  pred ic ted  by  i n b r e e d i n g  
theory,  a n d  tha t  n a t u r a l  select ion o p p o s i n g  f ixa t ion  
was responsible .  M i n a  et al. (1991) f o u n d  s imi lar  effects 
in  poul t ry .  

The  a ims of the p resen t  work  were to eva lua te  the 
effects on  he terozygosi t ies  a n d  r ep roduc t ive  fitness, of 
i n b r e e d i n g  wi th  a n d  w i t h o u t  select ion o n  r ep roduc t ive  
fitness, in  repl icate  i n b r e d  lines. There  was less i nb reed -  
ing  depress ion  in  the l ines i n b r e d  wi th  select ion (less 
ex t inc t ion  of lines) a n d  he terozygosi t ies  were h igher  in  
them.  

Materials and methods 

Base population 

The outbred Armidale strain of D. melanogaster was founded 
from 402 wild inseminated females caught at Armidale, NSW, 
Australia, in February 1986 and maintained in a population cage 
with a population size of 3 4,000. A sample of 225 inseminated 
females was obtained from J. S. F. Barker in September 1986 
and maintained using 20 bottles (approximately 25 pairs of 
parents/bottle) per generation on PS medium (Frankham et al. 
1988). The experiment reported here commenced 2�89 years later. 

Inbred lines 

Two treatments were used, namely: 
IO, full-sib inbreeding without selection on reproductive fitness. 
Twenty inbred lines were maintained. 
IO, full-sib inbreeding with selection for fitness. Twenty of these 
inbred lines were maintained. The selection was based on compe- 
tition of a premated female (full-sib mated) of the inbred line with 
four premated (to compound strain males) compound chromo- 
some strain females [C(2L), b; C(2R), cn bw]. Five females were 
tested per inbred line in each generation and the most fit female 
selected on the basis of the highest ratio of wild-type to com- 
pound progeny. This test is related to the competitive index 
measure of reproductive fitness, except that it excludes the 
mating component of fitness. 

Inbreeding was carried out for seven generations with the 
lines being maintained on PS medium at 25 ~ 

Reproductive fitness determinations 

Reproductive fitnesses in the IO and IS inbred lines (at gener- 
ation 7) and in the Armidale base population were determined 
using the competitive index, which involved competing them 

with a marked compound chromosome strain [C(2L), b; C(2R), 
cn bw] as detailed by Frankham et al. (1988). As half of the inbred 
lines in each treatment were maintained on a cycle 1 week later 
than the other half, the fitness tests were done in two halves, 1 
week apart, with base population controls being included in each 
week. To obtain sufficient inbred line flies for the fitness tests, five 
inbred cultures were set up from each inbred line and equal 
numbers of virgins (as far as possible) from each of the vials used 
in the fitness test. Two replicate bottles were set up for each 
inbred line test, each with 20 pairs of virgin inbred flies and 20 
pairs of virgin compound strain flies. The parents were transfer- 
red to fresh bottles after 3 days and the total number of wild-type 
and compound flies from the original and transfer bottles 
pooled. For the base population controls, the flies used for each 
replicate came from a separate set of five pairs of randomly 
chosen parents. Twenty and 19 such groups were set up contem- 
poraneously with the inbred lines at the two times. 

Electrophoresis 

Electrophoresis was used to examine the Armidale base popula- 
tion for variation at 16 loci (see Briscoe et al. 1992) known to be 
polymorphic in D. meIanogaster populations (see O'Brien and 
MacIntyre 1978). Only alcohol dehydrogenase ( A d h - E C  
1.1.1.1) and c~-glycerophosphate dehydrogenase (e -Gpdh-  EC 
1.1.1.8) showed variation (Briscoe et al. 1992). Five individuals 
from each IS and IO inbred line and 400 base population flies 
were typed for Adh and c~-Gpdh using Cellogel (Chemetron) 
electrophoresis. Runs used a Tris-EDTA-Borate-MgC12 buffer 
(pH 7.8) and staining followed Richardson et al. (1986). 

Statistical analysis 

Fisher's exact test was employed to test for differences in the 
numbers of surviving and non-surviving lines in the IS and IO 
treatments. Mann-Whitney non-parametric tests were used to 
compare competitive indices in inbreds with controls, IS with IO 
inbred lines, and to assess time effects (i.e., testing for differences 
between assessments done a week apart), since variances among 
inbred lines are expected to be greater than those among con- 
trols, the values of the ratio spanned the range from 0 to infinity 
(and so were non-normal), and ratios have difficult statistical 
properties. Mann-Whitney tests were done on competitive indi- 
ces using the Minitab statistical package (Ryan et al. 1985). For 
the inbred lines the competitive index was computed from the 
pooling of flies from the two replicates per line. One control 
competitive index of infinity was entered as 9999 (and top rank 1) 
for analyses. The more powerful analysis of variance was per- 
formed on the reproductive fitness data for surviving IS and IO 
inbred lines. This was performed on the proportion of wild-type 
flies subject to the arcsin square root transformation as recom- 
mended by Jungen and Hartl (1979). A regression analysis of 
variance with indicator variables was used due to the unbalanced 
design (unequal numbers of surviving lines in the IS and IO 
treatments and missing replicates for two inbred lines). IS versus 
IO selection treatment effects were treated as random effects, 
time as a fixed effect, replicate inbred lines were nested within 
selection treatment and time, and duplicates nested within 
inbred lines. 

Chi-squared tests were used to test for differences in gene 
frequencies and heterozygosities among IS, IO and controls, and 
to test deviation from Hardy-Weinberg equilibrium genotype 
frequencies. 

All tests for differences between IS and IO and between 
controls and inbred lines were done as one-tail tests since the 
expectations are directional. 



Results 

Loss of lines during the seven generations of inbreeding 
was significantly greater in the IO  treatment (5/20) than 
in IS (0/20) (P = 0.024 using a one-tailed Fisher's exact 
test). The competit ive index measures of reproductive 
fitness for bo th  inbred and control  groups are shown in 
Fig. 1. Controls  had a substantially higher competitive 
index (Table 1) than the IS and IO inbred lines com- 
bined, the differences being significant (Table 2). Fit- 
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Fig. 1. Distributions ofcompetitive index measures of reproduc- 
tive fitness in the IO, IS, and outbred control treatments 

Table 1. Mean reproductive fitness values for outbred control, 
IS (inbred selected), and IO (inbred non selected lines) 

Line Relative CI b Arcsin x/p c 
fitness = 

IS 0.124 17.33 1.346 +_ 0.044 d 
IO (all) 0.078 10.88 0.997 
IO (surviving) 0.103 14.51 1.329 -- 0.051 
Outbred 1.000 140.20 1.493 -- 0.005 

= Ratio of competitive index in the treatment to that in the 
outbred base population control 
b CI = competitive index determined from the ratio of line flies 
to compound chromosome flies amongst emergences pooled 
over all replicates 
c Arcsin square root (in radians) of the proportion of line flies 
emerging in competition with the compound chromosome strain 
a Standard errors 
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Table 2. Analyses of reproductive fitness data using the Mann- 
Whitney test 

Comparisons W 

Inbreds v controls 2065** 
IS v IO 376 
Time 1 v 2 1480 

** P < 0.01 with a one-tailed test 

Table 3. Analysis of variance of fitness measurements for inbred 
lines (deceased lines excluded) 

Source df Mean square x 102 

IS v IO 1 0.446 
Time 1 0.807 
(IS v IO) x time 1 0.041 
Replicate inbreds/ 31 4.135'* 

selection and time 
Duplicates within 33 0.503 

inbreds 
Total 67 

**P < 0.01 

nesses of surviving lines in the IS and IO treatments 
were not  significantly different with either the Mann-  
Whitney test (Table 2) or an F test (Table 3). Even 
though the difference in fitness between the surviving 
IS and IO  inbred lines was not  significant, the mean 
competitive index was 19% greater in the IS t reatment  
than in the IO treatment,  based on the total number  of 
wild-type and c o m p o u n d  flies emerging in all lines. 
When  non-surviving IO  lines were included, IS ex- 
ceeded IO by 59%. Inbred lines within treatments 
showed large and significant differences (Table 3) such 
that the error term for the compar ison was very large. 
Variances in surviving IO  and IS lines for arcsin trans- 
formed fitness data  did not  not  differ (F14,19 = 1.03, 
P = 0.47). Time effects were non-significant in all tests. 

Gene frequencies did not  differ significantly among  
IS, IO and the Armidale control  at either the c~-Gpdh 
locus (contingency chi-square = 3.50, P = 0.17, df= 2) 
or the Adh locus (contingency chi-square = 3.82, P = 
0.15). Genotype  frequencies (Table 4) at the c~-Gpdh 
locus differed significantly from 2pq Hardy-Weinberg  
equilibrium expectations in the IS (chi-square = 53.0) 
and IO  (chi-square = 66.7) inbred treatments, but  not  
in the control  (chi-square = 1.8). Corrections were not  
made for small sample sizes in the inbred lines when 
testing for deviations from Hardy-Weinberg  equilib- 
r ium (Cannings and Edwards  1969). That  would only 
increase the size of the already significant deviations. 

Heterozygosities at the c~-Gpdh locus were signifi- 
cantly lower in the inbred lines than in the base popula-  
tion control. A similar, but  non-significant, effect was 
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Table 4. Genotype frequencies for the ~-Gpdh and Adh loci in 
the base population control and in the IS and IO inbred lines 

Locus Controls IS IO 

c~-Gpdh H-W H-W** H-W** 
FF 0.706 0.765 0.795 
FS 0.279** 0.062 0.014 
SS 0.015 0.173 0.192 
n a 398 81 73 
Adh 
FF 0.953 0.967 1.000 
FS 0.048 0.033 0.000 
SS 0.000 0.000 0.000 
n 400 90 75 

a Number of individual typed 
H-W** P <0.01 for test of deviation from Hardy-Weinberg 
equilibrium genotype frequencies for the c~-Gpdh locus 
** p < 0.01 for comparisons of heterozygosities between con- 
trols and combined inbreds 

evident for the Adh locus where the extreme gene 
frequency meant that the test had little power. There 
was a non-significant trend towards higher hetero- 
zygosities in the IS treatment than in the IO treatment 
at both the c~-Gpdh (P = 0.16 with Fisher's exact test) 
and Adh (P = 0.13) loci. However, when the results for 
these two loci were combined, the joint probability was 
0.021 and significant. 

Discussion 

Reproductive fitness clearly declined with inbreeding. 
Such inbreeding depression has been extensively 
documented and discussed for a wide range of species 
(see Wright 1977; Charlesworth and Charlesworth 
1987; Falconer 1989). Inbreeding depression in the 
competitive index after seven generations of fulI-sib 
inbreeding in the IO treatment was 92~o for all lines 
and 90~o for surviving lines, similar to the values 
reported by Latter and Robertson (1962) after the same 
amount of full-sib inbreeding (91~o for all lines, and 
84~ for surviving lines). 

Inbreeding depression was 88~o for the IS inbred 
lines (all survived), so selection on fitness did not 
prevent a substantial inbreeding depression. However, 
selection on reproductive fitness during inbreeding 
significantly reduced this depression, by significantly 
enhancing the survival of lines (100~o for IS and 75~o 
for IO). Even though the difference in fitness between 
the surviving IS and IO inbred lines was not significant, 
the IS treatment had a competitive index 19~o greater 
than that in the IO treatment, and a 59~o advantage 
when all lines were included. It must be stressed that 
the effects of selection are underestimated as there is 

also selection in the IO lines, due to the use of replace- 
ments to maintain lines where the allocated parents did 
not reproduce, and due to natural selection within lines 
favouring heterozygosity (Rumball 1974; Mina et al. 
1991). The intensity of selection in IS was greater in 
terms of the choice of parents to reproduce the lines 
and greater within these lines due to increased compe- 
tition as a result of adding compound chromosome 
flies to the cultures. 

These results demonstrate that selection on repro- 
ductive fitness in inbred lines reduces inbreeding de- 
pression in fitness. Other studies on this point have 
yielded conflicting results (see Introduction). However, 
the majority of studies have concluded that selection 
was effective, the exceptions being the studies by 
Dickerson et al. (1954) in pigs and by Bowman and 
Falconer (1960) in mice. Differences among studies 
could reflect the size of studies, the inbreeding levels 
achieved, the intensity of selection on fitness, different 
environmental variances, genotype x environmental 
interactions, different heritabilities of fitness, the base 
populations used, or combinations of these factors. 
The study by Dickerson et al. (1954) has several fea- 
tures that make its conclusions suspect. Firstly, selec- 
tion with and without inbreeding was not compared, 
the effectiveness of selection having to be inferred from 
statistical partitioning. Secondly, selection was based 
on an index of several fitness and non-fitness charac- 
ters. Thirdly selection intensities on any character were 
relatively weak. Fourthly, selection on litter size in 
mice and pigs is fraught with difficulties due to the 
negative environmental correlations between litter 
sizes of mothers and daughters (see Falconer 1965). 
Fifthly, line crosses were used as environmental con- 
trols and these may differ from inbred lines in their 
responses to environmental changes. While Bowman 
and Falconer (1960) failed to find significant effects of 
selection in inbred lines of mice on the rate of inbreed- 
ing depression, they attributed this to the weak selec- 
tion they applied. Falconer (1989) subsequently con- 
cluded that such selection in inbred lines of mice was 
effective. Consequently, the majority of evidence indi- 
cates at selection on fitness during inbreeding can 
reduce inbreeding depression. This selection should be 
more effective with slower rates of inbreeding as used 
by Templeton and Read (1983) and Lopez-Fanjul and 
Villaverde (1989). 

The lines inbred with selection on fitness showed a 
higher level of heterozygosity than lines inbred without 
the culling on fitness. Thus it appears that the allevi- 
ation of inbreeding depression due to selection on 
reproductive fitness has been achieved, at least in part, 
by slowing the rate of fixation. These observation have 
important implications in plant and animal breeding, 
in the production of inbred lines for experimental 
purposes, and in conservation biology. 
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